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“The important thing in science is not so much to obtain new facts as to discover new
ways of thinking about them.”

— William Bragg

“The only principle that does not inhibit progress is: anything goes.”

— Paul Feyerabend

“No force on earth can stop an idea whose time has come.”
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ABSTRACT

The development of implant coatings with enhanced surface chemical properties for
bone and dental defect treatment is a central challenge in biomaterials science. Combining
calcium carbonate (CC) and hydroxyapatite (HA) integrates the high bioresorbability and
calcium ion release of CC with the structural stability and bone-like chemistry of HA,
enhancing bioactivity and promoting osteointegration along a biomimetic pathway. This
doctoral dissertation presents a comprehensive investigation of the anodization-derived plasma
electrolytic oxidation (PEQO) process for the fabrication of implant coatings, considering it as
one of the most promising surface modification techniques due to the high mechanical
performance of the resulting layers and the limited influence of thermal effects, yet still
insufficiently explored in the context of carbonate additives. The aim of this work was to
develop PEO coatings on titanium implants incorporating CC and HA, overcoming the existing
challenges associated with their incorporation, and ultimately obtaining bioactive, corrosion-
resistant, and functionally robust layers with a well-defined phase composition. A further
objective was to clarify particle-incorporation mechanisms in PEO, with particular emphasis
on the role of particle crystallinity.

A literature overview covered fundamentals of biomedical implants; the roles,
properties, and synthesis of CC; coating methods and characterization; and PEO principles,
capabilities, and limitations. This review enabled the identification of the most suitable strategy
for creating working PEO bath, which was based on the synthesis of CC particles via
carbonation followed by their partial reaction with a dibasic phosphate electrolyte. The
experimental work was divided into three stages: (1) Preliminary experiments aimed at
establishing relationships between PEO parameters in phosphate-carbonate baths and resulting
coating properties, focusing on morphology and elemental composition; (2) The influence of
particle crystallinity—addressed here as an independent factor not previously examined—was
evaluated with respect to coating phase composition, bioactivity, thickness and internal
structure, wettability, and surface roughness; (3) Final optimization procedures were carried
out, leading to the fabrication of the optimized CC-HA coatings including a detailed description
of their fabrication protocol, as well as comprehensive physicochemical, biological and other
functional characterization, and elucidation of the coating formation mechanism.

Key analytical methods for coating characterization included SEM for surface and
cross-sectional morphology; EDX, XPS, XRD, and Raman spectroscopy for composition and
phase analysis; and SBF tests, cell culture assays, and antibacterial tests for biological
performance. Coating functional assessments comprised water contact angle (determination of
wettability), immersion-based ion release, streaming potential (surface charge), scratch testing
(adhesion strength), and corrosion studies using EIS and potentiodynamic polarization (PDP).
Electrolyte bath characterization included pH and conductivity —measurements,
chromatographic monitoring of dissolved phosphate and carbonate contents, electron
microscopy for particle size and morphology, elemental analysis and FTIR for particle
chemistry, and XRD for particle crystallinity.

Results obtained within experiments in stage (1) showed that electrolyte concentration
and conductivity directly correlate with coating pore size, with consistent trends across pH
values. pH exerted a secondary yet notable effect on pore shape and surface elemental
composition. Importantly, soluble carbonate salts did not yield incorporation of phases other
than anatase; at higher concentrations they suppressed micro-discharges, reduced pore size, and
rendered PEO inoperative above ~90-95%. Stage (2) demonstrated that suspended particle
crystallinity markedly affects coating bioactivity—especially the kinetics of HA-like layer
formation—as well as surface topography (pore shape, size distribution uniformity, total
porosity, and pore density). Amorphous particles resulted in higher calcium content in outer
layers, plausibly due to rougher particle surfaces enhancing retention within the porous oxide.
Stage (3) confirmed that the literature-derived electrolyte-preparation strategy, combined with
optimization of component concentrations, ratios, and process voltage, enables simultaneous
10



incorporation of CC and HA. Monitoring of bath preparation indicated that reaction of CC
nanoparticles with phosphate ions produces 1-2 um CC-HA agglomerates that are optimal for
PEO treatment. The resulting coatings displayed typical PEO morphology, ~25 um thickness,
moderate porosity, and elevated Ca and P contents. Raman spectroscopy identified CC, HA,
anatase, and amorphous TiO:; XRD additionally detected rutile, perovskite, and brushite.
Incorporation of CC-HA particles improved corrosion resistance and adhesion; the coatings
were highly biocompatible, bacteriostatic, hydrophilic, moderately negatively charged, and
released calcium ions continuously for one month in PBS.

Overall, the PEO method—and specifically the proposed electrolyte-preparation
route—demonstrates the capacity for concurrent CC and HA incorporation and efficiently
yields coatings that satisfy criteria relevant to in vivo use. To the best of current knowledge, this
study constitutes the first successful direct incorporation of a carbonate phase as solid particles
into a PEO coating and the first application of a carbonation-based particle synthesis tailored to
PEO. The carbonation approach offers a neutral, ready-to-use suspension free of conductive
impurities, avoiding purification or redispersion steps, which are common in suspension-
assisted PEO. From a practical perspective, the developed coatings show promise for the
fabrication of implants with enhanced osteointegration and improved long-term durability.
Furthermore, the obtained results lay the groundwork for further optimization of carbonate-
based systems for biomedical and broader applications. Future work should refine electrolyte
composition, evaluate performance under clinically relevant conditions, deepen insight into
carbonate behavior during PEO, and design alternative particle systems for standalone or
combined CC incorporation.
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STRESZCZENIE

Rozwo6j powlok na implanty tytanowe o ulepszonych wilasciwosciach chemicznych
powierzchni, przeznaczonych do leczenia ubytkdw kostnych i stomatologicznych, stanowi
centralne znaczne wyzwanie w nauce o biomaterialach. Polaczenie weglanu wapnia (WW) i
hydroksyapatytu (HA) laczy wysoka bioresorbowalno$¢ i zdolno$¢ uwalniania jondw wapnia,
charakterystyczng dla WW, ze stabilnos$cig strukturalng i o sktadzie chemicznym podobnym do
kosci, witasciwym dla HA, co zwicksza bioaktywno$¢ i1 sprzyja osteointegracji wzdhuz
biomimetycznej $ciezki. Niniejsza rozprawa doktorska przedstawia kompleksowe badania
procesu anodowania w technologii plazmowego utleniania elektrolitycznego (PEO) do
wytwarzania powlok na bioimplantach, uznawanego za jedna z najbardziej obiecujacych
technik modyfikacji powierzchni ze wzgledu na wysokie parametry mechaniczne
otrzymywanych warstw oraz ograniczony wptyw efektow cieplnych, a jednak weciaz
niewystarczajaco poznanego w kontekscie dodatkow weglanowych. Celem pracy byto
opracowanie powlok PEO na implantach tytanowych zawierajacych WW i HA,
przezwycig¢zenie istniejacych trudnosci zwigzanych z ich wprowadzeniem oraz uzyskanie
ostatecznie bioaktywnych, odpornych na korozje i funkcjonalnie wytrzymatych warstw o
dobrze okreslonym skladzie fazowym. Dodatkowym celem byto wyjasnienie mechanizmow
wbudowywania czastek w procesie PEO, ze szczeg6lnym uwzglednieniem roli krystaliczno$ci
czastek.

Przeprowadzono obszerne studium literaturowe obejmujace podstawy implantow
biomedycznych; role, wlasciwosci 1 syntez¢ WW; metody nanoszenia powlok 1 ich
charakterystyke; a takze zasady, mozliwosci 1 ograniczenia technologii PEO. Analiza ta
umozliwila zidentyfikowanie najbardziej odpowiedniej strategii tworzenia roboczej kapieli
PEO, opartej na syntezie czastek WW metoda karbonatyzacji, a nastepnie ich czgsciowej
reakcji z elektrolitem fosforanowym dwuzasadowym. Prace eksperymentalne podzielono na
trzy etapy. (1) Eksperymenty wstepne, ktorych celem bylo ustalenie zaleznosci migdzy
parametrami PEO w kapielach fosforanowo-weglanowych a wlasciwosciami otrzymywanych
powlok, ze szczegdlnym uwzglednieniem morfologii 1 sktadu pierwiastkowego. (2) Wplyw
krystaliczno$ci czastek — analizowany tu jako niezalezny czynnik, wcze$niej niebadany —
oceniano pod katem sktadu fazowego, bioaktywnos$ci, grubosci 1 struktury wewnetrznej
powtok, zwilzalno$ci oraz chropowato$ci powierzchni. (3) Przeprowadzono koncowe
procedury optymalizacyjne, prowadzace do wytworzenia zoptymalizowanych powtok WW-—
HA, obejmujace szczegdtowy opis ich protokolu wytwarzania, kompleksowa charakterystyke
fizykochemiczng, biologiczng 1 innych wlasciwosci funkcjonalnych, a takze wyjasnienie
mechanizmu formowania powtok.

Kluczowe metody analityczne obejmowaty: SEM do analizy morfologii powierzchni i
przekrojow; EDX, XPS, XRD oraz spektroskopi¢ Ramana do analizy sktadu i faz; a takze testy
w SBF, hodowle komorkowe i testy antybakteryjne do oceny wtasciwosci biologicznych.
Oceny funkcjonalne obejmowaly pomiar kata zwilzania wodg (zwilzalnos$¢), badanie
uwalniania jono6w w warunkach immersji, pomiar potencjalu przeptywu (tadunek
powierzchniowy), testy zarysowania (przyczepno$¢) oraz badania korozyjne z wykorzystaniem
EIS spektroskopii impedancyjnej 1 polaryzacji potencjodynamicznej. Charakterystyka
elektrolitu obejmowata pomiar pH 1 przewodnictwa, chromatograficzne monitorowanie
zawarto$ci rozpuszczonych fosforandw i weglandéw, mikroskopi¢ elektronowa do analizy
wielkosci 1 morfologii czastek, analize elementarng i FTIR do badania chemii skladu
chemicznego czastek oraz XRD do okres$lania ich sktadu fazowego i krystalicznosci czastek.

Etap (1) wykazal, Ze stezenie 1 przewodnictwo elektrolitu sg bezposrednio skorelowane
z rozmiarem porow powtoki, przy czym obserwowane trendy byly spdjne w calym zakresie
wartosci pH. pH wywierato wtorny, lecz istotny wplyw na ksztatt poréw 1 sktad pierwiastkowy
powierzchni. Istotne jest, ze rozpuszczalne sole wegglanowe nie powodowaty powstawania faz
innych niz anataz; przy wyzszych st¢zeniach ttumity mikrowytadowania, zmniejszaty rozmiar
porow i uniemozliwiaty prowadzenie procesu PEO przy zawarto$ci weglanu powyzej 90-95%.
12



Etap (2) wykazal, ze krystalicznos¢ zawieszonych czastek znaczaco wptywa na bioaktywnos¢
powloki — szczegdlnie na kinetyke tworzenia warstwy podobnej do hydroksyapatytu — a
takze na topografi¢ powierzchni (ksztalt poréw, jednorodnos¢ rozktadu ich rozmiarow,
catkowitga porowato$¢ 1 gestos¢ porow). Czastki amorficzne skutkowaly wyzsza zawartoscig
wapnia w warstwach zewnetrznych, prawdopodobnie z powodu wigkszej chropowatosci ich
powierzchni, co sprzyjalo retencji w porowatym tlenku. Etap (3) potwierdzil, ze opracowana
na podstawie literatury strategia przygotowania elektrolitu, w potaczeniu z optymalizacja
stezen 1 proporcji sktadnikéw oraz napiecia procesu, umozliwia jednoczesne wbudowywanie
WW i HA. Monitorowanie przygotowania kgpieli wykazato, ze reakcja nanoczastek WW z
fosforanami prowadzi do powstawania aglomeratow WW-HA o wielko$ci 1-2 um,
optymalnych do obrébki metodg PEO. Otrzymane powloki wykazywaty typowa morfologi¢
PEO, grubos¢ okoto 25 um, umiarkowang porowato$¢ oraz podwyzszong zawarto$¢ Ca i P.
Spektroskopia Ramana zidentyfikowata WW, HA, anataz i amorficzny TiO2; XRD dodatkowo
wykryto rutyl, perowskit i brushyt. Wbudowanie czastek WW-HA poprawito odpornos¢
korozyjng 1 przyczepno$¢; powloki byly wysoce blokompatybllne bakterlostatyczne
hydrofilowe, o umiarkowanie ujemnym tadunku powierzchniowym, i uwalniaty jony wapnia
w sposob ciagly przez jeden miesigc w PBS.

Ogolnie rzecz bioragc, metoda PEO — a w szczeg6lnosci zaproponowana procedura
przygotowania kapieli — wykazuje zdolnos¢ do jednoczesnego wbudowywania WW 1 HA oraz
skutecznie pozwala otrzymywac powloki spetniajace kryteria istotne dla zastosowan in vivo.
Niniejsze badanie stanowi pierwsze udane bezposrednie wbudowanie fazy weglanowej w
postaci czastek statych do powloki PEO oraz pierwsze zastosowanie syntezy czastek metoda
karbonatyzacji, dostosowanej do technologii PEO. Podej$cie to zapewnia neutralng, gotowa do
uzycia zawiesing wolng od przewodzacych zanieczyszczen, eliminujagc konieczno$¢ etapow
oczyszczania lub redyspergowania, powszechnych w PEO wspomaganym przez zawiesing
PEO wspomaganym przez zawiesing. Z praktycznego punktu widzenia opracowane powloki
rokujg dobrze pod katem wytwarzania implantéw o zwiekszonej osteointegracji i poprawione;j
dtugoterminowej trwatosci. Ponadto uzyskane wyniki stanowig podstawe do dalszej
optymalizacji systemow opartych na weglanach dla zastosowan biomedycznych 1 szerszych.
Przyszte prace powinny obejmowac udoskonalenie sktadu elektrolitu, oceng¢ wlasciwosci w
warunkach istotnych klinicznie, pogtebienie wiedzy na temat zachowania weglanow podczas
PEO oraz opracowanie alternatywnych systemow czastek do samodzielnego lub taczonego
wbudowywania WW.
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ANOTACIJA

Implantu parklajumu ar uzlabotam virsmas kimiskajam ipaSibam izstrade kaulu un zobu
defektu arst€Sanai ir centralais izaicinajums biomaterialu zinatng. Kalcija karbonata (KK) un
hidroksiapatita (HA) kombing€Sana apvieno KK augsto bioresorb&amibu un kalcija jonu
izdaliSsanos ar HA strukturalo stabilitati un kaulam Iidzigo kimiju, tadejadi uzlabojot
bioaktivitati un veicinot osteointegraciju biomimétiska cela. ST doktora disertacija piedava
visaptverosu anodizacijas iegiita plazmas elektrolitiskas oksidacijas (PEO) procesa izpéti
implantu bioaktivo parklajumu izgatavosanai, apliikojot to ka vienu no daudzsoloSakajam
virsmas modificeSanas metodém, pateicoties augstajai mehaniskajai veiktsp€jai un
ierobezotajai termisko efektu ietekmei, tomer joprojam nepietickami izpé&titu karbonata piedevu
konteksta. ST darba mérkis bija izstradat uz titana implantiem PEO parklajumus, kas satur KK
un HA, parvarot pastavoSos izaicinajumus to ieklauSana, un galu gala iegtt bioaktivas,
korozijizturigas un funkcionali stabilas kartas ar skaidri definétu fazu sastavu. Papildu merkis
bija izskaidrot dalinu ieklausanas mehanismus PEO procesa, 1pasu uzmanibu pievérsot dalinu
kristaliskuma lomai.

Literatiiras apskats ietvéra biomedicinisko implantu pamatus; KK lomu, 1pasibas un
sint€zi; parklajumu metodes un raksturoSanas pieejas; ka ar1 PEO principus, iesp&jas un
ierobezojumus. Sis parskats lava identificét piemérotako stratégiju PEO elektrolita sastava
izveidei, kuras pamata bija KK dalinu sintéze ar karbonizacijas metodi, kam sekoja to dalgja
reakcija ar dibazisko fosfata elektrolitu. Eksperimentalais darbs tika sadalits tris posmos:
(1) Sakotngjie eksperimenti bija versti uz attiecibu noteikSanu starp PEO parametriem fosfatu—
karbonatu vannas un iegiito parklajumu ipasibam, galvenokart koncentr&joties uz morfologiju
un elementu sastavu. (2) Dalinu kristaliskuma ietekmes izvertéSana, Seit aplikota ka neatkarigs
faktors, kas 11dz §im nav pétits. Tika vertéta ta ietekme uz parklajuma fazu sastavu, bioaktivitati,
biezumu un iek$€jo struktru, mitrinamibu un virsmas raupjumu. (3) Galiga optimizacija, kas
nodrosinaja optimizétu KK—HA parklajumu iegiisanu. Saja posma tika detalizéti aprakstita to
izgatavosanas metodika, veikta visaptverosa fizikali kimiska, biologiska un funkcionala
raksturoSana, ka art parklajumu veidoSanas mehanisma izskaidroSana.

Galvenas analitiskas metodes parklajumu raksturoSanai ietvéra SEM virsmas un
skérsgriezuma morfologijai; EDX, XPS, XRD un Ramana spektroskopiju sastava un fazu
analizei; ka ar1 SBF testus, $tinu kultiiras testus un antibakterialos testus biologiskas veiktsp&jas
izvertéSanai. Funkcionala raksturoSana ietvéra tidens kontakta lenka noteikSanu (mitrinamiba),
jonu izdaliSanas meérjjumus imersijas cela, plismas potencialu (virsmas ladins), skrap&uma
testus (adhezijas stipriba) un korozijas pé€tijumus, izmantojot EIS un potenciostatiskas
polarizacijas metodes. Elektrolita vannas raksturoSana tika veikti pH un vaditsp&jas merijumi,
hromatografiska fosfatu un karbonatu koncentracijas kontrole, dalinu izméra un morfologijas
analize ar elektronu mikroskopiju, elementu analize un FTIR spektroskopija dalinu kimijai, ka
ar1 XRD dalinu kristaliskumam.

Rezultati no 1. posma eksperimentiem paradija, ka elektrolita koncentracija un
vaditspgja tieSi korel€ ar parklajuma poru izméru, ar konsekventam tendencém dazados pH
Iimenos. pH ietekme bija sekundara, bet joprojam nozimiga, 1pasi poru forma un virsmas
elementu sastava. Bitiski, ka SkistoSie karbonatu sali neradija citas fazes ka vien anataze; pie
augstakam koncentracijam tie nomaca mikroizlades, samazinaja poru izméru un padarija PEO
procesu nefunkcionalu, ja karbonatu saturs parsniedza ~90-95%. 2. posma tika pieradits, ka
suspendéto dalinu kristaliskums biitiski ietekme parklajuma bioaktivitati, ipasi HA tipa kartas
veidoSanas kinétiku, ka ar1 virsmas topografiju (poru formu, izméru sadalijuma vienmeribu,
kop€jo porainibu un poru blivumu). Amorfas dalinas radija augstaku kalcija saturu argjos
slanos, iespgjams, pateicoties raupjakam dalinu virsmam, kas veicinaja to aizturi porainaja
oksida struktiira. 3. posms apstiprindja, ka no literatiiras izrieto$a elektrolita sagatavoSanas
stratégija, apvienojuma ar komponentu koncentraciju, proporciju un procesa sprieguma
optimizaciju, nodroSina KK un HA vienlaicigu ieklauSanu. Vannas sagatavoSanas noveérojumi
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paradija, ka KK nanopartikulu reakcija ar fosfatiem veido 1-2 um lielus KK—HA aglomeratus,
kas ir optimali PEO procesam. legiitajiem parklajumiem bija tipiska PEO morfologija,
apméram 25 um biezums, mérena porainiba un paaugstinats Ca un P saturs. Ramana
spektroskopija identificgja KK, HA, anatazi un amorfo TiO2; XRD papildus noteica rutilu,
perovskitu un brushitu. KK—HA dalinu ieklauSana uzlaboja korozijas izturibu un adhezijas
ipasibas. Parklajumi bija loti biologiski saderigi, bakteriostatiski, hidrofili, ar méreni negativu
virsmas ladinu, un tie nepartraukti izdalija kalcija jonus vienu ménesi PBS §kiduma.

Kopuma PEO metode — un jo ipaSi piedavata elektrolita sagatavoSanas pieeja —
demonstre sp&ju vienlaicigi ieklaut KK un HA, efektivi radot parklajumus, kas atbilst prasibam
in vivo lietosanai. Sis pétfjums ir pirmais, kas veiksmigi paradijis karbonata fazes tiesu
ieklausanu PEO parklajuma cietu dalinu veida, ka arT pirmais, kura pielietota karbonizacijas
metode PEO vajadzibam piemérotu dalinu sintézei. Karbonizacijas pieeja piedava neitralu,
gatavu suspensiju bez vaditsp&jigiem piemaisijumiem, noversot nepiecieSamibu péc attiriSanas
vai atjaunoSanas soliem, kas ir biezi sastopami PEO procesa ar suspensijas pievienoSanu.
Praktiska zina izstradatie parklajumi ir daudzsoloSi implantu izgatavoSanai ar uzlabotu
osteointegraciju un ilgtermina izturibu. Turklat iegttie rezultati veido pamatu turpmakai
karbonata bazes sisttmu optimizacijai biomedicina un plasakas pielietojuma jomas. Nakotnes
darbos biitu japilnveido elektrolita sastavs, javerteé parklajumu darbiba klmiski atbilstoSos
apstaklos, jadzilina izpratne par karbonatu uzvedibu PEO procesa un jaizstrada alternativas
dalinu sistémas gan KK ieklausanai atseviski, gan kombinacija.
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1. INTRODUCTION

1.1. General background and relevance of the study

Modern society is facing a range of global challenges that have a direct impact on public
health. Among the most pressing factors are environmental degradation, population aging,
sedentary lifestyles, unbalanced nutrition, and the growing prevalence of chronic diseases.
These and related conditions contribute to a progressive increase in musculoskeletal disorders,
including osteoporosis, osteoarthritis, osteomyelitis, as well as dental and maxillofacial
pathologies such as periodontitis, bone tissue resorption, and traumatic injuries. According to
the World Health Organization, more than 20% of individuals over the age of 50 experience
compromised bone integrity and reduced bone strength, often requiring prolonged and costly
treatment. Fractures remain particularly widespread, resulting both from mechanical trauma
and age-related decreases in bone density. Furthermore, the incidence of joint surface
degradation and other skeletal impairments is steadily increasing, driven not only by aging but
also by lifestyle factors, occupational stress, and genetic predisposition [1], [2], [3].

The consequences of these pathologies extend far beyond the medical domain. They
place a substantial burden on healthcare systems and significantly increase economic costs due
to the need for surgical interventions, prolonged rehabilitation, and the use of advanced, high-
cost pharmaceuticals and medical technologies. The rising incidence of such conditions
underscores the urgent need for the development of novel, more effective solutions capable of
restoring or replacing damaged bone tissue, thereby improving quality of life [4], [5], [6].

One of the most promising approaches in this field is the use of implants—temporary
or permanent structures designed to replace or support damaged bone or dental tissue. While
certain biomaterials can stimulate tissue regeneration, fully functional artificial bones and joints
have yet to be developed. Implants, however, offer solutions to a broad range of clinical
challenges, from fracture stabilization to the reconstruction of entire anatomical structures.
Alternative methods, such as autologous transplantation, are often limited by the scarcity of
donor material, potential immune rejection, and secondary complications. Consequently,
implants remain a cornerstone of modern reconstructive surgery [7], [8], [9].

The use of implants has a long history, tracing back to ancient civilizations.
Archaeological findings indicate that dental implants were employed in Ancient Egypt and
Mesoamerican cultures. During the Middle Ages, concepts of restoring lost teeth or bone
remained largely theoretical. However, with the advancement of medicine and surgery in the
19th and 20th centuries, implantology emerged as a distinct scientific discipline. By the late
20th century, the first truly functional implants made of metals, polymers, and ceramics were
introduced, marking a significant milestone in the field [10], [11], [12].

A modern implant is a highly engineered device designed to meet a complex set of
mechanical, chemical, and biological requirements, and the most reliable configuration
typically consists of a metallic core—commonly titanium—coated with a thin ceramic layer.
This design combines exceptional mechanical strength and load-bearing capacity with surface
biocompatibility and bioactivity. The latter is particularly critical, as the implant surface directly
interfaces with living tissues, determining the success of osteointegration and the long-term
stability of the implant. Titanium and its alloys, particularly Ti-6Al-4V, have become the gold
standard in implant manufacturing due to their unique combination of properties: low toxicity,
excellent corrosion resistance, a strength-to-weight ratio comparable to that of natural bone,
resistance to fatigue loading, and favorable machinability [13], [14], [15].

From a chemical perspective, the development of implant technologies can be broadly
categorized into four generations. The “zero” generation comprised purely mechanical
structures without any coating, occasionally featuring surface texture modifications to improve
fixation. The first generation introduced hydroxyapatite (Caio(PO4)s(OH)2, HA)-based coatings,
the primary mineral component of bone tissue, which enhanced implant adhesion and promoted
bone formation. However, these coatings were largely inert and exhibited limited bioactivity.
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The second generation advanced by incorporating bioactive and biodegradable additives,
including polymers, bioglass, and ions such as magnesium, strontium, and zinc. The third
generation has been focused on achieving biomimetic properties—both chemically and
structurally resembling natural bone—while actively initiating and supporting the natural
processes of tissue regeneration and remodeling [16], [17], [18].

Currently, calcium phosphate (CaP) compounds—such as HA, tricalcium phosphate

(TCP), and amorphous calcium phosphate (ACP)—are widely employed as implant coatings.
However, these materials often lack sufficient bioactivity, exhibit slow dissolution rates, and
consequently do not always promote efficient bone regeneration. This has directed research
interest toward alternative or composite coating systems. One particularly promising approach
involves combining calcium carbonate (CaCOs, CC) with HA. CC is a naturally occurring,
biocompatible, and biodegradable material that demonstrates high bioactivity due to its
significantly greater solubility—approximately ten times higher than that of HA. This property
enables CC to gradually dissolve in biological fluids, generating a calcium-enriched
microenvironment favorable for osteogenesis. Meanwhile, the remaining HA forms a stable
coating matrix, preventing degradation from progressing to the metallic substrate. CC can be
sourced from both biotic materials (e.g., mollusk shells) and abiotic origins, is easily
synthesized under laboratory conditions, produces no toxic degradation products (breaking
down into CO: and Ca?"), and holds strong potential as a functional component in advanced
implant coatings [19], [20], [21], [22].
Nevertheless, the fabrication of implants with carbonate-based coatings faces several technical
challenges. Commonly employed techniques—such as plasma spraying, sol-gel processing,
magnetron sputtering, and chemical deposition—either lead to thermal decomposition of CC,
fail to achieve sufficient adhesion to the substrate, or compromise phase stability. These
limitations stem primarily from the low thermal stability of CC (decomposition temperature
~750 °C), its susceptibility to dissolution in acidic environments (e.g., during etching), limited
solubility in neutral and alkaline conditions, and poor stability under electric fields. As a result,
no standardized method has yet been established for producing carbonate coatings that fully
meet the stringent requirements of medical implant applications [23], [24], [25].

Against this backdrop, plasma electrolytic oxidation (PEO) has emerged as a
particularly promising surface modification technology for metallic implants. PEO is based on
the formation of oxide coatings through high-voltage micro-arc discharges occurring in an
electrolyte. When the applied voltage reaches a critical threshold, microscopic plasma
discharges are generated on the metal surface, causing localized melting followed by the growth
of an oxide layer that frequently incorporates electrolyte-derived species. PEO offers several
key advantages: strong adhesion of the coating to the substrate, the ability to create a
microporous structure, excellent corrosion and mechanical resistance, and tunable chemical
composition through tailored electrolyte formulations. Unlike other coating techniques, the
localized and transient thermal effects inherent to PEO provide the potential to incorporate
thermally less phases—such as CC—without causing their complete decomposition [26], [27].

Despite its potential, PEO technology remains under active development, and
optimizing its use for producing functional coatings with tailored chemical compositions is one
of the field’s key research directions. Chemical modification of PEO coatings is typically
achieved either by introducing dissolved compounds into the electrolyte or by employing
suspensions of solid particles. Most published studies have focused on phosphate-, silicate-, or
alkaline-based electrolytic baths, whereas carbonate-based systems remain largely unexplored.
To date, there have been no documented reports of deliberately achieving successful
incorporation of a CC phase into PEO coatings on titanium substrates. Attempts to introduce
carbonates directly into the electrolyte have proven ineffective and inherently limited, as under
PEO conditions these compounds either undergo electrochemical decomposition at the anode,
thermally decompose during discharge events, decompose due to local pH changes, or exhibit
poor solubility in the presence of calcium ions [19], [28], [29].
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In this context, the most promising approach involves introducing CC particles into the
electrolyte as a dispersed suspension. This method enables the direct incorporation of the pre-
formed carbonate phase into the oxide layer under the combined influence of electric field and
the localized thermal energy generated by micro-discharges. Despite its considerable potential,
suspension-assisted PEO as a surface functionalization strategy requires comprehensive
optimization. Critical factors include controlling particle size, morphology, and surface charge;
ensuring stable dispersion while preventing aggregation; overcoming challenges associated
with achieving a sufficiently negative zeta potential; and addressing the limited commercial
availability of particles with the desired properties. Additionally, fine-tuning the electrical
parameters, hydrodynamic conditions, and process temperature is essential to achieve
reproducible and high-quality coatings. Furthermore, the strategy must be designed to ensure
the simultaneous incorporation of HA alongside CC, achieving a relatively homogeneous
distribution of both phases within the coating in optimal proportions [30], [31], [32].

Thus, the relevance of this study lies in the need for a systematic, stepwise scientific
approach to developing CC-HA PEO coatings for biomedical applications. Achieving this goal
first requires a comprehensive investigation of PEO processes in electrolytes containing
phosphate and carbonate suspensions and solutions. A detailed understanding of how electrolyte
composition, the properties of the added phases, and processing parameters influence the
morphology, phase composition, and structure of the resulting coatings will establish the
foundation for designing next-generation composite biocompatible coatings that
simultaneously exhibit bioactivity, bioresorbability, and long-term stability.

1.2. Biomedical implants

1.2.1. General concepts

Implants are medical devices designed to be implanted into the body, with the main
purpose of replacing lost or damaged areas of solid calcified tissue, such as bone or teeth. Bone
and teeth, the primary solid calcified tissues, are specialized biological structures composed of
mineralized matrices—mainly CaP in bone and HA-enriched dentin and enamel in teeth. These
tissues can become damaged or lost due to trauma, degenerative diseases (e.g., osteoporosis or
periodontitis), infections, congenital defects, or surgical removal of diseased tissue. Implants
aim to restore the anatomical shape and function of the affected area while meeting the
requirements of biocompatibility, safety, and mechanical reliability throughout its entire service
life. Modern implants are classified according to several criteria. First, based on the type of
tissue they replace, they are divided into bone, dental, and cartilage implants, which also
determines their overall shape and structural design to match the anatomical requirements of
the target tissue. Separately, implants can also be categorized by their medical purpose or
anatomical location as orthopedic (for bones and joints), maxillofacial (for facial skeletal
structures), or dental (for teeth and supporting tissues). Second, depending on the base material,
implants can be metallic, ceramic, polymeric, or composite. Another important criterion is the
presence and type of surface coating. Coatings may be bioinert, bioactive, or resorbable,
depending on their interaction with surrounding tissues. Additionally, implants differ by their
service life: temporary (e.g., osteosynthesis systems, guided bone regeneration devices, or
resorbable structures) and permanent (e.g., dental implants, joint prostheses, and spinal
implants). Implant integration into the body occurs through osteointegration, a biological
process in which surrounding bone tissue gradually grows and bonds with the implant surface.
This strong mechanical and biological connection is promoted by the implant’s material
properties and surface characteristics, which enhance cell adhesion, proliferation, and
mineralization. Successful osteointegration ensures long-term stability, proper load transfer,
and full functional recovery of the damaged skeletal or dental structure [33], [34], [35], [36],
[37].
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1.2.2. Metals as a basis for materials for implants

Metals and their alloys form the basis of the vast majority of implants due to their
combination of high strength, corrosion resistance, fatigue resistance, and relative ease of
processing. The most widely used metals include titanium and its alloys (particularly Ti-6Al-
4V), stainless steel (316L), cobalt-chromium alloys, tantalum, niobium, and magnesium.
Among these materials, titanium is the most versatile and clinically preferred option. Its
advantages include excellent corrosion resistance due to the formation of a passive TiO: film,
non-toxicity and good biocompatibility, low density (=4.5 g/cm?®) close to that of bone,
relatively high strength, and a modulus of elasticity that reduces the “stress shielding” effect.
Additionally, titanium is relatively affordable and widely available [38], [39].

One of the most commonly used materials for implant fabrication is the titanium alloy
Ti-6Al-4V (TAV), which contains approximately 6% aluminum and 4% vanadium. This (a+f)-
titanium alloy offers high strength, good corrosion resistance, and relative ease of machining.
Compared to commercially pure titanium, TAV provides a higher strength-to-weight ratio,
making it suitable for small or load-bearing implants, greater resistance to plastic deformation,
and stability in physiological environments due to the formation of a dense passive TiO: film.
However, there are limitations: the release of AI** and V** ions in biological conditions raises
concerns about neurotoxicity and inflammatory reactions. As a result, alternative vanadium-
free alloys, such as Ti-6Al-7Nb, Ti-13Nb-13Zr, and B-titanium alloys, have been developed
with improved biological inertness. Despite these developments, TAV remains the “gold
standard” in orthopedics and dentistry because of its optimal balance of strength, cost-
effectiveness, and manufacturability, particularly when combined with bioactive coatings that
compensate for its inherent bioinertness [33], [40].

The use of stainless steel in implants is limited by potential ion release (Cr, Ni), while
cobalt-chromium alloys, though superior for high-load applications, exhibit limited
osteointegration. In recent years, magnesium alloys have attracted significant interest due to
their biodegradability and density similar to bone. However, magnesium corrodes excessively
fast in physiological conditions, producing hydrogen gas and increasing pH, which can hinder
tissue healing. Tantalum and niobium implants, especially in porous forms such as trabecular
metal, are also of great interest. Porous tantalum provides excellent osteointegration, high
corrosion resistance, and chemical inertness, but its high cost, density, and processing
challenges restrict its widespread use, confining it mainly to specialized orthopedic applications
such as hip joint endoprostheses and spinal cages [41], [42], [43].

In addition to metallic implants, polymeric substrates are sometimes used, particularly
in low-load applications, for temporary use, or for guided tissue regeneration. The most
common biopolymers include polyesters such as polylactide (PLA), polyglycolide (PGA), and
their copolymers (PLGA); polyurethanes and poly(e-caprolactone) (PCL); and bioinert
polymers such as high-density polyethylene (PE-HD), polyetheretherketone (PEEK), and
polytetrafluoroethylene (PTFE). Polymer-based substrates offer several advantages: the ability
to biodegrade, which is particularly important for temporary implants; flexibility and low
density similar to soft tissues and bone; high processability and moldability, including
compatibility with 3D printing and casting; and minimal risk of corrosion. However, they also
have serious limitations for creating load-bearing or long-term implants, including low strength
and stiffness that limit their ability to effectively transmit mechanical loads; limited
osteointegration, as most polymers are bioinert and do not provide strong bone bonding;
susceptibility to deformation, degradation, and swelling in physiological conditions; and
potential local acidification and inflammation due to degradation products (e.g., lactic acid)
[44], [45], [46].

In practice, polymers are mainly used as temporary scaffolds for bone tissue
regeneration, in endodontics and maxillofacial surgery (e.g., resorbable membranes), and as
part of hybrid composites where a strong metallic core is supplemented by a polymer layer or
matrix. Compared to metallic substrates, polymers cannot match metals in terms of mechanical
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stability, durability, and corrosion resistance. Metals, particularly titanium and its alloys,
provide high strength with minimal volume, reliable fixation within bone tissue, and the ability
to carry bioactive coatings that enhance biological performance. Therefore, in most clinically
significant scenarios, particularly for load-bearing, long-term implants, metallic substrates
(especially titanium and Ti-6Al-4V) remain the preferred choice, while polymers serve
primarily as auxiliary or temporary solutions [33], [47].

1.2.3. Development of coatings

Despite their undeniable advantages—such as high mechanical strength, corrosion
resistance, and technological reliability—metallic implants are inherently biologically inert and
typically fail to fully interact with surrounding living tissues. Early generations of implants
were often made of bare metals and were successfully used in orthopedics and dentistry (e.g.,
hip stems, dental screws, fixation plates). However, their functional performance was limited
and primarily served as passive structural supports without actively promoting bone bonding or
tissue regeneration. As the understanding of biomaterials advanced, it became evident that
simply placing a metallic object in the body was insufficient for long-term success and
functional integration. This realization led to the emergence of the surface coating concept.
From an engineering perspective, this is the most rational approach: the metallic core provides
strength and load-bearing capacity, while the outer surface layer is designed to enhance
biological functionality and biocompatibility, actively interacting with surrounding tissues and
promoting the healing of hard tissue. Another driving factor for coating development is that
even highly stable materials, such as titanium and its alloys, may experience localized corrosion
during long-term implantation. This effect is particularly pronounced in inflammatory
environments characterized by low pH, chloride ions, proteins, and other aggressive species.
Alloys such as Ti—-6A1-4V can release metallic ions (e.g., AI** and V°*), which may have toxic
effects, trigger inflammatory or allergic reactions, and contribute to elastic modulus mismatch
with bone tissue [11], [48], [49].

Today, coatings have become an integral component of implant design, and their range
of functionalities continues to expand. Beyond basic biocompatibility and corrosion protection,
coatings can regulate ionic exchange with surrounding tissues, provide antibacterial protection,
serve as carriers for drug delivery, and control the resorption rate of biodegradable implants.
Moreover, ongoing research is targeting new, previously unattainable properties and
configurations of implant coatings, reflecting both advances in materials science and an
evolving understanding of bone biology [50], [51]. The evolution of implant coatings has
progressed through distinct stages, showing a clear trend toward biomimicry—designing
implant surfaces that increasingly resemble the natural mineral composition and functionality
of bone tissue. This development can be broadly divided into four generations. The first
generation of passive bioinert coatings (1970s—1980s) aimed to ensure basic biocompatibility
and corrosion resistance. Made of stable oxides such as TiO2, AlzOs, and ZrO-, these coatings
provided mechanical fixation but lacked biological activity, often leading to fibrous tissue
encapsulation instead of bone bonding. The second generation (1980s—1990s) introduced
osteoconductive coatings such as HA, TCP, and bioactive glasses. These materials partially
mimicked bone’s inorganic phase, forming chemical bonds with the bone matrix and improving
osteoconduction and implant stability. The third generation (2000s) enhanced biological
response through ionically modified coatings. Ion-substituted HAs (Mg?*, Sr*, Zn*") and
nanostructured CaP composites closely matched natural apatite, stimulating osteogenesis,
angiogenesis, and cellular differentiation while strengthening chemical integration with bone.
The fourth generation (2010s—present) focuses on multifunctional, adaptive “smart” coatings.
Examples include hybrid CC/HA composites, peptide-functionalized surfaces, and stimuli-
responsive layers capable of delivering therapeutic agents or ions. Combining biomimetic
composition, osteoinduction, antibacterial protection, and controlled biodegradation, these
coatings represent a step toward fully integrated, regenerative implant systems [16], [17].
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Improvements in implant performance are pursued through various approaches. Some
of these involve modifications of surface physical properties, such as optimizing surface
topography and roughness to enhance mechanical interlocking with bone tissue. At the same
time, coatings are increasingly endowed with stimuli-responsive functionalities, including
piezoelectric, light-responsive, and pH-responsive systems that dynamically adapt to the
surrounding biological environment [52]. Nevertheless, the primary research focus remains on
tailoring surface chemistry—specifically, through the synthesis of new bioactive additives and
the exploration of novel technological approaches for their incorporation into coating systems,
while ensuring proper overall performance of the resulting layers under real-world conditions.
Notable examples include diamond-like carbon (DLC), silicon carbide, and fullerene-based
coatings [53], [54]. Polymer-based layers, such as polyetheretherketone (PEEK), are employed
to improve stability, wear resistance, and biomechanical performance. Additionally, peptide-
based coatings—for example, those containing RGD (arginine—glycine—aspartic acid)
peptides—have been developed to promote cell adhesion and bone formation by facilitating
integrin binding [55], [56]. Among the wide array of promising additives and functional phases,
CC has emerged as a particularly attractive candidate due to its natural role in bone
mineralization, high bioactivity, and bioresorbability [57]. However, most of these novel
compounds are designed to serve a single specific function and cannot independently provide
full multifunctionality. Therefore, they are typically incorporated into coatings in combination
with one or more additional components. As auxiliary additives, materials characteristic of
previous coating generations are still frequently employed—for instance, bone-like inorganic
phases such as HA and other CaP derivatives, silicon-containing compounds, and bioactive
glasses, owing to their proven reliability. Consequently, many studies are also directed toward
developing strategies for the simultaneous integration of multiple components, ensuring their
uniform distribution within the coating, and achieving an optimal volumetric and molar ratio of
these phases [22], [58], [20].

1.2.4. Calcium carbonate as an additive

Building upon advancements in coating technologies, over the past decade CC has
emerged as a particularly promising functional component in biomedical coatings, offering a
range of unique advantages not shared by other currently investigated additives. To identify the
key aspects of CC’s distinctiveness, it is first necessary to consider its fundamental properties.
CC is a naturally occurring, abundant mineral that exists in several crystalline polymorphs—
calcite, aragonite, and vaterite—each with its own characteristic solubility and stability.
Chemically, CC is relatively stable under physiological conditions, but it dissolves more readily
in acidic environments, releasing calcium and carbonate ions. However, compared with CaP—
based minerals typically used for coatings, even the least soluble polymorph, calcite, exhibits a
solubility approximately an order of magnitude higher. This property enables CC to release
calcium ions in vivo in a relatively dynamic and sustained manner, imparting bioactive
characteristics, resorbability, and controlled biodegradation. Ultimately, these features make
CC a particularly promising candidate for temporary bioactive coatings that gradually dissolve
and are replaced by natural bone tissue [57], [59].

In long-term applications, CC is likewise advantageous, as its rapid ion release promotes
early-stage bone cell adhesion and proliferation, thereby initiating and supporting
mineralization. It is particularly useful as an additive to coatings based on biologically inert
materials. This also applies to HA—especially in its highly crystalline form—for which
numerous practical observations indicate that its sole presence on a surface can hinder the
formation of chemical bonds with bone tissue, impair implant fixation, and ultimately reduce
service life. In such cases, the inclusion of CC can promote osteointegration while ensuring that
bone—metal contact is preceded by the complete resorption of the coating. In other words, the
implant surface should undergo full, controlled resorption while maintaining a stable, three-
dimensional HA-based matrix that supports ingrowth and the formation of dense, calcified
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tissue [20], [60], [61]. The high potential of CC in bone regeneration is further supported by
both cell culture and in vivo studies [62], [63], [64]. Additionally, the weak alkalinity of CC
imparts buffering capacity, allowing its dissolution products to neutralize acidic
microenvironments that frequently arise around implants due to inflammation. This localized
pH regulation plays a critical role in mitigating inflammatory responses and establishing
conditions favorable for tissue healing and osteointegration [65], [66].

In addition to the above, it should be noted that in living organisms CC plays both vital
structural and metabolic roles. It is a principal biomineral in marine shells, corals, and
exoskeletons, and contributes to the early stages of mineralization in vertebrate bones and teeth.
Within the human bone matrix, released carbonate ions can naturally substitute for phosphate
or hydroxyl groups in HA, thereby enhancing bone remodeling and metabolic activity. The
resorbable nature of CC also allows it to participate more actively in bone turnover compared
with HA. Furthermore, in the presence of phosphates, CC can be readily converted into HA or
B-type carbonate HA via a dissolution—precipitation mechanism, making it a precursor in the
formation of bone mineral phases. Once in the body, the conversion of CC is primarily mediated
by osteoclasts and carbonic anhydrase, and it is not accompanied by the formation of any toxic
by-products [22], [67], [68], [69], [70].

Further confirming the potential of CC for implant coatings, it should be noted that in
the broader field of biomaterials, CC has also been successfully employed in the form of
ceramics, gels, cements, and composite particles, as well as in scaffolds and drug-delivery
systems. In all these cases, the incorporation of CC is consistent with the concept of “fourth-
generation” biomaterials—those possessing biomimetic properties and capable of engaging the
body’s natural tissue regeneration mechanisms. Furthermore, CC-based composites are under
investigation as contrast agents for medical imaging. This breadth of application can be
attributed to the availability of CC in diverse forms, including nanostructured, porous,
functionalized, and composite particles. Beyond the field of biomaterials, CC-based coatings
also hold considerable potential. Possible applications include environmental engineering, such
as water treatment, filtration systems, and sorption processes, owing to CC’s known ability to
neutralize acidic pollutants and adsorb phosphates, heavy metals, and acidic gases.
Functionalized CC surfaces also show promise as co-catalysts in organic synthesis, pollutant
degradation, and hydrogen production. Moreover, the incorporation of carbonate into coatings
may enhance the corrosion resistance of underlying metals, as demonstrated in several studies,
and in some respects offers a safer alternative to traditional corrosion inhibitors [71], [72], [73],
[74], [75].

Overall, while CC demonstrates a broad range of beneficial properties and versatile
applications across biomedical and non-biomedical fields, the focus of this study remains
specifically on implant coatings. Given the need for long-term mechanical stability alongside
early-stage bioactivity, the use of CC as a sole coating component is not considered practical.
Instead, a combined approach should be adopted by incorporating CC into a more stable matrix.
In this regard, the most promising solution appears to be its combination with HA, as it provides
a stable, bioactive framework that complements the beneficial resorbability of CC, while also
being the most abundant CaP mineral [20], [76], [77].

1.2.5. Calcium carbonate coating approaches

At first glance, the fabrication of CC-based coatings—either as standalone layers or in
combination with HA—may appear to be a straightforward task, seemingly implementable
using principles similar to those applied for earlier generations of coatings composed solely of
CaPs. In reality, however, several factors must be considered in an integrated manner. These
include the general requirements for implant coatings, the principles underlying classical
methods for their fabrication, and the potential limitations arising from the intrinsic properties
of both CC and the coating technologies themselves.
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When addressing the choice of a coating fabrication method for biomedical applications
from a general standpoint—irrespective of its composition or intended function—it must be
guided by a set of fundamental requirements. While the final coatings are expected to provide
essential characteristics, such as biocompatibility and bioactivity, ensured by the incorporated
additives, the chosen deposition technology should not introduce any unwanted chemical
contaminants. Such impurities—arising either from the intrinsic principles of the technique or
from by-products generated during processing— may diminish or even counteract the intended
beneficial effects of the bioactive additives. Moreover, the prepared coatings must demonstrate
functional integrity and mechanical stability, forming a strong bond with the substrate that can
be maintained under physiological conditions, for example, by withstanding surgical handling
and in vivo mechanical stresses without delamination or cracking. Depending on the clinical
application, coatings should be either long-lasting for permanent implants or resorbable for
temporary devices designed to support bone regeneration. An effective coating must also act as
a robust barrier against corrosion and wear, thereby reducing harmful ion release and mitigating
inflammatory reactions. Additionally, the surface topography and porosity of the coating should
be optimized to enhance mechanical interlocking with bone tissue, facilitate nutrient diffusion,
and support vascularization. When incorporating bioactive additives, such as CC, these must
be firmly integrated into the coating matrix to prevent uncontrolled leaching or structural
weakening. Finally, the selected coating deposition method must be fully compatible with the
implant’s material and geometry, allowing for uniform, defect-free coverage without
introducing residual stresses or altering the substrate’s inherent properties [51], [78], [79].

Common methods for implant surface modification are generally categorized into
hydroprocessing and pyroprocessing techniques. Hydroprocessing methods operate in aqueous
or solution-based environments at relatively low temperatures, enabling the deposition of
bioactive coatings under mild conditions. Examples include sol-gel processing, electrophoretic
deposition, dip-coating, and brush-coating. Pyroprocessing techniques, by contrast, involve
high-temperature or vacuum-based physical and chemical processes such as thermal spraying,
chemical vapor deposition (CVD), physical vapor deposition (PVD), laser cladding, and ion
implantation. The primary distinction between these approaches lies in the energy input and the
resulting coating characteristics: hydroprocessing typically produces porous, hydrated layers
that enhance biological interactions, whereas pyroprocessing yields dense, mechanically robust
films with superior wear resistance but often limited bioactivity [80], [81].

PVD is a vacuum-based process in which material is vaporized and condensed onto the
implant surface, frequently assisted by plasma to improve adhesion. It provides precise control
of thickness and composition, resulting in dense, wear-resistant, and high-purity layers.
However, due to their limited thickness, PVD coatings may not ensure long-term corrosion
protection. Additionally, achieving uniform deposition on complex geometries is challenging,
and the method involves high equipment costs. CVD utilizes chemical reactions of gaseous
precursors near the substrate to form solid coatings. Depending on the process, activation may
be thermal or plasma-based. This method produces conformal, uniform coatings with excellent
adhesion and controlled stoichiometry. It is commonly applied to deposit bioinert and bioactive
layers, such as titanium nitride or diamond-like carbon, enhancing wear resistance and
hemocompatibility. Nonetheless, the high temperatures required can alter the substrate
microstructure or induce residual stresses, while some precursors pose handling and safety
challenges [82], [83].

The sol-gel technique is a wet-chemical process where a colloidal suspension is applied
to the implant surface and subsequently dried and heat-treated to form a ceramic layer. It is
cost-effective, suitable for complex geometries, and enables homogeneous incorporation of
bioactive compounds like HA, promoting osteointegration. However, sol-gel coatings often
have limited adhesion and mechanical strength, leading to cracking or delamination under
physiological loading. Thermal spraying methods, including plasma spraying and high-velocity
oxy-fuel spraying, deposit molten or semi-molten particles onto the implant, forming thick,
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rough coatings widely used for HA deposition. Their drawbacks include potential
microstructural inhomogeneities, residual stresses from rapid solidification, relatively low
adhesion strength, and possible dissolution or degradation of the coating in physiological
environments [84].

Other techniques have been explored for specialized applications. Electrophoretic
deposition enables controlled ceramic particle deposition under an electric field, offering a
simple and cost-effective approach for coating complex shapes. Laser cladding and ion
implantation allow localized surface modifications with tailored chemical and mechanical
properties. Dip-coating and brush-coating are occasionally used for experimental bioactive
layers but lack reproducibility and mechanical stability for large-scale applications. These less
common methods typically serve as complementary or experimental strategies when
mainstream techniques do not fully meet clinical requirements [84], [85], [86], [87].

From the perspective of developing CC-containing coatings with properties favorable
for bone implants, the aforementioned methods may present notable limitations, arising both
from the specific physical principles underlying these processes and from the intrinsic
properties of CC itself. First, if a hydroprocessing procedure is carried out in acidic
environments, carbonate ions are prone to rapid conversion into CO: and loss from the solution.
In neutral and alkaline conditions, the simultaneous presence of soluble carbonate sources with
calcium and phosphorus ions can lead to precipitation, thereby destabilizing the medium.
Although hydroprocessing techniques such as sol—gel synthesis and electrophoretic deposition
are, in principle, capable of introducing carbonate phases, in practice they often yield coatings
with insufficient adhesion and mechanical durability under physiological conditions. In the case
of pyroprocessing, which can produce denser and more wear-resistant layers, the main
limitation is the relatively low decomposition temperature of CC, approximately 750°C [88].
Indeed, methods such as PVD, CVD, and thermal spraying operate at temperatures that either
decompose carbonates or hinder their incorporation. For the same reason, using pyroprocessing
to improve the adhesion strength of CC-containing coatings prepared via hydroprocessing can
also result in CC decomposition [78]. Among pyroprocessing techniques, pulsed laser
deposition is a notable exception, as it offers operational flexibility and has demonstrated the
ability to adjust substrate temperatures to levels suitable for CC deposition. Nevertheless, it
remains a line-of-sight method, which poses challenges for coating complex-shaped surfaces
[89]. Overall, only a subset of the reviewed techniques can successfully enrich implant surfaces
with carbonates, and none consistently produces adherent, durable coatings on three-
dimensional substrates that meet the requirements for next-generation implants, namely the
combination of bioactivity, corrosion resistance, and mechanical stability. Accordingly, an
alternative and more reliable approach is required to achieve stable CC—HA composite coatings.

1.3. Plasma electrolytic oxidation

1.3.1. Basic considerations

Plasma electrolytic oxidation (PEO), also known as micro-arc oxidation (MAO), has
evolved over several decades as a surface engineering technique designed to enhance the
properties of metals such as aluminum, titanium, magnesium, zirconium, tantalum, and their
alloys. The origins of PEO trace back to conventional anodizing processes developed in the
early 20th century, with patents for anodic oxidation on aluminum emerging as early as 1923
in Germany and 1927 in the United Kingdom. In the mid-20th century, researchers observed
that increasing the anodizing voltage beyond the dielectric breakdown of the oxide layer led to
the appearance of micro-discharges on the surface. Early scientific reports in the 1960s and
1970s (notably by Markov and colleagues in the former USSR) described these plasma-assisted
processes and their ability to produce thicker, more crystalline oxide layers compared to
traditional anodizing. The term “micro-arc oxidation” was introduced in Russian literature
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during the 1980s, while “plasma electrolytic oxidation” gained broader use in the 1990s as the
process gained international recognition. Over time, advancements in power supply technology
(transitioning from simple DC sources to pulsed and bipolar systems), electrolyte formulation,
and mechanistic understanding transformed PEO from a niche laboratory phenomenon into a
robust industrial surface engineering method [90], [91], [92].

A typical PEO setup consists of three main components: a power supply, an electrolytic
bath (sometimes called “electrolyte bath”, simply “bath” or “electrolyte”), and electrodes
(anode and cathode). The workpiece, usually a metal, serves as the anode and is immersed in
an aqueous electrolyte contained within a corrosion-resistant tank. A separate counter electrode
is commonly used as the cathode, often made of stainless steel but other conductive and
corrosion-resistant materials can also be employed. The electrolyte composition depends on the
desired coating properties and often contains alkaline solutions with silicate, phosphate, or
aluminate additives, with optional incorporation of bioactive ions or nanoparticles. The power
supply is a key element, capable of delivering high voltages (typically 200—600 V) and various
current waveforms (DC, pulsed DC, or bipolar AC). This enables the controlled initiation and
maintenance of micro-discharges on the anode surface once the dielectric breakdown voltage
of the oxide layer is exceeded. Cooling and stirring systems are often integrated into the bath
to maintain uniform temperature and electrolyte homogeneity during treatment. Additional
diagnostic tools such as oscilloscopes, optical emission spectrometers, and acoustic sensors can
be coupled to the system for monitoring plasma activity [26], [93], [94], [95].

The applications of PEO span multiple high-performance fields where durable,
functional oxide coatings are required. In acrospace and automotive industries, PEO is applied
to aluminum and magnesium components to significantly improve wear resistance (hardness
exceeding 1500 HV for some alumina-rich coatings) and corrosion protection, enabling the use
of lightweight alloys in aggressive environments. In biomedical engineering, PEO has become
particularly important for titanium and magnesium-based implants, enhancing bioactivity and
promoting osteointegration. Beyond biomedical and structural applications, PEO is employed
in electronics for dielectric films with breakdown voltages over 2000 V, in energy technologies
for photoelectrochemical electrodes and catalytic supports, and in marine engineering for
enhanced corrosion resistance of ship and offshore structures in saline environments [93], [96],
[97].

The positive properties of PEO coatings arise from the unique high-energy plasma-
assisted oxidation mechanism, which produces coatings with high hardness (up to 2000 HV in
some systems), excellent metallurgical adhesion to the substrate, and superior wear and
corrosion resistance compared to traditional anodic films. The process typically yields a multi-
layered structure comprising a dense inner barrier layer (<I pm) and a porous outer layer (up
to 100—150 pm), allowing post-treatment sealing or impregnation with functional agents. The
localized high temperatures (up to 10,000 K in discharge channels) and rapid quenching favor
the formation of crystalline phases such as 0-Al:Os (corundum) on aluminum alloys, TiO-
(rutile and anatase) on titanium, and MgAl.O4 (magnesium aluminate spinel) on magnesium
alloys. Another advantage is the ability to incorporate alloying elements or functional species
(Ca, P, Si, Sr, Ag) directly into the oxide matrix during growth, enabling multifunctional
coatings without additional deposition steps.

Compared to other implant coating methods such as PVD, CVD, sol—gel processing,
and thermal spraying, PEO avoids high-vacuum environments or line-of-sight limitations
typical for PVD/CVD. It generates mechanically robust, crystalline oxide layers in a single step
without requiring post-deposition heat treatment. The inherently porous and relatively thick
coatings produced by PEO are particularly beneficial for bone tissue integration. Furthermore,
the short-lived and localized nature of plasma micro-discharges allows the incorporation of
thermally sensitive phases—such as CC—that would typically decompose under conventional
high-temperature techniques. From a general standpoint, PEO offers several advantages over
other coating techniques. The process is environmentally friendly, typically conducted in
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aqueous electrolytes without toxic solvents, and yields coatings with strong metallurgical
bonding and chemical stability under extreme conditions (high temperatures, saline
environments, acidic or alkaline media). In a sense, this method can be regarded as a
combination of pyro- and hydroprocessing. However, PEO also presents challenges, including
relatively high energy consumption (up to 1-3 kWh/m?), limited applicability to non-valve
metals (Section 1.3.4), and difficulties in achieving uniform coatings on complex geometries
due to uneven current distribution. Achieving desired properties requires careful optimization
of processing parameters, including electrolyte composition, applied current density, voltage,
pulse frequency, and treatment duration [93], [98], [99], [100].

1.3.2. Recent developments, challenges and perspectives of the PEO method

Biomedical coatings represent one of the most active and impactful areas of PEO-related
research, driven in part by the need for long-lasting, biocompatible, and multifunctional implant
surfaces. Significant efforts aim to develop coatings that simultaneously promote
osteointegration, control degradation rates, and provide antibacterial activity. This is achieved
through ion doping (Ca, Zn, Sr, Ag), incorporation of bioactive nanoparticles such as HA or
bioglass, and hybrid PEO-hydrothermal or sol-gel post-treatments creating composite bio-
ceramic layers. Recent studies have demonstrated that Ca- and P-enriched PEO coatings on
titanium implants enhance osteoblast adhesion and bone mineralization, achieving up to 50%
faster bone-implant integration compared to untreated surfaces. Silver-doped coatings have
shown strong antibacterial effects against Staphylococcus aureus and Escherichia coli, while
maintaining cytocompatibility with osteogenic cells. For magnesium-based biodegradable
implants, PEO processing combined with strontium or zinc ion incorporation has been reported
to improve corrosion resistance more than 10x compared to bare magnesium alloys while
simultaneously stimulating new bone tissue formation. Multifunctional coatings containing HA
nanoparticles have also been developed to accelerate bone healing and provide long-term
protection against implant-associated infections. When fabricated on titanium substrates, PEO
coatings inherently incorporate TiO-, typically in the rutile and anatase polymorphic forms. The
occurrence of these phases is not considered detrimental; on the contrary, they are well-
documented to possess favorable biocompatibility [101], [102], [103], [104], [105].

Outside biomedical applications, research is advancing toward low-energy and high-
throughput processing. Development of optimized pulse regimes and advanced power supply
designs—particularly pulsed bipolar modes—has been shown to improve energy efticiency and
refine coating morphology. Hybrid electrolytes containing suspended nanoparticles are
emerging as a strategy to enhance microstructure, hardness, and multifunctionality of PEO
coatings. In addition, novel molten salt PEO processes have enabled treatment of refractory
metals (Nb, Mo, Ta) at elevated temperatures without water-based electrolytes. Gas-assisted
PEO, where reactive gases such as CO: or NHs are introduced into the discharge zone, is
opening new pathways for carbonated or nitrogen-doped oxide coatings with catalytic and
photocatalytic properties. Functional PEO coatings are also being explored for advanced energy
and industrial applications, including lithium-ion batteries, supercapacitors, solid oxide fuel
cells, self-lubricating surfaces, and anti-icing layers for aerospace components. To further
extend coating durability and versatility, combined post-treatment approaches are being
developed. Beyond conventional hydrothermal sealing and sol-gel deposition, emerging
techniques such as laser glazing have demonstrated improved densification, sealing of porosity,
and enhancement of wear and corrosion resistance [90], [106], [107], [108], [109].

The technological evolution of the PEO process has advanced markedly in recent years.
The chemical versatility of PEO-based surface modification has continuously broadened,
driven by the development of novel electrolyte systems capable of introducing previously
unconsidered functional ions and compounds into the oxide layer. Notably, carbonate-based
electrolytes have only relatively recently emerged in the scientific literature. To date, there has
been no compelling evidence of the direct incorporation of carbonate phases within PEO
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coatings, let alone systematic exploration of carbonate-containing PEO systems for biomedical
applications. In particular, the concept of 'PEO in particle suspension' has emerged as a distinct
research direction, not only as a strategy for the in situ formation of composite coatings with a
modified phase composition of the surface but also as an approach for tailoring additional
functionalities. In this process, external particles are deliberately introduced into the electrolyte
with the intention of being incorporated into the growing oxide layer. Beyond the incorporation
of increasingly innovative and previously unutilized particles—including oxides, borides,
nitrides, carbon nanotubes, and even bio-derived materials—ongoing studies aim to elucidate
the underlying mechanisms governing the formation of particle-containing PEO coatings. At
present, there remains no comprehensive understanding of how various particle characteristics,
including size, morphology, surface charge, and concentration, influence the coating’s
microstructure and, ultimately, its functional performance [30], [110], [111].

A deeper understanding of how process parameters influence coating properties across
diverse electrolytic systems has become a general focus of recent studies. Electrolyte
characteristics—including chemical composition, concentration, pH, temperature, and
viscosity—still require systematic investigation and modeling to fully elucidate their roles in
plasma discharge behavior and oxide layer development. Likewise, key PEO processing
parameters such as current mode, applied voltage, current density, oxidation time, and substrate
type are being comprehensively examined to optimize coating performance. Considering these
variables simultaneously is enabling the establishment of predictive frameworks for tailoring
coating architecture and functionalities. Importantly, such systematic studies are expected to
reveal fundamental interrelations governing PEO coating formation and facilitate the
development of coatings with previously unattainable phase compositions, including carbonate-
containing layers, either as standalone phases or in combination with other oxides [27], [106],
[112], [113].

In parallel with these methodological advances, PEO has been successfully applied to
an expanding range of metallic substrates. Beyond the traditional valve metals (the term
explained in Section 1.3.4), recent studies have demonstrated coating formation on various new
alloys and refractory metals, enabling comparative analyses of coating growth behavior,
microstructure evolution, and property development across different alloy chemistries. This
substrate diversification is not only broadening the technological applicability of PEO but also
deepening the fundamental understanding of plasma-assisted oxidation mechanisms.
Furthermore, the integration of real-time diagnostics (e.g., optical emission spectroscopy,
acoustic monitoring) and advanced computational tools such as machine learning-based
parameter optimization is facilitating the transition toward digitally assisted, adaptive PEO
processes. Collectively, these innovations are solidifying PEO as a next-generation surface
engineering technology with rapidly expanding capabilities in biomedical, industrial, and
energy-related applications [106], [114], [115], [116].

1.3.3. Basic principles of PEO coating formation

The formation of PEO coatings is a complex, multi-stage process that combines
electrochemical, thermal, and plasma-chemical phenomena. Initially, the process evolves from
conventional anodizing, during which a thin, compact oxide film — often only a few nanometers
thick — develops on the metal substrate. As the applied voltage increases, a critical breakdown
threshold is reached, triggering localized dielectric breakdown of the oxide film and the onset
of transient micro-discharges (sparks). These discharges, typically lasting microseconds,
momentarily pierce the insulating oxide layer, establishing temporary conductive pathways that
directly connect the metal substrate to the electrolyte. Within these highly localized plasma
channels, temperatures can reach up to ~10,000 K, causing localized melting and even
vaporization of the substrate material. Despite these breakdown events, a compact barrier layer
remains intact at the metal/oxide interface, ensuring strong adhesion and corrosion resistance
of the growing coating. Within the discharge sites, oxygen species — generated both
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electrochemically and thermally — react with molten substrate material, forming titanium
dioxide, which rapidly solidifies upon cooling. Repeated cycles of localized breakdown,
temporary metal—electrolyte connection, melting, oxidation, and re-solidification lead to a
gradual buildup of an oxide layer several micrometers thick, characterized by a network of
interconnected discharge channels and surface pores that act as signatures of the PEO process
[28], [93], [117].

As the oxide layer grows, its increasing thickness and resistance necessitate
progressively higher voltages to sustain the process. This evolution results in the appearance of
larger but less frequent micro-discharges, which can either form at previously inactive surface
regions or reoccur at earlier discharge sites, deepening existing pores. Coating growth proceeds
via two complementary mechanisms: inward growth, driven by electrochemical oxidation of
the metal at the barrier layer, and outward growth, resulting from the ejection of molten oxide
onto the surface during plasma events. The outward growth mechanism is responsible for the
characteristic crater-like surface morphology and, in cases of insufficient cooling, the formation
of sealed internal pores within the coating. Additionally, gas evolution, primarily oxygen
generation at the anode, contributes to internal porosity through entrapment of gas bubbles
within solidifying oxide. The final pore structure, including the balance between open surface
porosity and internal voids, is strongly influenced by processing parameters such as voltage,
current mode, frequency, and treatment duration, which collectively control the energy and
distribution of micro-discharges [93], [118], [119].

The PEO process also facilitates chemical incorporation from the electrolyte into the
growing oxide layer. Under the influence of strong electrophoretic forces generated by electric
field, negatively charged anions, such as phosphates or silicates, migrate toward the anode and
accumulate near active discharge sites. These species can be incorporated into the coating either
by being captured in molten oxide at discharge locations or by penetrating through transient
plasma channels into deeper regions of the coating. Once captured, anions can react with
titanium or titanium oxide to form complex compounds, such as amorphous titanium
phosphates or crosslinked Ti-P-O networks, or precipitate as insoluble salts. Plasma-assisted
reactions, high temperatures, and localized rapid cooling contribute to the amorphous or
nanocrystalline nature of these phases. Unlike anions, cations are generally repelled from the
anode; however, limited incorporation can occur through mechanisms such as capillary-driven
transport into discharge channels. Ultimately, the interplay between electrochemical oxidation,
plasma discharges, thermal effects, and ionic transport governs the microstructure and
composition of PEO coatings, producing strongly adherent oxide layers with a characteristic
porous morphology and the ability to integrate electrolyte-derived chemical species into their
structure [30], [90], [120], [121].

In addition to ionic incorporation, PEO coatings can integrate suspended solid particles
from the electrolyte, enabling composite layer formation. Negatively charged particles, driven
by electrophoretic forces, migrate toward the anode similarly to anions and may become
entrapped within molten oxide generated during micro-discharges. Depending on their size,
morphology, and surface charge, particles can penetrate discharge channels, adhere to the
surface, or undergo partial decomposition and reaction with the substrate or oxide matrix under
plasma conditions. These interactions can lead to inert physical entrapment, reactive
incorporation with phase transformations, or partial bonding to the oxide network. Particle
incorporation often enhances coating thickness, modifies porosity, and introduces new phases
or functionalities, significantly influencing the final structure and properties of PEO layers [32],
[120], [122], [123].

1.3.4. Limitations of PEO method

The applicability of PEO is inherently limited to a specific group of metals known as
valve metals. These metals naturally form stable, adherent, and electrically insulating oxide
films in electrolytic environments. Under high applied voltages, the oxide undergoes dielectric
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breakdown, initiating localized plasma discharges essential for the formation of thick,
crystalline, ceramic-like coatings characteristic of PEO. The term “valve” originates from the
behavior of these metals in early rectifying circuits, where the oxide layer acted as a one-way
electrical barrier, much like a valve, permitting current to pass preferentially in one direction
while blocking it in the opposite direction [124].

Typical valve metals include aluminum (Al), titanium (Ti), zirconium (Zr), tantalum
(Ta), niobium (Nb), and magnesium (Mg). These metals share a common property of forming
strong, self-passivating oxide films (e.g., TiO2 on Ti, AL:Os on Al) that are chemically stable
and strongly adherent to the underlying metal substrate. Alloys rich in these elements, such as
Ti—6Al-4V or Mg—Al alloys, can also be treated because their surface behavior is dominated
by the valve metal component. Non-valve metals, such as steels or copper, do not naturally form
stable dielectric oxides under anodic conditions. Therefore, PEO can only be performed on
these materials after special pre-treatments or the application of intermediate coatings that
provide a suitable oxide-forming surface [124], [125].

A further limitation is the difficulty of achieving uniform coatings on components with
highly complex geometries. Although PEO is not a line-of-sight technique and can, in principle,
coat intricate shapes, homogeneous layer formation depends on uniform electrolyte access and
electric field distribution. Components with deep recesses, narrow channels, sharp edges, or
shielded regions can experience non-uniform plasma activity, leading to variations in coating
thickness and composition. High-surface-area features—often produced via subtractive
manufacturing techniques such as laser micromachining—can distort the electrical response,
necessitating careful optimization of process parameters or specialized bath and circulation
designs to avoid localized over-oxidation or insufficient coating in hard-to-reach regions [126],
[127], [128].

PEO also exhibits intrinsic process limitations that restrict its broader use. The method
requires high voltages, typically exceeding 200 V, resulting in considerable energy consumption
and limited cost-effectiveness for large-scale applications. The stochastic nature of micro-arc
discharges complicates precise control of coating properties, leading to heterogeneity in
thickness, porosity, and composition. The ceramic-like oxide layers, while hard and wear-
resistant, are brittle and susceptible to cracking under mechanical or thermal stresses. Coating
growth is inherently self-limiting; excessive voltage or prolonged treatment causes unstable
discharges and potential coating breakdown. At small bath volumes and high specific anode
surface areas, the process consumes electrolyte constituents over time and, in some cases, can
generate environmentally hazardous byproducts that require careful monitoring and waste
treatment. Additionally, PEO coatings typically have a rough and porous surface morphology,
advantageous for biomedical osteointegration but unsuitable for applications demanding
smooth surfaces without post-processing. Finally, localized high temperatures during discharge
events can induce thermal stresses or microstructural changes in the substrate, particularly in
thin or low-melting-point metals such as magnesium alloys, potentially compromising
structural integrity [93], [117], [129], [130].

1.3.5. Chemical modification of PEO coatings and bath additives

Beyond its fundamental ability to form adherent and wear-resistant oxide layers, PEO
offers a unique opportunity to chemically modify the coating through the introduction of
reactive species either in the electrolyte or via alternative, less conventional approaches. Such
chemical modifications can be achieved by incorporating particles or soluble additives into the
electrolyte, as well as through emerging methods that utilize molten salt electrolytes or reactive
gaseous environments.

When additives are introduced as dissolved ions or soluble precursors, they are
transported into the growing oxide layer primarily through electrochemical and electrophoretic
processes. This approach has been widely exploited to incorporate bioactive elements such as
Ca**, PO+*, Sr**, Zn**, and Mg**, as well as corrosion inhibitors like fluoride and silicate
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species. For instance, PEO coatings on titanium enriched with Ca and P can achieve Ca/P ratios
close to stoichiometric HA (1.6—1.7), enhancing bone cell adhesion and mineralization.
Similarly, silicon-containing electrolytes produce Si-doped TiO: coatings that exhibit improved
osteoblast activity and up to 50% higher corrosion resistance compared to undoped layers. The
advantage of using solutions lies in their homogeneous ion distribution and relatively
straightforward concentration control, allowing for uniform incorporation throughout the oxide
matrix. However, the incorporation efficiency is inherently limited due to plasma-driven
decomposition reactions, which can lead to incomplete or non-stoichiometric embedding of the
desired species, as well as to competitive reactions forming undesired phases (e.g., CaF2 or
amorphous phosphate) [131], [132].

Alternatively, suspended solid particles—such as HA, bioglass, or antibacterial
nanoparticles (e.g., Ag, Cu, ZnO)—can be dispersed in the electrolyte and physically entrained
into the discharge channels during coating formation. Particle-assisted PEO offers the
possibility to incorporate species that are otherwise insoluble or chemically unstable in aqueous
solutions, thus expanding the compositional range of achievable coatings. The particle size, zeta
potential, and concentration strongly influence the incorporation mechanism, with smaller,
well-dispersed particles exhibiting higher embedding efficiency. Nonetheless, in the microscale
particle incorporation is often spatially heterogeneous, leading to localized agglomerates and
less predictable chemical gradients within the oxide. Moreover, stable suspension of solid
particles requires tailored electrolyte formulations, surfactants or pH adjustments, ultrasonic
treatment and mixing conditions to avoid sedimentation and ensure reproducible results during
prolonged treatment times [133], [134], [135].

In addition to these reactive species, various auxiliary additives are occasionally
employed in PEO electrolytes to improve processing stability, coating quality, or specific
functional properties. Surfactants and dispersants are often added to stabilize particle
suspensions and promote uniform distribution during particle-assisted PEO. Complexing
agents, such as EDTA or citrate salts, can be used to control metal ion activity, preventing
premature precipitation and enabling more efficient incorporation into the oxide layer. Organic
solvents and viscosity modifiers may also be introduced to adjust electrolyte conductivity and
discharge behavior, leading to finer coating microstructures and reduced surface defects.
Furthermore, additives like phosphates or silicates, although not always intended as primary
dopants, play a role in discharge stabilization and act as network formers in the developing
oxide, thereby indirectly influencing coating composition and morphology [113].

Beyond classical aqueous approaches, emerging strategies have expanded the chemical
modification capabilities of PEO. The use of molten salt electrolytes allows processing at
elevated temperatures and improves the incorporation of species with limited solubility in
water, leading to coatings with unique morphologies and compositions. Another recent
development is the introduction of gases, such as carbon dioxide, into the discharge
environment, which can promote the formation of carbonate-containing or carbon-enriched
oxide layers directly during processing. These methods offer additional flexibility for tailoring
surface chemistry without relying solely on dissolved additives [136], [137].

1.3.6. Factors influencing properties of PEO coatings

PEO coatings possess a range of properties that collectively determine their
performance. Among these, thickness, surface morphology, and porosity are most frequently
assessed due to their strong influence on coating functionality and their utility in elucidating
process mechanisms. These characteristics, in turn, link the physical structure to chemical,
biological, mechanical, and corrosion performance. Understanding the influence of process
parameters on these primary features provides a basis for interpreting PEO coating formation
principles and tailoring coatings to specific functional requirements. In biomedical applications,
such requirements commonly include enhanced bioactivity, strong adhesion, and long-term
corrosion resistance. In practice, the ultimate properties of PEO coatings result from the
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complex interplay of operational variables, including electrical regime, applied voltage, current
density, pulse waveform, frequency, electrolyte conductivity, temperature, and treatment
duration [90], [102].

Electrical parameters are among the most influential factors controlling the PEO
process. Micro-arc discharges, which facilitate high-temperature reactions and oxide growth,
initiate when the applied voltage surpasses the dielectric breakdown threshold of the growing
oxide film. Increasing the voltage elevates discharge energy, leading to thicker coatings with
larger pores and higher surface roughness. While such features can enhance biological
anchoring, excessive voltages may cause unstable sparking, microcrack formation, and coating
brittleness. Voltage also strongly impacts the chemical composition of PEO coatings. High-
energy discharges promote the decomposition of electrolyte-derived species, such as Ca?",
PO+*7, and SiOs?", enhancing their incorporation into the oxide layer and improving bioactive
element uptake. However, at very high voltages, selective evaporation or phase segregation can
occur, altering the Ca/P ratio and favoring high-temperature crystalline phases such as rutile
TiO: or calcium titanates over HA [94], [135], [138].

Current density similarly affects both the physical and chemical characteristics of the
coating. Elevated current densities accelerate oxide growth and increase surface roughness but
may reduce coating uniformity and compactness, compromising corrosion resistance.
Chemically, higher current densities enhance the flux of ionic species into discharge channels,
promoting their incorporation into the oxide. However, localized overheating can decompose
certain functional species or lead to chemical inhomogeneity. Achieving an optimal balance
between voltage and current density is therefore critical for producing coatings with the desired
thickness, porosity, chemical homogeneity, and mechanical integrity [104], [129], [139], [140],
[141].

The mode of current delivery—whether direct current (DC), alternating current (AC),
or pulsed direct current—also significantly influences plasma behavior and coating evolution.
Pulsed current, particularly when employing asymmetric bipolar pulses, provides intermittent
cooling periods that mitigate thermal stresses, resulting in denser and less cracked coatings with
superior corrosion resistance. Pulse frequency and duty cycle further modulate discharge
dynamics. High frequencies generate numerous low-energy discharges that produce smoother
surfaces, finer porosity, and more uniform elemental incorporation. Short-lived sparks help
preserve functional species, such as carbonates and phosphates, improving chemical
homogeneity. In contrast, low frequencies create fewer but more energetic micro-arcs capable
of thermally decomposing electrolyte species, leading to phase transformations such as
phosphate to pyrophosphate conversion and chemically nonuniform dopant distribution. The
ratio of anodic-to-cathodic pulses also affects coating chemistry, as cathodic pulses enhance
electrophoretic transport and reduction of cations such as Ca** and Mg?*, improving their
incorporation into the oxide layer and influencing the final Ca/P stoichiometry, a key parameter
for bioactive coatings [94], [129], [142].

Electrolyte conductivity dictates the current flow and breakdown voltage necessary for
discharge initiation. Moderate conductivity provides stable plasma activity and uniform coating
development, while high conductivity accelerates growth but can trigger unstable discharges,
leading to excessive roughness and lower compactness. Low conductivity delays discharge
initiation, producing thinner coatings with limited protective properties. The electrolyte
composition determines the elemental and phase constitution of the coating. Soluble salt
electrolytes, such as those containing calcium, phosphate, or silicate salts, readily dissociate
and incorporate into the oxide via plasma-assisted reactions, forming chemically doped
coatings with enhanced bioactivity, corrosion resistance, and HA-forming potential. Particle-
containing electrolytes, such as those with HA, CC, or TiO: particles, enable physical
entrapment or chemical bonding of particles into the oxide layer, resulting in composite
coatings with increased thickness, higher roughness, improved wear resistance, and additional
functionalities such as antibacterial properties. The efficiency of particle incorporation depends
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on plasma—particle interactions; higher voltages and longer treatment times improve particle
embedding but can also coarsen the surface and reduce chemical uniformity [117], [133], [143],
[144].

Electrolyte and substrate temperatures influence reaction kinetics, coating phase
composition, and adhesion. Elevated temperatures lower the breakdown voltage and accelerate
oxide growth but can enlarge pores and induce thermal stresses that weaken adhesion. Thermal
effects also drive phase transformations, such as anatase-to-rutile transition and CaP
crystallization, modifying chemical stability and corrosion resistance. Effective temperature
management, often through external cooling, is essential for producing dense, chemically
homogeneous, and strongly adherent coatings. Processing time governs coating thickness,
porosity, surface evolution, and chemical enrichment. Extended treatment durations typically
produce thicker, more protective coatings with greater incorporation of electrolyte-derived
species. However, excessive exposure to micro-discharges can cause pore coarsening,
microcrack formation, and thermal decomposition of functional groups, ultimately impairing
corrosion protection and bioactivity. Optimizing treatment duration is therefore crucial to
achieve a balance between chemical composition, bioactivity, and mechanical stability, while
preventing the formation of overly porous or chemically degraded surfaces that may promote
bacterial colonization [112], [143], [145], [146].

1.4. Carbonates in PEO
1.4.1. Current state-of-the-art

Compared to other compounds, carbonates are rarely reported as intentional additives
in PEO baths [30], [90], [93], [102], [147], [148], [149]. Most studies focus on improving
corrosion resistance or wear behavior using carbon-based nanomaterials such as graphene,
graphite, or carbon nanotubes rather than carbonate salts or particles [150]. A systematic review
of the literature reveals that carbonate-containing phases are only sporadically observed in PEO
coatings and often form as incidental byproducts during oxidation of reactive substrates like
magnesium [151]. For titanium and its alloys, which are widely used in biomedical implants,
deliberate carbonate incorporation remains largely unexplored. Existing reviews on bioactive
PEO coatings emphasize calcium—phosphate chemistry, describing carbonate inclusion only
briefly and without mechanistic clarity [104], [139]. No dedicated review has examined
carbonate additives or their controlled use in PEO for biomedical surface functionalization.

Studies on non-titanium substrates provide indirect insights into carbonate chemistry
during PEO. Magnesium-based alloys are the most investigated systems, where soluble
carbonate salts such as Na.CO:s are added to improve electrolyte conductivity or modify surface
porosity. These additions can lead to limited incorporation of magnesium carbonate (MgCOs)
or lithium carbonate (Li2COs), which can enhance corrosion resistance and microhardness.
However, carbonate formation is usually secondary to dominant MgO or phosphate phases and
often results from plasma-driven reactions between dissolved CO: species and the substrate
rather than intentional deposition [151] [152]. In some cases, CO: gas bubbling during PEO
accelerates coating growth and promotes MgCOs formation [137]. For aluminum, beryllium,
and copper substrates, carbonate-containing phases do not form due to thermal instability or
competing reactions, though carbonate salts can influence plasma discharge behavior and
coating uniformity [153], [154], [155], [156].

On titanium-based substrates, direct use of soluble carbonate electrolytes similarly fails
to incorporate carbonates into PEO coatings. Experiments with sodium carbonate alone or
combined with silicates produce typical porous TiO: layers composed of anatase and rutile,
with no carbonate phases detected. The role of carbonate ions in these systems is limited to
providing bath conductivity and modulating plasma intensity. Even at high voltages or with
complex bath compositions, carbonate incorporation does not occur, and titanium’s chemical
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inertness prevents reaction pathways analogous to those seen on magnesium [157] [158] [159]
[160] [161] [162]. Attempts to add solid CC particles to phosphoric acid-based electrolytes also
proved ineffective, as particles decomposed or dissolved (Eq. 1), yielding coatings containing
only CaP phases [163] [164]. In another study, addition of Ag:COs powder into the PEO bath
also resulted in its dissolution via complexation with ammonia, precluding the formation of
carbonate phases in the coatings [165]. Direct addition of solid particles to an alkaline PEO
bath on titanium did not initiate discharges, and the process remained in the anodization stage,
yielding only titanium oxide layers [166]. The only partially successful approach involved
silicon-coated CC nanoparticles, which altered surface morphology of PEO coatings and
ensured calcium ion release during subsequent coating immersion tests, suggesting limited
entrapment in the oxide layer but without detectable carbonate phase formation [167].

3CaCOs + 2H3;POs — Caz(PO4)s(s) + 3COx(g) + 3H20(1) (1)

Indirect generation of carbonate phases during PEO has been observed using soluble
precursors like CA and BGP. At sufficiently high voltages (>450 V), the thermal decomposition
of CA (Eq. 2) or the electrochemical conversion of acetate ions (Eq. 3), coupled with the capture
of calcium ions, enables the in situ formation and incorporation of CC (Eq. 4). However, this
process is highly sensitive to treatment time and voltage: prolonged oxidation densifies the
oxide layer, sealing pores and reducing coating adhesion, while insufficient voltage suppresses
carbonate precipitation. Coatings often stratify, with carbonate phases enriched near the surface
[168] [169] [170]. Similar behavior occurs with modified electrolyte compositions or titanium
alloys containing niobium, zirconium, or tantalum, where altered discharge characteristics
affect carbonate stability [171], [172]. Conversely, at lower voltages or in mildly acidic
phosphate electrolytes, carbonate phases are absent, and coatings remain amorphous or
phosphate-dominated [173] [174] [175]. These findings confirm that carbonate formation in
soluble baths is nontrivial and lacks the controllability needed for robust biomedical coating
strategies.

Ca(CH3COO0); — CaCOs + (CH3)2CO )
CH3COO™ + 8OH™ — 2CO3% + 6H20 + 8¢~ (3)
Ca?" + CO3* — CaCO; 4)

Additionally, several studies have reported findings indirectly related to carbonate
incorporation. In one instance, a titanium surface was treated in an electrolyte containing
barium acetate and NaOH, which resulted in the formation of a BaCOs phase within a coating
approximately 3 pm thick. No dielectric breakdown or micro-discharges occurred during the
process, indicating that it did not qualify as PEO, and the surface lacked the characteristic
microporous morphology of such coatings. The BaCOs phase was attributed to the migration of
barium and carbonate ions under an applied ionic current [176]. In another case, PEO was
employed as a preparatory step for carbonate deposition: a porous oxide layer was first
generated on titanium in an alkaline phosphate-based electrolyte, followed by ultrasonic sealing
in a NaHCO; and Ca(NOs)2 solution, which introduced MgCOs and CC phases into the coating
[177].

Taking the above into account, deliberate incorporation of carbonate phases into PEO
coatings faces considerable challenges, particularly when phosphate-based electrolytes are
employed. Although suspension-based PEO, where insoluble particles are electrophoretically
incorporated into the growing oxide layer, has successfully been used for HA, zirconia, silica,
and other bioactive ceramics—often enhancing coating thickness and compositional control
[31], [111], [133], [178]—no0 confirmed study has demonstrated stable entrapment of CC
particles on titanium substrates. The main potential obstacles include carbonate decomposition
under high plasma temperatures, dissolution in acidic environments with conversion to CO-,
and difficulties in controlling particle size and dispersion. In alkaline phosphate electrolytes,
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simultaneous presence of Ca**, PO+*-, and COs*" ions promotes non-stoichiometric precipitation
of carbonate and phosphate phases in solution, decreasing bath conductivity and destabilizing
plasma discharges [19]. When acetate—phosphate baths are used, carbonate can form in situ;
however, this occurs only within a narrow process window that balances phase precipitation
with maintenance of coating porosity. Furthermore, carbonate phases are intrinsically less
thermally stable than HA or titanium oxide, making them particularly susceptible to spark-
induced decomposition during coating growth [88].

Nevertheless, particle-based approaches can be considered a more promising pathway
for incorporating CC, including in combination with HA. This stems from the fact that solid
particles are inherently less prone to plasma-induced thermal decomposition than dissolved
carbonate species, as their physical volume provides localized regions shielded from the highest
temperatures. Achieving this, however, requires solving several tactical challenges: selecting
an appropriate synthesis route for CC particles with controlled size and morphology, optimizing
electrical parameters to promote stable particle capture, and ensuring the co-presence of CC
and HA within the suspension and final coating without undesirable phase transformations.

1.4.2. Potential pathways for CC and HA incorporation

Based on earlier discussion (Section 1.2.4), it is fair to state that achieving stable and
reproducible biphasic CC-HA coatings remains challenging primarily due to the inherent
physicochemical limitations of the carbonate phase. This is evidenced by the fact that, unlike
CC, the incorporation of HA in PEO coatings is relatively well understood, with multiple
approaches having been experimentally validated. HA can be introduced directly as suspended
particles in the electrolyte, which are electrophoretically driven toward the anodic surface and
embedded into the growing oxide layer, or indirectly generated in situ via high-temperature
reactions of dissolved calcium and phosphate species during plasma discharge. In both cases,
phosphate-containing electrolytes play a central role, serving not only as phosphorus sources
but also as conductive media necessary to sustain the PEO process. Therefore, a critical aspect
of developing a viable PEO process lies in identifying suitable bath configurations that enable
the simultaneous activation and incorporation of both CC and HA while maintaining coating
integrity and stability. Consequently, selecting an appropriate HA source is closely linked to the
choice of conducting electrolyte, as it must ensure sufficient bath conductivity while enabling
effective HA incorporation.

Given the poor solubility of CC and its susceptibility to thermal decomposition [88],
introducing carbonates into PEO coatings is significantly more complex. Maintaining carbonate
stability requires a basic environment, as carbonate and bicarbonate ions readily transform into
carbon dioxide under acidic conditions. From this perspective, three primary bath
configurations can be envisioned for simultaneous CC and HA incrorporation. The first option
involves using only soluble phosphorus-containing electrolytes, where carbonate and calcium
ions are dissolved and react near the anode to precipitate CC and HA phases. While this is the
simplest approach in terms of bath composition, it faces substantial limitations: in basic
solutions, calcium and phosphate salts can precipitate prematurely in the bulk electrolyte,
lowering conductivity and disrupting discharge activity, whereas in alkaline regimes compatible
with carbonates, the formation of HA during plasma discharges may be incomplete without
additional calcium sources. Moreover, the high temperatures within micro-arc channels may
lead to carbonate decomposition, resulting in limited incorporation efficiency.

The second approach is based on introducing both dissolved phosphate salts and
suspended HA particles into the PEO electrolyte, which also contains CC particles. This two-
phase suspension method offers a higher probability of achieving a coating with the desired
CC/HA phase composition. Phosphate ions from the soluble electrolyte can penetrate the porous
oxide layer more uniformly than solid particles, enabling widespread phosphorus incorporation
and facilitating HA formation. Simultaneously, HA particles can be physically embedded within
the coating, complementing in situ precipitation. However, this method introduces technical
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challenges, including the need to synthesize HA particles of suitable size to match those of CC
and to prevent heterocoagulation between the two types of particles [179]. Successful
incorporation depends heavily on the physicochemical properties of the suspension, particle
size distribution, and the electrophoretic mobility of each component under the applied electric
field [110], [180], [181].

The third possible configuration involves using non-phosphorus-based electrolytes
supplemented with HA alongside CC particles. While this theoretically simplifies the
electrolyte chemistry, its practical feasibility is limited. Common non-phosphoric electrolytes
such as silicates, fluorides, and alkali hydroxides may irreversibly react with CC, leading to co-
precipitation of undesired phases like calcium silicate or calcium fluoride [182], [183].
Additionally, alkali hydroxides readily absorb carbon dioxide from the surrounding air, causing
fluctuations in bath conductivity and instability during oxidation [184]. Organic bases are
unsuitable due to their low decomposition temperatures, which risk introducing contaminants
into the coating [113]. These factors make non-phosphorus electrolytes incompatible with
carbonate-containing suspensions for bioactive PEO coatings.

Among phosphorus-based electrolytes, mono-, di-, and tribasic phosphates of alkali
metals are commonly used [185] [31] [186]. Expanded options include tetrasodium
pyrophosphate, sodium hexametaphosphate, calcium hypophosphite, and sodium
tripolyphosphate [187] [188] [189] [190]. However, not all are appropriate for carbonate
retention. For instance, sodium dihydrogen phosphate creates a mildly acidic environment that
readily dissolves carbonates, while hexametaphosphate, having nearly neutral pH, offers
insufficient carbonate stability. Calcium hypophosphite decomposes above 300 °C, releasing
phosphine gas, which presents safety hazards [191]. Sodium phosphate, although widely used,
is strongly alkaline (pH =~ 12) and requires extensive post-treatment to remove residual alkali
from the microporous structure—an operation that risks damaging coatings and dissolving
incorporated carbonates. Similarly, pyrophosphate and tripolyphosphate electrolytes (pH =~ 10)
also necessitate post-treatment [19]. Of all these candidates, disodium hydrogen phosphate
(Na:HPO4) presents the most favorable characteristics: its mildly basic pH (~9) provides
stability for both CC and HA, and its phosphate ions act as precursors for in situ HA formation.
Thus, Na2HPO4 emerges as the optimal choice for an electrolyte that balances conductivity,
phase stability, and bioactive ion delivery.

To complement the electrolyte, obtaining a suspension that reliably contains both CC
and HA phases is crucial. Three approaches can be envisioned. The first involves separate
synthesis of CC and HA particles followed by their co-suspension. While straightforward, this
method requires two distinct synthesis processes and careful post-filtration to achieve
compatible particle sizes, which increases preparation time and complexity. The second
approach is co-precipitation synthesis, wherein both phases form simultaneously in a controlled
reaction medium [192]. Although this route is more efficient and can ensure better particle
homogeneity, achieving precise control over the final CC/HA ratio can be challenging due to
competing nucleation and growth kinetics of the two phases. A third set of strategies includes
post-synthesis particle modification methods such as etching, grafting, or immersion into a
reactive environment. Etching typically involves partially dissolving CC particles in an acidic
or chelating medium followed by re-precipitation of HA on the exposed surfaces, whereas
grafting refers to depositing a secondary phase—such as HA—onto pre-formed CC particles
via surface functionalization or chemical bonding. Both approaches can theoretically yield
core—shell CC/HA structures with well-defined interfaces; however, they require multiple
processing steps, specialized reagents, and careful control of reaction conditions to avoid full
carbonate dissolution. Moreover, these techniques often exhibit limited scalability and
reproducibility, making them less suitable for preparing large volumes of uniform suspension
for PEO baths [193] [194].

Immersion into a reactive environment can be considered the most practical and
controllable method for producing CC-HA composite particles, both within this third set of
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strategies and the broader approach involving non-phosphorus-based electrolytes supplemented
with HA particles alongside CC. It relies on the dissolution—precipitation mechanism, where
pre-synthesized CC particles are partially converted into HA through reaction with a phosphate
solution, particularly Na:HPOa. This transformation is thermodynamically driven by the lower
solubility of HA and its altered surface charge compared to CC, leading to the spontaneous
formation of biphasic particles in which CC cores are coated with or intergrown with HA
domains. Experimental findings demonstrate that the extent of transformation and the CC/HA
ratio can be finely tuned by adjusting phosphate concentration, pH, temperature, and reaction
time. This approach is operationally simpler than co-suspension or other post-modification
techniques, avoids the need for multiple synthesis routes or complex particle handling, and
produces stable, homogeneously distributed CC-HA composites ideally suited for suspension-
based PEO applications [195], [196], [197]. The principles of CC and phosphate interactions
are described more in detail in Section 1.4.3.

In addition to the main functional components of PEO electrolytes, various
supplementary additives have been explored to improve bath properties and modify plasma
behavior during coating growth. Organic solvents (e.g., alcohols, ketones, glycerol) and
surfactants are sometimes introduced to alter electrolyte viscosity, suppress gas bubble
formation, or enhance particle dispersion in suspension-based baths. Ammonia and other
volatile bases have been tested to control pH and ionic conductivity dynamically. Certain
additives also act as plasma modifiers, stabilizing discharge activity and promoting more
uniform coating growth. However, despite these potential benefits, their use in biomedical
applications is limited due to several drawbacks. Many organic compounds and surfactants are
not biocompatible, can thermally decompose in plasma to produce undesirable byproducts, or
contaminate the resulting oxide layer. Strong bases, while improving conductivity, may react
with carbonate species or destabilize suspensions, leading to inhomogeneous coatings.
Moreover, additives that significantly alter the chemical environment of the bath may
complicate reproducibility and scale-up. For these reasons, development of bioactive CC-HA-
containing coatings via PEO typically prioritizes simpler, water-based electrolytes with
minimal auxiliary compounds, focusing instead on optimizing bath composition and particle
design to achieve stable, clean, and reproducible incorporation of functional phases [180],
[198], [199].

1.4.3. Phenomena in CC-phosphate systems

The interaction between CC particles and phosphate electrolytes within PEO baths is
governed by interconnected dissolution, precipitation, chemisorption, and phase transformation
processes. The central factor driving these reactions is the marked solubility difference between
CC and HA, with HA being roughly ten times less soluble [200], [201]. When CC particles are
introduced into a phosphate-rich electrolyte, partial dissolution occurs, releasing Ca*" and COs*
ions. In the presence of hydrogen phosphate ions (HPO+*), these ions undergo
thermodynamically favorable precipitation, forming HA. As a result, CC gradually transforms
into HA while generating additional carbonate ions in solution. This dissolution—precipitation
mechanism is considered the primary pathway for CC-to-HA conversion [202], [203].

The process is highly sensitive to pH and electrolyte composition. In mildly basic
conditions (~pH 9), typical of disodium hydrogen phosphate (Na:HPO4) baths, HA nucleation
is promoted [204]. Local consumption of hydroxide ions can transiently reduce pH near reacting
surfaces. Interestingly, studies report slight alkalinization of the electrolyte due to proton
capture by dissolved carbonate species, forming bicarbonate ions. During early stages, HA
predominates; however, as carbonate concentration increases, B-type carbonate-substituted
hydroxyapatite (COs—HA) can form. Solid-state transformation of preformed HA to COs—HA
is also possible. The solubility of COs—HA lies between stoichiometric HA and CC, allowing
progressive carbonate substitution within the apatite lattice [68], [202], [205].
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Beyond dissolution—precipitation, irreversible chemisorption of phosphate ions on CC
particle surfaces is another critical mechanism. Adsorption of calcium—phosphate ion pairs or
direct phosphate—carbonate ion exchange leads to the formation of a thin HA layer on carbonate
particles. This chemisorption, energetically favorable (AG =~ —40 kJ/mol), modifies particle
surface charge and electrokinetic properties, yielding biphasic particles without separate HA
crystal formation. Chemisorption is most efficient in mildly alkaline electrolytes (pH 8-9.5),
making Na.HPOu4 particularly suitable for stabilizing carbonate while promoting HA nucleation
[206], [207], [208] [209].

Reaction kinetics and phase composition depend on particle size, phosphate
concentration, CC-to-phosphate ratio, temperature, stirring, and carbonate polymorph. Low
phosphate concentrations or near-neutral pH result in slow reactions, requiring up to two weeks
for noticeable transformation without agitation. Stirring or the addition of amino acids
significantly accelerates kinetics. Varying the phosphate-to-carbonate ratio tunes the final
composition: partial conversion produces CC/HA mixtures, while phosphate excess favors
complete transformation to HA. Morphological analyses show two main transformation
pathways: topotactic reactions, where precursor carbonate shape is largely retained, and
agglomeration-driven pathways forming petal-like or irregular HA clusters under high
phosphate conditions. The crystallinity of HA is controlled by reaction environment. At room
temperature and moderate alkalinity, low-crystallinity HA forms, indicated by weak diffraction
peaks around 31° (20). Hydrothermal treatment (120—180 °C) markedly enhances crystallinity.
Surface observations of partially transformed particles reveal smoothed edges, increased
roughness, and localized HA inclusions, confirming that chemisorption and dissolution—
precipitation act simultaneously [196], [197], [204], [206], [210], [211].

Overall, phosphate electrolytes—particularly Na2HPOs—offer an effective medium for
converting carbonate into HA or generating biphasic CC/HA suspensions. These composite
particles typically feature uniform phase distribution and surface properties favorable for
electrophoretic migration and entrapment during PEO coating growth. Designing an optimal
bath therefore requires balancing carbonate stability with controlled HA formation kinetics,
emphasizing precise tuning of pH, ion ratios, and reaction conditions during CC synthesis and
suspension preparation. This understanding underpins strategies for achieving reproducible
bioactive PEO coatings enriched with both carbonate and HA phases.

1.4.4. Factors affecting the choice of CC synthesis method

Selecting a suitable synthesis method for incorporating CC into PEO coatings requires
consideration of particle size, morphology, and suspension behavior. PEO-generated oxide
layers are characterized by nano-, submicron-, and micron-sized pores formed through plasma-
driven melting, resolidification, and oxygen evolution. The most frequent pore diameter is
typically 1-2 pm, similar to the average surface roughness of PEO coatings. CC particles within
this size range are expected to optimally adhere to or infiltrate the porous oxide structure,
becoming trapped by plasma discharges during coating growth [186], [189], [212].

A strictly narrow size distribution is not essential due to surface heterogeneity; however,
particles significantly larger than 2—3 um show poor interaction with the oxide surface and are
less likely to incorporate. For instance, micrometer-sized Al.Os particles (>30 um) were shown
to remain largely suspended during PEO processing [213], whereas smaller 1-4 um particles
successfully embedded into the coating [214]. Conversely, nanoparticles, with high surface area
and mobility, are rapidly incorporated but may decompose under plasma heating [215]. To
preserve CC integrity, the proportion of particles below 0.5—1 um should therefore be limited.

Particle shape and polymorphic form also critically influence behavior in PEO. CC
exists in three anhydrous polymorphs: calcite (thermodynamically stable, rhombohedral/cubic),
vaterite (metastable, spherical), and aragonite (metastable, needle-like). Hydrated forms and
amorphous CC are metastable and highly soluble, rendering them unsuitable for PEO. Among
the crystalline forms, calcite is preferred due to its thermal stability and resistance to
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decomposition. Vaterite and aragonite gradually transform into calcite in aqueous solutions,
destabilizing suspensions and altering particle size over time. Furthermore, elongated aragonite
particles may lead to poor collision efficiency and mechanical incompatibility with tissues if
exposed on implant surfaces. Non-equiaxed morphologies, including branched, toroidal,
hollow, or porous particles, can enhance electrokinetic interactions with the oxide surface owing
to their increased surface area and charge. Such anisotropic shapes can be synthesized using
biomolecules or by inducing microgradients during crystallization [216] [217] [218] [219],
[220].

CC synthesis methods are diverse, encompassing wet precipitation, biomimetic and
biomineralization routes, carbonation, microemulsions, polymerization, solid-state reactions,
electrochemical methods, and spray drying. Wet precipitation remains the most widely applied
due to simplicity, requiring only aqueous mixing of calcium and carbonate sources. Across
synthesis strategies, product characteristics can be tuned by adjusting reagent type and
concentration, feed ratios, reaction medium, additives, agitation intensity, temperature, and pH.
Established trends include: particle size increasing with reaction time and temperature; high
supersaturation and organic additives favoring metastable vaterite and aragonite; and dilute
solutions promoting stable calcite formation [59], [216], [221], [222].

Despite extensive research on CC synthesis, PEO studies rarely focus on tailoring
particles specifically for electrolyte suspensions. Many reports lack detailed descriptions of
particle origin, synthesis protocols, or characterization, often relying on commercial powders
[223], [224], [225], [226]. Suspension preparation is usually limited to simple stirring,
ultrasonic dispersion, bubbling, or surfactant addition [223], [224], [226]. This scarcity of
systematic data hampers rational selection of synthesis methods for PEO applications. A critical
evaluation of CC synthesis approaches, particularly regarding particle size control,
polymorphic stability, and ease of implementation, is therefore essential for optimizing CC-HA
coating fabrication.

1.4.5. Potential challenges in fabrication of CC-HA coatings

Following Section 1.4.2, the most viable strategy for preparing a working PEO bath
consists of simultaneously using CC and HA particles. This section outlines anticipated
challenges and provides practical guidelines for implementing PEO coatings in such a bath,
while also addressing general issues commonly encountered during PEO in particle
suspensions. From a particle engineering standpoint, the efficiency of their incorporation into
PEO coatings is strongly influenced by particle size, where the optimal value can be attributed
to the characteristic pore dimensions in the forming oxide layer, typically around 1-2 pm [186],
[189], [212]. Achieving an optimal particle size distribution is therefore essential. In cases
where a synthesis method inherently produces particles outside the desired size range, post-
synthesis treatments can be employed to tailor particle characteristics. Size reduction can be
performed via high-energy ball milling or prolonged ultrasonic dispersion to break down
agglomerates. Additionally, surface modification strategies, such as coating particle surfaces
with thin layers of biocompatible agents (e.g., phosphates or silanes), can prevent re-
agglomeration and enhance wetting behavior in aqueous electrolytes [227], [228], [229].

Equally important for effective particle incorporation during PEO is the preparation and
maintenance of a stable particle suspension. It is similarly crucial to account for dilution effects
and maintain vigorous stirring to prevent particle sedimentation. The order of component
addition may play a critical role in avoiding agglomeration caused by weakened electrostatic
repulsion; therefore, the lower-conductivity solution (phosphate electrolyte) should be
introduced into the CC suspension [230]. When utilizing various CC synthesis methods, particle
purification steps—such as filtration, drying, and resuspension—may be necessary, which can
promote agglomeration and increase the hydrodynamic particle size. In this case, mechanical
dispersion techniques, particularly ultrasonic treatment, are also useful for breaking down these
agglomerates, though they can be time-consuming [231]. Continuous mixing is similarly crucial
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to maintain homogeneity and ensure reproducible particle dosing during PEO coating formation
[224]. In general, suspension stability is governed by factors such as zeta potential and
electrophoretic mobility, which determine the extent of electrostatic repulsion between particles
and their transport efficiency toward the anode [180], [181], [226], [232], [233]. Long-term
stability can be enhanced through careful pH adjustment or, less preferably and only in
exceptional cases, the addition of benign dispersants [234], [235].

The next challenge concerns the interaction between phosphate ions and CC particles,
which can modify particle size, shape, crystallinity, and the bath’s physicochemical properties.
As discussed before (Section 1.4.3), two main mechanisms are possible: (i) CC dissolution
followed by HA precipitation and (ii) chemisorption of phosphates onto CC surfaces. Excessive
dissolution could result in a coating dominated by HA with insufficient CC content, while
complete chemisorption would form a uniform HA shell, potentially shielding CC particles
from releasing Ca?*" ions, their primary bioactive function. Factors such as particle
concentration, CC-to-phosphate ratio, and the specific surface area of CC (dictated by size,
porosity, and surface structuring) strongly influence these processes. A balanced carbonate-to-
phosphate ratio of approximately 1:1 is recommended as a starting point to achieve the desired
composite structure in the coating.

Bath conductivity must be controlled to achieve optimal sparking behavior during PEO.
If conductivity is too low, sparking may not initiate, while excessively high conductivity can
lead to intense discharges, resulting in overly thick and cracked coatings. Because CC-
phosphate reactions may cause gradual conductivity changes, additional adjustments to the
electrolyte composition may be needed. Released carbonate ions are not expected to
significantly hinder coating formation and may even enhance particle incorporation by
modifying discharge characteristics and improving particle migration toward the anode [236],
[166], [174].

Process electrical parameters—such as voltage, current density, pulse duty cycle, and
frequency—directly determine plasma temperature and spark behavior. Since CC decomposes
under high heat, it is crucial to promote partial thermal reactivity: plasma must enable bonding
between CC/HA particles and titanium dioxide without complete decomposition. Pulsed current
operation is preferable to DC, as it generates milder sparking and reduces thermal damage,
leading to thicker, more uniform coatings with fewer cracks. Optimization of pulse
characteristics should aim for the lowest frequency that still achieves the desired coating
properties while maintaining practical power supply requirements [237], [238], [155]. Bath
temperature reduction can further increase coating thickness and growth rate but must be
balanced against rising conductivity and reduced solubility of electrolyte components, which
may cause unwanted precipitation [239], [112], [240], [241].

1.5. Calcium carbonate synthesis methods

1.5.1. Wet precipitation

The wet precipitation method is the most established and commonly used approach for
synthesizing particles suitable for PEO applications. It involves preparing separate aqueous
solutions containing calcium (e.g., CaClz) and carbonate ions (e.g., Na2COs), followed by
mixing to induce precipitation of CC. The resulting particles are then filtered, washed, and
dried. Variations include instantaneous or gradual mixing of solutions, as well as simultaneous
addition to a reaction vessel. Mechanical stirring is typically used to facilitate mixing [242],
[59], [243], [244].

The standard process often yields particles larger than 2 um due to rapid aggregation
and agglomeration. This is attributed to high ionic strength in the reaction medium, which
reduces the Debye length of electrostatic double layers around forming particles, weakening
their repulsive forces and leading to fusion into larger structures. Increasing reagent
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concentrations exacerbates this effect, producing particles up to 10 um in size. Conversely,
diluting the reactants significantly can reduce particle size to submicron levels, though at the
cost of lower productivity and increased resource use during filtration. Particle size distribution
heterogeneity is another limitation. During mixing, conductivity gradients lead to varying
particle sizes; larger crystals form early, while smaller ones appear later as local supersaturation
and ionic strength evolve during mixing. Such size disparity increases collision probability and
further agglomeration. Strategies to mitigate this include using excess reagent, adding a
supporting electrolyte to adjust ionic strength (and, where appropriate, a common-ion to
moderate supersaturation), or simultaneously adding solutions to narrow size distribution [59],
[245], [246].

Additives can be introduced to influence nucleation and growth kinetics. Organic and
inorganic salts, surfactants, polymers, alcohols, and amino acids can modify medium properties,
adsorb on particle surfaces, and guide polymorphic form and shape. Some additives enable
particle size reduction to ~400-500 nm. Physical agitation methods, such as ultrasound and
microwave irradiation, further decrease particle size by disrupting crystal organization and
promoting rapid cooling during cavitation events. Ultrasound can produce particles as small as
0.5 pm, and, when combined with dispersants and advanced drying methods (centrifugation,
lyophilization), nanoparticles of 50—200 nm can be obtained [59], [216], [221], [222].

Despite these advancements, wet precipitation remains challenging for producing
uniformly submicron CC particles at scale. Agglomeration during filtration and drying remains
an issue, often requiring post-processing steps like ultrasonic dispersion before suspension in
PEO baths. Nonetheless, its simplicity, accessibility, and flexibility make wet precipitation the
predominant method for synthesizing CC particles intended for bioactive PEO coatings.

1.5.2. Carbonation

The carbonation approach is one of the most widely applied methods for synthesizing
CC particles for PEO baths. Unlike wet precipitation, carbonation involves a solid—liquid—gas
reaction system where calcium hydroxide (Ca(OH):) reacts with carbon dioxide (CO-)
dissolved in water. The process begins with the dissociation of Ca(OH). into calcium and
hydroxide ions. Concurrently, CO- dissolves and hydrolyzes to bicarbonate (HCOs") and
carbonate (COs%") 1ons, which then react with calcium ions to precipitate CC. This reaction can
be considered a neutralization process that consumes hydroxide and produces water as a by-
product [247].

Classical carbonation uses simple, non-toxic reagents and requires relatively
straightforward equipment—mechanical stirring, a gas supply, and basic temperature control—
making it an environmentally friendly synthesis route. It offers a wide range of tunable particle
sizes, from a few hundred nanometers to tens of micrometers, by adjusting parameters such as
CO: concentration, flow rate, Ca(OH): content, temperature, and stirring speed. Reactor design
also plays arole; systems like bubble columns, packed beds, and microchannel reactors enhance
gas—liquid contact and mass transfer, increasing nucleation rates and allowing finer control of
particle size and morphology [247], [248].

The process proceeds through a short-lived amorphous CC phase that subsequently
crystallizes, predominantly into calcite under standard conditions. Particle morphology can be
further tuned by modifying supersaturation levels: high supersaturation favors rapid nucleation
and smaller particles, while low supersaturation promotes crystal growth, yielding larger
particles. However, excessive CO: or prolonged reaction can acidify the medium and dissolve
already-formed carbonate. Careful pH monitoring and timely reaction termination are thus
critical for maintaining product integrity. Additives such as surfactants and ammonia are
sometimes employed to stabilize pH, prevent bubble coalescence, and achieve nanoscale
particles, though standard carbonation typically produces uniform submicron powders without
requiring such modifications [222], [249], [250], [251], [252]. Importantly, carbonation
generates no ionic or solid by-products, leaving only CC and dissolved CO: in the reaction
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medium, which eliminates the need for downstream purification. Because of its scalability,
environmental benefits, and ability to yield phase-pure, size-controlled CC particles,
carbonation is considered an effective and practical method for preparing precursors used in
bioactive PEO coatings.

1.5.3. Biomimetic and biomineralization synthesis

Biomimetic precipitation and biomineralization are two related approaches inspired by
natural processes of CC formation. Biomimetic precipitation involves introducing biologically
derived or bioinspired additives—such as amino acids, polysaccharides, peptides, proteins, or
extracellular polymeric substances (EPS)—into a conventional precipitation or carbonation
reaction. These additives influence nucleation and crystal growth by selectively adsorbing on
specific crystal planes or altering local supersaturation. This can produce morphologies and
polymorph distributions that mimic those found in biological systems. Particle sizes as low as
0.5 um have been reported under optimized conditions; however, the process often suffers from
co-precipitation of organic residues, slow reaction kinetics compared to abiotic precipitation,
and poor scalability. Large biomolecules such as DNA or albumin typically promote anisotropic
growth, leading to irregularly shaped particles that may not meet size and uniformity
requirements for stable PEO suspensions [253], [254], [255].

Biomineralization, in contrast, uses living microorganisms to mediate mineral formation
through their metabolic activity. Three mechanisms are recognized: biologically controlled
mineralization (e.g., shell or bone formation by specialized cells), biologically influenced
mineralization (where CC nucleates on cell-associated EPS layers), and biologically induced
mineralization (precipitation in the extracellular medium influenced by microbial metabolites).
Bacteria can locally increase pH and carbonate concentration, providing nucleation sites for
CC. Initial nuclei on bacterial surfaces are typically around 100 nm; however, crystals rapidly
grow in multiple directions, resulting in particles exceeding 2 pum, often reaching tens of
micrometers when bacterial aggregation occurs. This size range is incompatible with the
microstructural requirements of PEO coatings, which favor particles below ~2 pm for effective
incorporation [256], [257].

Biomineralization further introduces challenges in terms of product purity and
reproducibility. Embedded biomolecules and bacterial remnants may decompose during the
high-temperature PEO process, contaminating the coating. The method also lacks predictable
control over CC polymorphs (calcite, aragonite, vaterite) and exhibits slow kinetics, with
nucleation and growth occurring over hours to days. Producing PEO-compatible particles
would require stringent control of bacterial surface charge, metabolic activity, and enzyme
kinetics (e.g., urease), as well as additional steps to separate and sterilize the final product [258].

Despite these limitations, both biomimetic and biomineralization routes highlight
pathways by which biological molecules and microorganisms can influence mineral
morphology. Currently, neither approach provides a straightforward or scalable solution for
synthesizing CC or HA particles suitable for PEO coatings. Biomimetic precipitation may offer
limited particle size reduction and shape tuning, whereas biomineralization remains hindered
by large particle dimensions, variability, and purification challenges. Further research would be
needed to adapt these bioinspired methods for producing finely controlled, clean, and thermally
stable particles compatible with PEO processes.

1.5.4. Microemulsion synthesis

Microemulsion synthesis represents an advanced and versatile method for generating
CC and HA particles tailored for PEO processes. This approach involves the formation of
thermodynamically stable microemulsions—typically water-in-oil systems—stabilized by
surfactant molecules that spontaneously self-assemble into micelles at a critical concentration.
These micelles, with diameters ranging from 5 to 100 nm, act as confined “nano-reactors,”
enabling controlled nucleation and growth of inorganic particles without significant
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agglomeration. Under specific conditions, primary micelles can coalesce into larger swollen
reverse micelles / bicontinuous microemulsions enabling larger (still stable) droplet sizes,
providing scalability in particle size synthesis [259].

In practice, two separate microemulsion solutions are prepared: one containing a
calcium salt and the other a carbonate precursor. Upon mixing, ion exchange occurs within
micellar cores through intermicellar collisions and a fusion—fission mechanism. The dynamic
surfactant layer temporarily desorbs, allowing the contents of neighboring micelles to merge
and react before re-encapsulation. This mechanism produces solid particles trapped within
micellar cores, while excess counterions remain in solution. The final product is isolated
through centrifugation, solvent washing, or self-evaporation of the oil phase, ensuring removal
of surfactant residues that could otherwise compromise biocompatibility [259], [260].

One of the strengths of microemulsion synthesis is its tunability. Particle sizes can be
adjusted from a few tens of nanometers to several micrometers by modifying surfactant type
and concentration, the ratio of oil to water, and the presence of co-surfactants or co-solvents.
For instance, increasing surfactant concentration or employing shorter hydrophobic tails
reduces micelle diameter, yielding finer particles, while introducing co-solvents can enlarge the
micellar core, favoring submicron or micron-sized particles. Published studies have reported
CC nanoparticles of <100 nm, submicron particles around 0.5 um, and larger structures
exceeding 10 um, demonstrating the method’s broad range of control. Additionally, advanced
microemulsion designs—such as bicontinuous emulsions or those generating CO: bubbles in
situ—allow further tailoring of particle morphology, porosity, and polymorphic composition
[261].

From a PEO perspective, microemulsion-synthesized particles offer several advantages.
The technique enables the preparation of nearly monodisperse, spherical or ellipsoidal particles
with controlled surface characteristics, facilitating stable suspension in PEO electrolytes.
Furthermore, due to the confinement effect of micelles, heterogeneous nucleation is minimized,
resulting in high-purity phases without co-precipitated organic residues. These features are
particularly relevant when producing bioactive CC or HA additives aimed at improving coating
biofunctionality, corrosion resistance, and drug delivery capabilities.

However, challenges remain in translating microemulsion-synthesized particles to
practical PEO applications. Post-synthesis purification is resource-intensive, often requiring
multiple centrifugation and washing steps to remove surfactants and residual oil phases.
Additionally, particle aggregation can occur during drying, necessitating ultrasonic dispersion
before suspension preparation. Despite these limitations, microemulsion synthesis stands out as
a flexible and scalable method for engineering particle size and morphology to meet the
stringent requirements of bioactive PEO coatings [259].

1.5.5. Other synthesis methods

Several alternative methods for synthesizing CC exist beyond conventional wet
precipitation, though they remain rarely used in laboratories or industry due to specialized
equipment needs, scalability issues, and difficulties in controlling product properties. These
techniques—solid-state synthesis, electrochemical synthesis, spray drying, and polymerization-
based synthesis—may still offer potential for producing particles suitable for suspension-
assisted PEO coatings.

Solid-state synthesis relies on thermal decomposition of organic calcium salts (e.g.,
oleate, stearate), where self-released CO. forms CC. Heating powdered salts above 400 °C
produces highly crystalline calcite (~100nm), with particle growth promoted by higher
temperatures and precursor melting. Above 750 °C, CC converts to CaO. Variations include
aerosol pyrolysis, where CA solution is nebulized, dried, and pyrolyzed at ~500 °C, yielding
spherical particles averaging 2 um (500 nm—several um). Finer sprays reduce size. Flame
spraying of calcium 2-ethylhexanoate, using methane—oxygen combustion, generates particles
as small as 20 nm with adjustable crystallinity and shape [262], [263], [264].
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Electrochemical synthesis uses a three-compartment cell containing CaCl. and NaHCO:s
solutions. Hydroxide ions rapidly convert bicarbonates to carbonates near the cathode, leading
to nucleation and growth of CC. Typically, this process forms whiskers or flake-like aragonite
crystals >10 um. Adjusting reagent concentration, voltage, and duration can promote calcite
precipitation and achieve particle sizes down to 1 um, though these usually appear as by-
products. Pre-electrolysis at higher voltages increases nucleation density and decreases size.
The method is simple but detaching particles from electrodes without altering their properties
remains challenging [265], [266].

Spray drying transforms CC suspensions into powders by atomizing droplets and drying
them in a heated gas stream (100-200 °C). Often used as a post-treatment after precipitation or
milling, fully automated systems integrating reagent mixing and drying can serve as standalone
synthesis routes similar to aerosol pyrolysis. Agglomeration during droplet drying can increase
particle size from 1 um to >50 pum. Using diluted suspensions and fluidized bed reactors with
inert particles (glass beads, sand) minimizes agglomeration and maintains particle sizes around
1-2 um. Spray-dried HA powders have been used in PEO coatings, suggesting suitability for
CC[267], [268], [269].

Polymerization-based synthesis, reported only once, uses triethylamine (TEA) in
ethanol to stabilize (CaCOs), oligomers through hydrogen bonding. Bubbling CO: into a CaCl.—
TEA solution produces oligomers (n =3-11), which aggregate into amorphous CC upon solvent
evaporation and convert to calcite when heated to 320 °C. This method forms CC monoliths
rather than discrete micro/nanoparticles, though polymerization inhibitors or aqueous dilution
could enable size control [270].

1.5.6. Comparison of synthesis methods

The comparative analysis of CC synthesis techniques (summarized in Table 1)
highlights substantial differences in precursor states, method configurations, achievable particle
sizes, and suitability for integration into PEO baths. While a variety of synthetic routes have
been reported—including wet precipitation, carbonation, biomimetic mineralization,
microemulsion processing, polymerization, electrochemical synthesis, and several solid-state
approaches—only a subset aligns with the strict particle size and purity requirements of the
target PEO process.

Electrochemical methods and biomineralization frequently yield particles exceeding 2
um, rendering them unsuitable for this application. Electrochemical synthesis further suffers
from the tendency to generate metastable aragonite, while polymerization lacks robust
experimental foundations for producing well-defined CC powders. Excluding these approaches,
the remaining methods can be assessed based on synthesis simplicity, controllability of particle
size, and achievable product purity. Among liquid-phase techniques, wet precipitation,
carbonation, biomimetic synthesis, and microemulsion methods offer considerable flexibility
because reaction variables—concentration, molar ratio, mixing dynamics, temperature, and
pH—can be tuned to influence nucleation and growth. Spray drying, spray pyrolysis, and flame
spraying can similarly control droplet size in aerosolized systems, whereas molten salt
decomposition offers fewer adjustable parameters and limited literature for guidance.
Moreover, submicron particles produced by this latter approach are smaller than optimal for the
PEO process.

A common challenge across these methods lies in post-processing. When CC particles
are generated as suspensions, their recovery typically involves filtration, washing, and thermal
drying—steps that promote particle agglomeration through solvent-induced recrystallization.
Techniques such as lyophilization mitigate this effect but cannot fully prevent aggregation.
Centrifugation, dialysis, and microemulsion purification introduce further mechanical stresses
or contamination risks. Solid-state and spray-drying techniques, while producing dry powders,
still require additional purification to remove residual salts and prevent electrostatic
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agglomeration during storage. Ultimately, all these methods demand prolonged ultrasonic
dispersion to restore particle size before PEO application.

Table 1. Summary of CC synthesis methods

Calcium and/or Characteristic
Method carbonate source Configuration Specified examples particle sizes  Reference
(pm)
standard - 2< [243]
Wet precipitation 2 additive engineering surfactants, alcohols 271
Ca*"(aq) - — - 0.5<
COs (aq) physical agitation ultrasound, microwaves [272]
Biomimetic with simple biomolecules amino acids, polysaccharides 1< 273
with macromolecules peptides, proteins - [274]
standard - 0.1-10 [275]
CBé(())H)z (s) additive engineering surfactants, alcohols, salts 250
Carbonation o (® physical agitation ultrasound, microwaves [276]
Ca*" (aq) — - — ~0.05-10 —
CO (aq) non-gaseous CO, addition dry ice, supercritical CO, 277
use of advanced reactors packed-bed, bubble column [278]
denitrifying bacteria [279]
L o Ca” (aq) biologically influenced sulfate-reducing bacteria 280
Biomineralization other (optional) anaerobic bacteria 2= [281]
biologically induced Synechococcus at pH~9 [282]
. . Ca’* (aq) Winsor IVIV type surfactants, polar phase, [283]
Microemulsion CO;y* (aq) Winsor III type non-polar (oil) phase 0.01-10 [284]
o Ca’* (aq) ionic oligomer crosslinking . . . «
Polymerization COZ (aq) based on H-bonding triethylamine (binder) n/a [270]
Carboxvlat. molten salt decomposition Ca oleate, Ca stearate 0.1 [262]
Solid state sal teslrot(’))c(;/lcaijm spray pyrolysis CA acetate aerosol 0.5 [263]
flame spray salt aerosol in O,/CH4 flame 0.02 [264]
. Ca?" (aq) . . from solution containing
Electrochemical COZ (aq) cathodic reduction CaCl, and NaHCO; >10 [265]
Spray drvin Suspended standard - /a® _[267]
pray arying CC particles fluidized bed reactor fluidized bed of glass spheres [269]

* method is designed to produce CC monoliths
** depends on conditions of nucleation and crystal growth

Carbonation stands out as a distinct approach due to its reaction pathway involving
calcium hydroxide and carbon dioxide. It inherently avoids by-product formation and, at
stoichiometric equilibrium, produces suspensions containing negligible concentrations of
dissolved ions, resulting in near-zero conductivity [250]. Importantly, this method generates CC
directly as a stable aqueous suspension, eliminating the need for filtration, drying, and
resuspension steps that otherwise enlarge particle size. Reaction parameters—including CO:
flow rate, gas distribution, and reagent concentration—enable synthesis across a broad size
range, meeting PEO requirements without introducing non-biocompatible additives. Given its
simplicity, purity, tunability, and ability to bypass agglomeration-prone post-processing,
carbonation is identified as the most suitable synthesis route for producing CC particles
intended for incorporation into composite CC/HA layers via PEO.

1.6. PEOQO-associated characterization methods

1.6.1. Structure of coatings

The structural characteristics of PEO coatings, including thickness, internal
architecture, surface morphology, surface roughness, and porosity, are critical parameters that
determine their mechanical integrity, corrosion protection, biological performance, and other
functional characteristics [90], [150]. A variety of analytical and imaging techniques are
employed to evaluate these features, providing complementary information about coating
growth and microstructural organization.

The thickness of PEO coatings is a fundamental property influencing protective
performance and mechanical behavior. Cross-sectional SEM is commonly used for direct
thickness measurements: the coating is embedded, polished, and imaged, with secondary
electrons emitted under electron beam irradiation revealing the coating—substrate interface.
SEM typically provides a spatial resolution of 1-10 nm, allowing precise visualization of layer
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boundaries. Cross-sections are typically prepared by mounting the coated sample in epoxy
resin, followed by grinding and polishing to expose a flat cross-sectional surface suitable for
high-resolution imaging. Optical microscopy, operating with visible light, offers lower
magnification and resolution, typically ~0.5—1 pm, but remains suitable for thicker coatings or
routine checks. Non-destructive methods include eddy current probes and magnetic induction
(only for ferromagnets) gauges, which measure thickness based on the interaction of a magnetic
field with the conductive substrate beneath the dielectric coating. These devices typically have
a measurement resolution of 0.1-1 pm, depending on coating thickness and instrument
calibration. In addition to overall thickness, cross-sectional SEM can reveal key internal
structural features such as discharge channels and inner pores, essential for understanding
coating formation mechanisms and functional properties [118], [285].

The surface morphology of PEO coatings typically exhibits a porous, roughened
structure formed by localized plasma discharges. SEM is the primary technique for visualizing
surface topography, producing high-resolution images of pores, microcracks, and incorporated
particles by detecting secondary and backscattered electrons emitted from the surface. SEM
typically operates in the magnification range of 10x to 100,000%, allowing both low-
magnification overviews and detailed imaging of fine surface features. Three-dimensional
optical profilometry and confocal laser scanning microscopy rely on optical triangulation or
confocal optics to generate topographic maps of the coating surface, making them well-suited
for analyzing larger areas with vertical resolution below 1 nm and lateral resolution of hundreds
of nanometers. At the nanoscale, Atomic Force Microscopy (AFM) uses a sharp scanning tip to
detect surface height variations with vertical resolution of 0.1-0.2 nm and lateral resolution
down to ~10 nm, enabling detailed imaging of nano-textured regions [111], [286].

Surface roughness, while related to topography, refers specifically to the quantitative
measurement of surface irregularities that can influence wettability, cell adhesion, and
mechanical interlocking with tissues or secondary coatings. Roughness is commonly quantified
using contact or optical profilometry, which calculates parameters such as arithmetic (Ra), root
mean square (Rq), and peak-to-valley (Rz) roughness from measured surface profiles. A contact
profilometer operates on the principle of a stylus mechanically tracing the surface while a
displacement sensor records its vertical movement, converting it into a surface height profile.
Contact profilometers typically offer a vertical resolution of ~10-20 nm and lateral resolution
of ~1 um, whereas optical profilometers achieve sub-nanometer vertical resolution and
hundreds of nanometers lateral resolution, allowing rapid, non-destructive mapping of larger
areas. AFM provides complementary nanoscale roughness characterization, particularly useful
for differentiating micro- and nano-textured regions. Additionally, SEM-based 3D
reconstruction techniques, using stereoscopic imaging or photogrammetry algorithms, enable
quantitative roughness mapping with sub-micron depth resolution. These methods are often
combined to correlate roughness parameters with morphological features observed in SEM or
confocal laser scanning microscopy images [287], [288].

Porosity is another key structural parameter affecting the functional properties of PEO
coatings, including corrosion resistance and bioactivity. It can be estimated through image
analysis of SEM micrographs, where binary thresholding and pore detection algorithms
quantify porosity percentage and pore size distribution. Mercury intrusion porosimetry
measures the volume of mercury forced into pores under increasing pressure and is capable of
detecting pores in the approximate size range of 3 nm to 100 um, making it suitable for both
micro- and mesoporous structures. Gas adsorption techniques such as Brunauer—Emmett—Teller
(BET) analysis determine surface area and porosity by measuring the adsorption of inert gases
at cryogenic temperatures and are particularly sensitive to pores in the range between 2 and 50
nm. However, BET is not commonly applied to PEO coatings due to their predominantly
macroporous structure. Non-destructive three-dimensional characterization can be achieved
using X-ray computed microtomography (micro-CT), which reconstructs the coating’s internal
pore network based on X-ray attenuation differences, typically resolving pores larger than ~0.5—
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I um, allowing for detailed analysis of pore connectivity and distribution. Additionally,
electrochemical impedance spectroscopy (EIS) can indirectly assess coating compactness and
defect density by evaluating how electrolyte penetrates the coating through frequency-
dependent impedance responses [118], [288], [289].

1.6.2. Coating chemical composition

Accurate chemical characterization of PEO coatings is crucial for understanding their
composition, structure, and functional properties. Since PEO coatings typically consist of
complex structures with crystalline and amorphous oxides and possible incorporation of
electrolyte-derived species like ions and particulate matter, a combination of surface-sensitive
and bulk analytical techniques is employed to fully characterize their elemental and phase
composition. Below is a summary of the most commonly used techniques, including their
principles and detectable elements or phases.

X-ray-Based Analytical Techniques. Several X-ray-based techniques are widely used
for the chemical and structural characterization of PEO coatings. Energy-Dispersive X-ray
Spectroscopy (EDX), typically coupled with SEM, enables rapid qualitative and semi-
quantitative elemental analysis. When an electron beam interacts with the coating, it generates
characteristic X-rays that are detected and assigned to specific elements. EDX can map
elemental distribution across the surface or cross-sections of the coating, identifying
incorporated electrolyte-derived species such as calcium, phosphorus, and carbon. However, it
is less sensitive to light elements and provides limited accuracy for trace components. X-ray
Photoelectron Spectroscopy (XPS) is a surface-sensitive technique that measures the kinetic
energy of electrons emitted from the coating when irradiated with X-rays. It provides detailed
information on the chemical states of elements within the top few nanometers of the surface.
For PEO coatings, XPS is particularly valuable for identifying oxidation states of titanium (e.g.,
Ti** in TiO:2) and detecting carbonate, phosphate, or hydroxyl species derived from the
electrolyte. Depth profiling via ion sputtering can further reveal compositional changes within
near-surface layers, though sputtering may induce artifacts. Complementary to EDX and XPS,
XRD is employed to determine the crystalline phases present in the PEO layer. By measuring
the diffraction of X-rays from the coating’s crystal planes, XRD identifies phases such as
anatase, rutile, HA, or CC. This method provides insight into crystallinity, phase
transformations, and stress states induced during the PEO process. However, its sensitivity
decreases for thin coatings or amorphous components, which may not produce well-defined
diffraction peaks [290], [291].

Vibrational Spectroscopy. Vibrational spectroscopic techniques provide molecular-
level information on functional groups and crystalline phases within PEO coatings. Fourier-
Transform Infrared Spectroscopy (FTIR) detects absorption of infrared light due to vibrational
modes of chemical bonds. It is particularly effective for identifying carbonate (COs*"),
phosphate (PO+*"), and hydroxyl (OH") groups incorporated from the -electrolyte,
complementing elemental analysis methods. Raman Spectroscopy, based on inelastic scattering
of monochromatic light, offers similar but complementary information to FTIR. Raman spectra
can distinguish crystalline oxide phases such as anatase and rutile and detect carbonate ions in
the coating matrix. Due to its high spatial resolution, Raman spectroscopy is often used for
localized surface analysis and mapping of phase distribution across the coating. Combined,
FTIR and Raman spectroscopy provide comprehensive identification of molecular species and
structural features that cannot be resolved by X-ray techniques alone [138], [292].

Depth  Profiling Techniques. Understanding the through-thickness chemical
distribution is crucial for evaluating coating performance. Glow Discharge Optical Emission
Spectroscopy (GDOES) is particularly useful for depth profiling, as it progressively sputters
the coating with a low-pressure plasma while monitoring the emitted optical spectra of
elements. This allows rapid, quantitative determination of elemental concentration profiles from
the outer porous layer down to the substrate, including detection of light elements like carbon,
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nitrogen, and oxygen. GDOES provides high depth resolution and is suitable for multilayered
PEO structures. Additionally, cross-sectional analytical techniques are commonly employed to
investigate the internal composition and layering of the coating. Cross-sections prepared by
mechanical polishing or ion milling can be analyzed via SEM-EDX for elemental mapping or
examined with other high-resolution methods such as EPMA or Raman line scans. These
analyses reveal gradients in composition, the thickness of barrier layers, and interfacial
chemistry between the coating and substrate [143], [293].

1.6.3. Evaluation of biological properties

The biological performance of PEO coatings is of primary importance for implant
applications, as it determines how effectively the modified surface integrates with surrounding
tissues and resists microbial colonization. In vitro cell culture assays are commonly used to
assess cytocompatibility, where relevant cell types (e.g., osteoblasts, fibroblasts, mesenchymal
stem cells) are cultured on coated samples. Parameters such as cell adhesion, proliferation, and
differentiation are analyzed using optical or fluorescence microscopy, colorimetric viability
assays (MTT, Alamar Blue), or biochemical markers of osteogenic activity (e.g., alkaline
phosphatase activity, mineralized matrix formation). Advanced techniques such as confocal
laser scanning microscopy, quantitative PCR, and flow cytometry may also be employed to
study cell morphology, gene expression, and signaling pathways influenced by the coating’s
chemistry and surface topography. Long-term culture studies under dynamic flow conditions
can further mimic the physiological environment and provide deeper insight into coating
performance in vivo [294], [295].

Antibacterial activity is another critical factor for preventing post-implant infections.
Coated surfaces are typically exposed to bacterial strains (e.g., Staphylococcus aureus,
Escherichia coli), followed by quantification of bacterial adhesion, biofilm formation, or
colony-forming units (CFU) after incubation. In addition to conventional microbiological
counting methods, advanced techniques such as live/dead fluorescence staining, confocal
biofilm imaging, and quantitative real-time PCR are used to visualize bacterial viability and
assess antimicrobial efficiency more accurately. Evaluating antibacterial properties 1is
particularly important when PEO coatings incorporate therapeutic agents or metallic ions (e.g.,
silver, copper) intended to inhibit bacterial growth [296], [297].

Bioactivity is frequently evaluated using simulated body fluid (SBF) immersion tests,
which assess the coating’s ability to nucleate and grow HA-like phases that mimic natural bone
mineral. SBF is an aqueous solution containing ion concentrations similar to human blood
plasma, including Na*, K*, Mg, Ca**, Cl, HCOs~, HPO+*", and SO+*", and tests are typically
conducted at physiological temperature (37 °C) to replicate in vivo conditions. After immersion,
samples are analyzed by SEM for morphological observation, XRD for crystalline phase
identification, and FTIR for chemical composition, providing information on the coating’s
bone-bonding potential. The kinetics of apatite layer formation are also monitored over different
immersion periods to evaluate the coating’s long-term bioactive behavior. Complementary in
vitro assays, such as protein adsorption studies, can further elucidate how bioactive surfaces
interact with biological molecules that mediate cell attachment and osteointegration [298],
[299].

Furthermore, ion release studies, performed using ICP-OES or ICP-MS, quantify the
leaching of therapeutic ions (e.g., Ca**, Mg?*, Ag*, Zn**), as well as metallic ions originating
from the substrate itself, such as Ti*', into surrounding media over time. These measurements
are critical for evaluating long-term coating stability and assessing potential biological effects
such as antibacterial activity, osteogenesis promotion, or cytotoxicity due to excessive ion
concentrations. Time-resolved ion release profiling can also be correlated with antibacterial and
bioactivity tests to establish functional relationships between coating chemistry and biological
outcomes. In addition to these in vitro assays, more advanced evaluations such as
hemocompatibility testing, protein adsorption analysis, and in vivo animal implantation studies
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are often conducted to validate biological safety and performance, ensuring that PEO coatings
meet the stringent requirements for clinical biomedical applications [189], [300].

1.6.4. Other functional properties

Beyond their physical and chemical characteristics, PEO coatings must be evaluated for
their functional performance, which determines their suitability for specific applications such
as biomedical implants, corrosion protection, and advanced functional materials. A variety of
electrochemical, mechanical, surface, and biological tests are employed to assess these
properties.

The corrosion resistance of PEO coatings is commonly evaluated by EIS and PDP, both
of which provide electrochemical insights into coating performance in corrosive environments.
In EIS, a small AC potential is applied over a broad frequency range while monitoring the
resulting current response. The impedance is typically plotted as Nyquist or Bode diagrams and
interpreted using equivalent electrical circuit models to estimate coating properties such as
barrier resistance, pore resistance, and charge transfer kinetics at the coating—substrate
interface. This method is highly sensitive to coating degradation, detecting early-stage failures
and defect formation long before visible corrosion occurs. PDP involves sweeping the electrode
potential in the anodic and cathodic directions and recording the resulting current response to
generate Tafel plots. From these curves, corrosion potential (E_corr), corrosion current density
(i_corr), and passivation behavior can be determined, providing quantitative data on corrosion
rate and protection efficiency. While both techniques are complementary, EIS is generally
considered more accurate for evaluating intact coatings, as it is non-destructive and can detect
subtle changes in coating resistance and porosity over time. PDP, although widely used and
straightforward, involves driving the system into non-equilibrium conditions, which may
locally damage the coating or alter its electrochemical behavior. For this reason, EIS is often
preferred for long-term corrosion monitoring, whereas PDP provides valuable confirmation of
corrosion kinetics and the overall protective effectiveness of the coating [301], [302].

The surface charge of PEO coatings, expressed as zeta potential, plays a crucial role in
determining their interactions with surrounding proteins, ions, and cells once implanted or
exposed to aqueous environments. This property reflects the electrostatic potential at the shear
plane of the solid-liquid interface and is a key factor governing protein adsorption, initial
bacterial adhesion, and subsequent cellular responses such as proliferation and differentiation.
In the context of PEO, zeta potential is particularly important because the process often
incorporates electrolyte-derived ions (e.g., Ca*", PO+*, COs*") and creates a heterogeneous,
porous oxide surface that can significantly influence surface charge. Measurements of zeta
potential are typically performed using electrokinetic analyzers, which detect streaming
potential or streaming current as an electrolyte flows tangentially across the coated surface. The
resulting data are used to calculate zeta potential values, which can change with pH, ionic
strength, and surface composition. This information provides insights into the electrochemical
nature of PEO-modified surfaces and is particularly valuable for predicting biointerface
behavior and tuning surface properties for improved biocompatibility [303], [304].

Wettability is another essential surface property of PEO coatings, strongly affecting
their biological performance and corrosion resistance. The oxide layer formed during PEO
typically exhibits a rough, porous topography, which, together with surface chemistry (e.g.,
hydroxylation, presence of incorporated ions), determines its hydrophilic or hydrophobic
character. Wettability is commonly assessed through static water contact angle measurements,
where a controlled droplet of water is placed on the coating surface and imaged to determine
the angle formed at the liquid—solid interface. Hydrophilic surfaces (low contact angle)
generally promote protein adsorption in favorable conformations, enhance cell adhesion and
spreading, and improve integration with biological tissues. Conversely, hydrophobic surfaces
(high contact angle) may reduce bacterial colonization or be tailored for applications requiring
reduced fluid interaction. The PEO process parameters (voltage, electrolyte composition,
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treatment time) can significantly alter surface chemistry and topography, thus modulating
wettability [305], [306].

The mechanical integrity of PEO coatings is critical for ensuring long-term durability
under physiological or industrial conditions, where coatings are often exposed to cyclic loading,
friction, and potential delamination forces. Among various mechanical tests, scratch testing is
widely used to evaluate coating adhesion and cohesive strength. In this method, a diamond
stylus is drawn across the coating under a progressively increasing normal load while
continuously monitoring penetration depth, friction force, and acoustic emissions. The critical
load (Lc) at which coating delamination, cracking, or spallation occurs is recorded, providing
a direct measure of adhesion to the substrate. Post-test SEM analysis of the scratch track is often
performed to characterize the failure mode and determine whether damage is adhesive (coating—
substrate interface) or cohesive (within the coating itself). Other mechanical tests complement
scratch testing to provide a more comprehensive understanding of coating performance.
Nanoindentation measures hardness and elastic modulus by pressing a sharp indenter (typically
Berkovich geometry) into the coating and recording the resulting load-displacement curve,
offering nanometer-scale resolution of mechanical properties. This technique is particularly
useful for characterizing the heterogeneous, multilayered structure of PEO coatings. Micro-
abrasion wear testing, on the other hand, evaluates wear resistance by exposing the coated
surface to rotating abrasive particles in a liquid medium, simulating mechanical degradation in
service environments. Additional tests such as micro-tensile adhesion testing, impact testing, or
tribological pin-on-disk measurements can also be employed for specific applications, enabling
a thorough assessment of the coating’s mechanical robustness and long-term reliability [23],
[307].

PEO coatings are also developed for non-biomedical applications, where additional
functional properties may be relevant. For instance, coatings designed for photocatalytic
activity are characterized using UV-Vis spectroscopy or photodegradation tests of organic dyes
under UV or visible light. Photoluminescence measurements assess optical properties for
applications in sensing or light emission. In specialized high-technology applications, such as
superconductors or advanced electronics, properties like electrical conductivity,
superconducting transition temperature, or magnetic behavior may be characterized using four-
point probe measurements, SQUID magnetometry, or resistivity testing. These methods
demonstrate the versatility of PEO coatings across diverse engineering and scientific fields [93],
[308], [309], [310].

1.6.5. Characterization of baths

The properties of the electrolyte bath play a critical role in PEO, as they determine
discharge behavior, coating growth kinetics, and the incorporation of species into the oxide
layer. Proper characterization of the bath is therefore essential for understanding and controlling
the coating process. Since PEO baths often consist of a complex mixture of dissolved ions and
suspended particles, their characterization can be divided into three categories: particle
properties, electrolyte composition, and bulk suspension properties.

The size and distribution of suspended particles are typically measured using Dynamic
Light Scattering (DLS), where fluctuations in scattered light intensity caused by Brownian
motion are analyzed to determine hydrodynamic diameter. Particle size directly affects mass
transport and incorporation efficiency into the growing oxide layer, influencing coating
morphology and thickness distribution. The electrostatic surface charge of particles, expressed
as zeta potential, is obtained via electrophoretic mobility measurements and provides insight
into colloidal stability: high absolute zeta potential values (typically >30 mV) indicate good
dispersion, whereas low values suggest aggregation. Particle charge also governs their
electrophoretic movement toward the anode during PEO, impacting their deposition efficiency.
Complementary analytical techniques such as SEM, TEM, and EDX can be used to examine
particle morphology, size distribution, and chemical composition, while XRD can confirm
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phase purity and detect any transformations that may occur during suspension preparation or
PEO processing. The chemical composition of particles can also be analyzed in detail using
techniques such as ICP-OES/ICP-MS when elemental or surface chemistry information is
required. All these techniques can be employed not only for initial characterization but also to
trace possible changes in particle properties during suspension preparation or throughout the
PEO treatment [30], [110], [311].

The dissolved ionic species in the electrolyte define the electrochemical environment
necessary for oxide formation and plasma discharge generation. Major cations and anions such
as sodium, potassium, calcium, phosphate, and silicate are typically quantified using ICP-OES,
while specific anions, for example, carbonates, can be analyzed by ion chromatography or
spectrophotometric methods. In formulations containing organic additives, UV-Vis
spectroscopy or TOC analysis can be used for detection. The chemical composition of the liquid
phase can also be characterized in more detail using ICP-MS for trace element detection.
Similar to suspended particles, the composition of the liquid phase is not always static: reactions
during bath preparation (e.g., acid-base neutralization, precipitation of salts) or during PEO
(e.g., hydrolysis, dissolution of anodic layer material into the bath) may alter both ionic
concentrations and speciation. Continuous monitoring and periodic re-analysis of the
electrolyte chemistry are therefore necessary to ensure stable bath conditions and consistent
coating properties [312], [313].

In addition to the properties of individual components, bulk suspension characteristics
such as pH, electrical conductivity, and viscosity play crucial roles in process stability. pH
affects oxide growth kinetics and the incorporation of electrolyte species into the coating, while
conductivity governs current flow and plasma discharge behavior. These parameters are
routinely measured with calibrated probes to ensure reproducibility. Suspension stability is
equally important, as particle settling or aggregation can lead to inhomogeneous coatings; in
addition to zeta potential measurements, stability can be evaluated visually, via turbidimetry, or
through sedimentation tests, and in some cases complemented by particle size monitoring over
time to detect agglomeration. In more concentrated suspensions, viscosity measurements
further describe particle—particle and particle-electrolyte interactions. Comprehensive
characterization of these bath properties, including monitoring changes during bath preparation
and PEO operation, is essential for maintaining stable processing conditions and achieving
coatings with tailored composition and functional performance [32], [314].
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2. AIM OF RESEARCH

The aim of this dissertation is to develop plasma electrolytic oxidation (PEO) coatings

on titanium implants containing calcium carbonate (CC) and hydroxyapatite (HA), overcoming
current challenges in carbonate phase incorporation and achieving bioactive, corrosion-
resistant, and functional layers with controlled phase composition. The research also aims to
broaden the fundamental understanding of particle incorporation mechanisms in PEO coatings
and to evaluate the versatility of the developed coating strategy across different implant
materials.

1.

To achieve this aim, the following objectives are set:

Conduct preliminary investigations of carbonate-based electrolytes (including both
soluble salts and suspended particles) using established approaches to bath formulation,
and determine their influence on coating morphology and composition.

Examine the effect of particle crystallinity on PEO coating characteristics using HA as
a model system, addressing this aspect of particle incorporation that has not previously
been studied in PEO processes.

Develop and optimize processing strategies to fabricate CC—HA composite coatings on
titanium and carry out comprehensive structural, chemical, biological, and functional
characterization.

Hypotheses:

Traditional approaches to preparing PEO electrolytes have limited applicability for the
incorporation of carbonate phases.

Particles provide a viable route for introducing carbonate phases into PEO coatings, and
particle crystallinity is a critical characteristic—alongside size, shape, and chemical
composition—that determines the resulting coating properties.

Particle synthesis via carbonation route offers a suitable and practical strategy for
preparing CC-based PEO suspensions.

The interaction of CC particles with phosphate-based electrolytes is an effective method
for the co-deposition of HA in the PEO bath.

The incorporation of CC and HA phases will positively influence the functional
properties of PEO coatings, particularly enhancing their biological performance.
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3. MATERIALS AND METHODS

3.1. Preparation of PEO baths

The working baths used in this study consisted of either aqueous solutions (electrolytes)
or particle-containing suspensions. Unless otherwise specified, their standard volume and
preparation temperature were 200 mL and 20-25 °C (ambient conditions). Prepared solution-
and particle-based baths were stored at room temperature, hermetically sealed, without
exposure to CO: or air, and for no longer than 1 month. Before use in the PEO coating process,
all baths were cooled to the operational temperature of 10 °C. Suspensions additionally
underwent ultrasonic treatment and mechanical stirring at 300 rpm to ensure homogeneity. To
minimize contamination risks, a single bath was used to prepare no more than 20-30 coating
replicates. For solution-based PEO experiments, bath preparation was a straightforward process
involving dissolving one or more salts at room temperature to reach the desired concentration.
For single-component baths, concentrations typically ranged between 20 and 50 mM.
Depending on the specific experimental requirements, the following salts or their combinations
were used: KH2PO., NaH2PO4, Na:HPO4, Nas:PO., NaHCOs, and Na.COs. To facilitate
preparation, stock solutions of these salts were maintained at concentrations of approximately
0.1-0.2 M.

For particle-based baths, the standard preparation procedure involved dispersing a pre-
weighed particle powder, manually pre-ground in a mortar, into 100 mL of deionized water.
The powder was added gradually in small portions (0.5—1 g) with a weighing accuracy of £0.01
g while simultaneously applying ultrasonic treatment and mechanical stirring at 300 rpm, which
continued throughout the preparation process. Fifteen minutes after the final powder addition,
the required amount of salt was introduced to serve as the base electrolyte, and the suspension
volume was adjusted to 200 mL with deionized water. As a final step, the resulting suspension
was kept under the same ultrasonic and mechanical treatment for 2 hours to ensure complete
dispersion. This method was applied to both commercial particles (Section 3.2) and synthetic
TCP powders used for crystallinity studies (Section 3.2.1). In the case of preparing a suspension
from CC particles synthesized via carbonation (Section 3.2.2), the procedure was more complex
due to ongoing physicochemical interactions between CC and phosphates (Section 1.4.3). To
account for all relevant details, a description is provided below, including the standard
parameters used in the final version of the CC—HA bath and applied in the preparation of the
final CC-HA coating configuration for their comprehensive characterization:

Initially, 120 mL of deionized water and 1.64 g of dibasic sodium phosphate dihydrate
(NazHPOa4-2H20, Fluka, 99.8%) were introduced into a 250 mL jacketed thermostatic beaker.
The mixture was stirred magnetically at 300 rpm while being cooled to a stable temperature of
10 °C using a circulating cryostat with a water—ethylene glycol coolant. Once Na-HPO4:2H-O
was fully dissolved, a phosphate solution with a concentration of 76.7 mM was obtained.
Subsequently, 80 mL of the pre-cooled (10 °C) homogenized CC stock suspension (Section
3.2.2) was swiftly added, resulting in a 200 mL suspension containing 46 mM Na.HPOs and 64
mM CC. Immediately upon mixing, physicochemical interactions between CC and phosphate
ions commenced, involving simultaneous dissolution—precipitation and chemisorption
reactions (Section 1.4.3). Prior to use, the suspension underwent a maturation stage and was
treated as a “CC-HA precursor bath.” To ensure complete maturation and reproducible
properties, the freshly prepared precursor bath was magnetically stirred at 300 rpm for 48 hours
in a closed, thermostated 250 mL vessel maintained at 10 °C. This duration was experimentally
determined to be sufficient for achieving physicochemical equilibrium. During maturation, pH
and conductivity were continuously monitored. The temperature was deliberately kept identical
to that used during the subsequent PEO treatment. After maturation, the resulting suspension—
referred to hereafter as the “CC—HA bath”—was ready for use in preparing a series of PEO
coatings. When stored for later use or reused for another coating series, additional stirring was
applied, either prolonged during storage or restarted immediately before initiating a new PEO
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process. A schematic representation of the preparation procedure and the key physicochemical
transformations is provided in Figure 1. If necessary, modifications to this procedure were
introduced, for example, when studying the effect of a particular parameter.

/ \ rapid pouring
Precursor ion:
CC stock Na,HPO, Maturation: CC-HA bath
suspension solution PEO bath » CC dissolution
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| 120 mL 10°C 48 h, 10°C
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Figure 1. Schematic drawing showing the CC-HA bath preparation stages.

3.2. Particles used in PEO

For preliminary experiments in the preparation of CC- and HA-containing PEO
coatings, commercial CC (<50 pm particle size, 98% purity, Sigma Aldrich, USA) and
commercial spray-dried crystalline stoichiometric HA particles (2.5 um, Fludinova SA,
Portugal) were used. The same HA particles were also employed in the part of the study
dedicated to investigating the effect of particle crystallinity on the properties of PEO coatings
(Section 4.2) and were further characterized by surface morphology analysis, hydrodynamic
diameter determination, elemental composition analysis, etc. (see Section 3.3). The remaining
particles (TCP and CC) were purposefully synthesized with tailored characteristics, with the
synthesis procedures described below.

3.2.1. Phosphate particle synthesis

Amorphous TCP was prepared using a conventional wet-precipitation approach with
modifications to established protocols [315], [316] to tailor the particle characteristics. The
precipitation reaction was initiated by rapidly (within 2—3 seconds) adding a 0.106 M solution
of (NH4):HPO4 (>99%, Sigma-Aldrich) into a 0.167 M aqueous solution of Ca(NOs).-4H-0
(299%, Merck, Germany) containing sufficient NHs(aq) (Chempur, Poland) to adjust the pH to
10.0. A slight molar excess of calcium ions (5%) was employed to ensure complete conversion
and maximize product yield. The mixture was stirred vigorously with a magnetic stirrer for 5
minutes, after which the resulting suspension was vacuum-filtered through a Biichner funnel
(18.5 cm diameter) lined with filter paper (retention 2—4 pm, Grade F2044, CHMLAB, Spain).
The precipitate was sequentially washed: six times with 200 mL portions of 0.125% NHs(aq),
followed by rinsing with 125 mL of deionized water, and finally with 125 mL of 96% ethanol.
All chemicals and washing solvents were of analytical-grade purity. The washed material was
dried in air at 80 °C for 12 hours, then manually ground in an agate mortar and stored in a
desiccator under ambient conditions.

3.2.2. Carbonate particle synthesis

The typical carbonation synthesis process, depicted in Figure 2, was carried out under
thermostatically controlled conditions at an ambient temperature of 18.0 = 0.5 °C. A three-neck
round-bottom flask (15 cm diameter) with a central ground glass joint (29/32) and two side
joints (14/23) was vertically mounted and filled with 1L of deionized water (conductivity:
0.055 uS-cm™). A PTFE-coated stainless-steel stirring rod of centrifugal type, equipped with
two foldable blades (mixing part diameter: 80 mm), was introduced through the central neck
and coupled to a mechanical stirrer. The stirrer was positioned approximately 3 cm above the
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flask bottom and operated at a constant speed of 600 rpm, which was maintained throughout
the entire synthesis. A combined electrode for simultaneous pH and conductivity measurements,
integrated with a temperature sensor, was placed through one of the side necks to continuously
record solution parameters during the reaction. Subsequently, 12.00 g of Ca(OH). powder
(Thermo Scientific, 99.8% purity) was accurately introduced into the stirred water via a glass
joint funnel through the remaining side neck. For CO: delivery, a 5 mL glass pipette with a
0.5 mm tip opening was inserted into the suspension through the same neck and connected to a
gas-feeding setup comprising a CO: cylinder, pressure regulator, and calibrated rotameter
(operating range: 5-30 L-h™). After the suspension reached a stable pH of approximately 13.0,
carbonation was initiated by bubbling high-purity CO: gas (Air Liquide Polska, Cracow,
Poland; 100% volume fraction) at a constant flow rate of 15 L-h™'. The reaction was continued
until the pH decreased to a neutral level of 7.0 £ 0.1. Following completion, the mixture was
left to rest for 2 h to ensure full equilibration of the system. The final product was a CC
suspension with a concentration of 16 g-L™' (160 mM), referred to as the “CC stock suspension”
in subsequent descriptions.
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Figure 2. Schematic illustration of the CC stock suspension synthesis process using the carbonation
method.

3.3. Characterization of PEO baths

For characterization purposes, individual baths were prepared following the procedures
described in Section 3.1. The properties assessed can be broadly categorized as follows: (i)
characteristics of the suspension as a whole system (conductivity, pH, zeta potential, and
distribution of particle size expressed in their hydrodynamic diameter), (ii) properties of the
liquid phase (concentrations of calcium, phosphate, and carbonate ions), and (iii) properties of
the suspended particles (morphology, crystal size, hydrodynamic diameter, elemental and phase
composition, crystallinity, and functional groups). For baths containing only a liquid phase,
characterization was limited to pH and conductivity measurements. The chemical composition
of the electrolytes and particles was analyzed based on the anticipated constituents. Importantly,
for non-reactive systems—which include all PEO baths except those containing CC—phosphate
suspensions—particle characterization was performed ex situ, i.e., using the pristine powders
prior to dispersion. Similarly, the chemical composition of the liquid phase was not reanalyzed
when it was already well-defined. Although the CC suspension synthesized via carbonation was
also non-reactive, particle analysis in this case required their extraction through filtration
followed by drying.

The CC-HA bath, in contrast, exhibits dynamic equilibrium due to reactions between
CC and phosphate ions (Section 1.4.3). Consequently, time-resolved characterization was

54



necessary, with the mixing point defined as the starting reference. In practice, this involved
periodic sampling of the CC—HA bath over the entire maturation cycle, with sampling frequency
adjusted according to the parameter under investigation. Measurements of pH and conductivity
for this bath were performed continuously, without physical sampling, with data recorded every
5 minutes. During the sampling procedure, the bath temperature and stirring rate were
maintained at 10 °C and 300 rpm, respectively, matching the conditions employed in the PEO
process. This setup enabled simultaneous analysis of both suspended particles and the liquid
phase. Specifically, 5 mL aliquots of the well-stirred suspension were collected using an
automatic pipette and transferred into Eppendorf Safe-Lock microtubes. Samples were
centrifuged at 10,000 rpm for 5 minutes, after which the supernatant was separated into another
5 mL microtube for subsequent phosphate and carbonate quantification. The precipitate
underwent three washing steps with deionized water, was air-dried at 80 °C for 24 hours, and
was later analyzed to determine the mass fractions of phosphate and carbonate incorporated
into the particles. In parallel, an additional sampling protocol was employed to characterize the
suspension properties, as detailed in Section 3.3.2. TEM, FTIR, and XRD analyses of CC-HA
particles were performed only once, with a single sampling conducted at the very end of the
maturation process. Due to the larger amount of sample required for XRD, the sampling
procedure in this case involved passing 50 mL of the stirred suspension through F2044-grade
quantitative filter paper (CHMLAB Group, Barcelona, Spain) under vacuum filtration
conditions. The precipitate was then repeatedly washed with deionized water, air-dried at 80 °C
for 24 hours, and ground in a mortar to break down macro-agglomerates. The resulting powder
was divided into three corresponding portions and used for the analyses.

3.3.1. Chemical analysis

For quantification of calcium and phosphorus mass fractions in the particles, 20 mg of
the powder was accurately weighed (+0.01 mg) and dissolved in 100 mL of 1% HNOs solution
using a glass volumetric flask. The measurements were carried out on a Varian 710-ES
inductively coupled plasma optical emission spectrometer (ICP-OES) equipped with a glass
SeaSpray nebulizer and a double-pass glass cyclonic spray chamber. Calcium and phosphorus
concentrations were determined via the calibration curve method, with matrix effects simulated
by adding an appropriate amount of HNOs. Calibration standards were prepared by diluting
stock solutions of Ca (1000 mg-L ', Thermo Scientific, Belgium) and P (1000 mg-L™*, Certipur,
Merck, Darmstadt) to final concentrations of 0—100 mg-L™' for Ca and 0-50 mg-L™"* for P. A
linear calibration model with a correlation coefficient exceeding 0.9990 was applied. For
determining carbonate mass fractions in the suspended particles, 5 mg of the powder was
precisely weighed (+0.01 mg) and placed into tin capsules (h = 8 mm, d = 5 mm; Elemental
Microanalysis Ltd, Okehampton, UK). Total carbon content was analyzed using a Continuous
Flow Horizon 2 IRMS (Nu Instruments Ltd, Wrexham, UK) coupled with a EuroEA3024
elemental analyzer (Eurovector, Pavia, Italy), and the obtained carbon values were subsequently
converted to carbonate mass fractions.

The concentrations of dissolved carbonates and phosphates in the supernatants were
quantified via ion chromatography using a Dionex Integrion high-pressure IC system (Thermo
Fisher, MS, USA). The system was equipped with a Dionex lonPac™ AS18-4pum (4 x 150 mm)
analytical column, a Dionex EGC III KOH potassium hydroxide eluent generator, and a Dionex
AS-AP autosampler. Ultrapure deionized water (resistivity >18 MQ-cm) was produced using a
Millipore Milli-Q™ system (Billerica, MA, USA). A laboratory-validated method for the
simultaneous analysis of seven anions (fluoride, chloride, nitrate, nitrite, sulfate, and phosphate)
was employed to determine the target analytes. For phosphate quantification, seven-point
calibration curves (0.05-0.5 mg-L") were prepared by diluting a 1000 mg-L " phosphate anion
standard for ion chromatography (Hach Lange GmbH, Diisseldorf, Germany), achieving
correlation coefficients (R?) > 0.9990. Supernatant samples were diluted 1000-fold prior to
analysis. Carbonate ions typically appear in the chromatographic background before sulfate. A
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modified method, based on a Thermo Scientific protocol [317] developed for volcanic gas
analysis in caustic solutions, was adapted for carbonate quantification in aqueous samples.
Carbonate calibration standards (0, 5, 10, 20, 50, 100, and 250 mg-L') were prepared from
analytical-grade sodium bicarbonate (Merck, Darmstadt, Germany), with R? > 0.9990; blank
water samples were used for zero-level calibration. Supernatants for carbonate analysis were
diluted 1:10 in chromatographic vials with deionized water. Each sample, including controls,
was analyzed in triplicate. Chromatographic runs were performed in isocratic mode at 30°C
with the following operating conditions: eluent flow rate 1 mL-min, loop volume 250 pL,
injection volume 25 pL, and suppressor current 124 mA. The overall method uncertainties (U)
were estimated at 16% for PO4+*~ and 10% for COs*". The limits of quantification (LOQ) were
determined as 0.2 mg-L™' for phosphate and 15 mg-L™" for carbonate. Final quantification
results were recalculated and expressed in millimolar (mM) units.

3.3.2. Other bath characteristics

To measure suspension conductivity and pH, a CX-601 multifunction device (Elmetron,
Zabrze, Poland) was used. Zeta potential and particle size measurements were conducted at
room temperature using a Zetasizer Nano ZS analyzer (Malvern Panalytical, UK) equipped
with a 633 nm He-Ne laser. For statistical reliability, three replicate measurements were
performed for each sample. Sampling procedure for particle size analysis involved taking 50-
200 pL of the suspension depending on its concentration and type of particles, transferring the
measured portion into a plastic tube, adding deionized water to a total volume of 10 mL, and
subjecting the resulting suspension to ultrasound treatment for 5 minutes. Immediately after
sonication, 1 mL of the suspension was transferred into a polystyrene cuvette and used for
measurements. Zeta potential measurements were performed in a U-shaped cuvette (DTS1070,
Malvern Panalytical, UK) using the same sample preparation procedure. Particle size
measurement results were reported as average hydrodynamic diameters.

A JEOL ARM 200FS TEM was employed to examine the surface morphology and
particle size. In some cases, a Jeol JSM-7800 PRIME SEM was used for particle analysis,
operating at a 15 keV accelerating voltage and 5 mA beam current. The powders were mounted
onto a ~1 x1cm? section of conductive adhesive carbon tape (Agar Scientific, United
Kingdom). The diametral cross-sectional area of the particles was manually measured from the
acquired SEM images using Imagel software, assuming a spherical particle geometry. Based
on these measurements, distribution curves were plotted, representing the total diametral cross-
sectional area of the particles as a function of the individual diametral cross-sectional area
values. XRD was conducted to trace changes in the crystallinity and phase composition of the
suspended particles. XRD patterns were recorded at ambient temperature using a Bruker D8
Discover diffractometer with Cu Kol radiation (wavelength 1.54180 A), equipped with a
LynxEye position-sensitive detector. The tube voltage and current were set to 40 kV and 40
mA, respectively. The divergence slit was adjusted to 0.6 mm, and the antiscatter slit was set to
8.0 mm. Diffraction patterns were recorded from 20° to 70° on the 20 scale. FTIR spectra were
acquired using a Perkin Elmer Frontier instrument using ATR accessory to detect the kind of
functional groups. The spectra were recorded in the wavenumber range of 4000-400 cm™ with
a resolution of 4 cm™!, based on 64 scans. For data presentation, the regions 600-1400 cm™ and
2400-4000 cm™ were used.

3.4. Preparation of PEO coatings

The PEO coatings were prepared following a standardized protocol, with specific
adjustments introduced as required to meet the objectives of individual experiments. A 200 mL
portion of the freshly formulated electrolyte was introduced into a thermostated, double-walled
cylindrical glass reactor (total capacity: 250 mL; inner diameter: 6 cm). The bath temperature
was stabilized at 10 °C via a recirculating cryostat circulating a water—ethylene glycol mixture
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through the reactor jacket. To suppress sedimentation of suspended particles and ensure
efficient heat dissipation from the anode, continuous magnetic stirring was applied at a fixed
rate of 300 rpm and maintained throughout the entire coating series. The cathode consisted of a
stainless-steel hollow cylinder (5 cm diameter, 5 cm height) featuring a lateral cut-out and a
welded rod for secure positioning within the stirred electrolyte (Figure 3a). Metallic discs
(thickness: 0.40 mm; diameter: 1.00 cm) served as the anode substrates. Only one circular face
of each disc was exposed to oxidation, defining a working surface area of 0.785 cm?. Prior to
processing, the substrates were sequentially polished using SiC abrasive papers up to 1000 grit,
ultrasonically cleaned in a surfactant solution, and rinsed with deionized water. The materials
investigated included commercially pure titanium (Iwet, Grabéwka, Poland) and Ti6Al4V alloy
(Iwet, Grabowka, Poland). Samples were fixed in a custom-designed holder (Figure 3b) to
ensure consistent positioning during coating deposition.
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Figure 3. (a) Experimental setup employed for PEO coating preparation; (b) schematic illustration of
the custom-fabricated anode holder; (¢) conceptual depiction of the general mechanism of PEO coating
growth in particle-containing suspensions.

The sample holder used during PEO coating deposition was fabricated from a 2 mm-
thick, insulated copper wire bent at a 90° angle (Figure 3b). The wire was threaded sequentially
through a truncated cone-shaped insulating cap and an elastic tube, the inner diameter of which
matched that of the cylindrical substrate, ensuring a tight press-fit contact with the titanium
disc. This design prevented electrolyte ingress onto the lateral surface of the specimen. The
metallic discs were manually inserted into the elastic tube so that the active surface was
positioned equidistantly from the tube’s edge and immersed to a depth of approximately 1 mm.
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This configuration allowed the anodic working face to remain vertically oriented, thereby
reducing oxygen bubble adhesion and accumulation during the oxidation process. All exposed
parts of the holder were fabricated from insulating materials. Furthermore, the interface
between the copper wire insulation and the conical cap was sealed with adhesive to eliminate
moisture penetration. To enhance electrical conductivity, the terminal end of the copper wire
was bent into a hook and passed through a stainless-steel spring. The spatial arrangement and
dimensions of the electrodes were optimized to achieve uniform coating conditions: the
cylindrical stainless-steel cathode was positioned concentrically with the reactor vessel, while
the anodic working surface was fully immersed inside the hollow cathode, facing the lateral
cut-out and extending slightly beyond the virtual continuation of the cathode wall (Figure 3a).
This geometry was specifically designed to promote more homogeneous current distribution
and accelerated mass transport across the anodic surface.

The PEO treatments were performed using a PWR400H DC power supply (Kikusui,
Japan) operated in galvanostatic mode under remote control via Wavy 5.01 software. A voltage
limit, varied between 300 and 500 V depending on the experimental conditions, was imposed
during each run. To investigate the influence of electrolyte composition on the electrical
response during PEO, transient voltage and current profiles were recorded at 0.5 s intervals.
The resulting data, averaged over three independent replicates, were plotted as voltage—time
and current-time curves. From these plots, the time required to reach the preset voltage limit
was extracted and compared across different bath compositions using an independent two-
sample t-test (OriginPro 2024b), with a statistical significance threshold of p <0.05. The
oxidation program consisted of 400 consecutive cycles of 1.5 s each, corresponding to a total
treatment time of 10 min. If not specified otherwise, the process was stopped when the current
values dropped to no more than 10% of the initially set value. For experiments with alternative
treatment durations, the number of cycles was proportionally adjusted. Each cycle comprised
two stages: a 0.15 A current pulse applied for 0.5 s, followed by a 1.0 s interval with no current
applied. Step transitions were employed between successive cycles and stages, thereby
generating a pulsed current with a square waveform, a frequency of 0.67 Hz, and a duty cycle
of 33%. Once the process voltage reached the predefined limit, the operation automatically
switched to potentiostatic mode, maintaining the limiting voltage for the remainder of the
treatment. Following completion of the PEO process, the coated sample was carefully removed
from the custom holder (Figure 3b), rinsed thoroughly with deionized water, and dried at 110 °C
for 24 h to eliminate residual moisture from its porous structure. The holder itself was dried
under an air stream before preparing the next coating replicate. The overall mechanism of PEO
coating formation in particle-containing suspensions is schematically depicted in Figure 3c.

3.5. Characterization of PEO coatings

3.5.1. Coating structure and elemental composition

Surface and cross-sectional characterization of the PEO coatings was carried out using
a Phenom Pro-X SEM (Thermo Fisher Scientific) operated at an accelerating voltage of 15 kV
and equipped with an EDX detector. The analysis encompassed surface morphology, open
porosity, roughness parameters, and elemental composition. Surface morphology was evaluated
at multiple magnifications to examine coating uniformity and to identify characteristic
structural features. Quantitative analysis of open porosity was performed using ImagelJ software
based on SEM micrographs acquired at 1000x magnification from ten randomly selected
surface regions for each coating type. Three-dimensional surface topography reconstructions
were additionally captured at magnifications tailored to optimally visualize the distinct surface
features of each coating. Surface roughness was assessed at five independent locations per
coating, and the results were reported as the arithmetic mean values of Ra (average roughness)
and Rz (vertical peak-to-valley height difference). Complementary roughness measurements
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were performed using a contact profilometer (Mitutoyo SJ-301, resolution: 0.01 pm,
measurement length: 5 mm), and the results were compared with SEM-derived roughness
values. Elemental analysis was conducted via EDX using spot, area, and mapping modes. For
cross-sectional evaluation, coated samples were mounted in VersoCit-2 resin (Struers,
Copenhagen, Denmark), cured, and then ground with SiC abrasive papers up to 1000 grit. Final
polishing was achieved using a 3 um diamond suspension. The polished cross-sections were
sputter-coated with gold for 180 s under an ionized argon atmosphere (Sputter Coater 108auto,
Cressington, Watford, UK) to mitigate surface charging during SEM examination. Cross-
sectional imaging provided information on coating thickness, internal structural features, and
elemental gradients from the outer surface toward the substrate. The latter was quantified
through EDX line-scan measurements performed at ten vertically aligned positions, and the
results were averaged to generate elemental distribution profiles. Statistical comparisons of
elemental composition—derived from EDX area analyses at distinct surface regions—were
carried out using a two-tailed unpaired Student’s t-test with a significance level of p <0.05.
Mean values and corresponding standard errors were reported for each coating. An identical
statistical approach was used to evaluate differences in overall surface porosity between the

investigated coatings. All statistical analyses were performed in OriginPro software (version
2024b).

3.5.2. Phase composition and elemental bonding

Raman spectroscopy was performed using a WITec alpha 300R confocal Raman
microscope (CRM) equipped with an air-cooled solid-state laser (A=532nm) and a CCD
detector. The excitation beam was delivered through a polarization-maintaining single-mode
optical fiber with a core diameter of 50 pm and focused onto the sample surface via a long-
working-distance Olympus MPLAN objective lens (100x/0.90 NA), ensuring an optimal
balance between lateral and depth resolution [318]. The lateral resolution (LR) was estimated
using the Rayleigh criterion (LR = 0.61A/NA), yielding a value of 0.36 um. The depth resolution
(DR), defined as the minimum resolvable separation along the Z-axis, was calculated according
to DR =A/NA?, resulting in 0.65 pm at the focal plane. Due to refractive index effects and laser
scattering in materials with n = 1.5, the effective depth resolution was further adjusted based on
Everall’s correction model [319], [320], giving values of 1.85 um, 3.70 um, and 5.55 um for
focal depths of 1, 2, and 3 um, respectively. The Raman-scattered light was collected through a
50 um multi-mode fiber and analyzed by a monochromator calibrated against a neon lamp
emission spectrum. Beam alignment was verified using the characteristic Raman peak of silicon
at 520.7 cm™. Individual spectra were acquired over the 120—4000 cm™ range with a spectral
resolution of 3 cm™, using a laser power of 20 mW.

Surface Raman mapping was performed for CC-HA coatings over a 70 um x 70 um area
with a spatial resolution of 210 x 210 pixels (44,100 spectra in total). The integration time was
set to 80 ms per spectrum, with a sample positioning accuracy of +0.2 um. The acquired
spectra, including both individual spectra and those extracted from imaging datasets, were post-
processed using a third-degree auto-polynomial baseline correction and automatic cosmic ray
removal, implemented by comparing each CCD intensity value at each wavenumber to adjacent
pixel values [318]. Chemical images were generated by applying a sum filter that integrated
signal intensities within predefined Raman shift regions: 450—-550 cm™ for Big modes of TiOx,
900-1000 cm™ for the vi(PO+*") band, and 1070-1110cm™ for the vi(COs*") band. This
approach enabled the preliminary identification of chemical and structural heterogeneity within
the analyzed coatings prior to detailed spectral evaluation. The final chemical analysis was
performed on normalized spectra using WITec Project Five Plus software.

XRD measurements were performed at ambient temperature using a D8 Discover
diffractometer (Bruker) equipped with a LynxEye position-sensitive detector and operated with
CuKa radiation (A=1.54180 A). The X-ray tube was set to 40kV and 40 mA. A 0.6 mm
divergence slit and an 8.0 mm antiscatter slit were used. Diffraction patterns were collected

59



over the 20 range of 3°-70° with a step size of 0.02° and a counting time of 30 s per step. Phase
identification was carried out using the ICDD PDF-2 database (Release 2021).

XPS analyses were conducted with a PREVAC EA15 hemispherical electron energy
analyzer, equipped with a 2D multi-channel plate detector and an Al-Koa X-ray source
(PREVAC dual anode XR-40B, photon energy 1486.6¢V). The base pressure during
measurements was maintained at 5.5 x 1078 Pa. Survey spectra were acquired with a pass energy
of 200 eV and a step size of 0.9 eV, while high-resolution spectra were recorded at 100 eV pass
energy with a 0.05eV step size. Binding energy calibration was performed using the
adventitious carbon C—C peak at 284.8 eV. Spectral fitting was carried out in CASA XPS
software using built-in algorithms. High-resolution peaks were modeled with a mixed
Gaussian—Lorentzian function (70% Gaussian, 30% Lorentzian), and background subtraction
was performed using the Shirley method.

3.5.3. Biological evaluation of coatings

To evaluate the in vitro bioactivity of the coatings, immersion tests were conducted in
simulated body fluid (SBF) prepared according to a previously reported composition [321]. For
each substrate and electrolyte formulation, four coated samples were fabricated. The specimens
were vertically immersed in 20 mL of SBF within polypropylene test tubes and incubated at
37 °C in the dark. The solution was refreshed every three days to maintain ion concentration
stability. Samples were retrieved after immersion periods of 7, 14, 21, and 28 days, rinsed,
sonicated in deionized water to remove loosely attached deposits, and examined by SEM to
assess surface mineralization.

Human dermal fibroblasts (D6P10) were used to assess cytocompatibility and cell
adhesion properties of the coatings (Ethics committee for research in life sciences and medicine
of the University of Latvia approval No. 71-35/17) Uncoated titanium discs of identical
dimensions and origin to those described in Section 3.4, polished to 1000 grit, served as
reference samples. Prior to testing, all specimens were sterilized by autoclaving and placed into
24-well plates containing DMEM/F-12 medium supplemented with 10% fetal bovine serum
and incubated overnight. Cells were seeded onto the sample surfaces at a density of
10* cells/cm? in complete culture medium. Wells containing cells but no samples served as
positive controls (tissue culture plate control), while wells with medium only acted as negative
controls. Cell adhesion was quantified on day 1 and proliferation on days3 and 7 using a
resazurin-based colorimetric assay [322]. Each experimental condition was tested in triplicate.
Following the final time point, samples were washed twice with PBS and fixed with 3.5%
formaldehyde (Sigma-Aldrich) for 10 min. Permeabilization was performed with a solution of
1% bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS. The actin cytoskeleton was
stained with ActinRed 555 (Thermo Scientific, USA) and nuclei with Hoechst 33342 (Thermo
Scientific, USA) at a 1:1000 dilution. Stained samples were analyzed using a Nikon Eclipse TI
fluorescence microscope (Japan) with DAPI and TRITC channels.

The antibacterial performance of the coatings was investigated using Escherichia coli
(ATCC 25922) and Staphylococcus aureus (ATCC 25923). Uncoated titanium discs of
matching size and surface preparation served as references. Samples were sterilized by
autoclaving at 121°C for 15min and then immersed in 2mL bacterial suspensions
(10° CFU/mL) in sterile 24-well plates. The plates were gently agitated at 37 °C for either 2 or
6 h to allow bacterial adhesion. Non-adherent bacteria were removed by rinsing with phosphate
buffer solution (pH 7.2). Adhered bacteria were detached by ultrasonication (120 W) for 5 min
in an ultrasonic bath (Emmi-20HC, EMAG) followed by 1 min of vortex mixing (V-1 plus,
Biosan) in 1 mL sterile saline solution. Aliquots of 10 pL were plated on Mueller—Hinton agar,
streaked for isolation, and incubated at 37 °C for 24 h. Colony-forming units (CFUs) were
subsequently counted. Three independent experiments were performed for each condition.
Statistical analysis of CFU counts was conducted using one-way analysis of variance (ANOVA)
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in Statistica® v.8 (SPSS Inc., Chicago, IL, USA), with p<0.05 considered statistically
significant. Standard deviations were calculated for each dataset.

3.5.4. Other functional characteristics

Surface wettability of the coatings was evaluated via dynamic water contact angle
measurements using a goniometer (DataPhysics OCA 15EC, Germany). A 0.2 uL droplet of
deionized water was deposited on each sample, which had been stored in a desiccator for 24 h
prior to testing. The evolution of the contact angle over time was recorded, and final results
were expressed as mean values calculated from three independently prepared coatings.

The release behavior of Ca and Ti ions from the coatings was investigated under both
static and dynamic conditions. Coated titanium discs were vertically mounted at the bottom of
50 mL polypropylene tubes and stabilized with plastic clips. Subsequently, 50 mL of phosphate-
buffered saline (PBS, pH 7.3) was added, and samples were incubated at 37 °C for 30 days. For
the static release study, 4 mL aliquots were withdrawn at predetermined intervals. In the
dynamic study, the entire PBS volume was replaced every three days. Calcium and titanium
concentrations were quantified using inductively coupled plasma optical emission spectrometry
(ICP-OES, Varian 710-ES) equipped with a glass SeaSpray nebulizer and a double-pass glass
cyclonic spray chamber. Calibration standards were prepared in PBS matrix by serial dilutions
of stock Ca and Ti solutions (1000 mg-L™', Thermo Scientific, Belgium; Certipur, Merck,
Darmstadt, Germany). Calibration curves exhibited linearity with correlation coefficients
>0.9990. Prior to analysis, all samples were diluted and filtered through 0.22 pm syringe filters.
Reported values represent mean + standard deviation of three independent experiments
conducted on separate CC-HA coatings.

The electrokinetic potential of coating surfaces was measured by streaming potential
using an electrokinetic analyzer (SurPASS 3, Anton Paar, Austria). For each coating type, two
replicate samples were prepared. A modified PEO process (Section 3.4) was employed using
25 x 10 mm rectangular Ti sheets (thickness: 0.3 mm, purity: >99.9%, Iwet, Graboéwka,
Poland), polished to 1000 grit. A Ti rod (12 cm length) was welded to the short edge of each
sheet and insulated with heat-shrink tubing, leaving a 20 x 10 mm active area exposed on both
sides. After PEO treatment, the insulated portion was removed, and the 20 X 10 mm coated
specimen was washed with distilled water and air-dried at 80 °C for 24 h. During measurement,
samples were mounted in the adjustable gap cell using double-sided adhesive tape (Tesa,
Germany), with a gap height of 110 pum. Prior to testing, samples were rinsed twice with 0.01 M
KCl solution (pH 5.8) to establish the cell constant. Streaming potential measurements were
performed four times per sample across a pH range of 5.8-9.0, adjusted by incremental addition
of 0.1 M NaOH.

The adhesion strength of CC-HA and Blank coatings was evaluated via scratch testing
using a CSM open-platform tribometer following PN-EN ISO 20502:2016-05 guidelines. A
Rockwell diamond indenter was drawn across the coating surface while the normal load was
linearly increased from 0.03 N to 30 N. Acoustic emission, friction force, and friction
coefficient were simultaneously monitored. The critical load (Lc), defined as the minimum
force causing coating detachment, was determined from these signals and microscopic
inspection of the scratch tracks. Test parameters included a scratch length of 3 mm, a loading
rate of 10 N-min', and a table speed of 1 mm-min".

Corrosion resistance was investigated electrochemically using a 250 mL thermostated
flat corrosion cell (Bio-logic, France) operated at 37 °C. Disc-shaped coated samples served as
working electrodes and were sealed against the electrolyte with a rubber O-ring (6 mm
diameter). A platinum plate and a saturated calomel electrode (SCE) were used as counter and
reference electrodes, respectively. Potentials were reported versus the normal hydrogen
electrode (NHE), with SCE calibrated to +0.233 V vs. NHE under experimental conditions.
PBS solution (pH 7.3) was used as the electrolyte, prepared by dissolving 8.00 g NaCl, 1.44 g
Na:HPOs, 0.20 g KCI, and 0.24 g KH2PO4 in 1 L deionized water. Electrochemical tests were
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conducted with a potentiostat/galvanostat (PARSTAT4000A, Ametek, USA-UK) and
VersaStudio software (v. 2.63.3). Prior to polarization, samples were immersed in PBS for 2 h
to stabilize their open-circuit potential (EOC), which was continuously monitored. EIS was then
performed at EOC with a 10 mV_RMS sinusoidal perturbation over 100 kHz-0.01 Hz (10
points per decade; total acquisition time =~ 4000 s). After a 300 s stabilization period, PDP scans
were initiated from —0.25V vs. EOC to +2.0 V vs. NHE at a scan rate of 10 mV-min".
Following the forward scan, the potential was reversed by 0.2 V to assess hysteresis. EIS data
were analyzed using ZSimpWin software (v.3.60, Ametek, USA). Each experiment was
repeated in triplicate, and results are reported as mean =+ standard deviation.
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4. RESULTS AND DISCUSSION

In accordance with the aims and objectives of this dissertation, the experimental work
was divided into three parts, each dedicated to a specific aspect of the overall study. Part 1
focuses on analyzing the influence of various variables on the course of the PEO process in
carbonate- and phosphate-based electrolytes, positioning the results as preliminary data for
further use in optimizing CC—HA coatings. Part 2 is devoted to a single parameter identified as
the most relevant and least studied — the crystallinity of particles. Hydroxyapatite (HA)
particles were synthesized and characterized, and PEO coatings were prepared and examined
in terms of a broader set of characteristics, including bioactivity and phase composition using
Raman spectroscopy. Finally, Part 3 describes the synthesis of CC-HA particles via a
carbonation method, followed by their use in preparing the final version of the PEO electrolyte,
after first determining the optimal component concentrations and process voltage. The resulting
CC-HA coatings were characterized including a wide range of structural, physicochemical,
biological, and other functional parameters. In addition, drawing on fundamental principles of
the PEO process, a growth mechanism for CC—HA coatings was proposed, providing a detailed
explanation of the possible causes behind all observed structural features.

4.1. PartI - Preliminary experiments

As outlined in the literature review in the Section 1.4.1, PEO baths containing
carbonates—either alone or in combination with other additives—remain relatively
underexplored. At the same time, many aspects related to the addition of solid particles to the
PEO bath also require clarification, particularly those concerning CaP and biomineral phases.
Consequently, achieving the ultimate goal—namely, the fabrication of CC-HA coatings with
optimal properties—requires a series of preliminary, intermediate experiments aimed at
assessing the influence of multiple variables on the outcome of the PEO process, conducted in
both phosphate- and carbonate-based baths. Establishing these interrelationships is expected to
provide a comprehensive practical understanding of the PEO process, to identify potential
nuances associated with carbonate incorporation, and ultimately to serve as an empirical
foundation for further optimization work, supplying the methodological tools for the
incorporation of CC and HA phases into the PEO coating. At this stage, an in-depth comparative
assessment of the influence of various PEO process parameters on the functional properties of
the coatings is not envisaged; instead, the evaluation is limited to a few selected characteristics,
deliberately chosen according to the specific parameter under investigation.

Two fundamental characteristics used to confirm the contribution of a given variable
were surface morphology and elemental composition, both of which allow direct or indirect
tracing of any changes, assessing their extent, and drawing conclusions about whether this
factor should be taken into account in further work and whether it requires additional
investigation. In the first case, SEM was employed, enabling direct evaluation of the external
structure, including pore size and shape; in the second case, EDX spectroscopy was used to
analyze a selected surface region. In most cases, this information was sufficient to establish
simple facts—for example, whether particles were incorporated (which would be indicated, for
instance, by the appearance of calcium or an increase in its content compared to a coating
without particle addition). On the side of the PEO bath, the variables include the source of
phosphates and carbonates, their form (particles or dissolved species), their mutual molar ratio
and concentration, the presence of auxiliary additives, as well as pH and conductivity (in
conjunction with other parameters). Separate parameters concern the chemical composition, the
presence of any form of pre-treatment, the physical form, density, and microstructure of the
substrate used, along with all derived properties such as mechanical characteristics, electrical
and thermal conductivity—which also applies to the oxides formed during the PEO procedure.
Finally, several additional parameters can be distinguished, including bath temperature, stirring
rate (mass transfer), viscosity, and the duration of the PEO process.
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The use of particles as a means of modifying the chemical composition of the bath can
be considered a single variable; however, this measure is accompanied by a large number of
associated parameters. These include the physical size and shape, density, degree of dispersion,
concentration, and zeta potential. These characteristics, in turn, determine the hydrodynamic
diameter (the actual size of the particles in the bath), their tendency toward thermal
decomposition (larger particles being less prone), and their mobility under the influence of an
electric field (smaller particles being more mobile). If the particles are synthetic, the set of
synthesis-related parameters that affect the final size and shape should also be taken into
account. Such parameters may include, for example, the rate of reagent mixing, their
concentrations, and other factors depending on the synthesis method used. In practice, however,
the use of commercially available particles is more common—yprovided they possess
characteristics (primarily size) suitable for the PEO process—which eliminates the need for
synthesis and leaves only the task of dispersing them (adding them to the bath) [19], [30].

The objective of the work in terms of the current Part I is not to assess every possible
parameter, given their interdependence (for example, bath temperature determines conductivity,
which in turn is closely related to electrolyte concentration), as well as the existence of certain
studies reporting established trends, which may facilitate the prediction and interpretation of
results [106], [113]. Therefore, in the present Section 4.1, only the most relevant and practical
parameters are presented in sequence, within the context of the overall study aimed at producing
PEO coatings containing CC and HA.

4.1.1. Phosphate electrolyte concentration, effect of pH and conductivity

Three parameters of the PEO bath—concentration, pH, and conductivity—were
evaluated simultaneously in a comprehensive study using phosphate salts such as mono-, di-,
and tribasic sodium phosphate, all three of which are widely used in PEO processes [19].
Depending on concentration, solutions of these salts exhibit pH values of approximately ~4.5—
5.5, ~8.0-9.5, and ~11.5-12.5, respectively. Given that these ranges do not overlap, solutions
of these salts can be used for an objective comparison of the pH effect at three distinct points
corresponding to weakly acidic, weakly alkaline, and moderately alkaline pH levels. The use
of more acidic solutions, for example phosphoric acid, is impractical, as it would lead to
complete dissolution of CC and HA particles. In the case of monobasic phosphate salt, such a
risk also exists, although to a lesser extent, and only partial dissolution of CC and HA is more
likely to occur [110]. Conductivity and concentration in this series of experiments were
evaluated in conjunction, as the two parameters exhibit an almost linear relationship (Figure 4).
For this purpose, three series of solutions with different concentrations, corresponding to
specific conductivity ranges, were prepared. In this case, the range selected was approximately
~2 to 8 mS-cm™!, based on observations during the PEO process (Figure 5). The final
concentration ranges were thus determined empirically, based on actual changes in
conductivity. The measurement results are shown in a single plot in Figure 4. It can be seen that
tribasic sodium phosphate exhibits the highest specific conductivity, as indicated by the steepest
slope of the curve. Consequently, a lower concentration of this compound is required to achieve
the same level of conductivity compared to di- and, especially, monobasic phosphate salts. For
example, to obtain a conductivity of ~6 mS-cm™, only a 0.02 M solution of NasPOsa is required,
whereas for NaH2POa, a 0.12 M solution must be used. This difference can be explained by the
larger number of ions in NasPOs (four in total), the higher charge of the phosphate ion (-3), and
its complete dissociation, in contrast to other salts involved in acid—base equilibria.

After preparing a series of coatings in these solutions and analyzing the changes in
surface morphology as a function of concentration, a clear trend was observed in all cases: an
increase in pore size, as well as a tendency toward the formation of more rounded pores with
thickened pore walls at higher concentrations. This may indicate higher sparking temperatures
and more intense melting and resolidification processes. For coatings prepared in mono- and
dibasic solutions, differences in morphology were practically negligible, whereas in the case of
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the tribasic salt, an additional feature in the form of elongated, non-uniform pores was observed.
This may be related to the increased proportion of sodium in the tribasic electrolyte, which
could have modified the discharge formation process (enhancing their temperature) [237].
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Figure 4. Dependence of electrical conductivity on concentration — comparison of solutions of three
different electrolytes.
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Figure S. SEM images of PEO coating surfaces produced in equi-conductive mono-, di-, and tribasic
phosphate electrolytes, with the corresponding concentrations indicated (scale bar: 30 um).

For comparative analysis, three electrolytes with a constant conductivity of
approximately 5.6 = 0.1 mS-cm™ were prepared for mono-, di-, and tribasic sodium phosphate
salts, corresponding to concentrations of 100, 40, and 20 mM, respectively. PEO coatings were
produced in these electrolytes and used for surface-area EDX analysis. As shown in Table 2,
the Na content was highest for the coating produced in the tribasic electrolyte, with a clear
tendency to decrease toward the monobasic solution. Although this trend was contrary to the
actual concentration of Na* ions in solution, it is likely that the extent of Na* incorporation was
determined by the relative ratio of ions in the bath, which was highest in the tribasic electrolyte.
Phosphorus content, on the other hand, showed greater consistency among the three
electrolytes, although a slight decrease was still observed toward the basic, less concentrated
solutions. Accordingly, an inverse tendency was noted for Ti, which may be mutually linked to
the phosphorus dynamics. It is likely that minor variations in the Ti fraction indirectly indicate
differences in the thickness of the PEO layer, with thinner layers exhibiting higher Ti content.
The oxygen fraction, in turn, remained within a constant range of 76—77%.
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Table 2. Comparison of the elemental composition of PEO coatings produced in equi-conductive
solutions of mono-, di-, and tribasic sodium phosphate.

"
Electrolyte bath pH mS(-;c’m“ ﬁ?\/[’ P (%) Ti (%) Na (%) O (%)

100 mM NaH,PO4 4.72 5.57 100 6.67£0.10 162+0.3 0.08+0.02 77.0+£0.8
40 mM Na,HPO4 9.23 5.63 80 631+£0.12 169+03 0.19+£0.04 76.6+0.6
20 mM Naz;PO4 12.32 5.65 60 521+0.09 182+04 026+0.04 764+0.9

In summary, in all electrolytes the PEO layer was successfully formed, exhibiting
distinct surface features—namely, alternating micro- and submicroporosity of varying sizes.
Surface morphology and elemental composition of the coatings, when compared across
electrolytes, were generally similar over the entire concentration range. Nevertheless, among
the three, the tribasic phosphate electrolyte resulted in slightly more specific characteristics;
however, these did not lead to dramatic changes that could significantly affect the properties of
the produced surfaces, including their functional performance, and are expected to have only a
minor impact on the subsequent fabrication of CC-HA coatings.

From a practical standpoint, however, the choice between mono-, di-, and tribasic
electrolytes is important, and among the three, the dibasic form appears to be the optimal option.
This is due to its ability to ensure the chemical stability of CC and HA phases, as well as the
fact that it is not excessively alkaline, which would otherwise require thorough rinsing prior to
use in in vivo tests. Considering the absence of dramatic changes during coating fabrication
(Figure 5), the preference for the dibasic electrolyte can be justified. The final selection of
Na:HPOa4 concentration is discussed later in Section 4.3.1, from the perspective of achieving
the optimal particle size.

4.1.2. Carbonate electrolyte concentration

The literature provides considerable evidence for the inability to incorporate a carbonate
phase into PEO coatings produced on relatively inert materials such as Ti and its alloys from
carbonate salt solutions, such as Na-COs [19]. However, no information is available regarding
the effect of carbonate electrolyte concentration on the morphology and elemental composition
of the coatings, as well as the impact of altering the carbonate-to-other-soluble-component ratio
in the bath. Given the strict focus of this study on carbonates, and considering that carbonate
ions can be released into solution as a byproduct of CC interaction with phosphates (Section
1.4.3), a comparative evaluation of their influence will be highly valuable. Therefore, two series
of equi-conductive baths (5.6 + 0.1 mS-cm™) were prepared based on Na2HPOs electrolyte with
the addition of varying amounts of NaHCO; and Na.COs in such a way that the carbonate and
phosphate contents were mutually varied from 0 to 100%. This approach eliminates
conductivity as a contributing factor to the final structure and elemental composition of the
coating, by preventing it from influencing discharge intensity. The data for the prepared
solutions are presented in Table 3.

The baths were numbered according to increasing carbonate content, where 1
corresponds to the lowest fraction at 12.5%, and 9 to the highest at 100%, when phosphate was
absent. The letter designation indicates the carbonate source, with HC referring to sodium
bicarbonate (NaHCOs) and C to sodium carbonate (Na2COs). For comparison, data are also
presented for a phosphate bath without carbonate additives, prepared analogously to that
described in Section 4.1.1, which served as the reference system. Using the example of bath
HC-1, the indicated carbonate percentage means that NaHCOs was added in an amount
providing 12.5% carbonate ions relative to the total molar amount of carbonate and phosphate
ions in the bath. Due to the adjustment of bath conductivity to approximately the same level
within 1-2% and the relatively low specific conductivity of NaHCOs solutions compared with
NaHPO. and Na.COs, the HC baths required a higher total salt content. This is most evident
when comparing baths HC-4 and C-4, where, to compensate for conductivity, the phosphate
concentration in the former was 30% higher. In addition, pH variations were observed as a result
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of carbonate additive incorporation, owing to their differing pKa values, which led to increased
acidity at higher carbonate contents when NaHCOs was used, and increased alkalinity when
Na:CO; was added. As established earlier (Section 4.1.1), even a pH change of 3—4 units does
not lead to significant changes in the coatings; therefore, differences of less than 1 unit (Table
3) can be regarded as negligible, not requiring additional compensatory measures (e.g., NaOH
addition to raise pH).

Table 3. Composition and pH of equi-conductive electrolyte baths with varying phosphate and carbonate
ion content, prepared using Na2HPO4, NaHCOs, and Na.CO:s.

2-

Nr. szll’l‘;‘c‘:te PO, %  COs*,% PO, mM Cn?ls,l’ pH mS(-;c’m'l
0 ; 100 0 46.0 0 923 5.65
HC-1 87.5 12.5 42.4 6.4 9.16 571
HC-2 75.0 25.0 39.5 12.7 9.02 5.62
HC-3 62.5 375 352 20.9 8.89 5.67
HC-4 50.0 50.0 30.2 30.6 8.74 5.58
HC-5 NaHCO; 375 62.5 24.7 41.1 8.68 5.70
HC-6 25.0 75.0 17.6 53.0 8.62 5.67
HC-7 12.5 87.5 9.5 65.1 8.57 5.61
HC-8 6.4 93.6 5.0 72.9 8.54 5.62
HC-9 0 100 0 78.4 8.51 5.59
C-1 87.5 12.5 40.2 573 10.50 5.64
C-2 75.0 25.0 34.6 115 10.74 5.68
C-3 62.5 375 28.8 17.2 10.90 572
C-4 50.0 50.0 22.9 22.9 11.02 5.63
C-5 Na,CO;3 375 62.5 17.0 28.4 11.12 5.59
C-6 25.0 75.0 11.3 33.9 11.23 5.57
C-7 12.5 87.5 5.8 39.4 11.30 5.60
C-8 6.4 93.6 2.8 41.6 11.34 5.67
Cc9 0 100 0 44.9 11.37 5.66

100% CO,>

Figure 6. Surface morphology of coatings produced in Na:HPOa baths with varying carbonate ion
content introduced via NaHCOs and Na.CO:s salts (scale bar: 30 pm).

Examining the surface morphology of the produced coatings (Figure 6) allows the
conclusion that carbonate ions, under the given equi-conductive conditions, have a visually
noticeable but not decisive effect on the PEO process. This holds true for both carbonate sources
up to at least 75% of the total anion content. The general visual effect of increasing carbonate
content in the bath can be interpreted as a slight decrease in pore size. With NaHCOs addition,
pore shape remained largely comparable even at high carbonate contents, whereas Na.COs
promoted the formation of non-uniform, elongated pores—an effect similar to that observed in
NasPOs baths (Section 4.1.1)—which may be attributed to higher pH levels. A distinctly
different surface morphology was observed in the complete absence of phosphates: as seen, a
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porous structure did not form in either case, with traces of sandpaper polishing on the anode
surface still visible. These observations indicate that the transition from anodizing to the PEO
process did not occur, and sparking was not initiated [323]. Considering the possible causes of
this phenomenon, it is likely that carbonate ions may act as microarc energy absorbers,
including through COs*>~ — CO: decomposition upon heating in the discharge zone. Gas release
within microdischarges could alter the local plasma phase, reduce channel temperature, and
consequently “quench” sparks at an early stage of their formation [137].

Table 4. Results of surface region EDX analysis of coatings prepared in equi-conductive electrolyte
baths containing different proportions of dibasic sodium phosphate and carbonate salts; each bath is
numbered in accordance with Table 2.

Nr. P (%) C (%) Ti (%) Na (%) 0 (%)
0 6.0 4.9 16.6 0.2 72.4
HC-1 5.9 4.4 16.9 0.2 72.6
HC-2 5.8 5.0 17.3 0.1 71.9
HC-3 5.7 45 17.7 0.2 72.1
HC-4 5.3 45 18.1 0.1 71.9
HC-5 5.0 4.6 18.7 0.1 71.6
HC-6 4.2 4.0 19.5 0.1 722
HC-7 3.1 4.0 20.9 0.0 72.0
HC-8 1.8 4.2 21.9 0.1 72.1
HC-9 0.2 3.3 23.6 0.0 72.9
C-1 5.8 43 16.8 0.2 72.9
C-2 5.7 4.8 16.9 0.2 72.4
C-3 5.5 4.7 17.2 0.2 725
C-4 5.1 4.1 17.9 0.2 72.8
C-5 45 43 18.5 0.1 72.6
C-6 3.6 43 19.8 0.1 723
C-7 2.4 43 21.3 0.0 71.9
C-8 1.5 4.1 225 0.0 71.9
C-9 0.2 3.8 23.8 0.0 723

The results of elemental analysis confirm the successful formation of the PEO layer and
the incorporation of phosphorus up to relatively high carbonate contents in the bath,
corresponding to HC-8 and C-8 in Examining the surface morphology of the produced coatings
(Figure 6) allows the conclusion that carbonate ions, under the given equi-conductive
conditions, have a visually noticeable but not decisive effect on the PEO process. This holds
true for both carbonate sources up to at least 75% of the total anion content. The general visual
effect of increasing carbonate content in the bath can be interpreted as a slight decrease in pore
size. With NaHCOs addition, pore shape remained largely comparable even at high carbonate
contents, whereas Na.COs promoted the formation of non-uniform, elongated pores—an effect
similar to that observed in NasPOa baths (Section 4.1.1)—which may be attributed to higher pH
levels. A distinctly different surface morphology was observed in the complete absence of
phosphates: as seen, a porous structure did not form in either case, with traces of sandpaper
polishing on the anode surface still visible. These observations indicate that the transition from
anodizing to the PEO process did not occur, and sparking was not initiated [323]. Considering
the possible causes of this phenomenon, it is likely that carbonate ions may act as microarc
energy absorbers, including through COs*~ — CO. decomposition upon heating in the discharge
zone. Gas release within microdischarges could alter the local plasma phase, reduce channel
temperature, and consequently “quench” sparks at an early stage of their formation [137].

Table 4. Nevertheless, it should be noted that the atomic fraction of phosphorus, while
remaining approximately constant within the range of 0-50% COs*", exhibited a slow
downward trend, which became progressively more pronounced beyond this point. Titanium
content, in contrast, demonstrated the opposite trend. The remaining elements showed no clear
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tendencies, unlike P and Ti (Examining the surface morphology of the produced coatings
(Figure 6) allows the conclusion that carbonate ions, under the given equi-conductive
conditions, have a visually noticeable but not decisive effect on the PEO process. This holds
true for both carbonate sources up to at least 75% of the total anion content. The general visual
effect of increasing carbonate content in the bath can be interpreted as a slight decrease in pore
size. With NaHCO:s addition, pore shape remained largely comparable even at high carbonate
contents, whereas Na.COs promoted the formation of non-uniform, elongated pores—an effect
similar to that observed in Na;POa baths (Section 4.1.1)—which may be attributed to higher pH
levels. A distinctly different surface morphology was observed in the complete absence of
phosphates: as seen, a porous structure did not form in either case, with traces of sandpaper
polishing on the anode surface still visible. These observations indicate that the transition from
anodizing to the PEO process did not occur, and sparking was not initiated [323]. Considering
the possible causes of this phenomenon, it is likely that carbonate ions may act as microarc
energy absorbers, including through COs*~ — CO: decomposition upon heating in the discharge
zone. Gas release within microdischarges could alter the local plasma phase, reduce channel
temperature, and consequently “quench” sparks at an early stage of their formation [137].

Table 4, Figure 7). These findings may also indicate that carbonates “quench” the plasma,
leading to the formation of less porous and thinner PEO layers. It is worth noting that at identical
carbonate percentages in the bath, the mass fraction of P was slightly lower for baths containing
Na:COs, with this effect being systematic and most pronounced at COs*" contents of 50% and
above. This observation is consistent with the lower overall phosphate concentrations in these
baths compared to those containing NaHCOs (Table 3), thereby reducing the likelihood of their
incorporation simply due to lower abundance. Overall, it can be concluded that the presence of
carbonates in the bath—whether intentionally added or released as a result of CC particle
interaction with phosphates (Section 1.4.3)—is not a factor that significantly affects or limits
the occurrence of the PEO process in phosphate electrolytes, as long as they are not present in
overwhelming amounts. However, they can still leave specific signatures, particularly in the
presence of particles. In this regard, it is necessary to fine-tune the interaction of CC with the
PEO bath, in particular by selecting the molar ratio of components (Section 4.3.1) and, if
necessary, adjusting the electrical parameters, e.g., by increasing the voltage to maintain
discharge intensity at the same level.
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Figure 7. Dynamics of changes in the atomic fractions of P and Ti in PEO coatings produced in Na2HPO4
baths containing different amounts of carbonates introduced via two salts

For the coatings produced in two baths—HC-4 and C-4—containing equimolar amounts
of carbonates and phosphates, XRD analysis was additionally performed to reveal possible
differences in their phase composition. The absence of phases other than TiO: in the coatings
confirms the widely reported trend in the literature regarding the low potential of soluble
carbonate salts to be incorporated into PEO coatings on relatively inert metals such as Ti,
including leaving no detectable changes in XRD patterns (Figure 8). In addition, no effect was
observed from changing the carbonate source, which was also accompanied by pH modification
(Table 3). Furthermore, increasing the carbonate concentration in the bath had only a very weak
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effect on the elemental composition of the coatings, as previously demonstrated by the EDX
analysis (Examining the surface morphology of the produced coatings (Figure 6) allows the
conclusion that carbonate ions, under the given equi-conductive conditions, have a visually
noticeable but not decisive effect on the PEO process. This holds true for both carbonate sources
up to at least 75% of the total anion content. The general visual effect of increasing carbonate
content in the bath can be interpreted as a slight decrease in pore size. With NaHCOs addition,
pore shape remained largely comparable even at high carbonate contents, whereas Na.COs
promoted the formation of non-uniform, elongated pores—an effect similar to that observed in
Nas;POa4 baths (Section 4.1.1)—which may be attributed to higher pH levels. A distinctly
different surface morphology was observed in the complete absence of phosphates: as seen, a
porous structure did not form in either case, with traces of sandpaper polishing on the anode
surface still visible. These observations indicate that the transition from anodizing to the PEO
process did not occur, and sparking was not initiated [323]. Considering the possible causes of
this phenomenon, it is likely that carbonate ions may act as microarc energy absorbers,
including through COs*> — CO- decomposition upon heating in the discharge zone. Gas release
within microdischarges could alter the local plasma phase, reduce channel temperature, and
consequently “quench” sparks at an early stage of their formation [137].
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Figure 8. XRD patterns of PEO coatings prepared in baths with NaHCOs and Na.COs additions to
achieve equimolar phosphate and carbonate amounts.

4.1.3. The use of commercial particles and particle size issue

The PEO process imposes specific requirements on the properties of incorporated
particles, with particle size being a key factor determining their successful integration into the
coating and in sufficient quantities. CC particles are no exception, which raises the question of
whether commercially available or laboratory-synthesized particles are more suitable for
meeting these requirements. The use of commercially sourced particles is more frequently
reported in PEO-related literature. This trend can be logically explained by the significant time
investment associated with particle synthesis, the need for precise size control under laboratory
conditions, and, in many cases, the lack of appropriate equipment or sufficient researcher
expertise. Conversely, in-house particle synthesis may be preferable under -certain
circumstances, such as when commercial particles are prohibitively expensive, difficult to
obtain (particularly in the case of rare compounds or bi-/multiphase particles), contain
unacceptable impurities, exhibit insufficient purity, or are unavailable in the desired size or
morphology.

In Section 1.4 of the literature review, it was established that the use of particles larger
than approximately 2—3 pm is generally ineffective due to spatial and other constraints. In the
case of CC, an additional limitation arises at the lower end of the size range: particles as small
as ~500 nm may also be undesirable (Section 1.4) because of their relatively low thermal
stability. The availability of commercial particles within the critical size range of ~500 nm to
2-3 pm is limited. In this interval, HA particles dominate the market (e.g., Fluodinova SA,
Portugal), whereas CC particles offered by leading trusted suppliers, such as Sigma-Aldrich
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(USA), are typically available only in much larger sizes, often several tens of micrometers.
Moreover, CC particles within the desired size range are frequently surface-modified to impart
hydrophobic properties (e.g., CACO3-108, Getnano, France), which is disadvantageous for
their use in aqueous PEO electrolytes. In contrast, HA particles are designed specifically for
biomedical research (Fluodinova SA, Portugal) and are well-suited for PEO applications due to
their spherical morphology, which facilitates wetting and stable suspension in the electrolyte.
However, CC particles with diameters of ~50 um or greater far exceed the upper size limit for
effective incorporation, eliminating the possibility of their integration into the coating. These
factors collectively highlight the necessity of exploring tailored synthesis strategies for
producing CC particles with appropriate properties for use in the PEO process.

Nevertheless, a control experiment was necessary to verify the validity of this
assumption and to determine whether any indirect influence of the particles on the surface
properties could be observed — namely, whether there was any measurable particle
participation in the process. The fundamental surface characteristics selected for evaluation
included morphology and calcium atomic fraction (analyzed via SEM/EDX), surface roughness
(contact profilometry), and wettability (water contact angle). The experimental parameters were
as follows: a base electrolyte of 50 mM NaHPOg, a limiting voltage of 450 V, a particle
concentration of 100 g-L™!, and commercially pure titanium as the substrate. CC microparticles
(Sigma-Aldrich, USA) were added in small portions and dispersed using prolonged
ultrasonication for 24 hours. This approach was intended not only to minimize particle
agglomeration but also to potentially accelerate the dissolution of CC followed by its
recrystallization into smaller particles [324]. For comparison, a reference bath without particle
addition was prepared under identical conditions. As supporting evidence, coatings were also
fabricated using commercial HA microparticles (Fluodinova SA, Portugal) under the same
processing parameters, except for a lower particle concentration of 20 g-L~'. The results of these
experiments are presented in Figure 9.

Figure 9. The effect of commercial particles on the surface morphology, average roughness (Ra, um),
wettability (contact angle, °), and calcium atomic fraction (%) of PEO coatings prepared in Na2HPOa-
based electrolytes. From left to right: coating without particles, coating with HA particle addition, and
coating with CC particle addition (scale bar: 50 pm).

Based on the results shown in Figure 9, a PEO layer was successfully formed in all three
baths. However, as expected, HA particles exhibited a much more pronounced effect on the
modification of the coating properties. The most critical parameter in this context is the calcium
content, which directly indicates particle incorporation. For the HA-containing coating, the Ca
atomic fraction reached 4.36%, clearly demonstrating a substantial contribution of HA particles
to the coating growth. The second most significant indicator of particle incorporation is the
appearance of particulate inclusions on the coating surface. However, this parameter is not
always fully reliable. Under certain PEO processing conditions involving more intense
discharges, the particles may partially melt and lose their original morphology during
incorporation. This phenomenon was partially observed in subsequent experiments (Section
4.2, Figure 11), where the incorporated particles were less distinguishable from the surrounding
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matrix. In parallel, changes in roughness and wettability provided additional indirect
confirmation of particle involvement. The mechanisms underlying the influence of particles on
these properties are discussed in detail in Section 4.2.3, in the context of evaluating the effect
of CaP particle crystallinity on PEO coating characteristics.

In contrast, for CC-containing electrolytes, all analyzed properties of the PEO layer
remained virtually unchanged. Only minor variations were observed in contact angle and
surface roughness, while the Ca atomic fraction of 0.09% likely reflects limited CC dissolution
followed by the incorporation of a small amount of calcium ions rather than intact CC particles.
This value is insufficient even from the perspective of total calcium incorporation, let alone
when considering calcium specifically in the form of CC or HA. Furthermore, surface
morphology analysis did not reveal any visible CC particles within the coating. A slight
reduction in overall porosity was observed compared to the particle-free reference sample. This
effect is most likely attributable to a modest decrease in electrolyte conductivity caused by the
relatively high CC concentration (100 g-L™"), where the particles acted as physical barriers to
electrical current flow. Overall, these findings indicate that direct utilization of commercial CC
particles with a typical size of ~50 um is ineffective, even when subjected to prolonged
ultrasonication aimed at dispersion and partial size reduction, as well as purposeful selection of
a higher particle concentration of 100 g-L™'. Consequently, tailored synthesis of CC particles
undoubtedly emerges as a more promising strategy to obtain particles with properties suitable
for PEO applications.

4.2. Part II — Particle crystallinity effect

As an introduction to Section 4.2, it is important to refer back to the literature review
(Section 1.3.5) and reiterate earlier conclusions regarding the current understanding of the
interrelationship between particle characteristics and PEO coating properties. To date,
important initial steps have been taken to elucidate these interconnections. Among the most
extensively studied particle parameters are chemical stability, melting point, and size [19], [30],
[31], [213]; however, particular attention has recently been devoted to the latter. For example,
it has been demonstrated that both micro- and nanosized particles can be readily incorporated
into PEO coatings, albeit through different mechanisms depending on particle size [31], [213].
This difference has been shown to exert a pronounced influence on coating properties such as
surface morphology, pore size, vertical distribution of the introduced elements, wettability, and
bioactivity. Based on the available experimental evidence, it is advisable to select a particle size
large enough to minimize rapid melting and extensive phase transformations of the incorporated
compound, yet small enough to remain comparable to the pore (discharge) dimensions [19],
[30].

It is evident that the range of particle characteristics influencing PEO coating properties
extends far beyond the parameters discussed above, indicating the necessity for further
systematic investigations to elucidate the role of each relevant factor, both independently and
in combination. In the context of Ca{ particles, a comprehensive understanding of these
interdependencies is particularly important for optimizing PEO-modified metallic implants.
One critical parameter, largely unexplored in previous research yet highly relevant to
implantology, is crystallinity. For bioactive coatings, crystallinity plays a decisive role in
controlling both degradation kinetics and the rate of osteointegration, thereby directly affecting
the functional performance of bone implants within the physiological environment [325], [326].
Evidence suggests the existence of an optimal crystallinity level, adherence to which yields the
most favorable outcomes in implant fabrication [327]. Within specific artificial biological
matrices, crystallinity can be readily tuned by adjusting the ratio of HA to amorphous TCP—
two abundant and extensively studied bioactive compounds [328] that represent opposite
extremes of structural order. More broadly, the concept of crystallinity holds significant
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relevance for the development of coatings across a variety of applications, extending well
beyond the biomedical field [329].

Given that the influence of particle addition on the progression of PEO processes in
suspensions is often ambiguous and difficult to predict—and that, as demonstrated in previous
studies, variations in particle type can cause substantial changes in the resulting oxide
coatings[31], [32], [133], [213]—it is reasonable to hypothesize that crystallinity is no
exception. In this context, the lower mass density and less well-defined morphology of
amorphous particles may account for possible differences in their behavior. Furthermore,
assumptions regarding the tendency of amorphous particles to undergo crystallization during
PEO, and the consequent changes in coating properties arising from such transformations, can
lead to contradictory interpretations. For these reasons, the preliminary experiments—including
those described in Section 4.1—initially also incorporated an assessment of the effect of particle
crystallinity on PEO coating characteristics. However, due to the multifaceted nature of this
comparison and the large number of ambiguous findings, the investigation of this parameter
was designated as a separate part of the study (Part II).

The primary aim of the present study was to describe, compare, and interpret changes
in the physicochemical properties of oxide coatings induced by the incorporation of crystalline
and amorphous CaP particles into the PEO electrolyte, to elucidate their interrelation with the
bioactivity of the resulting coatings, and to assess the applicability of these findings with
particular emphasis on implantology. In the experimental work, both commercially pure
titanium and the titanium—aluminum—vanadium alloy (Ti6Al4V, TAV) were selected as
substrates for coating deposition. In addition to their widespread use in biomedical applications,
the key motivation for employing both materials was to evaluate the repeatability and
reproducibility of the results—namely, the coating properties—when PEO processing is applied
to substrates with differing elemental compositions.

As crystalline particles, a previously tested commercial spray-dried HA powder with an
average particle size of 2.5 um was selected, as it had already demonstrated the ability to
incorporate into the PEO layer and to modify its morphology. It should be noted, however, that
the actual mean size of these commercial HA particles was an order of magnitude smaller—
approximately 400 nm—as determined by SEM analysis (Section 4.2.1). Amorphous particles
were synthesized separately in order to eliminate the influence of particle size by matching it
as closely as possible to that of the crystalline HA. For this purpose, the classical wet
precipitation method was employed, as unlike the neutralization reaction route [330], it favors
the formation of more compact structures, somewhat resembling spray-dried spheres (Figure
10), though generally larger in size. This size increase can be attributed, in part, to filtration
effects during the removal of ionic by-products of the exchange reaction, making subsequent
thorough ultrasonic treatment necessary.

The investigation of particle crystallinity was carried out in parallel with the
experiments described in Section 4.1, prior to the final determination of the optimal process
parameters, such as PEO voltage and bath pH. Consequently, the conditions applied here do not
correspond exactly to those ultimately selected for the fabrication of CC—HA coatings (Section
4.3). On the other hand, the present study focuses on particles as a general concept, and the use
of carbonate particles with varying degrees of crystallinity could be regarded solely as a specific
case—one that coincidentally aligns with the broader aim of this research part. In other words,
employing carbonate particles was not a prerequisite for this experiment, and the coating
preparation parameters were not required to be perfectly tailored to carbonate-based baths. It
should be emphasized, however, that the choice of CaP—based particles was largely dictated by
their more accessible, straightforward, and easily adjustable synthesis procedure [331]
compared with other biominerals, including CC.

For clarity of presentation, in the current Section 4.2 the crystalline and amorphous
particles are designated with the prefixes c- and a-, respectively. These prefixes also apply to
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the corresponding baths and coatings produced. The blank bath and its resulting coatings are
denoted by the prefix b-.

4.2.1. Suspension characterization

Prior to initiating the experimental coating fabrication, the solid particles employed in
the c-HAP and a-TCP electrolytes underwent thorough characterization using multiple
analytical techniques. This evaluation highlighted both similarities and distinctions in their
fundamental properties, which could potentially influence the PEO process. Nevertheless, this
comparison alone was insufficient to guarantee complete objectivity in the investigation. Even
when particles exhibit nearly identical chemical characteristics and solubility, they may still
impact the electrolyte properties differently after suspension preparation, subsequently altering
the PEO kinetics and mechanism, and ultimately modifying the coating features. To account for
this, additional key parameters of the reaction medium—electrical conductivity, calcium ion
concentration, and pH—were also measured [332], [333]. A summary of the particle
characterization is provided in Figure 10. SEM imaging revealed clear distinctions in particle
shape and surface morphology: crystalline HAP particles exhibited a well-defined, rounded
geometry with smooth surfaces, whereas amorphous TCP particles displayed a less uniform,
though approximately spherical, form. Additionally, the amorphous particles possessed a more
developed surface area, reduced mass density, and a pronounced tendency to aggregate into
complex structures, making it challenging to visually distinguish individual particle boundaries.
These features are typical for amorphous particles synthesized via wet precipitation methods,
as similarly reported in previous studies [334], [335], [336].

The particle size distribution curves represent the frequency of particles as a function of
their diametral cross-sectional area in a two-dimensional space. Given the wide range of values
observed for both crystalline and amorphous particles (0.05-10 pm?), the x-axis is displayed on
a logarithmic scale for improved visualization. Both distributions exhibited a single dominant
peak corresponding to the most prevalent particle size (0.46 um? for crystalline HAP and 0.42
um? for amorphous TCP), indicated by dotted lines and labeled as the median (M). Similarly,
the mean cross-sectional areas (A)—represented by dashed lines—were also closely aligned
between the two types of particles (0.77 um? for HAP and 0.71 pm? for TCP). The primary
distinction was in the full width at half maximum (FWHM) of the peaks, which was narrower
for the amorphous sample (0.53 pum?), suggesting a slightly more uniform particle size
distribution. However, this difference is unlikely to significantly impact the PEO process, as
both electrolytes contained a substantial proportion of particles spanning a similar size range.
Consequently, particle size can be regarded as comparable, enabling a fair comparison of the
PEO coatings produced in the respective electrolytes.

The negligible difference in particle sizes effectively minimized potential variations in
factors such as melting behavior under the short-lived sparks generated during PEO (with
localized temperatures reaching up to 10,000 K) [337], particle penetration into the porous
oxide layer [31], and the subsequent incorporation mechanism [338]. The mean particle size
was comparable to the pore dimensions typically formed on Ti substrates under similar
electrical conditions [339], [340], thereby increasing the likelihood of particle incorporation
and producing noticeable modifications in the surface morphology of the resulting oxide
coatings. Consistent with the observations of Lu et al. [30], who reported that particles ranging
from 0.1 to 10 pm are most commonly introduced into electrolytes, recalculations based on the
diametral cross-sectional areas of the approximately spherical particles revealed that ~95% of
both crystalline HAP and amorphous TCP particles in this study had diameters within the 0.35—
2.50 pm range.

FTIR spectra of both particle powders exhibited all characteristic signals of an apatitic
structure [341], notably the strong absorption bands around 550 cm™ and 1030 cm™,
corresponding to the v4 and v3 vibrational modes of the phosphate ion. Additional weaker
signals detected in the 860—880 cm™ and 1350-1650 cm™ regions suggested the presence of
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carbonates within the molecular structure of both CaPs. While the spectral peak positions were
identical for the two samples, the amorphous TCP spectrum showed two major distinctions: (i)
a significantly more intense, broad band near 3000 cm™!, attributed to OH groups, and (ii) a
smoother appearance of the vibrational signals. The enhanced OH absorption primarily resulted
from ethanol washing during amorphous TCP synthesis and the higher specific surface area of
the particles, which increased water adsorption [342]. The signal smoothing reflected the lower
crystallinity of amorphous TCP particles [343]. The degree of crystallinity was further validated
via X-ray diffraction (XRD), where the patterns were consistent with crystalline and amorphous
materials, respectively. For crystalline HAP, sharp diffraction peaks confirmed stoichiometric
composition, whereas the amorphous TCP sample displayed a single broad peak near 30°,
typical of non-crystalline CaP phases [335].

To further validate the previous findings, thermogravimetric analysis (TGA) was
conducted over a temperature range from ambient conditions to 1000 °C. The results revealed
total mass losses of 6% for crystalline HAP and 9% for amorphous TCP. Interestingly, the
derivative thermogravimetric (DTG) curves displayed atypical behavior within the 100—400 °C
range, which, as previously indicated by FTIR results, stemmed from the higher amount of
adsorbed compounds in the synthesized amorphous TCP powder. Additionally, the DTG profile
of amorphous TCP exhibited a distinct peak at 650 °C, absent in the crystalline HAP sample.
This feature was most likely linked to variations in carbonate incorporation modes within the
apatite structure [344]. Concurrently, the sharp increase observed in the differential thermal
analysis (DTA) curve of amorphous TCP at the same temperature was attributed to its
crystallization process [345].

Electrolyte properties are summarized in Table 5. The detected calcium content in both
c-HAP and a-TCP electrolytes originated from natural particle dissolution. The concentrations,
measured in only a few mg-L™!, were too low to consider dissolved calcium as a competing
source of this element for incorporation into the resulting oxide coatings. This ensured that
particle incorporation could be assessed with minimal interference. Among the tested systems,
the blank electrolyte exhibited the highest electrical conductivity, which can be logically
attributed to the absence of suspended particles that would otherwise impede current flow [346].
The slightly lower conductivity observed in the a-TCP electrolyte was likely due to the larger
specific surface area of its particles and the additional adsorption of phosphate ions from the
solution, further reducing ion mobility. Despite this, the conductivities (G) of both c-HAP and
a-TCP electrolytes remained comparable and, importantly, indicated that no significant particle
agglomeration occurred within the prepared suspensions.

Table 5. Calcium ion concentration, electrical conductivity (G), and pH values of the prepared PEO
electrolytes measured before and after pH adjustment.

Electrolyte Ca”, mg-L! G, mS-cm’! pH before pH after

Blank not detected 7.31+0.05 4.55+£0.02 7.49 £0.03
c-HAP 1.6 0.2 6.72 £0.09 6.82 +£0.04 7.44 £0.03
a-TCP 2.5+0.3 6.55+0.12 7.46 = 0.03 not adjusted

It was observed that introducing particles into the electrolyte increased its pH by 2-3
units, mainly due to adsorbed carbonates on the particle surfaces. This effect was most
pronounced for amorphous TCP, which resulted in the highest pH among the tested electrolytes.
To equalize these differences and avoid complications related to electrolyte composition, the
pH was adjusted using a 0.1 M K2COs solution. Following this adjustment, the pH variation
between electrolytes was reduced to less than 0.05. Beyond pH standardization, this correction
offered additional advantages: it established a neutral medium that minimized CaP solubility,
slowed the crystallization rate of amorphous TCP [347], and imparted a slightly negative zeta
potential to the suspension, given that the isoelectric point of HAP typically lies between 7.0
and 7.7 depending on the electrolyte composition [348], [349]. Under these conditions, rapid
migration of suspended particles toward the anode during DC-mode PEO was prevented,
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thereby avoiding the formation of a dense amorphous macro-layer of unreacted particles on the
substrate surface.
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Figure 10. Comparison of the properties of crystalline HAP and amorphous TCP particles used for
preparation of PEO electrolytes.

Based on the collected data, both CaP powders demonstrated characteristics consistent
with their respective degrees of crystallinity, while exhibiting minimal differences in particle
size and other key parameters. Additionally, their calcium and phosphorus contents were
proportional and in line with the expected stoichiometry (Section 3.2.1). The close similarity in
the solid mass fractions of calcium and phosphorus—differing by only about 4% and 6%,
respectively—provides a solid foundation for objectively comparing coating properties with
crystallinity as the primary variable. Literature reports suggest that more pronounced disparities
in elemental composition could significantly affect coating characteristics, particularly
bioactivity [185], [350]. Furthermore, suspensions prepared with these particles displayed
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nearly identical electrical conductivity and calcium ion concentrations, with pH values
subsequently adjusted to ensure comparability (Table 5).

4.2.2. Surface morphology and porosity

To initiate the comparative analysis of coatings produced by PEO in blank, c-HAP, and
a-TCP electrolytes, SEM was employed at various magnifications to examine surface
morphology and derive initial insights into particle incorporation behavior. Low-magnification
observations (50%, 100%, and 250%) consistently revealed that all coatings exhibited a uniform
surface morphology across the entire sample area, with no localized anomalies. This uniformity
justified selecting random locations for high-magnification imaging to obtain representative
morphological data. Distinct differences in surface features became evident starting from 1000x
magnification. SEM micrographs captured at 2000x (Figure 11, top rows) highlighted
variations in microporosity and enabled pore size comparison, while higher magnification
images (8000%, bottom rows) revealed clear distinctions in pore geometry, ultramicroporosity,
inter-pore connectivity, and particle incorporation within the oxide layer. In all cases, a porous
oxide coating was formed, though the degree and nature of porosity varied among the samples.

Since visual inspection alone was insufficient to objectively distinguish differences in
coating morphology, statistical analysis was applied to validate or challenge the preliminary
observations and to better elucidate the effects of adding crystalline HAP and amorphous TCP
particles to the PEO electrolyte. The pore areas of the coatings were quantified, and the resulting
data were used to generate a plot (Figure 12) illustrating the relative contribution of pores of
different sizes to the overall two-dimensional porosity. To enable direct comparison with
particle dimensions, the x-axis range was set identical to that used in Figure 10 (‘Particle size’),
where crystalline HAP and amorphous TCP particles occupied 96% and 94% of the two-
dimensional space within a diametral cross-sectional area range of 0.1-5 um?. In addition to the
distribution curves, Figure 12 also reports the total coating porosity, expressed as the percentage
of the two-dimensional surface area covered by pores.

To clarify the concept behind this data representation, consider first the black dashed
line corresponding to the b-Ti coating. For pores with an area of 0.8 pm?, multiplying the pore
count by their respective area (0.8 um?) yields a nominal value of 0.4, which is shown on the
plot as relative abundance. Performing the same calculation for pores with an area of 0.2 um?
results in a value of 0.8. This indicates that pores of 0.2 um? contribute twice as much to the
total porosity of this coating as pores of 0.8 um?. When comparing coatings, this relationship
further implies that, for example, upon adding crystalline HAP particles to the electrolyte, the
total pore area of 1.0 um? pores on the c-TAV coating becomes approximately 3.5 times greater
than that observed on the b-TAV coating.

By analyzing the curve profiles in Figure 12, several conclusions can be drawn
regarding coating porosity. First, the presence of a distinct peak maximum in each curve
facilitated the identification of the most prevalent pore area, while the sharpness of the peak
served as a direct indicator of coating uniformity and the absence of structural defects. Based
on this parameter, the c-Ti and a-Ti coatings demonstrated the highest degree of homogeneity.
Nevertheless, both the b-coatings and the c-TAV coating could also be classified as relatively
uniform. In contrast, the elongated shape of the a-TAV curve suggested a less homogeneous
structure, a finding that aligns with visual SEM observations (Figure 11). When comparing
electrolytes, the smallest variation in porosity between Ti and TAV substrates occurred with the
blank electrolyte: the b-TAV coating’s curve appeared only slightly below that of b-Ti. In the
other electrolytes, the differences were more pronounced—and in some cases substantial—
indicating that particle addition significantly modified the coating morphology on different
substrates. This conclusion also applies to c-coatings following pore size distribution analysis.
Overall, the morphology analysis highlights several distinctive features for each coating type,
summarized in Table 6.
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Electrolyte
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Blank

5 pum
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c-HAP
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Figure 11. SEM micrographs of the coating surfaces obtained in different electrolytes, captured at lower
(2000x%, top row) and higher (8000%, bottom row) magnifications, illustrating variations in surface

morphology, pore structure, and particle incorporation.
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Figure 12. Distribution curves illustrating the contribution of pores of varying sizes to the overall two-
dimensional porosity of oxide coatings formed on Ti and TAV substrates.
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Table 6. Summary of coating surface porosity characteristics.

Characteristics Ti coatings TAV coatings
b- c- a- b- c- a-
Definite pore shape v partly X v partly X
Uniformity in pore size X partly v X partly X
Dominance of ultramicropores v X v v X X
Pores larger than 1.0 um? in area partly v X partly v v

The analysis of the distribution curves further supports the proposed hypothesis
regarding particle incorporation patterns. Considering that particles with diametral cross-
sectional areas up to at least 5.0 um? were present in the electrolytes (Supplementary Data 1),
and using the 0.3—1.0 um? pore area range as a reference, it appears likely that, following the
PEO process, amorphous TCP particles primarily accumulated on the coating surface, whereas
crystalline HAP particles were predominantly incorporated into the middle layers of the oxide
coatings. At the initial stage of PEO, smaller, spherical crystalline HAP particles could more
easily penetrate the pores, leading to further lateral expansion and an overall increase in surface
porosity. In contrast, amorphous TCP particles, with their higher surface development, were
more prone to adhering to the outer surface of the coating, irrespective of particle size. These
particles could partially melt and even seal larger pores. Nevertheless, larger crystalline HAP
particles might still become incorporated during the later stages of the process, when
sufficiently large pores had formed, providing the necessary physical space for their
entrapment. This assumption is further supported by the presence of localized regions with
reduced porosity (~5 x 5 um) observed on c-Ti and c-TAV coatings (Figure 11). To verify these
hypotheses, EDX analysis was performed, with results presented and discussed in Section 4.2.3.

The literature offers no clear consensus on the relationship between particle addition to
the PEO electrolyte and the resulting coating morphology and porosity, largely due to the
diverse range of particles with varying properties employed across different studies. The
influence of particles on coating characteristics appears to be highly system-specific, making
detailed cross-study comparisons challenging. Nonetheless, qualitative changes relative to
blank coatings are consistently observed, regardless of the specific PEO parameters or substrate
used for oxide layer formation [292], [351], [352]. Our findings, particularly the evident
presence of incorporated CaPs within pore connections, align with the observations of Seyfoori
et al. [215], who introduced crystalline HAP nanoparticles into a PEO electrolyte to fabricate
biphasic CaP-containing films on a magnesium alloy. In their study, the PEO-treated coatings
displayed pore connections enriched with spherical inclusions measuring 70—100 nm.
Conversely, when micro-sized CaP particles were added, a general reduction in coating porosity
was reported, although the extent of this effect strongly depended on the applied electrical
parameters and the pH of the electrolyte [31], [353].

4.2.3. Roughness and wettability

The water contact angle (CA) measurements and surface roughness results of the
coatings are summarized in Table 7. The reported CA, Ra, and Rz values represent averages
calculated from sixteen measurements taken across four distinct regions of four coating
replicates. Original images from the wettability tests are presented in Figure 13. Regarding the
contact angle (CA), the measured values did not differ substantially enough to classify the
coatings as distinctly hydrophobic or hydrophilic relative to one another. However, using a CA
of 90° as the reference point for wettability—a widely accepted criterion [354]—the coatings
can be described as slightly hydrophobic (b- and c-coatings) or slightly hydrophilic (a-
coatings). This classification applied consistently to coatings on both substrates, as indicated
by nearly identical CA values for coatings formed in the same electrolytes. The influence of
particle incorporation on wettability was evident, particularly for the a-coatings, which
exhibited a pronounced shift toward hydrophilicity, accompanied by an approximate 40%
decrease in CA. The trends in surface roughness followed a similar pattern to CA changes:
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while the increase in roughness for c-coatings was less than 20% compared to b-coatings, the
roughness of a-coatings was 2—-3 times higher. Furthermore, coatings on TAV substrates were
more sensitive to particle addition, displaying more substantial and consistent increases in
roughness than those formed on Ti.

Table 7. Average solid-liquid CA and roughness (Ra, Rz) values of oxide coatings prepared in different
electrolytes.

Substrate  Electrolyte CA,° Ra, pm Rz, um
Blank 107.2 0.36 1.43
Ti c-HAP 97.8 0.42 1.69
a-TCP 76.9 0.75 2.71
Blank 107.3 0.44 1.62
TAV c-HAP 98.5 0.59 2.19
a-TCP 79.3 1.16 4.34

Binding the porosity data (Figure 12) along with roughness and CA measurements
(Table 7), comparative plots were constructed (Figure 14) to visually assess correlations among
these parameters as a function of substrate type and electrolyte composition. If one were to
consider only the effect of roughness changes [355] while disregarding the influence of CaP
particle incorporation [356], the Wenzel model [357] would predict that the observed increase
in roughness along the blank — c-HAP — a-TCP sequence should decrease wettability, given
that b-coatings initially exhibited slight hydrophobicity. In practice, however, the experimental
results demonstrated a markedly different trend, contradicting this theoretical expectation. One
might attribute the decrease in CA for c-coatings to their increased porosity relative to b-
coatings [358], [359], yet this explanation does not hold for a-coatings, where wettability
increased even more significantly despite lower porosity. These observations strongly suggest
that particle incorporation occurred during coating formation. Similar reductions in CA—
typically 30-50% compared to blank coatings—have been reported in other PEO studies
following the incorporation of HA [352] and other hydrophilic particles [360], [361].

Ti substrate TAV substrate

106.2°

Blank

96.4° 98.2°
c-HAP

76.8° 78.2°
a-TCP

Figure 13. Original images from the contact angle (CA) measurements along with the corresponding
CA values obtained during testing.
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Figure 14. Summary plot illustrating the measured contact angles (CA), average surface roughness, and
two-dimensional porosity values of the oxide coatings prepared on Ti and TAV substrates in different
electrolytes.

Several observations further support the conclusion that the observed changes in CA
were primarily driven by the presence of CaP phases, with surface roughness playing only a
secondary role [362], [363]. Quantitatively, this is evidenced by the pronounced differences in
roughness and porosity between b-Ti and b-TAV coatings, despite their identical CA values,
even when accounting for the substrates’ distinct chemical compositions. A similar pattern was
observed for the a-coatings, which showed nearly identical wettability (CA difference of only
3°) despite substantial differences in roughness and porosity. Thus, while Figure 14 illustrates
a clear correlation between CA and roughness for Ti and TAV coatings, these parameters can
be considered independent in this context, both resulting from CaP phase incorporation rather
than directly influencing each other. This behavior indirectly suggests a higher mass fraction of
CaP phases in a-coatings compared to c-coatings. However, unlike SEM analysis, CA
measurements alone cannot confirm whether these phases are present as solid particles.
Moreover, the negligible differences in surface wettability between c-coatings and between a-
coatings produced on Ti and TAV substrates indicate that particle incorporation mechanisms
and CaP content in the surface layers are largely substrate-independent and primarily governed
by particle properties.

Changes in the roughness of oxide coatings are known to be influenced by a
combination of particle properties, including melting point, chemical composition, and size
[30]. Previous studies have reported varying effects of particle incorporation, with coating
roughness either increasing [215], decreasing [31], or remaining largely unchanged [364].
Considering that the crystalline HAP and amorphous TCP particles added to the electrolytes
had diametral cross-sectional areas comparable to the typical pore sizes of oxide coatings
formed on Ti substrates [340], and that CaPs generally undergo inert incorporation during PEO
due to their relatively high melting points [30], it was anticipated that their interaction with the
oxide layer would noticeably increase surface roughness. The most significant roughness
enhancement was observed in a-coatings, where Ra values for coatings on Ti and TAV
substrates were 108% and 164% higher, respectively, than those of the corresponding b-
coatings. Similar findings, both in absolute and relative terms, were reported by Ma et al. [352],
who incorporated HAP nanoparticles into PEO-derived bioactive coatings on Ti substrates
under pulse current conditions. In that study, the roughness of the particle-free coating measured
0.49 pm, whereas the addition of nanoparticles produced a more than threefold increase,
reaching 1.55 pm.

The substantially greater roughness observed for a-coatings provides further
confirmation of the SEM-based findings that amorphous TCP particles preferentially adhere to
the outer surface layers of the coating, unlike crystalline HAP particles. Crystalline HAP tended
to partially fill surface pores, which could have theoretically resulted in a reduction in roughness
compared to b-coatings. However, the observed increase in roughness was attributed to the
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formation of thickened pore walls. Additionally, the higher roughness measured for the c-TAV
coating compared to the c-Ti coating (0.59 pm vs. 0.42 um) aligns with the distribution trends
seen in Figure 12, which indicated a larger average pore contribution for c-TAV. The even more
pronounced roughness difference between the a-coatings (0.75 um for Ti and 1.16 um for TAV)
also matches the SEM observations. Despite its lower overall surface porosity, the a-TAV
coating exhibited increased roughness primarily due to the presence of periodically occurring
large pores, which were larger than those found in the other coatings.

Summarizing the intermediate findings on the surface characteristics (morphology, porosity,
roughness, and wettability), the following key conclusions can be drawn:

1. Particle incorporation: Both crystalline HAP and amorphous TCP particles were
successfully incorporated into the coatings, as directly confirmed by SEM analysis and
indirectly supported by CA and roughness data.

2. Homogeneity: All coatings deposited on Ti and TAV substrates exhibited homogeneity
at both micro- and macro-scales.

3. Particle-specific effects: While both types of particles influenced all investigated
parameters, amorphous TCP produced more pronounced changes compared to the Blank
coatings.

4. Minimal wettability dependence on substrate: The chemical composition of the
substrate had only a minor impact on coating wettability, suggesting a consistent degree
of particle incorporation for both crystalline and amorphous particles.

5. Substrate effect on morphology: The substrate composition had a moderate influence
on the morphology, porosity, and roughness of c-coatings, whereas this effect was
significantly stronger for a-coatings.

6. Incorporation behavior: The observed differences in morphology between c- and a-
coatings, along with the enhanced wettability and roughness of a-coatings, are most
likely attributed to the surface characteristics of the amorphous TCP particles, which
facilitated their more active incorporation into the surface layers.

Further validation of conclusions (4) and (6) is presented in Sections 4.2.4 and 4.2.5.
Moreover, since the use of amorphous TCP resulted in coatings with improved wettability,
increased micro-roughness, and reduced total porosity, incorporating these particles into PEO
electrolytes appears to be the more advantageous approach for enhancing the biological
performance of the coatings. Such modifications are expected to promote cell adhesion,
attachment, and proliferation more effectively, ultimately leading to superior osteointegration
of implants [365], [366], [367].

4.2.4. Coating thickness

Since crystalline HAP and amorphous TCP particles were shown to significantly
influence the surface properties of the coatings, the study was extended to examine the internal
structure of the oxide layers down to the barrier layer at the substrate interface. The aim was
not only to verify the presence of the oxide layer but also to evaluate its uniformity, density,
and thickness, as well as the effects of the electrolyte and substrate on these characteristics.
Figure 15 presents cross-sectional images of the coatings along with average thickness values
and error margins, enabling an assessment of thickness uniformity. The displayed areas
primarily highlight the layer’s density and structure rather than precise thickness measurements
due to magnification limitations. The upper regions correspond to the resin used for sample
mounting during cross-section preparation. Although some polishing-induced irregularities
were observed during SEM examination, they were corrected; in Figure 15, the resin appears
as a uniform black background.

In all samples, a distinct oxide layer was evident, clearly differentiated from the lighter
region of the pure substrate. Visual inspection indicated that particle addition consistently
increased layer thickness. As with surface properties, structural changes were more pronounced
in the a-coatings, producing substrate-specific results. Quantitatively, c-coatings were 25-50%
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thicker than b-coatings, whereas a-coatings showed thickness increases of approximately 60%
on Ti and 40% on TAV substrates. However, the thickness difference between b- and c-coatings
remained negligible, falling within the experimental error range.

Electrolyte Ti TAV
Blank
h,=2.6%0.5
RSD=18%
c-HAP
a-TCP

Figure 15. SEM cross-sectional images of oxide coatings formed on Ti and TAV substrates, along with
the calculated average oxide layer thickness (ha, pm).

The oxide layer thickness uniformity for the blank coating showed an RSD of 16—18%.
Incorporating crystalline HAP particles slightly improved homogeneity, lowering RSD by 3%,
likely due to partial closure of surface pores. In contrast, a-coatings exhibited reduced
uniformity, particularly on TAV substrates. This can be attributed to the stronger adherence of
amorphous TCP particles, forming a denser calcium-phosphate layer. For a-TAV coatings,
additional factors likely contributed to barrier layer curvature during PEO, possibly related to
phase composition changes (discussed in Section 4.2.6). As a result, the RSD increased to 31%,
reflecting uneven oxide layer boundaries. This deformation also explains the smaller average
thickness of a-TAV compared to a-Ti. The observed local heterogeneity, responsible for
increased roughness, indicates that no unwanted macro-sized particle clusters were deposited
during coating formation. Supporting this, representative images in Figure 15 show that the
local thickness difference (marked by yellow bullets) remained below the surface roughness
(Rz) values for both substrates (Table 7), being approximately twice smaller (Aha.1i = 1.5 < Rza-
1i = 2.71; Ahatav = 2.2 < Rza-1av = 4.34).

Accurate visual assessment of layer density was challenging because the cross-section
preparation process partially smeared the oxide’s porous structure. After applying corrections,
however, it was possible to detect larger pores and internal macro-defects. A higher density of
dark dots and spots indicated larger cavities, revealing that the densest layers were found in
both b-coatings and the a-Ti coating. In contrast, c-Ti, c-TAV, and a-Ti coatings displayed
increasing numbers of dotted dark regions in that order. For c-Ti and c-TAV, these features likely
resulted from slight structural deformation caused by the incorporation of larger crystalline
HAP particles. In a-Ti, the effect was further intensified by barrier layer deformation previously
discussed. Since no particles were involved in b-coating formation and inhomogeneity factors
were minimized, these coatings exhibited more uniform and systematically grown dense oxide
layers.

The obtained results are consistent with literature reports indicating that, under a
potentiostatic DC regime, oxide coating thickness typically does not exceed a few tens of

83



microns [93]. Specifically, CaP coatings produced under comparable conditions usually reach
2—10 pum [31], [180], [199], [215], whereas alternating current processes incorporating HAP
particles can achieve up to twice this value, reaching ~20 um [368]. Beyond current type and
electrical parameters, coating thickness also depends on processing time and electrolyte
concentration [239], both of which generally increase layer growth. Although particle addition
usually has minimal influence on thickness, significant thickening or thinning has occasionally
been reported [369]. In this study, since oxidation conditions were identical, the observed
thickness variations can be attributed solely to particle presence, their incorporation
mechanism, and their interactions with the oxide layer, which are strongly linked to their
differing physicochemical properties (Figure 10).

4.2.5. Elemental composition in a cross-section

Previous sections discussed particle incorporation and its impact on oxide coating
properties. However, conclusions regarding CaP phases were primarily inferred indirectly.
Similarly, the hypothesis of increased CaP content in the outer regions of coatings with
amorphous particle addition was not yet experimentally confirmed. To validate these
assumptions, chemical analysis of cross-sections was conducted in four distinct regions of each
coating, and the average elemental profiles were plotted as a function of relative coating depth
(Figure 16). As an illustration of profile generation, Figure 19 shows four calcium concentration
profiles measured in different regions of the c-TAV coating, along with the resulting averaged
curve representing overall calcium distribution. Table 8 provides numerical data on calcium
content across coating areas, offering detailed insight into the incorporation of phases
originating from crystalline HAP and amorphous TCP particles. Representative point EDX
spectra recorded at various coating depths for two coatings are presented in Figure 17.

The prepared cross-sectional samples contained both primary coating constituents
formed during PEO and secondary components originating from the embedding resin and
sputtered gold. Consequently, elemental profiles included Ca, P, Ti, K, O, C, Au, and, for TAV
coatings, Al and V. For analysis, K, C, and Au were excluded due to their negligible relevance.
Although potassium was present in the electrolyte as ions alongside phosphates, its
incorporation into the coatings was minimal, not exceeding 0.2% (atomic ratio). For calculation
purposes, the combined atomic fractions of the remaining elements, excluding oxygen, were
normalized to 100%. Oxygen content was less informative because of its high abundance in
metal oxides, the electrolyte, and suspension components; therefore, its line scan profiles are
presented separately in Figure 18 as supporting evidence of oxide layer formation.

Analysis of all six coatings revealed no major differences between samples prepared in
the same electrolyte on different substrates, except for the expected absence of Al and V in Ti
substrates (Figure 17). For b-coatings, the elemental composition was virtually identical across
substrates, while in c- and a-coatings, calcium mass fractions varied by only 1-2% throughout
the measured depth (Table 8). The remaining elements exhibited comparable variation patterns
(Figure 17), including oxygen distribution (Figure 18). These findings indicate a highly
consistent particle incorporation behavior across the tested substrates and suggest a high
likelihood of similar results for other titanium-based coatings.

To visualize elemental distribution and assess the impact of particle addition, the spectra
(Figure 17, Figure 18) were divided into distinct regions. In the c-Ti and c-TAV coatings, region
0 represents the outermost layer adjacent to the surface, characterized by open porosity and a
low solid fraction, resulting in reduced atomic percentages of all elements. Moving inward to
region 1, the Ca content increased sharply, reaching levels comparable to Ti near the start of
this layer. Region 1 contained both closed and partially open pores with limited environmental
exposure and was particularly enriched in calcium, accompanied by a gradual rise in
phosphorus. Region 2 showed slightly fewer pores, evidenced by a steady increase in substrate
element fractions. Calcium decreased in this layer, while phosphorus initially exceeded
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calcium, peaked around the middle, and declined towards the end. In region 3, residual calcium
and phosphorus were still detectable but were rapidly displaced by substrate elements. The
pronounced increase in Ti, Al, and V, along with a reduction in oxygen content (Figure 18),
indicated pore closure, transition through a thin amorphous barrier layer, and eventual merging
into region 4—the pure substrate. Based on the calcium profile of the c-TAV coating, most
incorporated particles accumulated in region 1, though substantial amounts were also present
in the outer region 0 when compared to substrate element concentrations.
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Figure 16. Cross-sectional elemental composition of oxide coatings formed on Ti and TAV substrates
with crystalline HAP or amorphous TCP particle additions to the electrolyte. The upper panels show
data for Ti on a full atomic ratio scale, while the lower panels display all detected elements on a narrower
scale. Regions are defined as follows: 0 — outer layer with low calcium content; 1 — layer with elevated
calcium content; 0+1 — combined outer region with increased calcium; 2 — layer enriched in phosphorus;
3 — zone with markedly reduced porosity; 4 — uncoated substrate.
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Figure 17. Representative spot EDX spectra recorded at various depths from the surface of c-TAV and
a-Ti coatings.
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Figure 18. Relative oxygen abundance as a function of distance from the coating surface. Lines
represent averaged measurements taken at four different coating locations. Regions are defined as
follows: 0 — outer layer with low calcium content; 1 — layer with elevated calcium content; 0+1 —
combined outer region with increased calcium; 2 — layer enriched in phosphorus; 3 — zone with sharply
reduced porosity; 4 — uncoated substrate.

Similar behavior was observed for the a-Ti and a-TAV coatings, with one notable
distinction—these coatings contained significantly more calcium, particularly in the outer layer,
where its atomic fraction substantially exceeded that of Ti. As a result, layers 0 and 1 could not
be clearly separated, unlike in the c-coatings, and are therefore combined as “0 + 1" in Figure
17. The remaining regions of the a-coatings showed only minor differences and were designated
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using the same criteria as for the c-coatings. Although calcium levels in layers 2 and 3 of the a-
coatings were still slightly higher (Table 8), the variation was modest (1-2%). Consequently,
the use of amorphous particles enables the formation of oxide coatings with increased CaP
content. Supporting this, oxygen elemental profiles (Figure 18) indicate a slightly higher
relative oxygen abundance in the “O + 17 regions, further evidencing greater CaP phase
incorporation in the surface layers of a-coatings.
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Figure 19. Example of calcium distribution repeatability as a function of distance from the c-TAV
coating surface. Colored curves represent calcium content measured in four distinct regions of the
coating, while the black curve shows the averaged calcium profile.

Table 8. Calcium atomic fraction at different depths of oxide coatings produced with particle addition,
along with Ca/P ratios determined for their outer layers.

Atomic ratio (Ca), % Ca/P in the
Electrolyte = Substrate Layer 0 Layer 1 Layer 2 Layer 3 upper layer*
Ti 5.2 12.8 43 0.8 1.64
c-HAP TAV 4.6 11.3 3.9 1.0 1.62
Ti 11.6" 11.6" 6.1 1.7 1.52
a-TCP TAV 10.2° 10.2° 5.4 1.5 1.53

*

upper layer includes layer 0 and layer 1

Phosphorus profiles also provide valuable insights into the oxide layer structure. In all
coatings, the phosphorus concentration gradient was shifted toward deeper oxide regions. Since
phosphorus originated from phosphate ions (KH:PO4) in the electrolyte, its distribution
suggests that negatively charged phosphate ions were highly mobile during PEO, enabling
penetration into deeper porous structures while migrating toward the positive anode.
Consequently, phosphorus remained abundant in region 2 of both c- and a-coatings, whereas
CaP particles were physically hindered from reaching this depth. This makes phosphorus a
reliable indirect indicator of pore presence in deeper layers.

In upper layers, phosphorus served as a marker distinguishing regions with open versus
closed porosity. During post-treatment in an ultrasonic bath, phosphate species deposited on
pore openings during PEO were washed away from open regions but remained in closed regions
inaccessible to the washing solution. This effect is particularly evident in the b-coatings, where
phosphorus is nearly absent from outer layers, and in the “0” and “0 + 1” regions of c- and a-
coatings, where the Ca/P ratio closely matched that of the added CaP particles (Table 8). From
this, it can be infered that closed pores frequently appear beginning in the mid-section of region
1, coinciding with the peak calcium atomic fraction.

Comparable calcium distribution profiles for c- and a-coatings with respect to depth
have been reported in the literature. For instance, Lee et al. [199] observed maximum calcium
concentrations in the upper layers of their coatings; however, the Ca peak was less pronounced
due to the smaller average particle size (50—100 nm), which facilitated deeper entrapment at
similar incorporation levels. Similarly, Yeung et al. [31] used crystalline HAP particles
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(Fludinova, Portugal) and produced coatings where calcium was predominantly surface-
localized with reduced content in the middle layers. This difference may stem from multiple
factors, including a lower particle concentration (20 g-L™") and the use of a more alkaline
electrolyte, which decreased the zeta potential and enhanced migration of larger particles
toward the anode. In the present study, the average particle sizes were comparable to those
reported; however, EDX analysis suggests that adjusting particle crystallinity can serve as an
effective strategy to control the amount of CaP phases incorporated into the surface region of
PEO coatings.

4.2.6. Raman spectroscopy analysis

Raman spectroscopy was employed to further investigate the structural characteristics
of oxide layers formed on Ti and TAV substrates (Figure 20). When compared with literature
data [370], the Raman spectrum of the b-Ti coating closely resembled that of anatase, with
major fitted bands observed at 145 and 153 cm™ (Eg), 392 cm™ (Blg), 518 cm™ (Alg), and
636 cm™' (Eg). The position and linewidth of the dominant Eg mode suggest the presence of
nanometric anatase particles, indicating well-developed long-range order within the crystal
lattice. Notable differences between the literature-reported and experimentally measured band
positions likely stem from the crystallization pathway of anatase in this study, which was
influenced by the Ti substrate. This process is hypothesized to induce internal stresses within
the Ti-O framework, causing slight deviations from the ideal bulk anatase structure [371].
Additional spectral discrepancies, including splitting of the main E1g mode and the appearance
of extra bands during fitting, are attributed to structural point defects introduced by interactions
between K and PO+*" ions and the unsaturated bonds of titanium oxide [372].
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Figure 20. Raman spectra of oxide coating surfaces formed on Ti and TAV substrates using different
electrolytes.

The remaining Ti coatings exhibited Raman spectra similar to b-Ti, with characteristic
anatase bands appearing at nearly identical positions and intensities. However, the addition of
crystalline HAP or amorphous TCP particles influenced the spectra by increasing the intensity
of the 153 cm™ band, as well as the number of detectable bands and their FWHM values. These
changes suggest an increased presence of phosphate groups interacting with unsaturated anatase
bonds, indirectly confirming particle incorporation. A further distinction between c-Ti and a-Ti
coatings was related to the type of particle fraction added. Coatings formed with crystalline
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HAP showed narrower FWHM values, indicative of a more ordered structure, whereas those
prepared with amorphous TCP exhibited broader bands, consistent with a less ordered, defect-
rich structure.

A markedly different Raman spectral profile was observed for b-TAV coatings. Unlike
the Ti-based coatings, no characteristic anatase bands were detected. Instead, the spectrum
exhibited broad bands with relatively high FWHM, indicative of non-stoichiometric titanium
oxide formation. Literature reports on TAV alloys describe similar spectra as a mixture of
locally ordered and disordered Ti—O structures with potassium incorporated into the titanium
oxide lattice [372]. This incorporation likely promoted Ti—O—K bond formation through Ti—O
bond disruption, generating a pronounced Raman signal below 400 cm™'. However, in contrast
to this interpretation, the spectrum also contained typical Ti—O stretching modes (400—-800
cm™), characteristic of defect-rich structures. Additional spectral anomalies may result from
aluminum and/or vanadium migration from the substrate into the oxidized Ti layer. Such
isomorphic substitution of Al and/or V into Ti lattice sites could activate Ti-O—-X (X = Al, V)
vibrational modes, leading to increased structural distortion of the titanium oxide network and
the emergence of a greater number of low-frequency bands compared to Ti substrates [373].

The addition of crystalline HAP and amorphous TCP particles to the electrolyte caused
noticeable structural modifications in the oxide layers formed on TAV substrates. Similar to b-
TAV coatings, the Raman spectra of c-TAV and a-TAV exhibited atypical band arrangements,
primarily indicative of Ti—-O-K and Ti—-O-X (X = Al, V) bond formation, with potassium
occupying interstitial sites within the titanium oxide lattice. Introduction of crystalline HAP
slightly altered the number, intensity, and FWHM of the main Raman bands, effects likely
attributed to an excess of phosphate groups originating from the particles. In contrast,
amorphous TCP addition resulted in a more complex oxide structure. The Raman spectra
revealed coexistence of defect-rich titanium oxide containing Ti-O-K and Ti—O—X bonds
alongside anatase-like phases with characteristic Ti-O-Ti vibrations. Notably, these anatase
bands were shifted to higher frequencies, consistent with literature reports [370], suggesting the
presence of point defects or structural dislocations caused by Al or V migration into the titanium
oxide lattice or interactions between phosphate ions and the oxide. Another contributing factor
may be the relatively low thickness of the anatase layer. The observed coexistence of two oxide
types is unconventional and may be explained by the formation of a microporous or
multilayered titanium oxide system, where a thin anatase layer overlays a more defect-rich
titanium oxide phase formed directly on the substrate.

In summary, Raman spectroscopy revealed both similarities and differences in the
structural characteristics of the fabricated coatings, primarily reflected in the phase composition
of titanium oxides. On Ti substrates, anatase was the sole TiO: phase detected, whereas coatings
on TAV substrates consisted of non-stoichiometric titanium oxides with less consistent phase
formation across different electrolytes. The analysis also indirectly confirmed particle
incorporation in all Ti and TAV coatings, as evidenced by the increased number of Raman
bands. These findings help explain the previously observed lower thickness uniformity of a-
TAV coatings (Figure 15) and the presence of non-uniform surface microstructures, including
large pores and sintered particles (Figure 11). However, the precise mechanism underlying these
structural variations remains unclear. When compared with literature data, no strong correlation
between the relative amounts of different TiO: phases was observed, likely due to differences
in oxidation conditions among studies. Nevertheless, the incorporation of CaP particles into
PEO coatings formed on titanium-based substrates generally favors anatase formation [292],
[368], which was also partially confirmed by the present results.

4.2.7. Bioactivity tests

Simulated body fluid (SBF) immersion tests were conducted as a preliminary evaluation
of the in vivo behavior of the coatings [374]. In this method, samples were immersed in a
physiologically relevant medium for several weeks, and the rate and uniformity of HAP crystal
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formation on the coating surfaces were assessed. The process is known to strongly depend on
the physicochemical properties of the coating [375], [376]. The total test duration was 4 weeks,
with crystal growth monitored at 7-day intervals. However, only data from weeks 1 and 3 are
presented (Figure 21), as these best illustrate the observed trends. Figure 21 also includes
average Ca/P molar ratios of the surface-grown crystals after 3 weeks of immersion in SBF.

Electrolyte Ti - 15t week Ti - 34 week TAV - 3r4 week
o Ca/P=1.682003 fn 70 0 Ca/P=1.6520.04
Blank
.Ca/P=1.67+0.03
c-HAP
a-TCP

Figure 21. SEM images of oxide coating surfaces after 1 and 3 weeks of immersion in SBF solution.
Average Ca/P molar ratios of the surface-grown crystals were determined by EDX spot analysis at three
different locations (indicated by ‘+’ marks).

Over the three-week immersion period, all coatings on Ti substrates exhibited varying
degrees of bioactivity. For the TAV alloy, only the b-coating demonstrated notable bioactivity,
whereas the c- and a-coatings were non-bioactive or weakly bioactive.

Based on chronological observations of crystalline layer development on bioactive
coatings (b-Ti, c-Ti, a-Ti, and b-TAV), three distinct stages of formation were identified:

1. Nucleation: Appearance of isolated, non-accreted crystals and initial agglomerate
formation.

2. Growth and Coalescence: Enlargement of agglomerates through merging with smaller
crystals, while new nucleation centers continue to form on exposed coating areas.

3. Full Coverage: Complete masking of the oxide surface due to coalescence of the
crystalline layer, followed by uniform thickening and deposition of additional crystals.

After three weeks, the Ca/P molar ratios of the formed crystals (Figure 21) ranged
narrowly from 1.62 to 1.70, with consistent values across different surface regions. These
results confirm the formation of a homogeneous HA layer chemically identical to stoichiometric
HAP (Ca/P = 1.67) on all coatings where visible crystallization occurred.

By the end of the third week, it was evident that the addition of both crystalline HAP
and amorphous TCP particles enhanced the HAP growth rate on Ti coatings. However, crystal
density observations at earlier stages were less straightforward. After the first week, c-Ti
demonstrated the highest bioactivity, slightly exceeding b-Ti and significantly outperforming
a-Ti. Yet, after three weeks, the thickest and densest crystalline layer was observed on a-Ti.
These discrepancies can be rationalized by considering insights from previous analyses, which
highlight the influence of particle type and incorporation behavior on coating structure and
subsequent bioactivity.

Experimental results confirmed that the a-Ti coating surface exhibited smaller average
pore sizes compared to c-Ti. This explains the slower HAP layer growth during the first week,
as nucleation within smaller pores requires higher energy [376]. Although a-Ti had a greater
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number of pores per unit area, its overall two-dimensional porosity was lower than that of c-Ti
(Figure 12), further hindering initial crystal growth. Additionally, the larger spacing between
pore centers relative to their diameter on a-Ti likely impeded the subsequent coalescence of
individual crystallization centers during the early stages of immersion in SBF. Once the initial
physical and energetic barriers were overcome, HAP growth on a-Ti coatings accelerated
significantly. This increase was facilitated by the coating’s higher microscale roughness (Figure
14) and its greater CaP content in the outer layers (Figure 17, Table 8). It is well established
that a higher mass fraction of CaP phases enhances bioactivity by promoting hydrolysis and
generating locally elevated calcium ion concentrations near the surface [377]. Additionally,
differences in particle solubility likely contributed to the observed SBF results [378].
Amorphous TCP particles, with higher solubility and larger surface area (Figure 10), more
readily released calcium ions and gradually transformed into HAP, accelerating layer formation.
While Ca/P ratio is frequently cited as another bioactivity-related factor, its difference between
crystalline HAP and amorphous TCP was relatively small and is generally considered secondary
[379]. Overall, the slower initial nucleation followed by rapid apatite layer thickening observed
for a-Ti coatings could favor a more uniform and higher-quality osteointegration process. This
behavior may ultimately have a beneficial impact on the long-term performance of implants in
vivo.

As previously discussed, coatings fabricated on Ti and TAV substrates demonstrated
similar surface property modifications and vertical calcium distribution following particle
incorporation (Section 4.2.5). Based on this similarity, and considering the higher roughness of
TAV coatings (Table 7), their bioactivity was expected to match or surpass that of Ti coatings.
Contrary to this expectation, c-TAV and a-TAV coatings showed negligible HAP growth.
Because this lack of bioactivity occurred with both crystalline and amorphous particle
additions, the underlying cause is most likely related to phase composition rather than particle
crystallinity (Section 4.2.6). The formation of non-stoichiometric titanium oxides on TAV
coatings appears to be a decisive factor. During PEO treatment of c-TAV and a-TAV coatings,
specific oxide phases likely interacted with CaPs, hindering subsequent HAP precipitation.
Aluminum- and vanadium-containing phases may also contribute to this inhibition, albeit to a
lesser extent, as their combined atomic ratio relative to Ti in the surface regions was
approximately 1:7 (Figure 17). It is plausible that bioactivity improvements similar to those
observed for Ti coatings could be achieved on TAV substrates by adjusting PEO parameters or
applying different current modes. Supporting this, Wei et al. [292] reported bioactive CaP
particle-incorporated oxide coatings on TAV prepared via pulsed-current PEO in a basic
electrolyte, while Hong et al. [351] achieved even greater bioactivity than blank coatings under
different conditions. Notably, both studies resulted in coatings dominated by anatase and rutile
titanium oxide phases.

Despite some conflicting reports, it is generally recognized that crystalline CaPs are
preferable in implantology due to their superior cell adhesion and proliferation properties [380]
and slower degradation rate [381]. Although assessing the crystallinity of CaP phases
incorporated into the coatings was beyond the scope of this study, our findings indicate that
amorphous CaP particles may actually yield more favorable outcomes for biomedical
applications. This effect is primarily reflected in the increased CaP content within PEO
coatings. Moreover, SBF test results for Ti coatings demonstrated that amorphous particle
addition enhances oxide coating bioactivity. However, further studies are necessary to confirm
whether this conclusion applies universally to substrates with different elemental compositions
and to PEO processes under varied conditions.

This study contributes to advancing the understanding and development of the PEO
process in suspensions as a versatile approach for fabricating functional coatings. It identifies
particle crystallinity as an additional parameter for tailoring PEO coating properties,
complementing established factors such as particle size, elemental and phase composition,
thermal stability, and electrolyte concentration. In implantology, the most significant benefit of
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incorporating amorphous particles into the PEO electrolyte is the substantial increase in calcium
content within oxide coatings [185], [382], [383]. Beyond biomedical applications, utilizing
amorphous particles in PEO processes could also enhance coating performance in other fields—
for example, by improving corrosion resistance through reduced surface porosity [384] or
increasing heat resistance via oxide layer thickening [336].

4.3. Part III — Fabrication and characterization of CC-HA coatings

This section presents the research results on the fabrication of CC-HA coatings,
addressing all related aspects, including optimization of the PEO process parameters,
comprehensive characterization of the final coatings produced according to the developed
procedure, preparation and characterization of the PEO baths, and a detailed analysis of the
coating growth mechanism. As outlined in the literature review (Section 1.4.2), the strategy of
synthesizing CC particles and their subsequent interaction with a phosphate-based electrolyte
was identified as the most promising and relatively straightforward approach for co-depositing
HA within the PEO bath. This strategy eliminates the need for the separate synthesis,
purification, and suspension of individual HA particles, thereby serving as the primary basis for
designing operational electrolyte baths. Among the available synthesis techniques for CC
particles, the carbonation method was identified as the most advantageous. Carbonation enables
the production of CC particles across a wide size range—from several tens of nanometers to
several tens of micrometers—while generating neutral suspensions free of ionic impurities
typically associated with conventional wet precipitation reactions (e.g., CaCl> + (NHa4).COs).
Additionally, this method minimizes the concentration of conducting species in the electrolyte,
limited only by the natural dissolution of CO-. For these reasons, carbonation was selected as
the preferred method for preparing PEO baths in this study.

4.3.1. Basic interrelations

The first step in the study on the fabrication of CC-HA coatings was to establish the
relationships between key process parameters and the resulting coating properties. The
parameters selected for investigation included the concentration of the phosphate-based
electrolyte, the concentration of suspended CC particles, and the applied processing voltage.
These factors were identified as having a primary influence not only on the characteristics of
the final coatings but also on the feasibility of their successful formation. This subsection
presents the findings primarily from a practical perspective, without delving deeply into the
underlying mechanisms responsible for the observed variations in coating properties caused by
changes in processing conditions. Consequently, the use of advanced coating characterization
techniques—particularly those aimed at evaluating functional properties—was intentionally
omitted at this stage. Instead, the analysis was limited to surface morphology, elemental
composition, and, in selected cases, coating thickness and surface roughness. Although the
stages of coating growth were briefly outlined as a function of the applied voltage, a more
comprehensive investigation of the PEO coating growth mechanism, including the analysis of
structural features and comprehensive characterization, is provided in subsequent sections for
the optimized CC-HA coating configuration (Sections 4.3.4—4.3.7). Similarly, aspects related
to the preparation of the PEO bath, with particular emphasis on the optimal duration of
interaction between CC particles and the phosphate electrolyte, are discussed and analyzed in
detail later (Section 4.3.2).

The optimal concentration of the base electrolyte was selected in conjunction with the
applied voltage, as these parameters collectively govern the size and intensity of micro-
discharges during PEO processing. This, in turn, influences coating thickness, internal porosity,
surface morphology, and the mechanism of particle incorporation. At the same time, the
electrolyte concentration was adjusted to control the molar ratio of phosphates to carbonates in
the bath and to regulate the extent of physicochemical transformations that CC particles
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undergo upon addition (Section 4.3.2). The concentration of suspended particles was used as
an additional tool to achieve the desired calcium content in the final coating.

Base electrolyte concentration is the primary factor determining the conductivity of
the suspension and is therefore of critical importance to both the progression and the outcome
of the PEO process. To select an appropriate concentration, a series of blank Na:HPO. solutions
with concentrations ranging from 28 to 60 mM were prepared and analyzed based on various
surface characteristics of the resulting coatings (Figure 22). Considering the physicochemical
transformations that occur in the working suspension after preparation [19]—specifically, the
release of carbonate ions into the solution and the chemical adsorption of phosphates onto the
CC particle surface (Section 4.3.2)—it would be more objective to include a proportional
amount of carbonate ions in the blank solutions. However, the minor conductivity changes
associated with the interactions between CC particles and phosphate ions (Section 4.3.2)
justifies neglecting these compositional adjustments for the purpose of this analysis. It is
important to note that the data obtained from this specific experiment primarily serve to
demonstrate the adopted methodological approach, as they isolate the effect of a single
variable—the Na.HPOs concentration—while omitting the influence of electrical PEO process
parameters such as voltage and current density. The separate effect of voltage on surface
morphology and elemental composition is addressed later in terms of the current Section 4.3.1.
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Figure 22. Influence of Na-HPO4 base electrolyte concentration on the surface morphology of Blank
coatings under selected electrical parameters (scale bar: 10 um).

Increasing the Na2HPO4 concentration from 28 mM to 46 mM resulted in progressively
more porous coatings, with large pores several micrometers in diameter appearing more
frequently (Figure 22). In contrast, further increases in electrolyte concentration led to the
opposite effect, reducing surface porosity due to the formation of progressively fewer
nanopores. The initial increase in porosity can be attributed to the growing intensity and spatial
coverage of micro-discharges [237], [286]. However, beyond a certain threshold, the energy of
individual sparks becomes sufficiently high to melt larger surrounding areas. Upon
solidification, the molten oxide spreads laterally, partially filling adjacent pores and creating
localized regions of reduced porosity [289], [385]. This phenomenon was first observed at a
Na:HPO: concentration of 40 mM and became particularly pronounced at 46 and 52 mM. At
60 mM, surface melting and pore filling became dominant across the entire coating, leading to
the formation of a smoother surface. The elevated spark temperatures combined with rapid
solidification introduced substantial internal stresses, which ultimately resulted in cracking of
the oxide layer. From a processing standpoint, excessively high temperatures during PEO are
undesirable for the thermally unstable CC phase, as intensified oxide layer melting promotes
particle engulfment by the molten mass. Conversely, excessively low suspension conductivity
produces thinner coatings and hinders efficient particle incorporation due to low-intensity
discharges [106], [386]. Within this context, the 46 mM Na:HPO. blank electrolyte provides an
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optimal conductivity level, enabling moderately pronounced surface melting and the
development of a homogeneously distributed surface with alternating regions of high and low
porosity. Moreover, the increased porosity achieved at 46 mM is advantageous from the
perspective of enhancing particle entrapment and physical uptake during coating formation
[32],[120], [213].

Concentration of CC particles. When selecting the concentration of CC particles,
several factors were considered—namely, the molar ratio of carbonates to phosphates in the
working suspension (both in the liquid phase and in the suspended particle fraction) and the
overall particle concentration. In terms of the molar ratio, an excessive imbalance toward either
phosphates or carbonates was deemed undesirable. Regarding particle concentration, it needed
to be sufficiently high to impart bioactive and biocompatible properties to the coating, yet not
so high as to disrupt oxide layer growth, compromise its structural integrity, or render the
coating overly brittle [223]. The experiments were based on empirical observations obtained
from a series of PEO coatings fabricated in working suspensions containing 46 mM Na:HPO4
and CC particle concentrations ranging from 0 to 84 mM. The resulting coatings were analyzed
for elemental composition and surface morphological features, and chemical analyses of the
suspensions were also conducted (Figure 23).
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Figure 23. Summary of the effects of varying CC particle concentration in the working PEO bath
containing 46 mM Na:HPOs and aged for 7 days after preparation: (a) composition of the suspension
medium and dispersed phase; (b) Ti and Ca content determined by EDX analysis of coating surface
regions (dotted line indicates the concentration above which intensive cracking occurs); (c) coating
surface morphology (scale bar: 20 pm).

From the plots shown in Figure 23a, it can be observed that the concentrations of
carbonate and phosphate ions in the electrolyte change linearly as the CC particle concentration
increases from 0 to approximately 25 mM. Beyond this point, the rate of change gradually slows
until reaching around 50 mM, after which the ion concentrations remain constant regardless of
additional CC particle content. These observations indicate the establishment of a
thermodynamic equilibrium between the CC particles and the dissolved carbonate ions, which
suppresses further chemisorption and phosphate—carbonate ion exchange [202], [209]. As a
result, large deviations in the concentration of dissolved species are effectively prevented.
Changes in the mass fraction of phosphates and carbonates within the suspended particles
exhibit more complex behavior but remain consistent with the trends observed for ionic
concentrations. Specifically, when the concentration of CC particles is below approximately 12
mM, their interaction with phosphate ions likely follows the mechanisms illustrated in Figure
29(1), Section 4.3.2. However, this amount of CC appears insufficient to saturate the electrolyte
with carbonate ions and to prevent the complete transformation of the suspended phase into
HA. This also explains the strictly linear regions observed on the ion concentration plot.
Correspondingly, a rapid increase in the carbonate mass fraction within the particles is observed
when the CC concentration in suspension is raised above ~12 mM, followed by a gradual

slowdown as the solution approaches saturation at approximately 50 mM. Increasing the CC
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particle concentration beyond this saturation point does not induce additional physicochemical
changes in the suspension and merely results in the “dilution” of HA.

From the perspective of particle chemical composition, the use of CC concentrations in
the range of 30—80 mM can be considered practical, corresponding to a carbonate-to-phosphate
ratio of 0.5-2.0. Analysis of the coatings revealed a slow increase in calcium content (Figure
23b) and no significant differences in surface morphology (Figure 23¢) compared with the
Blank coating when suspensions with CC concentrations up to ~30 mM were used. However,
beyond this threshold, pronounced changes were observed, manifested by increased porosity
and a higher number of incorporated particles. It appears that preparing more concentrated
working suspensions results in a smaller fraction of CC particles undergoing physicochemical
transformations, including particle size modification. As described later in Section 4.3.2, the as-
synthesized CC particles had an initial size of ~175 nm (Figure 28), and this size reduction
during processing could facilitate their incorporation into the growing oxide layer. This effect,
in turn, promotes a disproportionately higher coating growth rate compared with the nominal
increase in CC concentration. At CC concentrations above 60 mM, calcium becomes the
dominant element in the outer layers of the coating. Nevertheless, further increases in its atomic
fraction gradually slow down, which can be attributed to approaching a critical particle
concentration beyond which stable oxide growth cannot be maintained. A critical transition
occurs when the CC concentration exceeds 70 mM, where widespread cracking appears across
the surface (Figure 23c). At this point, the Ca/Ti ratio surpasses 2 (Figure 23b), indicating
excessive incorporation of CC and HA phases, which leads to increased coating brittleness
[314], [387]. From a practical standpoint, such cracks are highly undesirable because they
compromise implant integrity through potential surface flaking and simultaneously reduce the
corrosion resistance of the final product. Therefore, a “safe” CC concentration in the suspension
that ensures both high calcium incorporation and crack-free coatings should not exceed 60—65
mM.

Limiting voltage and coating growth mechanism. Figure 24 illustrates the evolution
of surface morphology as the limiting voltage of the PEO process was increased from 320 to
480 V in 20 V increments, with distinct surface features observed at each voltage level. At 320
V, the coating exhibited low porosity and retained periodic traces of sandpaper polishing, a
characteristic typically associated with coatings formed just above the dielectric breakdown
potential [323]. This coating demonstrated the lowest thickness and roughness, the highest
titanium content, and negligible calcium incorporation (Figure 25a-c). Nonetheless, small
amounts of phosphorus and carbon were detected, indicating limited incorporation of dissolved
phosphate and carbonate species into the oxide layer. Notable particle incorporation into the
oxide coating commenced at 340 V, where the atomic fraction of incorporated particles
exceeded 1%, accompanied by a sharp decrease in the C/Ca ratio. At this voltage, polishing
marks on the surface were no longer apparent, and medium-sized pores appeared along with
clusters of solidified oxide forming the pore walls [127]. These structural features likely
correspond to localized sites of CC-HA particle incorporation. However, at this stage, such
features remained spatially confined and alternated with more prevalent nanoporous regions
across the surface.

At 360 V, the increased size of micro-discharges facilitated the formation of medium-
sized pores distributed uniformly across the entire surface, contributing to further surface
roughening and a more pronounced thickening of the oxide layer (Figure 25d). Beyond 360 V,
the atomic fraction of phosphorus ceased to increase and even showed a slight decreasing trend,
while the carbon content continued to rise, albeit at a slower rate. Concurrently, despite the
nearly constant phosphorus level, the Ca/P ratio increased sharply (Figure 25c). Following the
voltage increase beyond 360 V, a rapid growth in pore size was observed, persisting up to 420
V, where the largest pores reached approximately 10 um in diameter. However, the overall
porosity appeared to plateau after 380 V, accompanied by a decrease in the number of small and
medium-sized pores. Notably, starting from 380 V, the coating surface began to exhibit a bilayer
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structure, consisting of a basal layer with smaller pores (~1-2 um) and a top layer characterized
by larger pores. Another distinctive feature of all coatings formed at voltages of 380 V and
above is the presence of discrete concave pores on the surface of the solidified oxide layer.
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Figure 24. Effect of the limiting voltage in the PEO process on the surface morphology of coatings
prepared in a 64 mM CC suspension aged for 7 days after the addition of 46 mM Na.HPO. (scale bar:
50 pm).

Beyond 420 V, the overall surface porosity continued to decline, further promoted by
the disappearance of large pores. Simultaneously, at 440 V, prominent particulate inclusions
appeared on the surface, most likely representing localized agglomerations of incorporated CC-
HA particles. These structures likely contributed to the reduction in porosity by filling available
pore volume. The particulate features became progressively larger and more abundant at 460 V
and, by 480 V, covered approximately half of the surface area. Meanwhile, an accelerated
increase in the calcium atomic fraction and a decrease in the oxygen atomic fraction took place
at voltages above 440 V, leading to a pronounced rise in both the O/Ti and Ca/Ti ratios. In this
context, the observed slowdown in the growth of the Ca/P ratio indicates that CC-HA particles
became the dominant building material for newly formed upper coating layers after 440 V.
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Figure 25. Summary of the effects of varying the limiting voltage of the PEO process on the properties
of coatings prepared in a 64 mM CC suspension containing 46 mM Na:HPOs: elemental composition
determined by EDX analysis of coating surface regions; (a) titanium, carbon, calcium, phosphorus; (b)
oxygen content and O/Ti ratio; (c) C/Ca, Ca/P, and Ca/Ti ratios (vertical axis directions are indicated by
bullets); (d) oxide layer thickness; (e) average surface roughness; (f) water contact angle.
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Analysis of coating thickness evolution (Figure 25d) reveals three distinct growth
stages: (i) slow thickening up to 360 V, associated with initial particle incorporation and the
formation of a simple monolayer structure; (ii) accelerated thickening between 360 and 460 V,
where successive particle-rich layers formed atop the existing oxide as discharge activity
intensified; and (ii1) a slowdown in thickness growth beyond 460 V, indicating the approach of
a critical voltage. At 480 V, the coating thickness reached its maximum achievable value, while
further discharge intensification compromised the integrity of the oxide layer, leading to crack
formation. Surface roughness (Figure 25¢) exhibited a similar trend, increasing proportionally
to coating thickness across the entire voltage range. In contrast, the contact angle displayed a
more complex behavior: at 320 V, the coating consisted of a thin titanium dioxide layer with a
relatively flat surface and fine porosity, allowing water to spread easily and rendering the
surface superhydrophilic [305]. With increasing voltage, the formation of larger pores and local
elevations acted as physical barriers to droplet spreading, causing a rise in contact angle (Figure
25f). However, beginning at 360 V, this effect was gradually offset by the growing mass fraction
of CC and HA phases in the surface layers, leading to a progressive decrease in contact angle
and ultimately resulting in a hydrophilic surface at 480 V. Considering these findings, the
optimal voltage for the fabrication of CC-HA coatings lies within a relatively narrow range of
440-460 V. This interval satisfies three critical conditions simultaneously: (1) a high degree of
particle incorporation into the coating, as evidenced by a Ca/Ti ratio exceeding 1.0; (2) partially
reactive incorporation of CC-HA particles forming the outer layer of the coating; and (3) the
absence of structural defects such as cracking.

4.3.2. Preparation and characterization of PEQO baths

This section addresses the preparation and characterization of the working PEO baths,
whose optimal compositions were identified in Section 4.3.1, and which were later utilized for
fabricating the final CC-HA PEO coatings. The Blank bath preparation followed a simple
procedure (Section 3.1), resulting in a stable Na2HPOa solution that showed no detectable
changes in pH, conductivity, or phosphate concentration over time. In contrast, preparing the
CC-HA bath required multiple additional steps, including the synthesis of CC particles and their
coprecipitation with HA—processes that are considerably more complex and demand precise
control of several parameters [196], [209]. Therefore, this section is devoted primarily to the
preparation and detailed characterization of the CC-HA bath.

CC particle synthesis. One of the essential components of the CC-HA electrolyte bath,
the CC stock suspension, was synthesized via a carbonation process. Throughout the reaction,
electrical conductivity, temperature, and pH were monitored and recorded on a unified timeline
(Figure 26). Among these parameters, pH variation provided the most reliable indication of the
stoichiometric point, which occurred 19.6 minutes after initiating CO: introduction,
corresponding to a pH of 7.0. Initially, the pH remained steady (12.5—12.7) up to approximately
12 minutes, reflecting a rapid release of OH™ ions as the dissolution of Ca(OH). exceeded the
rates of CO: adsorption and CC precipitation [275], [388]. Conductivity showed a comparable
trend, with a measurable decline beginning around 9 minutes due to its linear scale of
measurement compared to the logarithmic pH scale. Between 0—17 minutes, dissolved Ca?*
concentration decreased gradually, while conductivity reduction indicated a relatively constant
CC formation rate.

Once the pH dropped below 12, only trace amounts of Ca(OH). remained, and a sharp
pH decrease signaled a slowdown in reaction kinetics. This deceleration is likely linked to both
reduced CO: solubility/adsorption and diminished collision probability between Ca*" and COs*
ions [275], [388]. At approximately pH 10, conductivity reached its minimum; subsequent CO-
introduction caused a slight conductivity rise, possibly due to (i) conversion of carbonates to
bicarbonates, (ii) changes in the electrical double layer of CC particles, or (iii) increased ionic
concentration caused by enhanced CC solubility at lower pH levels.
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Following completion, conductivity stabilized at ~0.3 mS-cm™, while pH required
several additional hours to fully stabilize at 7.22 (Table 9). The reaction medium exhibited a
~2°C temperature increase, consistent with the exothermic nature of CC formation [277], [388],
[389]. The overall temperature profile was linear, suggesting a uniform reaction rate, with slight
deviations early on likely reflecting CO: saturation of the solution. Near the stoichiometric
point, temperature stabilization further supported the observed kinetic slowdown.
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Figure 26. Variations in electrical conductivity, temperature, and pH during the carbonation process
used to synthesize the CC stock suspension.

Preparation and characterization of PEO baths. For the characterization process, all
solutions and suspensions used during different stages of PEO coating preparation were
analyzed, including the CC stock suspension, Blank bath, and CC-HA bath. Their properties
were evaluated from multiple perspectives, with results summarized in Figure 27, Figure 28,
Figure 29 and Table 9, Table 10, Table 11. Following carbonation synthesis, part of the CC
stock suspension was introduced into a Na2HPOus solution, yielding the CC-HA precursor bath.
This bath contained 46 mM phosphate ions and 64 mM CC, corresponding to a CC mass
fraction of 6.4 g-L™'. This concentration falls within the typical particle loading range (1-20
g-L") commonly employed in PEO processes [30].

The literature contains extensive data on the interactions between CC and phosphate-
based electrolytes. However, reported studies differ substantially in reaction conditions, which
strongly influence outcomes, particularly reaction time. Factors likely governing the reaction
pathway include the pH and temperature of the medium, mixing efficiency, CC particle size
and morphology, the molar ratio of CC to phosphate species, and the presence of auxiliary
additives. Within the CC—phosphate system, multiple physicochemical processes—such as
dissolution—precipitation, chemisorption, and heterocoagulation—can occur simultaneously.
Consequently, reported reaction kinetics vary significantly, with complete transformations
ranging from a few minutes to several weeks. To date, no comprehensive study has
systematically established kinetic relationships for CC—phosphate interactions while
accounting for multiple influential variables.

To some degree, the optimal maturation time can be inferred through multifactorial
analysis of discrete data reported under varying experimental conditions. A relevant reference
is the study by Ishikawa et al. [206], who used Na:HPOs to react with CC—an electrolyte
component also employed in this work for preparing the CC-HA bath. Based on XRD phase
analysis, they concluded that full transformation required 14 days, although the CC phase was
no longer detectable on XRD patterns after just 4 days. It is important to note that their
experimental setup differed from the present study, involving a higher temperature (60 °C), no
mixing, and bulk CC. Further insights are provided by Yanyan et al. [204], who demonstrated
a strong pH dependence of the transformation kinetics. In their experiments, submicron- and
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nanosized CC particles were exposed to phosphate species in the presence of amino acids at
37 °C for 10 days. The conversion to HA was most rapid at pH 3, slower at pH 6, and markedly
reduced at pH > 7 under otherwise comparable conditions.

Another study demonstrated that increasing phosphate concentration can significantly
accelerate the reaction [210]. When the phosphate concentration was four times lower than that
of CC, most of the transformation occurred within 7 hours, reaching near-complete conversion
after 24 hours under otherwise comparable conditions. Similar findings were reported by
Yoshimura et al. [197] and Eliassi et al. [196]. A particularly illustrative example is provided
by Ashokan et al. [211], who examined micron-sized CC reacting with diammonium hydrogen
phosphate at pH 10 over periods of 30 minutes to 2 hours, investigating the effects of
temperature and stirring. In stirred suspensions, full conversion was achieved within this short
timeframe regardless of stirring intensity, whereas non-stirred systems exhibited only minor
transformation, retaining most of the suspended CC. Temperature also played a key role:
reaction rates increased significantly at 80 °C and even more under hydrothermal conditions at
160 °C, compared to 50 °C or room temperature. Yoshimura et al. [197] likewise concluded that
elevated temperatures promote the CC—phosphate reaction.

Considering the findings reported in the literature [196], [197], [204], [206], [210], [211]
and the specific conditions applied in this study—alkaline pH, moderate mechanical stirring,
CC particles of ~100 nm, a carbonate-to-phosphate molar ratio of 1.4, and relatively low
reaction temperature—a moderate maturation period is most likely. Under these conditions, the
reaction is expected to reach completion within several days and, with higher certainty, within
one week. However, certain factors may have a stronger impact on the transformation process
and may also interact synergistically or antagonistically. To validate these assumptions and
more accurately determine the optimal maturation duration, an empirical approach was adopted.
The evolution of the CC-HA bath was monitored by tracking pH changes, dissolved phosphate
and carbonate concentrations, particle size distribution, and the mass fractions of phosphate and
carbonate phases in the resulting solids.

Based on the results shown in Figure 27, a maturation period of 48 hours was determined
to be the minimum required for completing all physicochemical interactions between CC
particles and the phosphate electrolyte. This duration was selected by analyzing the temporal
evolution of key parameters: although a rapid increase in reaction dynamics occurred within
the first six hours, only minor changes were observed after 24 hours, and full stabilization was
reached at 48 hours. Notably, the monitored parameters exhibited strong synchronicity. Particle
size changes closely mirrored the increase in phosphate mass fraction within the suspended
solids, while pH variations correlated with the release of carbonate ions. Overall, these
experimental observations are consistent with trends previously reported in the literature on
CC—phosphate reactions [196], [197], [204], [206], [210], [211].

The observed pH increase from 9.24 to 9.82 (Table 9) is consistent with findings
reported by Yanyan et al. [204] and can be attributed to the conversion of COs*" ions into HCOs~
through proton capture, with the protons originating from water dissociation. This observation
supports the overall reaction stoichiometry proposed in [204], which is also valid under the
conditions of this study and can be expressed as shown in Eq. 5. At the start of the maturation
process (5 minutes after preparation), the CC-HA bath exhibited a slightly lower pH compared
to the Blank bath (Table 9), primarily due to dilution caused by introducing the neutral CC
suspension. Conductivity was the only parameter that remained largely unchanged throughout
the 48-hour maturation period, decreasing by just 2.5% from its initial value. The conductivity
of the PEO bath is governed by ions such as PO+*", HPO+*~, COs*>", HCOs~, OH, H*, and Na*,
with sodium concentration remaining constant throughout the reaction (Eq. 5). These results
confirm that the selected CC-HA bath composition provides a stable suspension comparable to
the Blank bath. Consequently, no corrective measures—such as additional dilution or the
inclusion of conductive additives—are necessary to match the conductivity of the two baths.
As summarized in Table 9, the final conductivity difference between the CC-HA and Blank
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baths is only about 1%, which is sufficient to maintain comparable plasma temperatures and
thus enable a fair assessment of the resulting coating properties.
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Figure 27. Observed trends in the CC-HA PEO bath over 48 hours following component mixing,
maintained at 10°C with 300 rpm stirring.

Table 9. Comparative overview of the CC stock suspension and PEO bath compositions employed for
coating fabrication.

CC stock CC-HA bath
Parameter suspension Blank bath As-prepared?® After 48 h
G (mS-cm™) 0.28 5.88 5.97 5.82
pH 7.22 9.31 9.24 9.82
Zeta potential (mV) 16.3+0.4 n/a 3.7£09 -21.8+0.3
Particle size (nm) 17510 n/a 335+£20 1350 +£40
2 5 minutes after mixing CC stock suspension with phosphate electrolyte
10CaCOs + 6HPO4? + 2H,0 + Na* — Caio(PO4)s(OH), + 10HCO; + 20H + Na* (5)

Table 10 provides a more detailed overview of the chemical composition changes in the
PEO bath during maturation. When the mass fractions of carbonates and phosphates (WCO3*~
and wPO4*") were recalculated as wCC and wHA, their combined value (WCC+HA, %)
remained close to 100% throughout the reaction, indicating stoichiometric co-precipitation of
the HA phase. At later stages, however, a slight upward deviation in wCC+HA suggests that a
minor fraction of phosphate may have also precipitated as other CaP phases, such as TCP. The
chemical transformations in the liquid phase were inversely related to those in the suspended
particles. As more phosphate ions precipitated into HA, dissolved carbonate concentration
increased. After 48 hours, this ion exchange reduced phosphate content in solution by more
than 50%, leaving 36.96% of the initial amount, while the dissolved carbonate-to-phosphate
ratio (COs*/PO+*") reached approximately 2.8. Concurrently, the final wCC fraction in the
solids dropped to 32.55%. Variations in calcium mass fraction were not analyzed, as theoretical
Ca contents for CC (40.0%), HA (39.9%), and TCP (38.8%) are nearly identical, providing
limited insight into phase transformation dynamics.

According to the stoichiometry of HA, the formation of one molecule requires 10 Ca**
ions and 6 PO+*" ions (Eq. 5), yielding a characteristic Ca/P molar ratio of 1.667 [390]. In the
100



CC-HA system, Ca*" is supplied via the dissociation of poorly soluble CC (Eq. 6), while
phosphate originates from the dissociation of Na2HPOa (Eq. 7). As 6 PO+*" ions are incorporated
into HA, 10 COs* ions are released into the solution. Throughout the reaction, the measured
ratio of released carbonate to adsorbed phosphate (COs*>/PO4*" ads., Table 10) remained close
to 1.667, indirectly confirming the near-stoichiometric nature of HA co-precipitation. However,
considering the initial bath composition, it is evident that the solid-phase transformation
remained incomplete. Theoretically, 46 mM of phosphate could dissolve up to 76.7 mM of CC,
derived by applying the 10:6 Ca/P ratio (i.e., 46 mM x 10 / 6). This value exceeds the actual
CC concentration in the bath by 12.7 mM, suggesting that complete conversion was chemically
feasible. In practice, though, only partial CC transformation was observed. The final carbonate-
to-phosphate molar ratio (xCOs?/xPO+*") was ~0.8, corresponding to phase molar fractions of
xCC =0.828 and xHA = 0.172. This indicates that approximately 4.8 CC molecules remain for
every HA molecule formed. This limited conversion can likely be attributed to secondary
physicochemical processes, particularly the chemisorption of phosphate species onto CC
particle surfaces. This surface interaction likely forms a passivating layer that inhibits further
CC dissolution. Literature data [209] support this mechanism, with chemisorption reactions
described by Eqgs. 8 and 9.

Table 10. Summary of chemical transformations occurring within the CC-HA bath.

Time (hours)

Parameter

0 2 4 8 48
Suspended particles
wCOs% (%) 59.98 46.46 37.67 28.77 19.51
wPO#& (%) - 12.86 21.24 29.72 38.57
wCC (%) 100.00 77.49 62.83 47.99 32.55
wHA (%) - 22.67 37.44 52.39 68.00
wCC+HA (%) 100.00 100.17 100.27 100.38 100.55
xCOs* 1.000 0.851 0.737 0.605 0.445
xPO4* - 0.149 0.263 0.395 0.555
xCO3%/xPO4> - 5.718 2.808 1.532 0.801
xCC 1.000 0.972 0.944 0.902 0.828
xHA - 0.028 0.056 0.098 0.172
xCC/HA - 343 16.8 9.2 4.8
Caio(PO4)s(OH)2  Caio(PO4)s(OH)2  Caio(PO4)s(OH)2  Caio(PO4)s(OH)2
Composition CaCOs + + + +
34.3 CaCO:s 16.8 CaCOs 9.2 CaCOs 4.8 CaCOs
Liquid phase
CO3* (mM) - 15.85 26.17 36.62 47.53
PO4* (mM) 46.00 36.42 30.23 23.93 17.00
CO3* / PO - 0.435 0.866 1.530 2.795
PO4> left (%) 100.00 79.17 65.72 52.03 36.96
PO4* ads. (mM) - 9.58 15.77 22.07 29.00
COs3* / PO4* ads. - 1.654 1.660 1.659 1.639
*theoretical values calculated for infinitely small time after mixing the reactants; “— not detected
CaCO; (s) 5 Ca?* (aq) + COz* (aq) (6)
Na;HPOj4 (s) S 2Na* (aq) + HPO4*™ (aq) S 2Na® (aq) + H' (aq) + PO+* (aq) (7)
xCa?" (aq) + nmH" (aq) + nPO4>~ (aq) S xCa?" (s) + nHmPOs™3 () (8)
yCO3% (s) + nmH" (aq) + nPO+* (aq) S yCOs>™ (aq) + nHmPO4™ (s) 9)

where 2r = n(m-3)

To better capture the physicochemical changes occurring during the interaction of CC
with Na:HPOu electrolyte, several additional particle characteristics were analyzed, including
surface morphology, size distribution, zeta potential, functional groups, phase composition, and
crystallinity (Figure 28, Table 9). TEM images showed that CC particles synthesized via
carbonation had a cubic morphology typical of calcite crystals, with individual particle sizes
around 50 nm. These findings were corroborated by XRD, which displayed all characteristic
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peaks of calcite, and by FTIR, where carbonate vibrational modes (v2, vs, and v4) appeared at
~875, 1400, and 715 cm™, respectively—consistent with literature data (Table 11). Dynamic
light scattering measurements revealed a larger average particle size of 175 nm in suspension,
primarily due to optical scattering effects from cubic crystals and, to a lesser extent, mild
agglomeration. The measured zeta potential of 16 mV (Table 9) suggests moderate electrostatic
repulsion, preventing significant aggregation. The absence of additional XRD peaks, such as
those for Ca(OH). [391], further confirms that the carbonation process was successfully
completed without by-product formation.
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Figure 28. Properties of synthesized CC particles and the CC-HA bath analyzed 48 hours after
combining 64 mM CC stock suspension with 46 mM phosphate solution.

After 48 hours of reaction, notable changes in particle morphology were observed. Some
cubic CC crystals transformed into whisker-like or acicular structures, while others exhibited
surface roughening. The formation of elongated particles likely resulted from CC dissolution
and subsequent HA precipitation in the bulk solution [196], whereas surface roughening may
be attributed to phosphate adsorption on CC crystal surfaces [209]. A significant portion of CC
particles largely retained their original cubic shape, likely because their smooth, defect-free
surfaces limited phosphate penetration and protected inner layers from transformation. XRD

102



analysis revealed two additional peaks at ~26° and 32°, characteristic of HA, confirming partial
CC conversion. The broad and low-intensity nature of these peaks indicates that the newly
formed HA phase possesses low crystallinity, approaching an amorphous state. This observation
aligns with previous reports on CC-to-HA conversion in phosphate electrolytes [196], [204],
[211]. FTIR spectra provided further evidence: the appearance of the vsPO+*~ band at 1025 cm™
and a shift of the vsCOs* band to 1435cm™ (Table 11) support the formation of HA or
carbonate-substituted HA (COs-HA). Since the vsCOs*" vibration is absent in carbonate-
substituted apatite, the observed ~twofold decrease in the 715 cm™ band intensity compared to
the initial CC signal indicates partial HA formation. However, the lack of a detectable O—H
vibration near 3570 cm™ [392] suggests a low hydroxyl content in the co-precipitated phase,
implying that the product may consist of a mixture of HA and TCP.

Table 11. Characteristic FTIR peak positions (+ 5 cm™) and their corresponding vibrational modes for
compounds identified from literature and experiments.

Compounds Phosphate Carbonate Reference
V3 V2 V3 V4

cC - 875 1420 715 [393]

HA 1045 - - - [394]

COs3-HA 1035 875 1455 - [395]

cc? - 870 1405 715 Figure 28

CC-HA? 1025 875 1435 715 Figure 28

4 synthesized in the present study

During the reaction between CC and the phosphate electrolyte, suspended particles
progressively agglomerated, resulting in an average hydrodynamic diameter of 1.35 um. This
increase is partly due to the co-precipitation of irregularly shaped HA but is also strongly
influenced by the electrokinetic properties of CC and HA. The isoelectric point (IEP) of HA is
typically around 7 [396], though it can range from ~4 to 9 depending on synthesis conditions
and ionic substitutions [397], [398]. Carbonate-rich HA is known to shift its IEP toward higher
pH values [397]. CC, on the other hand, generally exhibits IEPs near 10 [109]-[111],
occasionally exceeding 11 [399]. Consequently, in the phosphate electrolyte, where pH rises
from 9.24 to 9.82 (Table 9), CC particles are expected to remain slightly positively charged,
while HA maintains a negative charge [181]. This charge disparity promotes electrostatic
attraction between CC and HA, driving heterocoagulation [179], [400].
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Figure 29. Schematic representation of two potential mechanisms influencing interactions between CC
particles and phosphate electrolyte during CC-HA PEO bath preparation ({ — zeta potential).
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Particle geometry further facilitates this process: whisker-like HA structures (Figure 28)
can entrap cubic CC particles, forming compact aggregates [401]. Experimentally, CC
displayed a near-neutral zeta potential (3.7 mV) immediately after CC-HA bath preparation,
leading to a twofold increase in particle size. At one stage of the reaction, zeta potential reached
0 mV (Table 9), likely weakening electrostatic repulsion and promoting further agglomeration.
After 48 hours, HA co-precipitation rendered the zeta potential moderately negative (—
21.8+0.3 mV), improving bath stability and enhancing particle mobility during PEO
processing by facilitating electrophoretic migration toward the anode [180]. The final particle
size of 1.35 um is likely well-suited for the PEO process, matching typical pore dimensions on
PEO coating surfaces [186], [189], [212].

Based on the results discussed in this section, it can be asserted that interactions between
CC and phosphates are inherently complex, but primarily driven by two parallel mechanisms:
chemisorption on the CC particle surface and dissolution-precipitation, with the latter further
driving heterocoagulation of CC with co-precipitated HA particles. A visual representation of
these two mechanisms is presented in Figure 29.

4.3.3. Characterization of the PEO process

PEO treatments were performed in both Blank and CC-HA baths, producing coatings
referred to as Blank and CC-HA layers, respectively. The process evolution was assessed by
monitoring voltage and current profiles over time (Figure 30). Vertical dashed lines denote the
point at which the limiting voltage (Vim = 450 V) was reached, marking the transition from
galvanostatic to potentiostatic control and initiating the potentiostatic aging stage [402]. Due to
the pulsed power supply, current-time and voltage—time responses are displayed as shaded
regions rather than continuous traces typical of DC PEO [129], [403], [404]. Throughout the
process, the current dropped to zero during each off-phase, whereas voltage partially decreased
before the next pulse. For both coatings, the amplitude of this transient voltage drop increased
progressively until reaching Viim and then gradually diminished toward the end of oxidation.
This behavior reflects the increased energy required to achieve higher voltages as the oxide
layer thickens, elevating the potential difference between the substrate and electrolyte. Upon
reaching Vim, coating growth approached its maximum thickness under the applied conditions,
and the subsequent stage primarily involved structural ordering and stabilization of the oxide
layer [405].
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Figure 30. Average time—voltage and time—current profiles during the PEO treatment, with dashed lines

marking the point at which the limiting voltage (Viim) is achieved.
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The Blank coating reached Vim in 111.3 1.5 s, whereas the CC-HA coating required
180.7 + 2.1 s—approximately 1.6 times longer. This difference is statistically significant (p =
1.28 x 1079), indicating substantial variation in coating formation between the two baths.
Following Vim, the CC-HA bath also exhibited a slower current decay and higher voltage
amplitudes. These findings suggest a more complex growth mechanism for particle-containing
coatings. Since the oxidation conditions were identical, this behavior is attributed to the
contribution of CC-HA particles. Additional differences in current and voltage may stem from
the distinct dielectric properties of the phases incorporated into the growing oxide [117], [232],
[237], while dissolved carbonates in the CC-HA bath could also influence microdischarge
behavior and breakdown dynamics [153]. Ultimately, the altered progression of the PEO
process resulted in coatings with distinct surface morphology, thickness, and elemental
composition, as detailed in Sections 4.3.4 and 4.3.5.

4.3.4. Coating surface characteristics

Figure 31a shows the surface morphology of the fabricated coatings at different
magnifications. The Blank coating exhibited a typical PEO surface formed in a phosphate-based
electrolyte [340], [406], [407], [408], characterized by high porosity, numerous uniformly
distributed pores, and an alternating pattern of micro- and submicropores. The pores were
predominantly round or slightly elongated, with smooth walls and no visible inclusions or
surface irregularities. At lower magnification, the surface displayed a uniform distribution of
regions (~30 x 30 um) featuring either larger or finer pores, consistent across the entire coating.
Incorporating CC-HA particles into the bath noticeably altered the surface features. A reduction
in overall porosity, changes in pore structure, and the presence of larger micropores were
observed. The pores remained mostly circular, but the surrounding areas were densely packed
with particle-like deposits. Such inclusions are commonly reported when particulate additives
are introduced into PEO baths [180], [186], [213], [215], [409], suggesting partial reactivity or
inert entrapment of particles within the oxide layer, and confirming that the selected particle
concentration was sufficiently high to influence coating formation. Localized areas of partially
closed pores and relatively large non-porous regions (~10 x 10 um) were also identified.
Additionally, coatings formed with CC-HA particles exhibited slight surface cracking, likely
caused by the brittle nature of CC and HA phases [410], [411] and their relatively high
incorporation into the oxide layer, reflected by a Ca/Ti molar ratio greater than 1 (Figure 33).

Porosity was further analyzed using contrast enhancement, with the results presented in
Figure 31b. The graphs show the relative contributions of different pore size ranges to the total
porosity, allowing comparison both within and between the coatings. For the Blank coating,
pore size distribution followed a near-normal pattern, which can be attributed to the simpler
1onic composition of the electrolyte. In contrast, the CC-HA coating displayed a less defined
dominant pore size and showed increased contributions from both very small pores (<0.2 um?)
and large pores (>10 um?). Intermediate-sized pores were less prevalent, leading to a 9%
reduction in total porosity compared to the Blank coating (54 + 3% vs. 43 +£4%). This difference
was statistically significant (p=7.15 x 1073, two-tailed Student’s t-test), indicating a consistent
porosity reduction following CC-HA incorporation. Additionally, the narrower standard error
observed for the Blank coating suggests greater uniformity in pore distribution and
microstructure. In contrast, the CC-HA coating exhibited slightly larger error bars across most
pore size ranges—especially for the largest pores—pointing to higher microstructural
variability.

According to Hao et al. [412], PEO coatings generally exhibit porosities ranging from
5% to 40%, depending on process parameters and bath composition. Both the Blank and CC-
HA coatings produced in this study fall within the high-porosity category. In certain cases, such
as with fluoride-containing electrolytes, porosities as low as 1% have been reported [412].
However, in many practical applications, high porosity is advantageous. In implantology, not
only high overall porosity but also a broad pore size distribution—such as that observed in CC-
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HA coatings—plays a critical role. This structural diversity simultaneously provides nucleation
sites for chemical bonding and protein adsorption while facilitating cell adhesion and
attachment [413], [414], [415], [416]. Similarly, in photocatalytic applications, porous PEO
coatings enhance surface area and increase the number of active sites for light-induced
reactions, improving both light absorption and mass transport of reactants and products, thereby
boosting photocatalytic efficiency [417]. Although dedicated studies on PEO coatings as
adsorbents are lacking, their naturally porous architecture suggests strong potential for sorption
applications, including phosphate removal [418]. The CC-HA coating, with its lower porosity
compared to the Blank coating, is also expected to offer improved corrosion resistance. Reduced
porosity minimizes pathways for corrosive agents (e.g., water and aggressive ions) to reach the
substrate, an effect further strengthened by the significantly greater thickness of the CC-HA
coating (Section 4.3.5). If further porosity reduction is required, it can be achieved by tuning
electrical parameters [419] or optimizing particle size [31]. Previous studies, including that of
Keyvani et al. [420], have consistently shown that increased coating thickness and lower
porosity enhance corrosion protection.
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Figure 31. (a) SEM micrographs depicting surface morphology of Blank and CC-HA coatings at various
magnifications; (b) surface porosity analysis showing the proportion of pores across different size
ranges.

Figure 32 shows the surface roughness analysis results obtained via contact profilometry
and 3D SEM profilometry. Overall, Ra and Rz values measured by 3D SEM were lower than
those from contact profilometry, with a particularly reduced Rz observed for the CC-HA
coating. This discrepancy likely stems from the smaller scanned area in 3D SEM analysis
(~100 x 100 nm for the Blank coating and 0.5 x 0.5 um for the CC-HA coating), whereas
contact profilometry covered several millimeters, increasing the likelihood of capturing a
broader range of surface elevations and depressions. The average roughness values for the
Blank coating were typical of PEO coatings produced under similar conditions, rarely
exceeding 1-2 um [386], [406], [421]. Roughness profiles and height maps revealed small,
periodically distributed elevations and flat regions, corresponding to clusters of large and small
pores observed in SEM images (Figure 31a). Incorporation of CC-HA particles significantly
increased surface roughness—approximately fivefold—accompanied by the formation of large,
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irregular elevations across the coating surface. This effect suggests localized particle
incorporation at the microscale. The resulting 3D topographies closely resemble those reported
for PEO coatings on Ti-based substrates by other researchers [422], [423].

a) 5.0 -
] B contact profilometry Il

1 3D SEM profilometry
4.0 - 25
I

3.0

Ra (um)
—
Rz (pm)

2.0 ]

1.0 ]

W& W
0.0 - 0

Blank CC-HA Blank CC-HA

CC-HA

J I APNN (Y
WYY

Rz=15.4 um 530 um

9 B
30 pm
.
I [ T |
-1.25 pm 0 +1.25um  -7.90 um 0 +7.90 pm

Figure 32. Surface roughness analysis results: (a) comparison of Ra and Rz values obtained via contact
profilometry and 3D SEM profilometry; (b) representative surface profiles captured by 3D SEM
profilometry; (c) corresponding 3D topography maps.

Elemental surface composition was analyzed by averaging measurements from three
distinct regions of each coating (A3) for O, Ti, Ca, P, and C (Figure 33). Additionally, point
analyses were performed at four specific locations (x1-x4), and elemental mapping was
conducted at two magnifications to further assess elemental distribution in the CC-HA coating
(Figure 34). The Blank coating displayed a relatively uniform elemental distribution, though
moderate variations were observed for O, Ti, and P [424], which likely correspond to local
differences in coating thickness and internal porosity. Specifically, elevated Ti content and a
less pronounced decrease in O were detected in the walls of larger pores. The detected C signal
in the Blank coating is attributed mainly to artificial EDX artifacts and atmospheric CO-
adsorption. This adsorption may be enhanced by the presence of phosphate groups on the
coating surface, as suggested by the positive correlation between P and C fractions.

. In the CC-HA coating, elemental distribution was generally more uniform compared
to the Blank coating, with one notable exception: a region along a wide pore wall (spot 2)
exhibited increased concentrations of Ti, Ca, and P, and reduced O and C levels relative to
surrounding areas. The origins of these local compositional variations are further analyzed in
Section 4.3.7. The averaged surface elemental fractions (A3) revealed a relatively high calcium

107



content in the CC-HA coating, with Ca exceeding Ti by a factor of 1.36. The average surface
Ca/P ratio, determined from area analysis, was 1.20. Phosphorus content was similar for both
coatings (A; = 6.1% for Blank and 6.9% for CC-HA), although the difference was statistically
significant (p=0.0068). This similarity is expected since both baths contained equal total
phosphorus concentrations; however, in the Blank bath, phosphorus was entirely dissolved,
while in the CC-HA bath, it was largely introduced in particulate form (Figure 27). Other
elemental differences were more pronounced and statistically significant (p<0.01 for all
comparisons). Overall, the surface Ca and P fractions in the CC-HA coating were consistent
with values reported by Nahum and Lugovskoy [175], who employed a bath with 0.25M CA
and 0.06 M calcium BGP in AC mode to produce HA coatings on Ti6Al4V alloy.

Blank

x2  x3 x4
702 77.6 758 73.8t0.2
19.0 126 169 15.85:0.12
0.01 0.02 001 0.04+0.02
620 584 473 6.12:0.12

449 392 258 4.0£0.3

x2 x3 x4

56.8 683 67.7 67.110.2
125 227 184 6.1+0.3
10.2 856 894 8.310.4
100 6.28 6.90 6.9+0.2

103 143 142 11.2404

Figure 33. EDX-based elemental composition of coatings: spot analysis at indicated positions and
averaged data from scans of three regions.

Figure 34. EDX elemental mapping of the CC-HA coating at various magnification levels.

Elemental mapping at lower magnification (Figure 34) showed a generally
homogeneous distribution of all analyzed elements, consistent with the overall surface
topography. In the Ca map, localized brighter spots were observed, likely corresponding to
accumulations of incorporated CC-HA particles. At higher magnification, noticeable contrast
between colored and dark regions appeared; however, this contrast primarily resulted from
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surface roughness effects. Areas at lower elevations were outside the focal plane, which could
misleadingly suggest elemental absence. The maps also revealed an alternating Ti distribution
and indicated that Ca and P were not always co-located, suggesting that some incorporated
particles consisted exclusively of CC or HA phases. Although EDX mapping provides only
approximate compositional data, a more detailed phase distribution analysis was performed
using Raman spectroscopy (Section 4.3.6).

4.3.5. Coating cross-section

Cross-sectional imaging (Figure 35) revealed that the incorporation of CC-HA particles
led to a substantial increase in oxide layer thickness, from approximately 7 um for the Blank
coating to about 25 um for the CC-HA coating—a more than threefold enhancement. To
highlight these differences, microstructural features of both coatings are shown at multiple
magnifications. Typically, PEO coatings formed in phosphate baths without particle additives
and under DC oxidation do not exceed 4—5 um in thickness [340], [425]. Interruption of voltage
and current pulses is known to prolong the solidification cycle of the molten oxide, thereby
promoting thicker coating growth [29], [232]. In this study, the relatively low pulse frequency
produced an oxidation regime similar to DC, which limited the thickness of the Blank coating.
The pronounced thickening observed for the CC-HA coating is unusual for particle-containing
PEO processes. In most reported cases, particle addition increases coating thickness by up to
50% compared to particle-free coatings [186], [190], [213], with occasional reports of thickness
reduction [133]. When incorporating CaP phases specifically, thickness changes relative to
Blank coatings have been inconsistent, ranging from negligible differences [31], to ~20%
reduction [224], or ~10% increase [426]. Current literature has not established a clear
correlation between coating thickness and particle size or other suspended particle properties
[31], [224], [426]. Instead, thickness variations appear primarily governed by the electrical
parameters of the PEO process and strongly influenced by bath chemistry and substrate
properties. Potential mechanisms explaining the exceptional coating thickening observed here
are discussed in Section 4.3.7.

Original view Structural features outlined

4. f

Ti substrate

Figure 35. Cross-sectional morphology of Blank and CC-HA coatings with highlighted key
microstructural features.

Based on visual inspection, the internal structure of the CC-HA coating can be described
as bilayered, consisting of a relatively compact inner layer a few micrometers thick and a
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thicker, more porous outer layer containing both closed and open pores—features typical of
PEO coatings [26], [224], [427], [428]. However, an additional, often-overlooked component
is also present: the barrier layer. This thin, dense layer forms at the metal/oxide interface during
the initial stages of oxidation and typically measures a few hundred nanometers in thickness
[429]. Due to its compact nature and the overall thickness of the coating, it is not easily
discernible in SEM images. A pronounced curvature at the substrate—coating interface was also
observed—a common feature in PEO systems [430], [431], [432]. This curvature results from
uneven oxide growth into the substrate, driven by spatially variable discharge activity and local
thermal gradients during the process [433]. Additionally, the inner and outer layers were
separated by an elongated porous band, a less frequently reported but well-documented
structural feature [419]. Horizontal cracks observed in the CC-HA coating likely formed during
mechanical polishing but may have been exacerbated by increased brittleness due to high CC
and HA content [410], [411]. The CC-HA coating exhibited a more complex microstructure
overall, with features such as round pores, visible discharge channels, and a broader internal
pore size distribution. These features may arise from different formation mechanisms, some of
which could be influenced by particle incorporation. Potential explanations for the observed
internal porosity patterns and structural differences are further discussed in Section 4.3.7 as part
of the proposed growth mechanisms.

Blank CC-HA
60 7 60 7
] o] ]
50 § 50
& 201 £ 40 ]
c 1 C 2 c ] 2
2 ] 2 o 3 qd °
g 301 “— 5 g 30 c b5
- ] 3 = ] 3
2 ] L 20 3
£ 20 1 £ ]
2 ] 2 ]
= 10 ] < 10 4
1 ] Ca
0 — 0+
0 1 2 3 4 5 6 7 0 5 10 15 20 25
12 - 12 7
10 1 10 1
€ 3] g s8]
c ] ] c 1 3
k] 1 2 ] 1 S
T 64 b T 61 b
] 1 ) @ 1 <
= ] 3 &= i S
L2 41 2 e 4] “
E ] E ] Ca
T 5] < 5 ]
T TR A S T S o [ e e o i———
0 1 2 3 4 5 6 7 0 5 10 15 20 25
Depth (um) Depth (um)

Figure 36. Elemental distribution across coating cross-sections, showing atomic fraction gradients from
surface to substrate based on measurements at five vertical positions.

Figure 36 presents the elemental composition profiles of the coatings as a function of
depth. While replicate measurements were performed, these profiles were primarily intended
to visualize compositional trends across the coating thickness rather than provide detailed
statistical comparisons of elemental concentrations at specific depths. The left vertical axis
(zero argument value) corresponds to the coating surface, while the right axis indicates the
oxide—substrate transition. Both Blank and CC-HA coatings showed similar overall growth
patterns, particularly in the comparable shapes of Ti and P curves. In the CC-HA coating,
calcium and phosphorus were detected throughout the entire thickness, with small amounts
even near the substrate interface. The relatively low concentrations of Ca, P, and Ti in the upper
and middle layers are likely associated with the frequent occurrence of surface and closed pores.
The upper layers of the CC-HA coating were enriched in calcium, with a consistently high Ca/Ti
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ratio up to a depth of ~10 um. In both coatings, oxygen content decreased and titanium content
gradually increased toward the deeper layers, suggesting an increase in coating density and
reduced porosity closer to the substrate. This trend also indicates the transition into the
oxide/metal interface. Carbon contributed limited compositional insight because of its presence
in the resin used for cross-sectional preparation. Nevertheless, the substantially higher carbon
fraction in the upper layers of the CC-HA coating compared to the Blank coating clearly results
from incorporated particles. The elevated carbon content throughout the depth profile also
explains why the Ti signal at the coating—substrate boundary did not reach 100%. Additionally,
to confirm the uniformity of CC—HA particle incorporation, calcium distribution profiles were
provided for different locations of the coating cross-section (Figure 37). As can be seen, despite
slight differences in absolute mass fractions, the trends were consistent in all cases.

Atomic fraction (%)

Depth (um)

Figure 37. Depth-wise calcium distribution across five distinct regions of the CC-HA coating, with
individual profiles shown as colored vertical lines (scale bar: 10 um).

4.3.6. Raman spectroscopy analysis

Raman spectroscopy was used to investigate the surface phase composition of both
Blank and CC-HA coatings. Measurements were conducted across five regions on each coating,
and representative spectra were extracted using True Component Analysis for the 50—-1300 cm™
range (Figure 38). Analysis of the Blank coating revealed four structural forms of anatase, each
displaying different levels of crystallinity. Highly crystalline anatase exhibited well-defined
Raman bands at 150, 395, 515, and 640 cm™ [318]. Defective anatase showed slightly shifted
and broadened peaks, while highly disordered anatase presented weak, broad bands indicative
of severe lattice defects. The CC-HA coating displayed a similar overall Raman pattern, with
both crystalline and defective anatase phases present across the surface. The prevalence of
structurally disordered anatase suggests shorter solidification cycles of molten oxide during
coating formation compared to the Blank sample. The observed crystallinity variations, together
with surface porosity and roughness (Figure 31, Figure 32), likely result from localized
temperature fluctuations during oxidation, as further discussed in Section 4.3.7. Typically, PEO-
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formed TiO: coatings exhibit both anatase and rutile phases, with rutile formation favored at
higher process voltages [319], [320]. The anatase-to-rutile ratio can therefore serve as an
indirect indicator of the surface temperature during PEO treatment. Tubio et al. [434]
demonstrated that amorphous TiO: nanoparticles undergo crystallization with rutile formation
initiating near 600 °C and becoming dominant around 700 °C. The absence of rutile on the
surfaces of both coatings suggests that the oxidation temperature remained below 600 °C,
conditions favorable for stabilizing the anatase phase. This lack of rutile formation may also be

associated with enhanced heat dissipation during coating growth due to the thermostated PEO
bath.
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Figure 38. Raman spectra of phases formed in Blank and CC-HA coatings.

In addition to anatase-related features, the CC-HA coating displayed distinct Raman
bands associated with the incorporated CC and HA phases. Prominent peaks at 1090 cm™ and
710 cm™ correspond to the vi and va vibrational modes of the carbonate ion, confirming the
presence of crystalline CC [277]. The narrow width of the vi(COs*") band at 1090 cm ™ indicates
a highly ordered structure, consistent with the XRD data for CC particles filtered from the stock
suspension (Figure 28) and suggesting high crystallinity [435]. HA was identified by a strong
phosphate vi band at 964 cm™!, attributed to the symmetric stretching of PO4+*~ groups [436].
Additional HA-related features were observed at 1030 cm™ (v3), 580 cm™ (v4), and 425 cm™
(v2), corresponding to asymmetric stretching and bending vibrations. Compared to CC, the
phosphate bands were broader, indicating the formation of HA with a more disordered
structure—Ilikely related to the 48-hour in-bath reaction process (Section 4.3.2). However,
partial thermal crystallization during coating growth is suggested by the measured full width at
half maximum (FWHM) values. To explore potential carbonate substitution into the HA lattice
(i.e., COs-HA formation), Raman spectra were deconvoluted to assess both carbonate signals
and structural impurities. The simultaneous presence of the strong phosphate vi band at
964 cm™ and a carbonate-related band near 1075 cm™ supports the formation of A-type COs-
substituted HA, where carbonate replaces hydroxyl groups [437], [438], [439]. This conclusion
is further supported by the absence of a distinct hydroxyl-related Raman band typical of
stoichiometric HA (Figure 39). Additional weak bands between 860—750 cm™ were assigned to
v2 and va(COs*) modes [437], [440], reinforcing evidence of carbonate incorporation. This
substitution likely occurred due to the high concentration of dissolved carbonate in the CC-HA
bath (Figure 27) and localized high-temperature conditions produced by plasma discharges. The
substitution could proceed either via a reaction with stoichiometric HA (Eq. 10) or through the
transformation of TCP (Eq. 11)—the latter pathway being supported by XRD results (Figure
28, Section 4.3.8).

Ca10(PO4)s(OH), + xCO3% — Caig(PO4)6(OH)2x(CO3)x + xOH™ (10)
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3Ca3(PO4)2 + Ca** + 20H + xCO3?~ — Caio(PO4)s(OH)2x(CO3)x + xOH™ (11)
where 0<x<1

This comprehensive Raman analysis highlights the structural complexity of both Blank
and CC-HA coatings, particularly emphasizing the variation in anatase crystallinity. The
presence of CC particles during oxidation confirmed that surface temperatures in the outer
layers of the CC-HA coating remained below 750 °C [88], [441]. While Raman spectra
confirmed the incorporation of CC and HA phases, they did not indicate the formation of COs-
HA. This outcome aligns with the study’s primary objective—successful incorporation of the
CC phase—while still introducing carbonate as an additional chemical constituent. From a
structural and chemical perspective, COs-HA can be considered analogous to both CC and HA,
representing an intermediate transitional form between these phases. This interpretation is
supported by previous findings showing that HA solubility increases with higher levels of
carbonate substitution [442]. Moreover, the absence of other crystalline impurities demonstrates
the high phase purity of the fabricated coatings, further validating the effectiveness of the

applied PEO process.
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Figure 39. Deconvoluted Raman spectrum of the HA phase indicating carbonate incorporation.

For phase mapping, the most intense and non-overlapping Raman bands of CC and HA
were selected as integration ranges. Interpretation of the strongest band near 145 cm™ [318]
was complicated by the presence of a nearby calcite band at ~155 cm™ [277]. Similarly, anatase
bands at 395 and 640 cm™! partially overlapped with HA bands at 425 and 580 cm™ [436]. To
avoid spectral ambiguity, the anatase band at ~515 cm™" was chosen for analysis, along with the
amorphous TiO: region spanning 700-900 cm™. Given the difficulty of defining integration
regions unambiguously, an alternative, more robust approach was employed: True Component
Analysis (TCA). Using both integrated phase-specific bands and TCA, the spatial distribution
of anatase, HA, and CC was analyzed across the coating surface while accounting for depth
variations caused by surface roughness (Figure 40). The coating’s deepest layer was set as the
zero reference plane (“0O um”), while focal planes labeled “+2 pym,” “+4 um,” and “+6 pm”
corresponded to progressively higher surface layers.

True Component Analysis revealed the coexistence of anatase and amorphous TiO:
phases, both broadly distributed across the coating surface. Amorphous TiO. was mainly
localized along pore walls, while HA displayed a distribution partially overlapping with anatase.
At the chosen magnification, HA appeared moderately uniform, forming agglomerates up to
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~20 um 1in size. Its consistent detection at all coating depths suggests relatively uniform
deposition throughout the layer. In contrast, CC exhibited a distinct distribution pattern.
Although it often co-localized with HA-rich regions, CC primarily appeared as isolated,
rounded particles 1-5 um in diameter and was less abundant than HA, likely due to its lower
thermal stability during plasma oxidation. Larger CC agglomerates were less common in deeper
coating layers, while the brighter background observed in the CC map at the “0O um” plane
indicated the presence of nanoscale carbonate particles (Figure 40). These nanoparticles likely
originated from dissolution—precipitation reactions releasing carbonate ions into the electrolyte
(Figure 27), followed by Na.COs adsorption onto the coating surface. Overall, this phase-
distribution analysis underscores the structural and compositional variability of the CC-HA
coating and provides insight into how plasma conditions and thermal effects influence the
incorporation and spatial arrangement of anatase, HA, and CC phases [443].
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Figure 40. Raman spectra with phase-mapping of anatase, HA, and CC phases at various depths,
accounting for the high surface roughness of CC-HA coatings.

4.3.7. Coating growth mechanism

As demonstrated in the Introduction part (Section 1.4.1), no previous studies have
successfully incorporated a carbonate phase directly into a PEO coating in the form of solid
particles. The current research is, therefore, among the first to employ a carbonation-based
particle synthesis approach specifically tailored for PEO applications (Figure 2). A further
distinguishing feature of this work is the use of microscale CC particles, as opposed to the
nanosized Si/CC composites utilized by Tan et al. [167]. Given these novel aspects, a detailed
description of the mechanism underlying the formation of CC-HA composite coatings is
warranted. Such a discussion will also help to systematize the observed results (Sections 4.3.4-
4.3.6) and provide a foundation for future studies on carbonate-related PEO processes. The
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conclusions and interpretations presented in this section are based on the fundamental principles
of PEO coating formation outlined in the Introduction (Section 1.3.3).

The growth mechanism of PEO coatings in the presence of suspended particulate matter
is inherently more intricate than that observed in electrolytes containing only soluble
components. The inclusion of solid-phase particles introduces additional pathways and
interactions that can significantly affect discharge behavior and chemical incorporation within
the evolving oxide layer [32], [213], [444]. Therefore, before advancing to a detailed discussion
of the formation mechanism of CC-HA composite coatings, it is essential to first describe the
coating development in the Blank bath and determine whether any non-standard structural
features are present.

Blank coating growth mechanism. The PEO treatment of titanium substrates initiates
with a conventional anodizing stage, during which a thin, compact oxide layer develops at the
metal surface (Eqgs. 12 and 13). As the applied voltage approaches a substrate- and electrolyte-
specific breakdown threshold [445], [446], localized dielectric breakdown occurs, giving rise
to micro-discharges across the surface [340]. These transient plasma channels briefly bridge the
electrolyte and substrate, promoting oxidation and rapid solidification of molten oxide (Eq. 14)
[26], [447] (see Section 1.3.3 for a detailed discussion of plasma-assisted coating formation).
Even during these breakdown events, a compact barrier layer [158] persists at the metal/oxide
interface, maintaining strong adhesion and corrosion protection. Concurrent gas evolution
(Egs. 15, 16) and plasma reactions generate reactive oxygen species [448], [449], [450], while
the discharge channels—typically on the micrometer scale and ending in surface pores—
produce the characteristic porous morphology of PEO coatings [451], [118], [452]. Such
standard discharge features are also observed in the Blank coating (Figure 31, Figure 35).

Ti — Ti*"+ 4e (12)
Ti*" + 2H,0 — TiOx(s) + 4H" (13)
2H,0 — 2H,T + 021 (14)
Ti(I) + O2 — TiOx(s) (15)
40H™ — 021 + 2H,0 + 4e~ (16)

As the oxide layer grows thicker, its electrical resistance increases, necessitating
progressively higher voltages to maintain the PEO process. This shift results in fewer but more
energetic micro-discharges, which either initiate new plasma channels or further extend existing
ones [125], [237], [340], [385] (see Section 1.3.3 for a detailed mechanism). The repeated
occurrence of these discharge events accounts for the variation in pore sizes typically observed
in Blank coatings (Figure 31). In the present study, the comparatively large surface pores
(Figure 35) are likely a consequence of the low pulse frequency and the near-DC oxidation
regime, both of which promote the formation of intense, deeply penetrating discharges [453],
[454].

PEO coatings form through a combination of inward and outward growth processes
occurring simultaneously [452]. The inward growth, driven by electrochemical oxidation
(Egs. 12-16), generates a dense inner barrier layer, whereas the outward growth involves
ejection of molten oxide onto the surface, where it rapidly solidifies, giving rise to the
characteristic porous structure [451] (see Section 1.3.3). The internal porosity observed in the
Blank coatings (Figure 35) is likely a result of incomplete solidification of molten material or
the entrapment of oxygen bubbles during discharge events [455], [91]. The relatively low final
thickness of the Blank coating indicates efficient heat dissipation, which may have promoted
repeated re-melting of the oxide and contributed to the masking or closure of finer discharge
channels.

At elevated voltages, the PEO process induces strong electrophoretic forces that propel
negatively charged species (e.g., PO+*~, SiOs*", COs*") toward the anode. These species tend to
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accumulate near discharge sites, where they can be incorporated into the growing oxide layer
either through capture within molten material or by penetrating plasma channels (Section 1.3.3).
Subsequent chemical reactions may yield bonded phases, complex oxides, or insoluble salts
[151], [165], [456]. While previous studies have reported limited cation incorporation under
AC conditions [457], and Na* uptake has been linked to capillary-driven transport [458], [459],
no sodium was detected in either the Blank or CC-HA coatings in this work (Figure 33, Figure
36), suggesting that such incorporation pathways are negligible under the near-DC processing
regime used here.

Elemental analysis (Figure 33, Figure 36) revealed that the Blank coating contained a
substantial amount of phosphorus. However, Raman spectroscopy (Figure 38, Figure 40)
identified anatase as the only crystalline phase, with no evidence of phosphate-containing
compounds. This indicates that phosphorus was incorporated predominantly as amorphous
species [460], [461]. Within the discharge channels, phosphate ions likely reacted with molten
titanium (Eq. 17) or molten TiO: (Eq. 18), or interacted directly with Ti* ions at the metal/oxide
interface (Eq. 19), leading to the formation of amorphous TiPOs [462]. Under plasma
conditions, phosphate or hydrogen phosphate ions may also undergo thermal conversion to
pyrophosphate species (Eq. 20), which can incorporate into the coating through mechanisms
analogous to those of orthophosphates (Egs. 17—19). Additionally, the formation of mixed non-
stoichiometric oxides and crosslinked Ti—P—O networks is plausible (Eq. 21) [110], [463]. In
these amorphous structures, Ti*" typically forms octahedral [TiOs] units, while PO4+*~ groups
form tetrahedral [PO4]*~ units. Oxygen sharing between these units results in Ti—~O—P bridges
and extended network motifs (---Ti—-O—-P—O-Ti---) characteristic of glassy or amorphous PEO
coatings [154], [464]. Such behavior—where only TiO: appears as the crystalline phase despite
significant phosphorus incorporation—is common in PEO treatments of titanium using
electrolytes containing only soluble phosphate salts, as further confirmed by XRD analysis
[458].

Ti(l) + PO4*~ — TiPO4 (17)
TiOx(1) + PO4*~ — TiPOs4 (18)
Ti*" + POs*~ — TiPO4 (19)
2HPO4> — P,07* + H,0 (20)
xTiO, + yPO4*~ — Ti-P-O (21)

Localized EDX surface analysis (Figure 33) and Raman spectroscopy results (Figure
38) provide additional insights into the fundamental mechanisms of PEO coating formation.
The observed variations in oxygen, titanium, and phosphorus content likely arise from localized
fluctuations in temperature and discharge intensity during processing [138], factors known to
influence both coating thickness and internal porosity. Notably, the increased titanium content
detected in the walls of larger pores—accompanied by only a minor reduction in oxygen
concentration—suggests that these pores were formed by the eruption of significant amounts
of molten titanium from the substrate [139]. The rapid quenching of the ejected material
prevented complete oxidation. This same rapid solidification also explains the variation in
anatase crystallinity observed in the Blank coating (Figure 38).

CC-HA coating growth mechanism. Unlike the Blank coating, the CC-HA layer
developed in an electrolyte containing suspended particulate matter, introducing additional
processes beyond the fundamental PEO mechanisms outlined in Section 1.3.3 [30], [180],
[213], [465]. The markedly greater thickness of the CC-HA coating (Figure 35), along with its
higher calcium content relative to titanium and phosphorus (Figure 33), demonstrates
significant particle incorporation into the oxide matrix. The CC-HA particles, carrying a
negative surface charge with a measured zeta potential of —21.8£0.3 mV (Table 9), were
electrophoretically attracted to the positively polarized titanium anode during the PEO process
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[180], [460], [466], [467]. Due to their micron-scale size and sufficient mobility, these particles
were continuously transported to active discharge sites, where they became entrained within
molten oxide and were subsequently incorporated into the growing coating either through
physical embedding or chemical reactions [31], [32].

The influence of CC-HA particle morphology—encompassing particle size and
structural features—was evaluated using several datasets, including pore size distribution
(Figure 31), calcium depth profiles (Figure 36), calcium distribution repeatability (Figure 37),
and particle characterization (Figure 28). In the Blank coating, pores ranged from 0.2 to 10 um,
with the majority measuring 1-2 um in diameter. Although these values represent the final pore
dimensions, they provide a useful reference for understanding particle incorporation behavior,
with the Blank surface serving as a control matrix produced in the absence of suspended
particles. The CC-HA particles exhibited sizes between 300 nm and 3 pm, with a predominant
peak at approximately 1.35 um—comparable to the most frequent pore sizes. While pore
penetration is widely recognized as a primary mechanism for particle uptake during PEO [444],
[31] (Section 1.3.3), the calcium depth profiles (Figure 36) show a sharp decrease in calcium
concentration beyond ~10 um. This observation is reinforced by the high repeatability of the
calcium distribution data (Figure 37). These findings suggest that deeper particle incorporation
via pore penetration was limited, likely confined to smaller particles (~500 nm or less),
particularly during the early stages of coating growth when micro-discharge intensity was
relatively low [93]. As the coating thickened and discharge events became more energetic, pore
widening likely facilitated the entrapment of larger particles within the evolving oxide layer
[213], [468].

Even for particles similar in size to surface pores, the probability of full penetration may
be limited by spatial constraints. Particles can become trapped at the pore entrance or obstructed
within the pore by its walls, particularly when the pore is in an active discharge state surrounded
by molten oxide [30], [31], [213]. Additionally, some particles may be captured directly from
the electrolyte by plasma discharges without first contacting the coating surface [166], [469].
Evidence supporting these alternative incorporation routes—rather than classical pore
penetration—comes from the structural characteristics of the CC-HA particles. These particles
are actually micron-sized agglomerates composed of numerous nanoparticles (Figure 28).
Owing to their relatively low density and high specific surface area, these agglomerates are
more likely to undergo “productive” interactions with plasma events and surface features,
leading to entrapment in molten oxide or adsorption at discharge-active zones [444]. Since their
dimensions are comparable to both the pores and the sparks, full embedding into the oxide
likely occurs gradually. The process may begin with partial capture of the agglomerate’s outer
surface, while the remaining portion—Iloosely bound by electrostatic interactions (as illustrated
in Figure 29)—remains temporarily mobile. With continued discharges and coating growth, the
agglomerate progressively integrates into the oxide matrix. Another factor facilitating this
incorporation is the low crystallinity of one of the suspension’s components: HA. These HA
particles form in situ through interactions between CC and phosphate ions in the electrolyte
(Section 4.3.2). Acting as a binding phase, the amorphous HA stabilizes cubic CC nanoparticles
within the agglomerates (Figure 29). Moreover, its high surface area further enhances collision
efficiency with molten oxide, promoting particle entrapment. Similar behavior was observed in
Section 4.2, where amorphous TCP particles with high specific surface area produced thicker
PEO coatings compared to their crystalline counterparts.

In summary, the factors discussed above were likely key contributors to the pronounced
thickening of the CC-HA coating (Figure 35). The negative zeta potential of the suspension
promoted continuous electrophoretic transport of fresh particles toward the anode surface
(Table 9), while the size, morphology, and dispersion characteristics of the synthesized CC-HA
particles (Figure 28) were well-suited for efficient incorporation of solid additives into the
developing PEO layer [31], [213]. Consequently, the process dynamics shifted significantly
toward outward coating growth. The outer regions of the coating became progressively enriched
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with incorporated particles, with larger particles preferentially embedded closer to the surface.
Raman spectroscopy mapping (Figure 40) indicated particle sizes of up to 5 pm, which is likely
comparable to the maximum discharge diameter reached during the later stages of coating
formation. Additional evidence for the high particle concentration in the upper layers includes
the elevated calcium content and slightly reduced oxygen levels observed in the EDX depth
profiles (Figure 36). The latter is consistent with the lower intrinsic oxygen content of CC and
HA relative to TiO..

Similar to dissolved ions, suspended particles can undergo different incorporation
pathways depending on factors such as size, chemical composition, thermal stability, and
discharge intensity (which is influenced by voltage and electrolyte composition) [19], [32],
[444]. Based on these factors, three primary incorporation modes are generally recognized:
inert, reactive, and partially reactive [30]. Raman spectroscopy confirmed the widespread
presence of both CC and HA phases on the coating surface (Figure 38, Figure 40), suggesting
predominantly inert or partially reactive incorporation, where particles are embedded with little
or no formation of chemical bonds with the oxide matrix. The persistence of CC within the
interfacial layers is likely linked to its thermal stability, enhanced by efficient heat dissipation
through direct contact with the electrolyte bath. Furthermore, rapid cooling of these layers likely
contributed to the pronounced amorphous character of the coating (Figure 38, Figure 40) [460].
Nonetheless, several indirect observations—derived from surface morphology, internal
structure of the CC-HA coating, and elemental analysis—indicate that reactive incorporation
may also have occurred, particularly for the CC phase, which is thermally less stable than HA
[441]. The overall lower porosity of CC-HA coatings compared to Blank coatings (Figure 31),
along with the presence of highly compact surface regions exhibiting closed porosity and
lacking visible particulate inclusions (Figure 31), suggests that particles may have filled surface
pores and subsequently decomposed under plasma exposure [470], [31]. Such interactions
could give rise to a heterogeneous, amorphous or nanocrystalline oxide-ceramic composite,
such as TiO.—Ca—P—O [460], [461]. This process likely began with thermal decomposition of
the CC phase within the particles (Eq. 22), producing CaO, which could then react with molten
TiO: to form a Ca—Ti—O composite (Eq. 23). The absence of Raman peaks corresponding to
perovskite-type phases (e.g., CaTiOs) in CC-HA coatings (Figure 38) suggests that crystalline
CaTiOs did not form on the surface [471], likely due to rapid cooling rates or insufficient
thermal conditions to support crystallization.

Another distinctive feature of the CC-HA coatings is the presence of multiple small-
and medium-sized spherical inner pores (Figure 35), which likely result from thermal
decomposition of the CC phase incorporated within the oxide during the later stages of coating
growth. The CO: released during this decomposition (Eq. 22) would rapidly expand, displacing
the surrounding molten oxide uniformly in all directions and leaving behind spherical cavities
as it solidified. Additionally, the surface of CC-HA coatings exhibits small, round nanopores
(Figure 31), which may originate from localized decomposition of CC nanostructures
embedded in the surface layers. These nanopores could form through the attachment of CO:
bubbles that subsequently rupture under the high-energy conditions of micro-discharges or
through indentation of the softened oxide caused by associated shock waves [412].
Alternatively, bubble rupture might be initiated by a rapid chemical reaction between CO: and
hydroxide ions in the PEO electrolyte (Eq.24) [137], [472]. Apart from decomposition of
incorporated CC particles (Eq. 22), CO: bubble formation could also arise from electrochemical
conversion of carbonate ions at the anode surface (Eq.25). Another plausible mechanism
involves CO:2 bubbles adhering to the oxide surface and temporarily insulating localized regions
[226], [473], thereby suppressing or displacing micro-arc discharges in those areas [447], [474].
This effect could contribute to the observed non-uniform thickness of CC-HA coatings (Figure
35) and may help explain the delayed onset of sparking detected during their formation (Figure
30).
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CaCO; — CaO + COx(g) (22)

TiOx(1) + CaO — Ca-Ti-O (23)
COx(g) + 20H — CO3* + H,0 (24)
CO3* + 2H20 — COx(g) + Ox(g) + 40H + 2¢~ (25)

Phosphate ions may have similarly influenced the chemical composition of the CC-HA
coatings through reactions described in Eqs. 17-21. The slightly elevated phosphorus content
in the CC-HA coating compared to the Blank coating suggests that phosphates actively
participated in the coating growth process. As observed in the Blank coating, phosphorus was
relatively evenly distributed throughout the CC-HA layer (Figure 36), including the inner
regions. This uniform distribution indicates that, unlike solid particles, phosphate ions were
incorporated during the early stages of coating formation—Iikely beginning almost
immediately after reaching the breakdown voltage [452], [460]. In addition to phosphates, the
matured CC-HA bath contained a notable concentration of carbonate ions (Figure 27), whose
potential role also warrants consideration. Like phosphates, carbonate ions migrate toward the
anode under electrophoretic forces [180], where several reaction pathways are possible.
Analogous to anodic oxygen evolution in alkaline electrolytes (Eq. 14), carbonate ions may
contribute to CO: generation (Eq. 25) [475]. However, given their relatively low concentration
compared to water, the resulting increase in gas evolution is likely insufficient to cause
significant structural changes in the CC-HA coating [92], [449]. From a plasma chemistry
standpoint, the most probable interaction involves thermal decomposition of carbonate ions
with CO: release (Eq. 26). A hypothetical reaction between Ti or TiO. and carbonate ions—
producing Ti(COs). through a mechanism similar to phosphate incorporation (Eqs. 17-19)—is
unlikely to be significant, as the compound is thermally unstable and would readily decompose
under PEO conditions (Eq. 27) [476]. Furthermore, in the alkaline environment of the CC-HA
bath, any CO: generated—whether from particle decomposition (Eq. 22) or electrochemical
reactions (Eq. 25)—would rapidly reconvert into carbonate ions via Eq. 24 [475]. Therefore,
the most plausible role of carbonate ions in surface chemical modification is their contribution
to amorphous phase formation through a mechanism akin to that described in Eq. 21. This
process could lead to the incorporation of carbon within Ti—-P—O—-C network structures. As
previously noted, the intentional addition of soluble carbonate salts to PEO electrolytes is
relatively uncommon; nonetheless, literature reports [157], [158], [159], [160], [161], [477]
support the conclusion that carbonate ions have only a minor influence on phase formation
during PEO of relatively inert metals such as titanium. Achieving direct incorporation of
crystalline carbonate-containing phases via dissolved carbonate ions remains particularly
challenging.

CO3* — COx(g) + O* (26)
Ti(CO3)2 — TiO2 + 2COx(g) (27)

Analysis of other structural features of the CC-HA coatings—particularly external
porosity and internal, non-spherical pores—suggests that they formed through mechanisms
similar to those in the Blank coating, involving eruption, melting, and re-solidification of
molten oxide [468], [478], [479]. However, distinct structural characteristics are evident and
can be attributed to the presence and participation of CC-HA particles. As the CC-HA coatings
thickened and reached substantial dimensions, the relatively low porosity observed in the upper
layers—Iikely resulting from partial or complete blockage of surface pores by particles (Figure
31)—may have impeded the escape of anodically generated oxygen from the metal/oxide
interface into the surrounding electrolyte. This obstruction likely promoted the development of
internal voids and contributed to localized delamination within the coating (Figure 35). In the
literature, elongated networks of interconnected voids are commonly referred to as pore bands,
a well-documented microstructural feature in PEO coatings produced under DC [186], [425],
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[480], AC [213], [406], [412], [481], and pulsed current regimes [419]. The positioning of the
pore band within the inner regions of the CC-HA coatings—specifically near the metal/oxide
interface and adjacent to the barrier layer—is likely not coincidental. It may reflect a
mechanically weaker boundary separating the calcium-poor lower layers from the calcium-rich
upper layers (Figure 36), the latter formed through active particle incorporation. Additionally,
some inner pores (Figure 35) may have originated from phase transformations accompanied by
volumetric shrinkage [482], such as crystallization or thermal decomposition of HA within the
incorporated particles. Representative examples include the formation of oxyapatite (Eq. 28) or
TCP (Eq. 29). However, Raman spectroscopy (Figure 38, Figure 40) and spectral deconvolution
(Figure 39) did not detect these phases, indicating that such decomposition processes, if they
occurred, did not manifest at the surface level.

Caj0(PO4)s(OH)2 — Caio(PO4)sO + H,0 (28)
Cai0(PO4)6(OH)2 — 3Ca3(PO4), + CaO + H2O (29)

A distinctive characteristic of the CC-HA coating is the presence of well-defined
discharge channels and their remnants [451], [452], [483], features much less evident in the
thinner Blank coating. This difference can be attributed to the greater thickness of the CC-HA
layer, which broadens the electric field distribution, reducing the likelithood of repeated
discharges at the same locations and allowing discharge channels to remain intact (see
Section 1.3.3 for the underlying mechanism). Furthermore, the increased thickness of the CC-
HA coating diminishes heat dissipation efficiency [484], limiting the extent of molten oxide
reflow and preventing complete closure of channels through post-discharge melting and
resolidification. Additionally, higher discharge energy [125] promoted the formation of deeper
and wider channels, contributing to the relatively large pores—up to 10 pm—observed both
internally and on the surface of the coating (Figure 31, Figure 35). Some of the internal pores
were likely open during earlier stages of coating growth but were subsequently sealed due to
localized re-melting and resolidification of TiO2 [485].

The thickened walls surrounding surface pores appear to have formed as a result of
particularly intense eruptions of molten oxide, consistent with the high concentration of
amorphous TiO: detected in these regions (Figure 40). The elevated calcium content measured
in the same pore walls (Figure 33) indicates substantial particle entrapment, likely facilitated
by direct interaction with molten oxide or plasma-assisted incorporation during discharge
events [486] (see Section 1.3.3 for details on molten oxide dynamics). Variations in the surface
concentrations of Ti and O (Figure 33) can be attributed to differences in micro-discharge size
and energy, similar to the mechanisms discussed earlier for the Blank coating. Raman
spectroscopy (Figure 38, Figure 40) supports this interpretation, showing that HA distribution
on the CC-HA surface partially coincided with that of anatase. This correlation, consistent with
findings reported by Lavrushin et al. [487], suggests preferential HA incorporation in regions
subjected to higher plasma temperatures or areas where crystallization of previously embedded
HA had taken place.

CC-HA coating formation stages. Based on the conditions and phenomena described
in this section, the formation of CC-HA coatings during the PEO process can be segmented into
distinct chronological stages. This stage-wise classification is supported by the voltage
evolution profile recorded during coating growth (Figure 30), along with observable changes
in surface morphology and oxide layer thickness. The key events and transformations
associated with each stage are illustrated schematically in Figure 41.

Stage 1 — breakdown and initial layer formation. The process commenced with the
appearance of micro-discharges [93], initiated upon reaching a critical voltage threshold that
led to dielectric breakdown of the thin anodic TiO: layer formed during the initial anodizing
phase [323]. Concurrently, phosphorus incorporation into the growing oxide layer began, driven
by the high electrophoretic mobility of phosphate ions present in the electrolyte [31]. At this
early stage, anodic gas evolution was also initiated—primarily involving oxygen release, with
120



minor contributions from carbon dioxide—and continued throughout the process. The early
growth behavior likely resembled that of the coating produced in the Blank bath, characterized
by limited or no particle incorporation and the absence of medium or large pores. The oxide
layer formed during this phase is estimated to reach a thickness of approximately 1 um. This
initial stage likely spanned the first ~30 seconds of treatment, during which the applied voltage
rose sharply to around 320 V (Figure 30).

Stage II — onset of particle incorporation. The second stage marked the initiation of
particle involvement in the coating formation process, as indicated by the first detectable traces
of particulate incorporation at an applied voltage of approximately 340 V (Figure 24). During
this period, the smallest CC-HA particles were likely fully embedded within the growing oxide
matrix, while larger particles began to attach to or partially penetrate the surface. However,
complete incorporation of these larger particles was likely limited by the still moderate
discharge energy at this stage. This phase likely extended to approximately 80 seconds into the
process and was characterized by a noticeable deceleration in the voltage increase, culminating
at around 380—400 V (Figure 30). A significant increase in coating thickness occurred during
this time, potentially reaching several micrometers. The evolving microstructure began to
diverge distinctly from that of the Blank coating, reflecting the influence of the suspended
particles. By the end of this stage, a continuous network of large surface pores had developed
(Figure 24), accompanied by the appearance of small, rounded pores along their inner walls.
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Figure 41. Main stages and processes contributing to CC-HA coating formation.

Stage III — full-scale particle incorporation and structural diversification. This stage,
extending to approximately 180 seconds and concluding with the attainment of the limiting
voltage of 450 V, was characterized by a more linear and steady increase in voltage (Figure 30).
By this point, micro-discharges had intensified sufficiently to enable the incorporation of
suspended CC-HA particles across the full size spectrum, overcoming previous energy-related
limitations. Consequently, even larger agglomerates were successfully embedded within the
growing oxide matrix. This stage likely contributed the most to the final coating thickness, with
outward growth proceeding at a notably enhanced rate. Concurrently, the size of the large
surface pores increased, accompanied by thickening of their surrounding walls (Figure 24). In
parallel, secondary processes became increasingly prominent—most notably, the local thermal
decomposition of previously incorporated CC particles. This decomposition likely contributed
to both surface and internal porosity, especially in the form of rounded pores formed via the
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release and expansion of CO.. These features became considerably more pronounced than in
the preceding stage.

Stage IV — structural maturation. The fourth and final stage likely played a critical role
in the development of the characteristic pore band, as anodically generated gases exerted
pressure on the mid- and upper regions of the now substantially thickened coating. This phase
was distinguished by the appearance of the largest—albeit least frequent—sparks. Despite the
intensity of these discharge events, there was little to no further increase in coating thickness,
indicating that the growth process had largely reached a plateau. Instead, secondary processes
became more prominent. Among them was the formation of large, persistent discharge channels
that remained visible after PEO treatment, along with partial closure of surface pores caused by
localized re-melting and re-solidification [485]. Additionally, partial thermal decomposition of
HA may have taken place, potentially accompanied by phase transformations, resulting in
volumetric shrinkage and structural rearrangement within the coating. These combined effects
marked the final stage in the structural evolution of the CC-HA coating.

The analysis presented in Section 4.3.7 demonstrates that the addition of CC to the
electrolyte introduces several new dimensions to the PEO coating formation process and
significantly influences the resulting chemical composition. Beyond the confirmed capability
for direct incorporation of the CC phase into the oxide layer, evidence suggests that CC particles
may also undergo reactive incorporation. This could occur either during their interaction with
active discharge sites or subsequently, after their partial or full integration into the coating,
thereby further altering the morphology and chemistry of the developing oxide structure. The
presence of CC in the bath led to several notable structural effects, including a substantial
increase in coating thickness, the formation of characteristic inner and outer rounded pores, and
a general reduction in open surface porosity. These findings offer preliminary insight into the
role of carbonate-containing particles in PEO processing and provide a foundation for further
investigation into the mechanisms by which such particles are incorporated and influence
coating development. However, more definitive and quantitatively precise data are required to
fully understand the origin of the observed structural features. Ideally, future work should
include time-resolved analyses of coating evolution at different stages, along with concurrent
measurements of gas evolution, acoustic emissions, plasma temperature, and electrolyte
properties. In parallel, attention should also be directed toward understanding the influence of
soluble carbonate salts, particularly since the use of CC in phosphate-based baths leads to the
release of carbonate ions into the electrolyte, potentially contributing to coating chemistry and
behavior.

4.3.8. XRD analysis

XRD offers complementary advantages to Raman spectroscopy for phase identification,
particularly in distinguishing between various CaP phases due to their distinct crystallographic
signatures. Unlike Raman spectroscopy, which is more surface-sensitive, conventional XRD
typically probes several tens of micrometers into the material. As a result, XRD provides insight
into the deeper regions of the CC-HA coating, extending down to the metal substrate, rather
than being confined to the surface or interfacial layers. Although the outer layers of PEO
coatings are more relevant to in vivo interactions, the deeper regions examined by XRD remain
largely sealed and protected from the external environment due to the coating’s mechanical
integrity and the limited, non-uniform presence of outer pores. Therefore, the bulk composition
revealed by XRD may not directly reflect surface bioactivity, but the data are nonetheless
valuable for confirming earlier observations regarding coating structure and formation
mechanisms, while also contributing to a more comprehensive understanding of the PEO
process, especially from the point of view of phase transformations.

XRD analysis confirmed that the Blank coating consisted exclusively of anatase (Figure
42), in agreement with previous findings [313]. In contrast, the incorporation of CC-HA
particles into the PEO bath led to a more complex phase composition. The resulting CC-HA
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coating contained both anatase and rutile, along with five calcium-containing phases: CC, HA,
TCP, calcium titanate (perovskite), and brushite (Figure 42). The coexistence of anatase and
rutile is common in PEO coatings on titanium-based substrates [126], [186], [406], [488],
although coatings composed solely of anatase [180], [425] or rutile [489] have also been
reported. The anatase-to-rutile ratio is primarily governed by the temperature of plasma
discharges but may also be influenced by factors such as particle concentration [186] and pulse
current frequency [386]. Given that rutile is the high-temperature polymorph of TiO., its
appearance suggests that the formation of the CC-HA coating involved more intense sparking.
This could have been promoted by dissolved carbonates in the CC-HA bath, previously shown
to enhance surface discharge activity [153]. Additionally, several interrelated factors—such as
particle-induced surface modification, altered dielectric properties, and significant coating
thickening—may have collectively contributed to rutile formation.
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Figure 42. XRD analysis results of Blank and CC-HA coatings: (a) complete diffraction patterns with
anatase, rutile, and Ti peaks; (b) zoomed-in regions highlighting calcium-containing phases.

The identification of multiple calcium-containing phases in the CC-HA coating—
beyond the originally targeted CC and HA—is a notable outcome but remains entirely
acceptable within the context of this study. Several of the additional phases, such as TCP,
brushite, and calcium titanate (CaTiOs), are well-established as biocompatible materials. TCP,
in particular, shares structural and solubility characteristics with HA [490] and is similarly
valued for bone and dental tissue regeneration [491]. Moreover, TCP can readily convert to HA
through hydrothermal treatment [175]. Brushite and CaTiOs also contribute positively to
osteogenesis and bone regeneration [492], [493]. The presence of CaTiOs in PEO coatings has
been reported to promote in vitro HA precipitation when immersed in SBF [494]. In coatings
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formed from fully soluble baths—such as those containing CA and calcium BGP—various
combinations of Ca-containing phases have been reported, including HA with TCP and CaTiOs
[424], [495], HA alone [477], [496], HA with CaTiOs [494], or TCP alone [185]. In these
systems, CaTiOs formation is attributed to the reaction of Ca*" ions with molten TiO: (Eq. 30),
while HA formation results from the simultaneous ionization of Ca**, HPO+*~, PO+*", and OH~
near the coating—electrolyte interface (Eq. 31). TCP formation, in turn, is linked to the thermal
decomposition or partial transformation of HA under high-temperature plasma discharge
conditions (Eq. 28) [168], [169], [170].

In most studies involving HA particle addition to PEO baths, HA is typically reported
as the sole CaP phase incorporated into the coating [31], [180], [489]. However, the formation
of HA-TCP mixtures has also been documented [497]. In contrast to these trends, the current
study additionally identified CaTiOs within the CC-HA coatings. One contributing factor may
be the inherent solubility of CC, which supplies Ca?" ions to the bath, enabling their reaction
with molten TiO: as described in Eq. 30. A more plausible explanation, however, lies in the
microstructure of the CC-HA particles used. These particles are agglomerates composed of
nanocrystalline CC and HA whiskers (Figure 28). Due to their nanoscale size and high specific
surface area, CC crystals are particularly susceptible to thermal interaction with molten TiOs-.
This could occur either through surface alloying or via a two-step process: thermal
decomposition of CC into CaO and CO: (Eq. 22), followed by a reaction between CaO and
molten TiO: to form CaTiOs (Eq. 32). The low crystallinity and whisker-like morphology of the
HA particles (Figure 28) also suggest a high surface area, which may have facilitated their
partial decomposition into TCP (Eq. 28) [498]. In contrast, Kim et al. [180] used HA particles
pre-treated via calcination at 900 °C to enhance crystallinity, and reported no formation of
additional CaP phases. This comparison supports the hypothesis that particle crystallinity
correlates with thermal stability during PEO treatment [499]. An alternative explanation should
also be considered: the initially co-precipitated HA in the CC-HA particles (Figure 28) exhibited
low crystallinity and may have been structurally similar to TCP [500]. In this case, HA
formation in the coating could have occurred through a secondary transformation of TCP via
reaction with water and hydroxyl ions at elevated temperatures (Eq. 33).

TiO, + 20H™ + Ca*" — CaTiOs + H,0 (30)
(10-x)Ca*" + 6PO4> + 2(1-x)OH™ + xH20 — Caj9x(HPO4)x(PO4)6x(OH)2-x (31)
CaO + TiO; — CaTiOs3 (32)
3Ca3(PO4)2 + 2H20 + 20H™ — Caio(PO4)s(OH), (33)

There is currently no consensus on the optimal crystallinity of HA for implant coatings,
with reported ideal values ranging from 50% to 90% [501]. Importantly, the desired degree of
crystallinity varies depending on the anatomical site and application—for example, tooth
enamel has significantly higher crystallinity than dentin [502]. Therefore, the ability to tailor
HA crystallinity should be considered a critical parameter of the coating technology. In the
present study, the sharp diffraction peaks observed in the XRD pattern of the CC-HA coating
(Figure 42) suggest that the incorporated phases exhibited a high degree of crystallinity. This
level of ordering may limit the ability to reduce crystallinity via post-treatment. However, given
that the initially co-precipitated HA was nearly amorphous, it is reasonable to propose that the
final crystallinity could be tuned by modifying PEO process parameters. Specifically,
employing milder oxidation conditions—such as higher pulse frequencies and duty cycles—
may allow better control over plasma temperatures and enable in situ HA crystallization “on
demand” [503].

4.3.9. XPS analysis

XPS was employed to further investigate the surface composition and chemical bonding
states in the CC-HA coating. Due to the microscale heterogeneity of surface features (Figure
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31, Figure 32), measurements were performed at three distinct locations to ensure representative
and accurate data. The survey spectra (Figure 43) show clearly identifiable peaks for Ti2p, Ols,
Ca2p, P2p, and Cls, confirming the presence of all expected elements within the CC-HA
coating. These core-level signals appear at binding energies of approximately 458 eV (Ti2p),
530eV (Ols), 348 eV (Ca2p), 134eV (P2p), and 285 eV (Cls). High-resolution spectra for
these elements are presented in Figure 44, while semi-quantitative elemental data are
summarized in Table 12.
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Figure 43. Survey XPS spectrum of CC-HA coatings.

High-resolution XPS spectra revealed one primary component along with its spin—orbit
splitting pair in both the Ca2p and P2p regions. The Ca2p peaks appeared at 346.8 eV and
350.4 eV, while P2p peaks were observed at 133.7 eV and 134.5 eV. These binding energies
confirm the presence of Ca?" and PO4*" ions within the coating matrix [407], [426], [504]. The
Ti 2ps/2 peak at 457.8 eV and its spin—orbit counterpart at 463.0 eV (2p1/2) indicate the formation
of titanium oxide on the CC-HA coating surface [488]. The Cls signal likely corresponds to a
combination of carbonate species and adventitious carbon, the latter being commonly found in
air-exposed samples [505]. The Ols spectrum similarly reflects contributions from both TiO:
and adsorbed carbon-containing species, further confirming surface oxidation. As shown in
Table 12, the XPS results demonstrated good reproducibility across three measured locations,
with only minor deviation observed in the second scan. This particular region showed a slightly
higher Ti and lower Ca content, possibly due to local sampling of a Ti-rich zone—such as an
intense discharge site or an area where CC experienced thermal decomposition. Such regions
were also visible in Figure 31 and previously identified via EDX analysis (Figure 33) [313].
Overall, the semi-quantitative data in Table 12 are favorable from a biomedical perspective.
The high surface concentrations of Ca and P—both in absolute terms and relative to Ti—reflect
the composition of the coating’s outermost atomic layers (a few nanometers thick [506]). Upon
implantation, these surface layers are expected to release Ca** and PO+’ ions in moderate
amounts (Section 4.3.10), promoting bioactivity at the implant—tissue interface.

Table 12. Semi-quantitative elemental composition from high-resolution XPS spectra at three surface
locations of the CC-HA coating, including averaged values. Data presented as element mass fractions
(%).

Element Position Average
(%) 1 2 3
Ti 1.3 2.5 1.2 1.7
0] 53.7 53.1 54.0 53.6
Ca 18.0 14.6 183 17.0
P 13.3 153 127 13.8
C 137 145 138 14.0
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Figure 44. High-resolution XPS spectra for Ti2p, Ols, Ca2p, P2p, and Cls.

4.3.10. Ion release tests and surface wettability

Figure 45a presents the results of calcium ion release from the coating surface, evaluated
under both static and simulated dynamic conditions over a 30-day period. In the dynamic setup,
PBS was refreshed every three days. Under static conditions, the cumulative release curve
plateaued at approximately 21 mg-L™" around day 20, which reflects the solubility limit of CC
in PBS. Initially, the release rate was rapid, with calcium ion concentrations reaching ~2 mg-L™'
after 1 hour and ~13 mg-L™" after 3 days. The subsequent deceleration of the curve is attributed
to the progressive approach toward thermodynamic equilibrium, where the solution becomes
saturated with Ca®" ions, thereby slowing further dissolution. In contrast, the dynamic release
profile showed a steep decline during the first 10 days, followed by a slower decrease that
stabilized around 2.5 mg-L™' from day 20 onward, likely reflecting the balance between ion
release and removal through PBS replacement.

Given that two calcium-containing phases are present within the surface layers of the
coating, the sharp decrease in calcium release during the early immersion period is likely
attributed to the rapid and nearly complete dissolution of the more soluble CC phase. In the
later stages, the release is primarily governed by the slower dissolution kinetics of HA, which
exhibits considerably lower solubility. As the dynamic test involved periodic replacement of
PBS, a higher cumulative calcium release was anticipated compared to the static setup, where
only a fraction of the total calcium content was able to diffuse into the medium. The profiles of
both release modes reflect typical calcium release behavior in physiological environments and
align well with trends reported in the literature [507], [508]. Furthermore, titanium
concentrations were assessed in all collected samples. In every case, the measured Ti levels
were below the detection threshold (<0.1 mg-L™"), consistent with findings by Mohedano et al.
[189], who observed similar Ti*" release levels—between 0.1 and 0.2 mg-L'—after immersing
PEO-coated titanium in SBF for 1 to 4 weeks.
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Figure 45. (a) Dynamic and static Ca?* ion release profiles from CC-HA coatings into PBS; (b) dynamic
water contact angle measurements for Blank and CC-HA coatings with as-deposited droplet images.

The continuous presence of calcium ions in the extracellular environment plays a pivotal
role during all phases of osteointegration. In the early inflammatory phase, Ca** ions facilitate
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leukocyte activation and the formation of a provisional extracellular matrix. Subsequently, they
support osteoblast function, induce apoptosis in osteoclasts, and bind to calcium-affinitive
macromolecules such as glycosaminoglycans and proteoglycans, thereby creating
supersaturated conditions that initiate HA nucleation [509], [510], [511], [512]. Calcium ions
localized at the implant surface also influence the local zeta potential, establishing an
electrostatic environment that attracts both cells and biomolecules crucial for biomineralization
[513]. The obtained release profiles confirm a sustained calcium ion release lasting at least one
month, indicating that the coatings can maintain an ion-rich microenvironment across all key
stages of bone-implant interaction. This sustained delivery may be particularly beneficial during
the initial phase of osteointegration, due to the presence and dissolution of the CC phase, which
enables a rapid increase in Ca?" concentration [514]. For example, on days 5 and 10, the
measured calcium levels were approximately four and 2.5 times higher, respectively, than those
recorded on day 20. Early-stage calcium release has been widely recognized as beneficial [515],
[516]. One notable example is the study by Anitua et al. [509], in which titanium coatings
capable of releasing two-thirds of their calcium content within one minute were shown to
significantly enhance osteoblast proliferation—doubling cell numbers within 7 days compared
to Ca-free surfaces. In addition to promoting proliferation, calcium also supported osteoblast
adhesion and differentiation, and after 12 weeks in a sheep tibia model, enhanced bone
formation in the 1 mm zone surrounding the implant.

An alternative explanation for the calcium ion release behavior may be proposed by
considering in vivo conditions following implant placement. In particular, osteoclasts — which
are primarily responsible for the resorption of mineralized bone — can also interact with
synthetic surfaces, modulating them for subsequent osteoblastic activity and contributing to
remodeling processes [517], [518]. This interaction involves acid secretion that promotes the
dissolution of mineral components, especially HA [519]. As reported in a prior study [313] and
supported by the findings in Section 4.3.2, CC-HA particles synthesized for this work exhibit a
bilayer structure, where HA forms an outer layer chemisorbed onto the surface of CC. It is
therefore plausible that upon incorporation into the PEO coating and immersion in PBS, a
substantial portion of CC remains shielded beneath this HA shell, limiting its direct contact with
the solution. However, under physiological conditions, the HA layer may be gradually degraded
by osteoclasts, enabling access to the underlying CC core. This biological mechanism could
potentially trigger a more pronounced calcium ion release than observed under PBS-based test
conditions.

Based on the established classification model [520], both types of coatings
demonstrated hydrophilic behavior, with initial water contact angles measured at approximately
60° for the Blank coating and around 30° for the CC-HA coating (Figure 45b). Within 2 minutes
of contact, these angles further decreased to 50° and 10°, respectively, indicating faster droplet
dispersion and enhanced wettability in the CC-HA sample. Such an increase in hydrophilicity
is a common phenomenon observed when particles are introduced into PEO coatings [110],
[178], though the extent of this effect is largely governed by the physicochemical characteristics
and concentration of the incorporated particles [226]. Both CC and HA, in their unmodified,
pure forms, are inherently hydrophilic due to the presence of functional groups such as PO4+*",
OH-, and COs* [20], [521], [522], which reasonably accounts for the notable difference in
surface wettability between the Blank and CC-HA coatings. XRD results confirmed that only
anatase was present in the Blank coating, while the CC-HA variant exhibited both anatase and
rutile phases. Nevertheless, previous Raman spectroscopy data [313] indicated an absence of
rutile near the outermost surface, implying that TiO. polymorphs may not be the primary
contributors to the observed wettability trends. Even assuming rutile's presence at the surface,
it would likely improve hydrophilicity — a phenomenon not evident in these experiments. This
assumption aligns with atomic-level simulations by Zhu et al. [523], where rutile and anatase
displayed theoretical contact angles of 73.9° and 43.7°, respectively. Beyond composition,
surface topography also influences wettability. The increased surface roughness observed in
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CC-HA coatings [524] likely enhanced water spreading. In biomedical applications,
particularly for dental and orthopedic implants, hydrophilic surfaces are generally favored due
to their role in promoting protein adsorption, cell adhesion, and efficient wetting by
physiological fluids — all of which are essential for successful osteointegration [525].
Nonetheless, the clinical advantages of superhydrophilicity and the identification of an ideal
contact angle remain subjects of ongoing investigation [520].

4.3.11. Corrosion resistance tests

EIS and PDP techniques were employed to evaluate the corrosion behavior of both
Blank and CC-HA coatings. Bare titanium substrates, referred to hereafter as the Ref sample,
served as the control group. The obtained impedance data are presented in Figure 46.
Examination of the Nyquist (Figure 46a,b) and Bode (Figure 46¢) plots for the Ref sample
revealed the presence of a single RC time constant, as evidenced by one capacitive semicircle.
To interpret this response, a basic equivalent electrical circuit (EEC), described by the R(QR)
model, was applied (Figure 47a). In this model, the symbol Q denotes a constant-phase element
(CPE), the impedance (Z) of which is defined according to the following expression [526],
[527]:
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Figure 46. Nyquist plots at (a) low and (b) high magnifications for bare Ti (Ref), Blank, and CC-HA
coatings. Cross symbols and dashed lines indicate fitted circuit data, also presented as (c) Bode phase
angle plots.

In the above expression, Yo represents the admittance of the constant-phase element
(CPE), j is the imaginary unity, @ denotes the angular frequency, and Y, along with n are
characteristic parameters defining the behavior of the CPE. When n approaches one, Y,
approximates the behavior of a pure capacitor, and the CPE can be considered a non-ideal or
"leaky" capacitor. In the equivalent electrical circuit (EEC) used for modeling the Ref sample

128



(Figure 47a), Rs corresponds to the electrolyte resistance, Qai describes the capacitive behavior
of the electrical double layer, and R represents the charge transfer resistance, indicative of
corrosion activity. For the PEO-treated samples (Blank and CC-HA coatings), the impedance
response proved more complex, as evidenced by both high-frequency and low-frequency loops
in the Nyquist and Bode plots (Figure 46a-c). Initial fitting attempts using a standard
R(QO(R(QR))) model resulted in poor agreement with experimental data. Therefore, alternative
circuit configurations incorporating an additional time constant were evaluated. Through
iterative fitting, the circuit configuration depicted in Figure 47b yielded significantly improved
accuracy. However, assigning clear physical meaning to the added R» and (2. components was
initially challenging. Further analysis revealed that the n values for these CPEs were
approximately 0.472 +0.105 for the Blank and 0.469 +0.147 for the CC-HA coating. Such
values are close to the theoretical value of 0.5, typically associated with Warburg impedance,
which models diffusion-limited processes in electrochemical systems [526], [527], [528]. Based
on this observation, the ambiguous R>Q- pair was replaced with a Warburg impedance element
(Figure 47b). Both finite-length (FL) and finite-space (FS) forms were evaluated, with the
former providing the best fit. This choice is also consistent with the expected physical behavior
of diffusion-controlled processes in coatings. The expression describing the impedance of the
finite-length Warburg element (Wrr) is given in [526], [528]:
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Figure 47. Equivalent electrical circuit models used to fit EIS data for (a) Ref samples, (b) Blank
coatings, and (c) CC-HA coatings.

In this formulation, Y, and B are the defining parameters of the finite-length Warburg
element (WrL). This element accounts for ion diffusion phenomena and is characterized by a
finite impedance at zero frequency, described as follows [526], [528]:

R4 (36)
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Here, R4 denotes the diffusion resistance, capturing the hindrance to mass transport
within the porous structure of the coating. In the equivalent circuit presented in Figure 47¢c, two
additional components are introduced to reflect the specific features of PEO coatings. The
element Rp, represents the resistance offered by the electrolyte confined within the open pores
of the oxide layer, while Q. captures the overall capacitive behavior of the coating structure as
a whole.

The numerical results obtained from fitting the impedance data to the selected model
are summarized in Table 13.
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Table 13. Results of corrosion resistance testing.

Parameter Ti Ref Blank CC-HA
Oc-Y,, s"MQ ' cm™? - 0.196+0.054 0.614+0.187
= - 0.87+0.02 0.7940.02

0,

Rpo, kKQ cm? - 4.52+1.44 4.43+1.09
Wy-Yo, %5 MQ ™! cm™2 - 35.9+13.5 33.6+5.3
WyL-B, s°° - 0.0986+0.0206 3.80+0.80
Ry, kQ cm? - 2.88+0.54 11344

Qua-Yo, s"MQ ' cm™? 26.7+2.6 12.4+1.2 12.6+4.4
Qarn 0.94+0.01 0.80+0.05 0.94+0.03
Re, MQ cm? 0.830+0.115 10.986+4.135 13.695+5.711
Riot, MQ cm? 0.830+0.115 10.993+4.137 13.812+£5.714
e <1.22:107 <9.97-10 <2.79-10™*
Eoc, mV —180.5+£39.6 506.0+49.7 643.6+£35.4
Ecor, mV —144.6+£35.8 365.5+£33.7 524.2447.0
ipas, NA cm > 657+28 8.30+3.20 1.394+0.41

As demonstrated by the data in Figure 46 and Table 13, the model provides a highly
satisfactory fit to the experimental EIS spectra, with »* values below 1.22 x 10-3. Additionally,
the nnn values obtained for the CPE elements are generally above 0.8, indicating that the
constant phase elements used in the equivalent circuit appropriately capture the capacitive
characteristics of the system's electrochemical interfaces. To facilitate a comparative
assessment of overall corrosion resistance, a cumulative parameter—R—was calculated by
summing all relevant resistive components (i.e., Rs, Rpo, Ret and Rq). This analysis revealed that
the PEO-treated samples provided significantly enhanced resistance—by at least one order of
magnitude—compared to the untreated titanium reference, which possesses only its natural
passive oxide layer (Table 13). Among the coatings, the samples fabricated with carbonate-
containing particles exhibited a marginally higher corrosion resistance on average; however,
this difference was not statistically significant. Interestingly, the values of Ry, for both PEO-
modified coatings were nearly identical, despite notable differences in their microstructure
(Figure 35). This observation suggests that, although the CC-HA coatings were thicker and
embedded with particulate matter, they offered a comparable permeable volume to the corrosion
medium as the thinner Blank coatings. The most notable distinction was observed in the
Warburg element values: specifically, the diffusion resistance (Rq) for the CC-HA coating was
found to be approximately two orders of magnitude greater than that of the Blank variant. This
is likely a result of the substantially increased coating thickness and structural complexity,
which may have introduced longer and more tortuous diffusion pathways, thereby impeding
oxygen transport to the metal interface. To further evaluate this effect, the diffusion length ()
for oxygen species was estimated using the following expression [526], [528]:

8 = B\D (37

In this equation, D represents the diffusion coefficient for oxygen within the corrosive
environment. Assuming a D value of 2620 um?-s™!, which corresponds to oxygen in pure water,
the diffusion length (J) was estimated to be approximately 5.04 + 1.06 um for the Blank coating
and 194 + 29 um for the CC-HA coating. These estimates should be considered approximate, as
specific diffusion coefficients for oxygen in PBS were not available in the literature.
Nonetheless, the derived ¢ for the Blank sample is of the same order of magnitude as the actual
coating thickness, lending credibility to the validity of the equivalent circuit model (Figure 35).
In contrast, the significantly longer diffusion length observed for the CC-HA coating—nearly
an order of magnitude greater than its physical thickness—suggests the presence of a more
intricate pore network. This enhanced complexity likely results in increased tortuosity and
restricted oxygen transport through the oxide layer.
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Following the completion of EIS measurements, PDP tests were conducted. The
resulting representative polarization curves are displayed in Figure 48, and the key
electrochemical parameters derived from these plots are summarized in Table 13. A noticeable
discrepancy was observed between the measured corrosion potential Ecor and the open-circuit
potential Eoc, particularly for the samples with PEO coatings. For the untreated titanium
reference specimens (Ref), the Ecor value—recorded after approximately 200 minutes of
immersion—was slightly higher than Eoc, which was measured just prior to the EIS experiment
(after 120 minutes of immersion). This shift can be attributed to the natural passivation process
occurring on the titanium surface in contact with the PBS environment [529]. In contrast, for
both PEO-coated samples, the Ecor values were shifted by approximately 120—-140 mV relative
to Eoc. This deviation is primarily a consequence of the capacitive nature of the coatings, which
leads to a measurable charging current during the potential sweep. Despite these differences,
the measurements were sufficiently consistent across replicates to enable meaningful
comparisons. As anticipated, the application of PEO treatment resulted in a positive shift in Ecor
, indicating enhanced corrosion resistance. This shift was more pronounced in the coating
containing CC particles. Notably, even at the reversal point of the polarization scan (2 V), all
samples remained in a passive state, as evidenced by a decrease in current density, suggesting
no coating breakdown occurred under test conditions. To further assess the protective behavior
of the coatings, passivation current density (ipas) was measured at a potential of 0.8 V. This
voltage was selected to avoid interference from competing reactions, such as oxygen evolution,
which typically becomes significant at higher potentials [530]. The i,as value for the untreated
Ti sample was approximately two orders of magnitude higher than that for the PEO-treated
surfaces, reinforcing the superior corrosion resistance provided by these coatings. Among them,
the CC-HA coatings exhibited the lowest passivation current, consistent with the trends
observed in the EIS measurements.
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Figure 48. PDP curves for bare Ti (Ref), Blank, and CC-HA coatings.

In summary, the corrosion studies confirmed a substantial enhancement in the corrosion
resistance of titanium upon application of PEO coatings. This protective effect was further
amplified when the coatings were synthesized using CC-HA particles, resulting in higher
corrosion resistance compared to the coatings formed in the particle-free (Blank) electrolyte.
Among the PEO-treated samples, corrosion processes were modestly influenced by the
diffusion of oxygen from the bulk electrolyte to the underlying metal interface. Notably, the
coating derived from the CC-HA-enriched electrolyte exhibited a markedly higher diffusion
resistance, indicating more effective hindrance to mass transport within its porous structure.

Only a limited number of publications have systematically evaluated the influence of
particulate additives—especially HA—on the corrosion performance of PEO coatings formed
on titanium substrates. This may be due to titanium's inherently high corrosion resistance,
which, unlike more reactive metals such as magnesium, often makes it suitable for biomedical
applications even in its uncoated form [531]. Nonetheless, the work by Bai et al. [532], who

131



used HA particles (020 g-L™") in a NaOH—ethanol-based electrolyte for PEO processing,
indicated that particle addition can enhance the corrosion resistance of PEO coatings. However,
the outcome was highly concentration-dependent and, in some cases, led to increased corrosion
current densities compared to coatings without particle reinforcement. A more consistently
beneficial effect is often observed when HA is used in PEO coatings on Mg substrates, where
corrosion resistance can improve significantly—sometimes by an order of magnitude relative
to particle-free coatings [353], [215]. Even so, such improvements are not guaranteed, as
particle incorporation can also negatively affect key coating properties such as thickness,
porosity, and structural integrity [533]. Taking these observations into account, the improved
corrosion resistance of the CC-HA coatings in the present study likely reflects a well-optimized
combination of processing parameters and particle concentration tailored for this specific
system.

4.3.12. Surface scratch tests

Scratch testing offers essential insights into how implant coatings behave under
practical conditions involving mechanical wear, surface contact, and friction [534]. One of the
critical requirements for coatings used in biomedical applications is sufficient adhesion to the
underlying substrate, which ensures mechanical stability once implanted [535]. In the present
study, scratch tests were employed not only to evaluate the mechanical durability of the coatings
but also to compare the impact of incorporating CC-HA particles on adhesion-related
performance. The outcomes are summarized in Figure 49, which includes data on the critical
loads (Lc1 and Lc2), as well as representative optical and SEM images of the damage patterns
observed along the scratch paths.

The first critical load, Lcl, corresponds to the initial onset of coating degradation under
increasing mechanical stress. In optical micrographs (Figure 49b,c), this is manifested by a
sequence of bright, localized spots distributed along the scratch trajectory, contrasting with the
darker, undisturbed coating surface. These spots mark the initiation of partial delamination and
localized substrate exposure. In reality, structural damage begins at much lower loads—as soon
as the diamond stylus makes contact with the surface—Ileading to gradual breakdown of the
porous morphology and progressive broadening of the scratch path. Such early mechanical
response has been previously described by Cheng et al. [536] and Chen et al. [537], who
reported visible deformation at loads as low as 0.1-0.2 N. The second critical load, Lc2, denotes
the point at which the coating suffers major damage—ranging from deep furrows and extended
cracking to full delamination. In the micrographs, this damage is visible as a continuous, bright
line tracing the scratch, indicating a severe loss of coating integrity. According to the results
presented in a, the CC-HA-modified coatings consistently demonstrate higher Lcl and Lc2
values, implying improved mechanical robustness, resistance to surface damage, and higher
adhesion strength. A review by Sharifi et al. [23] emphasizes that multiple parameters—
including electrolyte composition, processing time, and electrical conditions—aftect adhesion
performance in PEO coatings. Since the electrical parameters were standardized in this study,
the observed improvement can be directly attributed to the influence of the incorporated CC-
HA particles and the resulting modifications to the coating microstructure.

CC and HA are intrinsically brittle materials [410], [538], so it was initially anticipated
that their incorporation into the CC-HA coating would reduce its resistance to mechanical
loading, reflected in lower Lc1 and Lc2 values. Contrary to this expectation, the CC-HA coating
demonstrated enhanced adhesion strength, largely due to the substantial increase in its thickness
compared to the Blank coating (Section 4.3.5). This positive effect of coating thickness on
mechanical performance is not only characteristic of PEO layers [539], but is also observed
across various surface engineering techniques [540]. A greater volume of coating material
provides an extended pathway for dissipating mechanical stress, thereby reducing the likelihood
of premature detachment. One distinguishing feature observed in the scratch profiles of CC-HA
coatings is the irregular pattern of damage progression under increasing load—visible as
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alternating zones of bright and dark contrast. Such features indicate a non-uniform penetration
depth of the stylus and are likely linked to the higher surface roughness of CC-HA coatings
relative to the Blank variant (Section 4.3.4), consistent with prior findings by Cheng et al. [536]
for PEO-treated Ti surfaces using pulsed current modes. It is worth noting, however, that while
both Lcl and Lc2 values increased for the CC-HA coating, the magnitude of this improvement
is relatively modest considering the threefold increase in thickness. This suggests that the
mechanical robustness of the outermost layers may be lower than that of the inner regions. In
fact, the assumption that higher thickness always yields greater mechanical integrity is not
universally valid. Durdu et al. [541] demonstrated this by extending the PEO treatment time on
Ti6Al4V substrates from 20 to 60 minutes, which increased the coating thickness by 1.5 times,
yet resulted in only a ~25% rise in the critical load for total failure (6.7N vs. 5.2 N).
Additionally, our observations align with the findings of Mandelli et al. [542], who reported
that the deeper layers of PEO coatings tend to exhibit superior adhesion. This phenomenon can
be linked to the formation of a compact barrier layer near the substrate interface, which is a
fundamental feature of PEO-generated oxide films [429].

In principle, critical loads Lcl and Lc2 can be used for cross-study comparisons.
However, when it comes to PEO coatings, the objectivity of such comparisons is often
compromised due to several interrelated factors: (1) significant variability in PEO process
parameters, electrolyte compositions, and substrate types—especially among titanium alloys—
all of which heavily influence the resulting coating characteristics [539], [543]; (2) a limited
number of publications reporting scratch resistance for PEO-based implant coatings, reducing
the availability of data with matching parameters such as thickness; (3) sensitivity of scratch
test outcomes to experimental settings, including scratch speed, loading rate, and stylus
geometry [544]; and (4) the diversity of failure mechanisms observed during scratching, which
leads to variability in data interpretation and comparison frameworks [545]. Among the limited
studies that enable meaningful benchmarking, the work by Yeung et al. [31] offers the most
direct comparison. Their PEO process employed Na:HPOu-based electrolytes and pulsed
current treatment on a Ti6Al4V alloy, resulting in coatings similar to the Blank variant in this
study—composed of anatase and rutile phases with thicknesses around 7.5-9.5 um. While there
were slight differences in test parameters, their reported Lcl and Le2 values (3.0 N and 5.5 N,
respectively) are in good agreement with those of the Blank coating (Figure 49a). Despite the
usefulness of Lc values in controlled studies, their absolute magnitudes are not always
predictive of in vivo behavior. This is particularly relevant for PEO coatings formed in
conventional baths (like the phosphate-based solution used here), which are known to provide
strong interfacial adhesion—often outperforming techniques such as sol-gel or thermal spray
deposition [23]. Such coatings have consistently shown favorable performance in biological
environments [546], [547], [548]. Given that the CC-HA coatings demonstrated higher Lc1 and
Lc2 values than the Blank reference, it is reasonable to infer that their mechanical integrity
under physiological conditions will be at least comparable, if not superior. Importantly, the
absence of reduced scratch resistance following CC-HA incorporation suggests that mechanical
performance is preserved, supporting their potential suitability for implant applications.

While optical microscopy alone can offer a general understanding of coating scratch
resistance [31], [543], it lacks the resolution needed to uncover finer structural changes or subtle
failure mechanisms. Therefore, combining optical observations (Figure 49b,c) with SEM
analysis of the scratch tracks (Figure 49d) provides a more comprehensive view. As shown in
the SEM images, the outer layers of the CC-HA coating tend to fracture when in contact with
the diamond indenter. This is evident from the appearance of microcracks and localized
detachment of fine particles along the scratch edges—features absent in the Blank coating.
These phenomena are likely due to surface regions enriched in CC and HA phases, which can
locally increase the coating’s brittleness [410], [538]. Similar effects were noted by Kozelskaya
et al. [126] for CaP-containing coatings produced via pulsed current PEO. Despite this local
degradation, the bulk of the CC-HA coating remains well adhered to the substrate, with no
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evidence of delamination or interfacial failure, even at higher loads [545]. The absence of large-
scale detachment is especially notable given that such damage is commonly reported in PEO
coatings subjected to extended oxidation times [223]. Both the Blank and CC-HA coatings
exhibit fine, shallow cracking dispersed across the scratch path—an effect also reported for
Ti6Al4V substrates treated with alternating current in phosphate-based electrolytes [549].
However, more serious defect types, such as arc tensile or chevron cracks [126], were not
observed in either sample. Overall, the SEM data affirm strong coating-substrate adhesion. The
lack of large cracks or delamination along the scratch path also supports the presence of
sufficient cohesive strength within the coatings. Should further enhancement of adhesion be
required, strategies such as increasing cathodic voltages in AC PEO modes [550] or applying
post-treatment thermal processing [536] could be considered.
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Figure 49. Scratch resistance testing results: (a) comparison of Lc1l and Lc2 values for Blank and CC-
HA coatings (three repetitions); (b) optical scratch paths with indicated critical loads; (c) optical images
of CC-HA coatings near Lcl and Lc2; (d) SEM images of Blank and CC-HA coatings between Lc1 and
Lc2.
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4.3.13. Assessment of biocompatibility and antibacterial performance

Figure 50 presents the evaluation of cellular interactions with polished Ti, PEO-Blank,
and PEO-CC-HA surfaces. While all samples supported initial cell proliferation up to day 3,
both the polished titanium and Blank coatings exhibited a notable decline by day 7, suggesting
insufficient biochemical stimulation and suboptimal adhesion. In contrast, the CC-HA-
modified surface displayed continuous enhancement in cell proliferation from day 1 through
day 7 (Figure 50, diagram). This behavior is consistent with previous findings that calcium-
based inorganic materials, such as CC, can stimulate cell adhesion and growth [501], [551]. The
steady release of calcium and phosphate ions from the surface (as demonstrated in Section
4.3.10) likely contributes to the improved cellular activity observed on the CC-HA coatings.

Fluorescence staining performed on day 7 further emphasized morphological
differences among the samples. Cells cultured on polished Ti exhibited notable heterogeneity
in nuclear shape—ranging from oval and elongated to round nuclei—signs often associated
with cellular stress or early apoptosis (Figure 50a). Additionally, the irregular Actin Red
staining of the cytoplasm indicated impaired metabolic function. In contrast, both PEO-treated
surfaces supported more favorable cellular morphologies. The Blank and CC-HA coatings were
fully covered with adherent cells exhibiting uniformly oval nuclei and well-developed
cytoplasm (Figure 50b,c). Particularly on the CC-HA surface, cell clustering and intercellular
connectivity were more pronounced, resembling a symplastic structure (Figure 50c, insertion).

Taken together, these observations confirm that CC-HA incorporation into PEO coatings
enhances surface biocompatibility by promoting cell viability and adherence. Previous
literature shows that PEO treatments can have variable effects on biocompatibility, depending
on electrolyte composition and process parameters—with outcomes ranging from improved
[552], unchanged [553], to diminished [554] cell performance. However, when bioactive
ceramic phases like HA, TCP, or CaTiOs are integrated into the coating, the tendency leans
toward enhanced or preserved cell behavior relative to untreated titanium surfaces [185], [424],
[488]. The current findings are in alignment with this general trend.
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Figure 50. Resazurin reduction assay results after 7 days of D6P10 cell cultivation on various test
surfaces, accompanied by fluorescence images showing nuclei (blue) and cytoskeleton (red) staining on
day 7 for (a) polished Ti, (b) Blank, and (c) CC-HA surfaces. Main images captured at x100
magnification (scale bar = 100 um); insets at x400 magnification (scale bar = 50 pm).

Bacterial biofilms represent a major challenge in clinical settings, contributing to
device-associated and nosocomial infections. These structured microbial communities adhere
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to implant and instrument surfaces, exhibiting significant resistance to conventional antibiotics
and disinfectants, thus complicating treatment efforts. Biofilm development is strongly
influenced by material surface properties such as topography, wettability, and intrinsic
antimicrobial activity. Consequently, many preventive strategies aim to interrupt the initial
bacterial adhesion phase, which is critical in mitigating subsequent biofilm establishment [555],
[556]. Surfaces that inherently reduce microbial attachment are therefore of particular interest
in medical device design. Titanium-based materials, while widely used, have been shown to
allow bacterial adherence through a combination of physicochemical and biological
mechanisms. These include long-range forces like Lifshitz—van der Waals interactions,
hydrogen bonding, and electrostatic forces (Section 4.3.14), as well as short-range interactions
driven by Brownian motion [557], [558]. Additionally, specific binding events involving
bacterial surface proteins and titanium surfaces, alongside surface wettability characteristics at
the solid—liquid interface, play a crucial role in microbial adhesion [559], [560].

Bacterial adhesion assays were performed to investigate how surface characteristics
influence microbial colonization over time. Initial evaluations at the 2-hour mark showed that
all tested surfaces—polished titanium, Blank, and CC-HA coatings—supported early-stage
bacterial attachment. At this point, both S. aureus and E. coli exhibited comparable adhesion
levels, reaching approximately 4 log CFU-mL™" and 5 log CFU-mL™", respectively. However,
the subsequent growth patterns diverged significantly depending on the surface type. The
polished Ti specimens supported the most rapid bacterial proliferation, with colony-forming
units increasing over time to peak values of ~10®8 CFU-mL"™" for S. aureus and ~107 CFU-mL™"
for E. coli. In contrast, the Blank coatings demonstrated only modest bacterial development.
This relatively limited growth may be associated with the distinct surface features imparted by
the PEO process, including specific surface chemistry, microtopography, and enhanced
hydrophilicity. These factors likely contributed to a less favorable environment for bacterial
attachment and multiplication, as visualized in Figure 51.
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Figure 51. Bacterial adhesion to coatings as a function of time.

The incorporation of CC-HA particles into the coating appeared to slightly increase
bacterial adhesion, which may be attributed to the influence of CC and HA on the surface charge
characteristics (as discussed in Section 4.3.14), thereby diminishing the surface’s natural
resistance to microbial attachment. Both CC and HA seemed to contribute to a more favorable
environment for initial bacterial contact. However, this effect did not lead to a statistically
significant enhancement in bacterial growth compared to the polished titanium or Blank PEO
coatings. While the CC-HA surface demonstrated a marginal tendency to inhibit bacterial
adhesion, the observed differences in colony formation and surface colonization remained
statistically insignificant across all tested surfaces. Interestingly, for S. aureus, a slight decrease
in the number of adherent cells was observed on the CC-HA surface at both 2 and 6 hours post-
inoculation. Although overall biofilm formation by S. aureus and E. coli increased over time,
no notable differences in bacterial load were detected between the tested groups (p > 0.05), as
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shown in the corresponding growth profiles. These findings suggest that CC-HA-modified
coatings do not exacerbate bacterial colonization compared to uncoated or conventionally
coated surfaces, thus confirming their suitability for biomedical use. Nonetheless, for
applications requiring explicitly antibacterial functionality, the integration of silver—either in
ionic form [561] or as nanoparticles [562]—remains a widely adopted strategy in PEO-based
systems [563].

4.3.14. Surface zeta potential measurements

Zeta potential measurements were employed to further characterize the surface
properties of the Blank and CC-HA coatings and to better understand their potential behavior
in physiological environments. This parameter reflects the net surface charge polarity, dictated
by the balance of ionizable groups on the surface, while its absolute value depends on the
density of surface charges [564]. Notably, both of these aspects are sensitive to the pH of the
surrounding medium—typically, a rise in pH leads to a more negative zeta potential. As
illustrated in Figure 52, this expected trend was confirmed for both coating types. When the pH
was raised from approximately 5—6 to around 9, the zeta potential dropped from -40 mV to -47
mV for the Blank samples, and from -20 mV to -27 mV for the CC-HA samples. In general, the
results exhibited high consistency, although measurements above pH 7.5 showed minor
deviations. These fluctuations are likely linked to CO: uptake from ambient air by the NaOH-
containing KCl solution, forming carbonate and bicarbonate species that could adsorb onto the
surface and modulate its charge—an effect also observed in earlier work by Szewczyk et al.
[565] on electrospun cellulose acetate fibers. Leaving aside the contributions of environmental
conditions such as pH, ionic strength, or temperature, and focusing solely on intrinsic surface
characteristics, the primary factor determining zeta potential is the surface chemical
composition. In this context, the CC-HA coatings consistently showed zeta potential values that
were approximately 20 mV higher than those of the Blank coatings (Figure 52), indicating a
shift toward less negative surface charge. This behavior likely stems from the incorporation of
CC, as it is the only phase among those identified in the CC-HA system—namely anatase, rutile,
CC, HA, TCP, and CaTiOs (Section 4.3.8)—that carries a net positive electrokinetic charge
even under alkaline conditions (up to pH 10-11) [396], [566], [567], [568]. Therefore, these
results offer further evidence supporting the presence of exposed CC on the outer surface of the
coating in appreciable amounts.

Although surface features such as roughness and porosity are often discussed in the
context of surface interactions, their influence on zeta potential tends to be minimal or even
negligible in most cases [569], [570]. Nonetheless, certain types of topographical structures—
particularly those that are poorly streamlined and oriented perpendicular to fluid flow—can
affect the accuracy of zeta potential measurements. These features, which include sharp
protrusions or trench-like formations, may disrupt local hydrodynamics by acting as physical
obstructions, causing backflow, restricting liquid-surface contact, and creating partially
unwetted regions. As a result, the effective zeta potential captured during measurement may be
underestimated, yielding values that appear less positive or less negative than the true surface
charge would suggest [571]. An illustrative case was reported by Drechsler et al. [569], who
studied polyvinylidene fluoride (PVDF) substrates with varying surface topographies. They
observed that introducing trenches perpendicular to the flow increased the mean square
roughness from 0.1 pm (flat surface) to 0.6 um, which in turn led to a substantial decrease in
the measured zeta potential at pH 7—from -50 mV for the smooth surface to -75 mV for the
rough one, highlighting a 25 mV difference. This discrepancy could become even more
pronounced if the excluded regions possess differing phase compositions, contributing further
to surface charge heterogeneity. In our case, although the Blank and CC-HA coatings exhibited
similar disparities in surface roughness, the overall surface morphology was characterized by
evenly distributed topographic features—namely, gently alternating hills and valleys, as
observed in Figure 32. Moreover, previous investigations involving identically fabricated
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coatings demonstrated that the horizontal distribution of phases across the surface remained
uniform down to a scale of several tens of micrometers, with consistent presence of CC, HA,
and TiO: at all elevations [313]. These findings support the assumption that fluid flow remained
well-distributed across the coating surface and that all compositional phases were uniformly
wetted by the KCI solution. Hence, the recorded zeta potential values primarily reflect the
inherent surface chemistry rather than being significantly influenced by topographical effects.
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Figure 52. Surface zeta potential of Blank and CC-HA coatings as a function of pH.

Although surface zeta potential is considered a reliable indicator of how well a
biomaterial may attract osteoblasts and integrate with bone tissue [572], it is still not routinely
included in biomaterial surface characterization workflows [573]. This is particularly evident
in the case of PEO-derived coatings and implants, where such measurements are rarely
reported. However, the limited body of relevant literature does provide some comparative
insights that align—either directly or indirectly—with the present findings [167], [574], [575],
[576]. For example, Lorenzetti et al. [576] synthesized TiO: coatings in the anatase form
through a hydrothermal route, wherein titanium substrates were treated at 200 °C for 48 hours
in a solution containing Ti(IV) isopropoxide. Their measured zeta potential of —52 mV closely
matched the values observed for our Blank coating at elevated pH levels (Figure 52). In another
study by Tan et al. [167], PEO coatings were created on titanium using a Na:HPOa-based
electrolyte supplemented with silicon-encapsulated CC (Si/CC) particles. Although all resulting
coatings had a net negative surface charge—similar to the Blank and CC-HA coatings discussed
here—the changes in zeta potential due to particle incorporation followed an opposite trend.
Their data showed a zeta potential of —15.95 mV for particle-free coatings, dropping further to
values between —20.98 and —34.67 mV depending on the concentration of added Si/CC
particles. However, direct comparison is complicated by the use of composite particles in which
the CC core was isolated from the surrounding environment by a silicon shell, thus likely
preventing any meaningful interaction between the carbonate phase and the electrolyte during
testing. Closer alignment with our results was seen in a study by Wei et al. [575], who measured
a zeta potential of 47 mV for anatase-containing PEO coatings produced from a bath
containing only soluble salts. These coatings were later modified with Si-doped HA nanorods
using microwave hydrothermal treatment, which resulted in a decrease in the magnitude of the
negative charge, yielding a zeta potential of 29 mV. Among works focusing specifically on CC
coatings on titanium, the most similar zeta potential values to those obtained for our CC-HA
coatings were reported by Tovani et al. [574]. Their layer-by-layer fabricated coatings exhibited
a surface charge of approximately —19 mV, closely matching the average values recorded in our
study.

When evaluating the surface zeta potential of implant coatings, no universally agreed-
upon optimal range exists, largely due to differences in experimental protocols and material
surface characteristics. Nonetheless, a commonly shared viewpoint in the literature suggests
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that surfaces possessing a moderate surface charge—whether positive or negative—are
generally more favorable than those exhibiting near-neutral zeta potentials or extremely high
or low values. This idea is exemplified by the work of Szewczyk et al. [565], where cellulose
acetate fibers generated via electrospinning showed improved attachment and proliferation of
MG-63 osteoblast-like cells at a zeta potential of —12.2 mV. Similarly, Gruening et al. [577]
observed that Ti surfaces modified with various functional groups (e.g., amino polymers, ECM
proteins, or polyelectrolytes) achieved the highest intracellular calcium responses when the
surface zeta potential was moderately positive (ranging from +1 mV to +10 mV). Conversely,
more negatively charged surfaces (—90 to —3 mV) elicited a lower cellular response, while
highly positive surfaces (~+50mV) were found to be cytotoxic—marked by impaired
membrane integrity and a significant decline in cell proliferation and calcium mobilization.

However, these general observations are not without exceptions. Some research findings
reveal preferential osteoblast adhesion on negatively charged surfaces, while their positively
charged counterparts showed minimal or even inhibitory effects on cell attachment [578]. A
plausible explanation for this inconsistency lies in the inherent negative surface charge of
osteoblasts and fibroblasts [578], [579], which could result in electrostatic repulsion from
highly negative surfaces. In the case of the CC-HA coatings examined in this study, enhanced
cell viability and proliferation may be attributed not solely to electrostatic attraction but also to
synergistic effects involving bioactive surface composition, increased roughness, and improved
wettability (Sections 4.3.4 amd 4.3.10). Additionally, rather than interacting directly with cells,
negatively charged surfaces may initially attract cationic proteins from body fluids, which can
act as intermediaries in cell adhesion [580]. Since protein adsorption is known to occur within
seconds after an implant is exposed to blood [581], the kinetics of cell attachment is unlikely to
confer any major advantage to positively charged surfaces over their negatively charged
counterparts. This understanding supports the practical effectiveness of both surface charge
polarities in promoting osteointegration. On the other hand, extreme zeta potential values—
regardless of polarity—tend to have detrimental consequences. Such surfaces may excessively
anchor segments of the cell membrane, thereby restricting cellular expansion and ultimately
limiting the spread of the osteointegration front [580].

Similar to osteoblasts and fibroblasts, most bacterial species also exhibit a net negative
surface charge, primarily due to the presence of ionized functional groups such as phosphate
and carboxyl moieties within their outer membranes [582]. As a result, negatively charged
biomaterial surfaces are generally thought to repel bacteria through electrostatic interactions.
This concept was demonstrated by Smith et al. [583], who systematically adjusted the zeta
potential of silica substrates—from —81.0 mV to —13.4 mV—using various surface treatments.
When exposed to Mycobacterium smegmatis, a clear inverse relationship emerged: substrates
with more negative zeta potentials exhibited reduced bacterial coverage. This was consistent
with the measured zeta potential of M. smegmatis, which was —29 mV at physiological pH
(7.42). A similar rationale can be applied to the bacterial adhesion results presented for the
Blank and CC-HA coatings (Section 4.3.13), as both Escherichia coli and Staphylococcus
aureus possess negatively charged outer membranes [584], [585]. Given that the CC-HA
coating had a comparatively less negative zeta potential (Figure 52), it may have exhibited
slightly reduced repulsion, allowing marginally more S. aureus adhesion (Figure 51).
Interestingly, repulsive effects are not limited to negatively charged surfaces. For instance, Kao
et al. [586] reported reduced bacterial attachment of Pseudomonas aeruginosa on titanium
screws coated with positively charged polyelectrolyte multilayers fabricated via a layer-by-
layer deposition method. Despite these trends, no universal agreement has been reached
concerning which surface charge polarity is optimal for minimizing bacterial colonization.
Several factors may contribute to the conflicting outcomes observed across studies, including
variations in surface chemistry, differences in bacterial envelope properties across species, and
adaptive mechanisms by which certain bacteria can modulate their surface charge in response
to environmental stimuli [586]. Beyond microbial adhesion, zeta potential measurements also
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serve as valuable predictors for a surface's capacity to induce HA precipitation, both in vitro
(e.g., SBF tests) and potentially in vivo. Generally, negatively charged surfaces are considered
more favorable for HA nucleation, as they facilitate the initial attraction of Ca** ions from the
surrounding medium [587], [588], [374]. In contrast, surfaces with a strong positive charge are
often less conducive to HA formation, as the increased adsorption of Cl™ ions may interfere with
crystal growth [588].

In summary, the zeta potential of the CC-HA coating—approximately —22 mV at
physiological pH (Figure 52)—can be characterized as moderately negative, a range generally
considered favorable for biomedical implants. Under physiological conditions, such a surface
charge is likely to attract osteoblasts through electrostatic interaction without being so strong
as to induce adverse effects like membrane flattening or cellular entrapment [580]. This
moderately negative potential may also be sufficient to exert a repelling force against bacterial
cells [583], while simultaneously indicating a surface enriched in negatively charged groups
such as Ti—~OH, which are known to enhance HA nucleation [494]. These surface charge
characteristics align with earlier findings from cell adhesion and antibacterial assays (Section
4.3.13), reinforcing the conclusion that the CC-HA coating supports improved fibroblast
proliferation compared to Blank coatings, while exhibiting comparable antibacterial behavior.
However, it is important to acknowledge that surface zeta potential does not act in isolation.
Biological interactions are also modulated by additional surface parameters such as chemical
composition, micro/nanoroughness, and wettability [589].
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5. SUMMARY AND OUTLOOK

The work presented in this dissertation set out to address the challenge of incorporating
calcium carbonate (CC) and hydroxyapatite (HA) into plasma electrolytic oxidation (PEO)
coatings on titanium implants—an objective motivated by the combined potential of CC’s
bioresorbability and HA’s bone-mimetic stability to enhance implant bioactivity and
osteointegration. Central to this aim was the hypothesis that conventional electrolyte
preparation methods offer limited applicability for carbonate-phase incorporation, and that a
particle-assisted route could provide a practical and versatile solution. The research also sought
to broaden the fundamental understanding of particle incorporation mechanisms in PEO and to
develop a reproducible, optimized coating process suitable for biomedical application.

The preliminary investigations established foundational knowledge regarding how
electrolyte composition and parameters affect coating formation in phosphate—carbonate
systems. Systematic variation of phosphate salt type and concentration revealed measurable yet
generally moderate influences on coating morphology and composition. Among the three
sodium phosphates tested, tribasic sodium phosphate produced slightly more distinct
morphological features and higher sodium incorporation compared to mono- and dibasic forms,
but these differences did not translate into major functional advantages. The dibasic form
emerged as the most practical choice due to its chemical stability toward CC and HA, moderate
alkalinity (reducing the need for intensive post-treatment rinsing), and compatibility with
biomedical contexts. In carbonate—phosphate mixed electrolytes of equal conductivity,
carbonate ions up to ~75% of total anion content did not inhibit PEO layer formation, though
they caused a slight decrease in pore size and, at higher proportions, reduced phosphorus
incorporation. These effects were more pronounced for Na-COs than NaHCOs, suggesting a
role of pH and carbonate source in modifying discharge behavior. Complete substitution of
phosphates with carbonates prevented microarc initiation, yielding non-porous anodic oxide
surfaces and confirming the hypothesis that soluble carbonates alone cannot sustain the PEO
process on titanium. Collectively, these findings confirmed that carbonates do not inherently
preclude PEO in phosphate-containing baths but subtly influence microstructure and
composition, underscoring the need for precise control over electrolyte composition and
electrical parameters when targeting CC—HA co-incorporation.

In the second stage investigated particle crystallinity as an independent variable—a
factor previously unexamined in PEO studies but hypothesized to influence incorporation
efficiency and coating biofunctionality alongside particle size, shape, and composition. Using
crystalline and amorphous calcium phosphate particles as model systems, it was demonstrated
that crystallinity strongly affects both coating physicochemical properties and biological
potential. In all cases, particle addition resulted in thicker oxide layers, enhanced wettability,
and increased surface roughness compared to particle-free coatings, while maintaining
macroscopic homogeneity. However, the crystallinity-dependent effects were clear: amorphous
particles promoted higher calcium content in the outer coating layers, plausibly due to their
higher surface area and roughness enhancing particle retention within the porous oxide structure
during growth. They also influenced surface topography—affecting pore shape, size
distribution, porosity, and pore density—and accelerated the formation of HA-like layers during
in vitro bioactivity tests. Notably, these trends held true across both commercially pure titanium
(Ti) and titanium alloy (TAV) substrates, despite differences in oxide phase composition,
indicating that crystallinity effects are substrate-independent. The data supported the hypothesis
that particle crystallinity is a critical parameter in PEO incorporation and suggested that
amorphous TCP particles offer the most advantageous combination of wettability, micro-
roughness, CaP content, and bioactivity for biomedical applications. These results introduced
crystallinity control as a promising tool for fine-tuning PEO coatings for targeted performance.

The final stage of the research translated these insights into an optimized fabrication
route for CC-HA composite coatings. A modified electrolyte was developed by synthesizing
CC nanoparticles via a controlled carbonation process, then allowing them to react partially
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with a dibasic phosphate solution (Na2HPOa4). This physicochemical interaction produced CC—
HA microagglomerates (1-2 um) in a stable suspension free from conductive impurities,
eliminating the need for purification or redispersion—one of the practical limitations of
conventional suspension-assisted PEO. The particle size and morphology of these agglomerates
were found to correlate positively with coating thickness and spark-assisted incorporation
efficiency. Using this optimized bath, PEO produced coatings with the typical microstructure
of spark-anodized oxides, an average thickness of ~25 um, and a dual-layer architecture (dense
inner layer, porous outer layer) enriched in calcium and phosphorus. Raman spectroscopy
confirmed the homogeneous distribution of CC, HA, anatase, and amorphous TiO2, and
indicated carbonate substitution within HA—a finding of particular relevance for tuning
bioresorption behavior. XRD analysis additionally detected rutile, perovskite, and brushite
phases, highlighting the multi-phase complexity achievable through this approach.

Functionally, CC-HA-enriched coatings demonstrated multiple improvements.
Electrochemical testing showed their enhanced corrosion resistance, while mechanical
adhesion tests confirmed stronger coating—substrate bonding. The coatings were hydrophilic,
exhibited a moderately negative zeta potential, and released calcium ions in a sustained manner
over at least one month in PBS. Biological evaluations revealed increased fibroblast viability
after 7 days and bacteriostatic effects against relevant microbial strains, suggesting potential for
reducing implant-associated infection risk. These outcomes align directly with the aim of
producing bioactive, corrosion-resistant, and mechanically robust coatings with controlled
phase composition, and they confirm the final hypothesis that CC-HA incorporation positively
influences functional properties of PEO coatings.

Taken together, the results of all three stages validate the central premise of this work:
that carbonate phases can be effectively introduced into PEO coatings via a particle-assisted
route, and that controlling particle characteristics—particularly crystallinity—provides a means
to tailor coating performance. To the best of current knowledge, the study demonstrates, for the
first time, the successful direct incorporation of a carbonate phase as solid particles into a PEO
coating on titanium and the first application of carbonation-based particle synthesis designed
specifically for PEO electrolytes. From a practical perspective, the optimized CC-HA coating
system satisfies several key requirements for in vivo use: biocompatibility, corrosion resistance,
favorable surface chemistry for osteointegration, and a surface charge and topography
conducive to cell attachment while not promoting bacterial adhesion. Beyond the biomedical
scope, the approach developed here extends the versatility of the PEO technique for advanced
surface engineering, opening possibilities for tailored carbonate-containing coatings in diverse
applications.

Looking ahead, future research should focus on refining electrolyte composition for
even more precise control over particle incorporation, testing coating performance under
clinically relevant mechanical and biological conditions, further elucidating the role of
carbonates in discharge formation and plasma—particle interactions, and exploring alternative
particle chemistries for standalone or synergistic incorporation with CC. Such efforts will not
only deepen the understanding of particle-assisted PEO but also broaden the applicability of
this method for creating multifunctional, application-specific oxide coatings.
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