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Symbols

Ed compression module

6d0.2 yield strength in compression
odM compressive strength
€dB (disproportionate (only plastic, permanent) relative shortening at failure)

€dtM (total relative shortening at compressive strength (at maximum force))[1]
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1. Introduction

A key in powder material manufacturing is the use of appropriate powder materials that
fit the process conditions. Many parameters affect the production and the quality of the parts
being built. An accurate assessment involves, besides other things, the powder flowability,
which should be sufficient to create good-quality powder layers. [2]

Particle size, shape, and the physical characteristics of a metal powder (specific surface)

have an effect on the behaviour of the powder during the compaction and sintering process.

The composition and surface contamination (the chemical properties) have a marked influence

on the properties of the sintered metal.
The principal properties related to the powder particles themselves are:

1. Particle size and distribution.

2. Specific surface and particle density.
3. Particle shape.

4. Chemical properties.

5. Packaging and moulding properties. [3]

Powder Metallurgy parts formed by die compaction have inhomogeneous density
distribution because of the friction between the powder compact, die wall and punches. Powder
metallurgy is one of the most diverse manufacturing processes among the various metal forming
technologies. The advantage of powder metallurgy is an ability to achieve near net shape
forming. This production method saves material and energy, and in the production of structural
parts, it offers higher precision. It eliminates most of the machining operations requires for

casting and wrought products. It is more cost effective and environmentally friendly.

The powder metallurgy process is a fast, economical and high-volume method for
producing precision parts from powder. There are a number of related consolidation techniques
by which powders can be rolled into sheets, extruded into rods or isostatically compacted into

parts with more complex geometries.

There are two main reasons for using a powder metallurgy product, cost savings compared

to alternative processes and unique properties only achievable through powder metallurgy.
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In about 80% of the production of structural parts from powder metallurgy, the main reason

for choosing powder metallurgy is economic.

Components are designed to meet structural criteria in many applications. It is possible to
produce sintered structural or mechanical parts with properties equal to or even better than parts

produced by more traditional methods.

2. Literature review

2.1. Morphology and properties of iron-based powder metal.

Pore size measurements must be conducted on the raw materials used for powder
metallurgy processes to ensure that the end-products yield the desirable mechanical properties.
The strength, density, hardness and permeability of metal alloys produced from powder

minerals depend upon the porosity of the raw constituents. [4]

The flowability of a powder is an important characteristic that depends on both the physical
properties of the particle group and the testing method. The flowability is an indicator of the
quality of the powder material itself and, therefore, the final component.

The principle of the Hall flow method (Figure 1) is very simple: 50 g of powder flows
through a funnel and the time it takes is registered as the flow rate. The funnel has a standardised
geometry with a 60°cone angle and ¢2.5 mm outlet hole, (comparable standards ASTM B213,
ISO 449). [5]

The principle of the Gustavsson Flow is that the 30° cone angle funnel has been established as

ISO standard ISO 13517 and ©2.5 mm outlet hole. (Figure 2) [6]

The Hall Flowmeter (ISO 4490) is a standard used for determining flow in metallic
powders including powders for hard metals. [7]
The Gustavsson Flowmeter (ISO 13517) is a new standard developed for determining flow in
metallic powders including powders for hard metals and mixes of metallic powders and organic
additives such as lubricants. The standard and horizontal vibration-free base, to support the
funnel rigidly are indicated in Figure 3 and Figure 4. The difference between the Hall
Flowmeter (ISO 4490)
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and the Gustavsson Flowmeter (ISO 13517) is that the Hall Flowmeter has a 60° cone angle
whereas the Gustavsson Flowmeter has a 30° cone angle. [7] There are arguments against the
Hall Flowmeter method. One is that the method is not relevant for characterising the filling of
tool dies.

Another problem that has been identified with the Hall Flowmeter method is that powder
mixes, especially mixes with a high content of lubricant, graphite and/or other fine particulate
additives, will not always freely flow through the funnel. In this situation, the idea of a modified

funnel for the flow measurement of powder material mixes arose. [7]

Figure 1. Flow patterns in Hall Flowmeter Figure 2. Flow patterns in Gustavsson
[8] Flowmeter [8].

10
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Figure 3. Hall Flowmeter Funnel [7] Figure 4. Gustavsson Flowmeter Funnel [6]

The Flow Test Methods is the ideal apparent density measurement instrument for
research and quality management to efficiently evaluate the flow qualities and the apparent
density of loose samples.

Apparent density - the ratio of the mass of porous material to the volume it occupies.
Apart from the material itself, the calculations considers the volume of the pores between the
grains of the material filled, for example, with air. [9]

The shape of powder grains can be determined by a descriptive or mathematical method.
The descriptive method relies on norm PN-EN ISO 3253:2002 (Figure 5). The following
nomenclature is adopted for powder grains. [10]

11



Effect of the chemical composition of iron-based powder materials on the properties of sintered components

Agnieszka Stanula

a) coniferous b) multiwall ¢) dendritic d) fiber e) flake

Figure 5. Nomenclature of the grain shape of powders by PN-EN ISO 3252 [10]

Powder materials manufactured from elemental iron powders that are essentially free of
other alloying elements except carbon. The compacts are manufactured by pressing and
sintering iron powder with or without graphite additions to introduce carbon. When the final
density is to be 7.0 g/cm? or more, these materials may be processed by pressing, pre-sintering,
repressing and sintering. Other processes such as warm-die compaction or warm compaction

may also be used to achieve higher densities.

Powder Material carbon steel (F-0005) - Fe-C - materials are used primarily where moderate
strength and hardness are desired (Table 1). Additionally, machinability might be required, such
as drilling, tapping, lathe turning, milling, etc. They may also be steam treated for improved
shelf life, pore closure and to increase hardness. The carbon content of a sintered structure can
be calculated roughly from metallography form where 100% pearlite is equivalent to
approximately 0.8% carbon. Carbon dissolves rapidly in iron, for example, after about five
minutes at 1040°C. [11]

12
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Table 1. Other Elements: 2% maximum may include other minor elements added for specific
purposes. [11]

Material Fe C Element

Designation
F-0005 Balance 0.3 Minimum
Balance 0.6 Maximum

Powder Material carbon steel (FC-0205 or FC-0208) - Fe-C-Cu are produced from
admixtures of elemental iron powder and elemental copper powder with graphite powder
(carbon) (Table 2). The proportions of each depend on the strength levels required and whether
the material is to be used in the as-sintered or heat-treated condition. Because graphite diffuses
readily into an iron powder matrix during sintering, a combined carbon of 0.8% or more is
achievable. Copper powder is added to increase strength, hardness and wear resistance. Wear
resistance can be improved by heat treatment. These materials find usage in medium strength
structural applications. Admixed copper powder melts at approximately 1083°C. Copper
dissolves in the iron and does not penetrate to the centre of the larger iron particles. During
copper melting it diffuses or migrates leaving behind fairly large pores. These pores remain and

can easily be seen in the microstructure.

Table 2. Other Elements: A 2% maximum may include other minor elements added for specific
purposes. [11]

Material Fe Cu C Element
Designation

FC-0205 Balance 15 0.3 Minimum

3.9 0.6 Maximum

FC-0208 Balance 1.5 0.6 Minimum

3.9 0.9 Maximum

The steam oxidation process consists of exposing ferrous material to a controlled
superheated steam environment at 430-590°C for 1 to 4 hours. During the exposure the steam

reacts with the ferrous material to produce an adherent blue-grey iron oxide (magnetite, Fe30a):

3Fe + 4H-,0 (gas) -> Fe304 + 4H2 (gaS).

13
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Both batch furnaces and continuous belt furnaces are used for the steam treatment of ferrous
PM materials. The depth of penetration of the oxide into the part, product mass gain, oxide
thickness and hardness of the finished products depends on the steam oxidation process
parameters (time and temperature), the density of the material, the type of base powder used to
create the part (atomised or sponge) and previous operations that could close-off the surface

porosity. This additional process operation is applied in order to:

1. Seal the product to liquid or gas penetration, either for a subsequent process such as plating

or for leak tightness in the product application.
2. Enhance the cosmetic appearance.
3. Increase apparent hardness to improve abrasive and adhesive wear resistance.
4. Increase corrosion resistance and improve shelf life.
5. Increase compressive yield strength results of these studies. [11]

Iron powder consists of several more iron particles. The particle size is in the range of 20
pum to 200 pm. The iron properties differ depending on the production method and source of a
specific iron powder. There are two types of iron powders, sponge and atomised iron powder,
and they are used in various applications based on their properties. The equilibrium phase
diagram of the system Fe-C and an example of ferritic and pearlitic microstructure are

presented on Figure 6-8.

14
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Figure 7. Example of ferritic microstructure Figure 8. Example of pearlitic/ferritic
[12]

microstructure [12]
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A crystal structure has three general properties: periodicity, directionality and
completeness. Periodicity is the regular repetition in space of the atomic unit of the crystal. It
is the basis of the remarkable plastic properties of crystals. Directionality of the crystal structure
appears in the fact that properties like conductivity and elasticity vary with the direction of their
measurement. Completeness is simply the filling of all crystal sites defined by the periodic

structure with the required atoms.

The crystal structure presents graphically as a space lattice within which the sites of
atoms are marked by points (or small circles). These points are referred to as lattice points. The
basic unit of the crystal structure that repeats itself in all three directions of space is called the
unit cell (Figure 9). The deforming edges of this cell are referred to as lattice constants, (usually
a, b, ). [12]

Figure 9. Unit cell in a crystal cell; lattice constants: a, b, c. [12]

The storage and handling of powders is a major challenge in the powder metallurgy
industry. One of the major challenges with metallic powder is the pick-up of oxygen, which
leads to oxide inclusions when considering materials with low oxygen solubility. The ductile
fracture of metals generally occurs by nucleation, growth and coalescence of voids, and hard
inclusions can act as nucleation sites for such voids thereby reducing fracture toughness. Hence
oxygen pick-up needs to be kept to a minimum during powder handling and processing,
especially for applications where the fracture toughness is crucial. Generally, a powder is kept

in an inert atmosphere or vacuum to minimise oxygen pick-up, which makes powder storage

16
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very expensive. An alternative strategy for controlling oxygen pick-up is to develop protective

coatings on the powder as a part of the powder manufacturing process.

The flowability of a powder is another factor that particularly determines the reliability
and quality of an additively manufactured product. The powder flow behaviour is generally
influenced by the particle size and shape, surface roughness and interactions. In particular,
surface cohesion due to the Van der Waals interaction can hinder powder flowability. The
frictional behaviour of particles influenced by surface roughness also plays a role in powder
flowability. Contact charging that results from friction leads to the transfer of an electric charge
between powder particles, which in extreme cases and for some powders can result in fire and

explosion hazards during storage and transport. [13]

2.2. Metal powder manufacturing methods

A wide variety of process may be used for the manufacture of metal powders each
resulting in a product having its own particular characteristics in regard to the shape of the metal
powder particles, the density of the particles themselves and the distribution of particle size.
The particles may be dense, porous or hollow and, depending upon the process employed, may

be spherical, flattened, angular and dendritic.

The choice of process is dictated by a number of considerations, including, of course,
the economics of production and the commercial demand for a powder having the particular

characteristics associated with its method of manufacture.

Not all metals and alloys necessarily lend themselves readily to manufacture by all of
the methods available, and this is not surprising in view of the wide range of melting points
covered by commercial metals and alloys, and because of the difference in reactivity between

metals and the gases with which they may come into contact during the manufacturing process.

The primary production processes may be listed as follows:

1. Reduction of oxides. This is the oldest method for the manufacture of metallic materials,

dating back to the charcoal fires of ancient history. It is the cheapest method for the production
of powder. One of the cheapest iron powders produced utilises a carbon reduction of a high

grade iron ore and this has been developed on a very large scale in Sweden, the Hoganas process

17
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has been in operation since the early part of the present century. The product, which is known
as Swedish sponge iron, is produced by reducing concentrates of iron ore with carbon in ceramic
boxes or saggers that are charged into a tunnel kiln similar to that employed in the firing of
bricks. The reducing agent used is either anthracite or coal dust, and, where necessary,
limestone is used to absorb any sulphur. The product is a sintered cake of sponge iron of a fairly
high level of purity (about 98%), and the sponge is subsequently broken down into powder by
a form of pulverisation. It is understood that since the last war the newer grades of Swedish iron
powders that have been introduced into the market result from the processing of the normal
product with hydrogen, resulting in some degree of purification and, no doubt, a change in the

characteristics of the final powder.

The reduction of oxides by hydrogen is probably the simplest of the methods employed
in the manufacture of metal powders, and, provided that readily available and comparatively
cheap sources of hydrogen and pure metal oxides exist, the process has a great deal in its favour.
It is capable of yielding metal powders over a very wide range of particle sizes, which is
controlled largely by the physical condition of the initial metal oxide and the reduction

conditions, all of which are controllable features.

2. Reduction of salts. The most important process of this type so far developed is used for the

production of copper, nickel and cobalt powders from ore concentrates or scrap metal. The raw
material is leached with a suitable acid or alkali to obtain the metal in solution, this solution is
then purified, and the metal powder participated using either hydrogen or carbon monoxide
under pressure at an elevated temperature as the reducing agent. The scrap containing copper
is treated with ammoniacal copper carbonate solution and then the copper powder is

precipitated from the solution (after purification) by hydrogen under pressure at 175°C.

3. Thermal dissociation of metal compounds. Iron and nickel powders of high purity may be

prepared from the massive metal and poor quality powder by the decomposition of the
corresponding metal carbonyl. Iron powder is obtained by first passing carbon monoxide over
iron at about 200°C and at atmospheric pressure when dissociation into carbon monoxide and
iron takes place. The carbon monoxide is re-used. The preparation of nickel powder by the
carbonyl process is very similar, differences being only in the required temperature and
pressures. The powder obtained is spherical and during the growth of each particle from the gas
phase, the metal is precipitated in layers, which on sectioning is indicated as centred rings. This

structure is claimed to accelerate the sintering process.

18
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4. Electrolysis. Metal either as a powder or in a form suitable for crushing may be obtained by
the electrolysis of a wide range of solutions or fused salts. Sulphates, chlorides, cyanides, etc.,
are frequently used in solution either singly or as mixtures, and an organic reagent may also be
added to promote the formation of the powder. Iron powder is produced commercially by the
electrolysis of iron sulphate or chloride solution and a brittle deposit is obtained on the cathode,
which must be removed at regular intervals. The deposit is then crushed into a powder, cleaned
and dried, and then annealed prior to use. The purity of the iron powder is high and, although
the costs of production are also high, it is frequently used for the production of high strength
engineering components by powder metallurgy. The characteristics of the powder produced by
electrolysis may be varied by controlling the bath composition and temperature, the current
density, the shape of the electrodes, etc.

The current densities used for the preparation of powder are considerably higher than those
required for plating and a slightly elevated bath temperature may be necessary. The shape of
the particles prepared by electrolysis is usually dendritic and this causes the powder to have
poor flow characteristics. However, if the powder is ground prior to use the angular nature of
the particles will be destroyed. The preparation of alloy powders is possible by the use of baths

containing more than one metal salt.

5. Atomisation. Atomisation consists of forcing a molten metal through an orifice and then
breaking up this stream with a jet of gas or water. The particles of metal formed by the jet
solidify extremely rapidly and, although the atmosphere may be air, only very superficial
oxidation takes place. To completely prevent the oxidation an inert gas atmosphere is needed.

A wide range of different sizes of powder can be obtained by varying factors such as
the temperature of the metal, the size of the orifice and the pressure and temperature of the jet
fluid, but the particles formed are non-porous and frequently have poor compacting properties.
It is the most important method of preparing powder due to the low costs of production and

good quality of powder. [2]
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1 100 pm

Figure 10. Atomised iron powder SEM [14] Figure 11. Atomised iron powder cross-
section [14]

Figure 12. Sponge iron powder SEM [14]  Figure 13. Sponge iron powder cross section
[14]

An example of iron powder material is presented in Figure 10 — 13 and Figure 14, and

Figure 15.

20
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Figure 14. Scanning electron micrograph of iron powder. [15]

Powder characteristics (i.e. particle size, particle size distribution, particle shape,
powder angle of repose, particle mechanical properties and particle aspect ratio). [16]

/ =

s
e iron powder

corsprepared with different secondary

Figure 15. Te imags th

particles with medium diameters of 356 um (a and b), 265 pm (¢ and d), 94 um (e and

f), 52 um (g and h), 265 um (70vol%) + 94 (30vol%) (i and j), and 356 um (70vol%) +
52 um (30vol%) (k and I). [17]
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The addition of metallic phosphate on the surface of bulk materials is able to improve

the behaviour at machining. Figure 16 and Figure 17 below.
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Figure 16. Backscattered SEM micrograph of ~ Figure 17. SEM micrograph of untreated
phosphate iron powder. [18] iron powder. [18]

Water atomisation is an established technology for the production of metal powders for
many commercial applications, including sintering and welding and metal injection moulding.
It is also possible to use water atomised powders for additive manufacturing. Water atomised
powders are often characterised as being irregular and covered with an oxide layer, which leads
to a high oxygen content. The water atomisation has more advantages than gas atomisation.
The production rate is several times higher, and it has a lower specific cost of powder and lower
equipment cost. Microsegregation is caused by faster cooling and solidification, and it cause

the irregular shape of powders.

Water atomised powders sometimes exhibit porosity inside the particles. This could be
due to thermal contraction during solidification, the production of precipitates that fall out of

the particle during analysis or the formation of gas bubbles inside the particles.

The choice of the appropriate method of powder production depends on the properties
expected from the product and on economic calculations. Powders of one metal can differ
significantly if they were prepared by different methods or if the production parameters were
different. The physical, chemical and technological properties of powders have a significant

impact on further technological processes and on the properties of finished products. [19]
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Figure 18. Flow-sheet for the Water-Atomising Process. [20]
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The raw material for this process is a carefully selected iron scrap and sponge iron from

the process described in the preceding paragraph (Figure 18).

1. Selected scrap - This raw material (1) is melted down in an electric arc furnace.

2. Arc furnace - An electric arc furnace of 50 tonnes capacity.

3. Liquid steel - Where, if desired, alloying elements can be added. The melt is teemed slag-

free through a bottom hole into a ladle.
4. Injection - Where it is refined with an oxygen lance.

5. Atomising - The ladle is then transferred to the atomising station (5). Some of these droplets
freeze immediately in to small spheres, others unite in small irregularly shaped agglomerates
while freezing. Air, swept along by the water jet, and the water vapor arising in the atomising
process, cause superficial oxidation of the small droplets. The solidified droplets and the

atomising water are collected in a huge container, where they settle as a mud.

A. Tundish - The liquid iron (or steel) is teemed slag-free through a bottom hole in the ladle

into a specially designed tundish (A).

B. Steel Stream - From there, the liquid iron (or steel) flows in a well-controlled stream (B)
C. High Pressure Water - Where it is hit by jets of highly pressurised water (C).

D. Nozzle - Through the centre of a ring-shaped nozzle (D)

E. Atomised Iron Powder - The stream of liquid iron (or steel) explodes into fine droplets (E).
6. Dewatering - This powder mud is de-watered (6)

7. Drying - This powder mud is dried (7).

8. Magnetic Separation - The dry powder is magnetically separated from slag particles (8)

9. Screening - The dry powder is screened (9)
10. Equalising - The dry powder is homogenised (10).

11. Transportation — It is eventually transported in special containers (11) to the works at

Hoganis for further processing.

Routines for homogenising, quality checking, packaging and storing are the same as for

sponge iron powders.
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The Hogands sponge iron process is essentially a chemical process in which finely
divided iron ore is being reduced with coke breeze yielding a spongy mass of solid metallic
iron, which can readily be comminuted to iron powder. The iron ore used at Hoganés is a
magnetite slick (powdery Fe3zO4) obtained by selective mining from mines in the north of
Sweden and Norway. This magnetite slick, which by nature contains only very small amounts
of gang and has extremely low contents of sulfur and phosphorus, is being dressed and
concentrated while still at the mining location and then delivered to Hogands in a highly pure

state.

As shown in the flow-sheet in Figure 19, the process of transforming the magnetite slick

to iron powder proceeds.

Figure 19. Flow-sheet for the Sponge Iron Process. [20]
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10.

The process starts with two raw materials:

Reduction mix of coke breeze and limestone - a “reduction mix” consisting of coke
breeze blended with ground limestone (1),

Iron Ore - and a pre-processed magnetite slick (2).

Drying - The magnetite slick and the reduction mix are dried separately in two rotary
ovens (3).

Crushing - The slightly agglomerated dried reduction mix is crushed (4).

Screening- The slightly agglomerated dried reduction mix is screened (5).

Magnetic Separation - The dried magnetite slick is passed through a magnetic separator
(6).

Charging in Ceramic Tubes - Then, both materials are charged by means of an automatic
charging device into tube-like ceramic retorts as illustrated (7), (18), (19).

Reduction in Tunnel Kilns, Approximately 1200°C - These retorts have an ID of 40 cm,
are 2 m long, and consist of four tube segments of silicon carbide being stacked on top
of each other. 25 of these retorts are stood on rail-bounded cars that are clad with a thick
layer of refractory bricks. These cars travel slowly through a tunnel kiln of approx. 260
m length (8) within which the retorts are gradually heated to a maximum temperature
of approx. 1200°C. As the temperature inside the retorts increases, the coke breeze
begins to burn forming CO which, in turn, begins to reduce the magnetite to metallic
iron while itself oxidising to CO2. The CO. generated reacts with the remaining coke
breeze forming new CO, which again reduces more magnetite to metallic iron. This
reaction cycle continues until all magnetite has been reduced to metallic iron and a major
part of coke breeze is burned up. Parallel to the reduction cycle, the limestone in the
reduction mix binds the sulfur arising from the burning coke breeze. After the reduction
is completed, the retorts are slowly cooled down again to approx. 250°C before leaving
the kiln. Inside each retort, there is now a tube-like sponge iron cake with a porosity of
about 75%, a residue of unburned coke breeze and a sulfur-rich ash.

Discharging - At an automatic discharging station (9), the sponge iron tubes are pulled
out of the retorts, and the remaining coke breeze and ash are exhausted from the retorts.
Coarse Crushing - Thereafter, the retorts are ready to be charged again and go on a new

trip through the tunnel kiln. The sponge iron tubes (after having been cleaned from
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11.

12.

13.

14.

15.

16.

17.

18.

19.

residual coke breeze and ash) are crushed in several steps and comminuted to a particle
size below 3 mm (10).

Storage in Silos - This crude powder is intermediately ensilaged before further
processing. From the intermediate silo (11).

Crushing - The crude powder is passed through a specially designed chain of mills (13)
and screens (14), in order to be refined to a particle size below 150 um (many belt
furnaces are, of course, available to take care of the huge volume of iron powder to be
treated).

Magnetic Separation - The crude powder is passed through a specially designed chain
of magnetic separators (12).

Grinding and Screening - The crude powder is passed through a specially designed chain
of mills (13) and screens (14), in order to be refined to a particle size below 150 um
(many belt furnaces are, of course, available to take care of the huge volume of iron
powder to be treated).

Annealing in Belt Furnace, Approximately 800-900°C.

Equalising - These modern electrically heated belt furnaces are especially designed for
the purpose, the belt width being 1500 mm. The powder from several belt furnaces is
collected in a special silo (16), where it is homogenised in lots of 60 or 120 tonnes.
Automatic Packing - Each lot is carefully checked with respect to specified properties
and — if okayed — packaged and stored, ready for shipment (17).

Iron Ore - Then, both materials are charged by means of an automatic charging device
into tube-like ceramic retorts as illustrated (7), (18), (19).

Reduction Mix - Then, both materials are charged by means of an automatic charging
device into tube-like ceramic retorts as illustrated (7), (18), (19). [20]

The most important property to evaluate the global quality of a powder bed is its packing

density. [21] The properties of the final powder particles are presented in Figure 20 and in

Figure 21.
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Figure 20. Schematic of the powder production method via grinding. (a) Material removed
by surface grinding is collected, sieved and heated, prior to use in a DED process. The
corresponding SEM images show the distribution of spherically-shaped particles in the

resulting powder. (b) SEM image of a single particle showing the perfectly spherical shape

and dendrites on the surface. (c) Particle size distribution in the final powder shows a size
range ~ 20-100 um. [22]
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Figure 21. Properties of the final powder particles. (a) SEM image and associated EDS
spectrum showing the presence of a thin oxide layer on the surface. (b) X-ray
diffraction results on the powders show the occurrence of both alfa Fe and FezO4 peaks.
(c) TEM SAD and HRTEM images of the section just below the surface show that the

powder particles are indeed primarily alfa Fe. [22]
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The technological process of manufacturing products by powder metallurgy consists of

the following main stages:

1) Obtaining a metallic powder or a mixture of powders
2) Pressing (forming)

3) Sintering (heat treatment)

4) Heat treatment

Pressing (forming)

Pressing is one of the main technological processes in the production of products from

sintered metal powders. Its aim is to form compacts of specific dimensions, shape, appropriate

density and physicochemical properties. The dies are used to have an exact shape. The weighed

amount of powder is compacted by the pressure of the punch, and then pushed out of the matrix,

after being poured into the matrix. The powder poured loosely into the matrix often reduces its

volume two or three times, when is compacted.

The pressing process is divided into two stages:

a)

b)

Stage of pressing at low pressures — a collapse occurs and a liquidation of “bridges”
created during backfilling, and close arrangement of grains due to mutual sliding and
rotation of individual grains. The density of pressed mouldings when low pressures are
used is very uneven, there are large differences, especially between the material
adhering to the walls and the centre of the sample.

Stage of pressing at higher pressures - plastic deformation of the powder grains takes
place. [23]

Compacting involves pressing and compressing the powder mixture into the desired
shape or die. The quality of the compacting step reduces potential voids and
significantly increases the density of the product. Compacting pressure is between 80
MPa and 1600 MPa. Each type of metal powder requires a different amount of
compacting pressure depending on its properties. In soft powder compacting, the
pressure is between 100 MPa and 350 MPa. For more resilient and harder metals, such
as steel and iron, the pressure is between 400 MPa and 700 MPa. The green compact is
a final product and is formed by compacting. Sometimes, the green compact faces the
possibility of cracking mainly due to the density gradient inside the green compact
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resulting from the inhomogeneous density distribution, and friction between the powder
particle and tooling. It has also been reported that the friction force is a strong function

of compaction temperature. [24]

Sintering (heat treatment)

The key to the precision and success of powder metallurgy is the sintering process.
During this step the compact is heated for bonding the powder particles. The temperature is
marginally below the melting point of the primary metal. The green compact is sintered to
decrease the porosity and to increase the density. The increase in density depends on the kind
of powder materials and the sintering conditions such as temperature and time. [25] In addition
the method of heating, the method of cooling after sintering, and protective atmosphere are

taken into account in the sintering process.

The use of protective atmospheres (Table 3) is dictated by the need to protect sintered
materials against oxidation, as well as the reduction of oxide coatings that could have been
formed during the processing of the powder and its individual grains. Mechanical alloying of

iron powders with nitrogen results in a highly refined microstructure.[26]

The process of sintering products made by powder metallurgy in large-series and mass
production is most often carried out in continuous furnaces. These are tunnel kilns and
depending on the method of moving the moulded parts, placed in baskets or on pallets, there

are belt kilns and pusher kilns. [23]

Table 3. Types of protective atmospheres

Protective atmospheres

Reducing indifferent oxidising

The chemical interaction of the sintered material with the atmosphere in the furnace

shall be taken during the choice of the protective atmosphere. (Table 4)
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Table 4. The dependence of the choice of the protective atmosphere

The choice of protective atmosphere

Chemical composition of the Furnace type Economic factors

sintered material

The gases used as the protective atmosphere are listed below:
- Endothermic
- Exothermic
- Converter
- Dissociated ammonia
- Hydrogen
- Sintering in a vacuum
- Protective backfills

In general, with the onset of grain growth there is a decrease in the shrinkage rate. As
the sintering temperature increase, grain growth begins to play a major role in the densification
process. [27]

Heat treatment

To improve the surface properties of powder material parts the thermal processes are
applied (for example, carbo-nitriding, carburising treatment, steam treatment, scaling or

oxidation).

Carbo-nitriding is a high temperature modified carburisation treatment in an ammonia

based atmosphere that promotes both carbon and nitrogen diffusion into the component surface

for hardening, usually followed by quenching.

The carburising treatment consists of introducing carbon to the surface of the pieces at

a temperature where the austenite is stable. Hardness is obtained by quenching and it depends
on carbon potential on the surface of the material. The carbo-nitriding process can be explained

as a carburising gas where ammonia is added to the atmosphere. The temperature and the time
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are lower than in the carburising treatment, therefore less dimensional change are produced.
Due to the stabilising effect of the nitrogen over the austenite, carbo-nitriding confers more
hardenability than carburising.

Steam treatment consists of tempering the steel in super-heated steam, adopted as an

additional treatment for conventionally hardened and tempered tools. These treatments are
typically heat treatments above 500°C in an atmosphere containing steam, used to grow a blue—
black FesOs tenacious surface oxide on steels The holding time is between 30 and 60 min.
Recommended pressure for steam tempering is 100 MPa water column. The blue-black iron
oxide Fe3O4 that is deposited on the component during steam treatment is a hard porous oxide
that is usually about 0.005 mm thick and is very receptive to coolants. The treatment is adopted

for steels, iron based and sintered products because it increase the life of components. [28]

Scaling or oxidation - electrolytically produced iron powder has these physical

characteristics and would provide the required material for oxidation. [29] At high temperature
(700-1250°C), the growth rate of the oxide scales follows a parabolic law, showing that the
limiting step of the reaction is the ion diffusion through the oxide layers. The mobility of iron
cations is larger that of oxygen anions during the oxidation process, thus the rate-limiting step
of solid-state oxidation of pure iron is the outward diffusion of iron cations. [30]

The conventional sintering process (Figure 22) follows each of the steps of basic powder
metallurgy: Obtaining a metallic powder or a mixture of powders, pressing (forming) and
sintering (heat treatment). It is much like the ancient method of powder metallurgy with the
added benefit of modern technology. The conventional sintering process takes a long time and
needs a high temperature. There is a very high demand to improve the sintering technique in
reducing the sintering temperature and shortening the sintering time, and thus reducing the

energy cost.

The sintering temperature has a significant effect on the densification degree of iron
powder compact during intensified sintering. Sintering time has some effect on the densification
degree of iron powder compact in intensified sintering, and there is also an optimum sintering

time in which the sintered compact can reach the highest densification degree. [31]
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Base Powder + Alloying Elements &

Figure 22. Conventional Powder Metallurgy Process [32]

The model of sintering between two similar spheres is presented in Figure 23.

Figure 23. The model of sintering between two similar spheres [33]

The use of copper and phosphorus provides a liquid-phase sintering with increased

strength of the sintered components. [34]

The origins of material strain during sintering are related to:
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(1) dimensional changes due to temperature change dependent upon the coefficient of thermal

expansion (a) of the material;
(2) phase transformation during heating, for example, ferrite to austenite transformation;
(3) diffusion and dissolution of alloying elements in the matrix;

(4) sintering phenomena including shrinkage and swelling. The sintering effect and the
dissolution of the alloying elements should have a vital role on the contact pressure and thus on
the bond strength. It is well known that Fe—Cu powder compacts usually swell during the

sintering period that is known as “copper growth”.

In fact, during the sintering cycle, copper melts and penetrates between the solid
particles and grain boundaries. Also, copper diffuses into the iron lattice through the surface of
the particles and the grain boundaries. These phenomena cause significant swelling of the Fe—

Cu powder compact during sintering.

The swelling of the Fe—Cu parts induces a mismatched strain between them, leading to
a high contact pressure. This pressure, which arises at high temperatures, provides a diffusion
bond between two components. The surface area of the iron powder influences the swelling in
Fe—Cu powder compacts. As the iron particle size increases, swelling goes through a peak. It is
known that the swelling of Fe—Cu powder compacts is affected by the presence of carbon. [35]

Actually, carbon has a high solubility in iron and decreases swelling due to grain
boundary penetration by molten copper. It has been shown previously that dissolution of
graphite into the iron particles at 1000°C is completed in a few seconds, indicating a very high
diffusivity of carbon inside the c-iron lattice. Before the melting of the copper, diffusion of
carbon from the solid steel to the powder compact should have taken place. This results in
carbon depletion from the interface area inside the solid steel and inversely, it causes carbon
enrichment in the powder compact. Additionally, the presence of alloying elements with a high
diffusion coefficient such as carbon is also useful as they speed up the diffusion process itself.
Therefore, although carbon diffusion may decrease swelling of Fe—Cu, it increases the hardness
of the powder compact and contributes to rapid diffusion bonding. Thus, the diffusion of carbon
can enhance the strength of the bonded zone. The optimum condition would be that the diffusion

of carbon takes place, but it should not be so high as to hinder the copper growth. [35]
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The density of the sintered compacts and as-sintered hardness increase with increasing
compaction pressure and are influenced by the powder structural characteristics. During steam
treatment the type of powder and compaction pressure have an important influence on the extent
of pore closure and weight gain. Surface pore closure and oxidation resistance of the steam-
treated components are improved with increasing compaction pressure. This layer always plays
an important role in the industrial applications as well as in laboratory experiments for abrasive

wear as they used atomised and different sizes iron powders.[28].

The literature example of microstructure of iron based sinter compacts are presented in

Figure 24 and Figure 25.
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Figure 24. Optical microscope image of (a) pure iron and Fe-1%C alloy with different
melting time (b) 4h, sintering at 1150°C, (c) 6h, sintering at 1150°C, (d) 8h, sintering at
1150°C; Magnification 200X [36]
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Figure 25. Microstructure of laser-sintered Fe (a), Fe-4Cu (b), Fe-0.8C (c), and Fe-0.8C-
4Cu-0.35P (d). [37]

2.3. Mechanical properties

The strength of materials is a part of technical mechanics, based mostly on the laws of
statics, changing not with a rigid body, but with a deformed body (changing its shape under the

action of external forces).

The strength of materials is a science that provides methods and ways of testing
construction materials and giving these materials certain shapes in various structures. The
changes in the body under the influence of external forces are interesting. If under the influence
of these forces the body has assumed a certain deformation and is already in equilibrium, then
there must be some system of external forces of the body that would not balance the action of
these forces. [40]
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There are two types of forces:
1) The system of external forces causing deformation of the body
2) A system of internal forces that opposes a system of external forces.

From the tensile diagram of brittle metal, after the proportional period, there is a rapid
increase in stress with a slight elongation of the sample, and then the sample breaks. This is a

reason that brittle metals do not reveal the yield point when they are stretched.

Elongation during stretching does not usually exceed 1%. The value of elongations is
calculated as a percentage. It is the ratio of the length of the measuring part to its diameter. [38]
The tensile test is invalidated according to the PN-62/H-04310 standard if: [39]

(a) More than one neck is formed on the sample.

b) The sample tore beyond the gauge length and the calculated elongation does not meet the

requirements for the material.

c) The specimen tore at the mark and does not exhibit the required elongation or contraction
[40]

In addition, the strength properties of materials are influenced by:

1. Temperature - at high temperatures, the strength of materials is reduced. [38] Concretes
and natural stones are generally not very sensitive to temperature changes, with the
exception of very high temperatures, in which a sintering processes may occur. [40]

2. Time - a phenomenon called material creep occurs when structural metals subjected to
constant stress over a long period of time begin to elongate. The creep phenomenon is
visible only at higher temperatures.

3. Types of metal loads - there are three types of loads, variable loads can lead to material
failure faster than permanent loads.

4. Influence of metal fatigue - fatigue strength is the highest value of alternating stress at
which the material can work for any length of time without the appearance of fatigue

cracks.
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TENSILE

The tensile, compression, bending and torsion fatigue strength is determined. This
strength is influenced by the smoothness of the surface of the object, the size of its cross-section,
the shape of the object and the influence of corrosion. [38] In metals, the value of the coefficient
E depends on the chemical composition and heat treatment, and on the load. The bend test has
found wide applications in the study of brittle metals, whose mechanical properties are not
clearly emphasised during the tensile test. This applies in particular to the sensitivity of these
metals to eccentric fixation of the sample. The lack of plastic deformation makes it impossible

to equalise additional stresses and leads to early rupture of the sample. [40]

There are several features that distinguish the mechanical properties of plastic and brittle

materials.

1. The main difference is that brittle materials are destroyed with small deformations, while a
fairly large change in shape is needed to destroy a plastic material. Brittle materials are easily

damaged by impact due to the fact that their specific work of deformation is very small.

2. The second difference is that for plastic materials in the initial stages of deformation, the
course of stretching and compression can be assumed to be unidirectional. Because most brittle
materials offer much less resistance to stretching than to compression. This fact limits the scope
of applicability of brittle materials or causes the use of special protection when working with

their tensile strength.

3. In brittle materials, there are no large deformations until failure, the picture of stress
distribution will take place in tension and compression, until the greatest stress does not exceed
the strength of the material. The greater the stiffness of a given element; i.e. the smaller its
length and the larger its cross-sectional area and modulus of elasticity, the greater forces it takes
on itself [41].
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Figure 26. A typical stress-strain curve for metal. [42]

From the stress - strain curves Figure 26, the yield stress, the elastic modulus and the
fracture load can be determined. On a displacement curve, the initial level corresponds to the
positioning of the system and especially to the crossbar on the support points. The active parts
of the load—displacement curves only start with the linear increase corresponding to elastic
strain. This behaviour stops and the material deforms itself irreversibly. Finally, the load
decreases until the sample is broken. Then, the fracture morphology of the different compacts

is analysed by scanning. [42].

Tensile tests are used to determine the following mechanical properties: Young’s
modulus, Poisson’s ratio, ultimate tensile strength, yield strength, etc. The primary curve
produced from a tensile test is a direct stress-strain curve. Figure 26 shows a typical stress-
strain curve for metal foams. The curve includes two points of interest: the yield strength and

ultimate tensile strength, and the quasi elastic initial stiffness. [42].

To describe elastic behaviour of components under load, the known edge of stiffness
constants is needed. [sotropic materials can be described by Young’s modulus E, shear modulus

G and Poisson’s ratio m.
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Since elastic moduli represent metallic bonds stiffness, for the sintered metallic, models
for predicting the porosity dependent effective values of elastic moduli are needed. Young’s
and shear moduli follow similar models of degradation, so researchers deal mainly with E

modulus.

In granular materials like metal powder, the cohesive frictional behaviour of the material
and inhomogeneity within the powder compact will have a significant influence on the type of
fracture. The failure of metal powder during compaction has always been related to the shearing
and friction behaviour of the material, where the yield criteria of the powder material model

have been developed based on the solid mechanics material model. [42].

Therefore, it is believed that a fracture in metal powder compaction will most likely be
due to shear fracture, rather than an opening fracture due to the mechanical behaviour of the

powder material in closed die compaction.

COMPRESSION

During compressive testing a material experiences opposing uniaxial forces that press
the sample from opposite sides. The loading forces in compressive testing are the opposite of
those in typical tensile tests. The tensile and compression tests are done on the same machine.

[44] The stress — strain behaviour of rock in compression is presented in Figure 27.

Yield pt.

\ Brittle

A N failure

elastic

Stress

Strain

Figure 27. Stress-strain behaviour in compression. [43]
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The goal of compression tests is to detect the behaviour or response of materials and
obtain the corresponding compressive properties (ultimate compressive strength, yield strength,
elongation) when it experiences compressive loads. The generally applicable standards for
compressive testing are ASTM E9-19 and ASTM E209-18, which are specific to the
compression of cylinder-shaped metallic materials at room temperatures and elevated
temperatures (beyond 538°C), respectively. [45]

Compression tests are also used to determine the modulus of elasticity, compressive
yield strength, and compressive strength. These properties are important to determine if the
material is appropriate for the particular application. [46]

Compressive testing is relatively more difficult than tensile testing. The mode of failure
involves some type of buckling. The compression specimen geometry and method of load
introduction should be relevant to the actual application for which the data is being generated.
[47]

The purpose of the compression test is:

- the determination of the diagram or work of strain

- determining the value of stresses causing the destruction of the sample.

The purpose of the standard test is to determine:

a) compressive strength in the event that the metal sample fails during the test
b) a pronounced yield point

c) relative shortening

d) a stress curve as a function of shortening

The purpose of the strict test is to determine:

a) modulus of elasticity (Young’s modulus in compression)

b) conventional elastic limit

c) the yield strength. [48]
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Material samples (Figure 28) intended for compression tests are in the shape of rods or

cubes.

1. samples in the form of rods at a certain length may, in addition to compression, also
undergo warping (buckling), which may change the test results.

2. in cube samples, in relation to their size the contact surfaces with the plates of the
compression machine are too large, as a result the friction generated between these
surfaces and the plates distorts the results of the experiment.

There is a strict proportionality between stresses and unit strains €. The numerical value of
the proportionality coefficient does not differ from the value of this coefficient when stretched.
Hooke’s law shall be applied. By increasing the load on the sample made of ductile materials,

the shape changes to barrel-shaped, and then the sample flattens out.

The barrel-shaped shape of the crushed sample is explained by the friction of the front
surfaces of the plate of the pressing machine. This friction inhibits the expansion of layers of
material lying close to the plates; the effect of friction forces decreases as one moves away from
the surface of the plates, and therefore the thickening is greatest in the middle of the sample.

For mild (forgeable) steel, both the proportional limit and the yield point can be observed.

In the case of samples made of brittle materials, samples in the shape of cubic are tested
for compression. They show a very low proportionality limit. The parts cracked after the test.
Compressive strength is the stress that causes the samples to crack. The value of Young’s

modulus E does not differ from the value of this modulus in tensile strength.

End loaded specimens tend to broom or split from the end, and so indirect loading by
means of shear is often used. This gives rise to stress concentrations, and failures usually initiate
where the specimens are gripped. High shear stresses in this area may also interact with
compressive stresses, and this type of test tends to underestimate the intrinsic compressive
strength. [49]

The test method is an ASTM or other standard is not in itself a dominant selection
criterion. Often the laboratory equipment available, and the skill of the person performing the
test, have to be taken into consideration when selecting a procedure. The right test method can

be strongly dependent on many factors, not all of which are completely technical. [50]
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Figure 28. Compression sample [51]
a b c d e f g h i j k I

121 | 190 | 229 | 254 | 269 | 279 | 286 | 291 | 294 | 296 | 298 | 2.99

3.00 | 299 | 298 | 296 | 294 | 291 | 286 | 2.79 | 2.69 | 254 | 229 | 1.90 | 1.21

Note The 25 coordinate a to y are at 1 mm intervals. [51]

43



Effect of the chemical composition of iron-based powder materials on the properties of sintered components

Agnieszka Stanula

2.4. Numerical methods FEA, Drucker-Prager model

Finite element analysis (FEA) is a numerical modelling method that splits a problem into
finite parts and solved computationally using the modern day computer processor. This
technique is applied to solve different complex problems using theoretical fundamentals, such
as classical mechanics, solid mechanics, thermodynamics and fluid mechanics. FEA is a
technique with a broad range of applications, however as with any modelling method, the

quality of the analysis is dependent on the validity of the assumptions made. [48]

The choice of model to be used depends on the analysis type, the material type and the
data available for calibration of the model parameters, and the range of pressure stress values
that the material is likely to experience.

The hyperbolic model is useful for brittle materials for which both triaxial compression

and triaxial tension data are available, which is a common situation for materials such as rocks.

DRUCKER - PRAGER MODEL

When using the Drucker-Prager material model, Abaqus allows you to prescribe initial
hardening by defining initial equivalent plastic strain values, as discussed below along with

other details regarding the use of initial conditions. [48]

The Drucker-Prager yield criterion is a pressure-dependent model for determining
whether a material has failed or undergone plastic yielding. The criterion was introduced to deal
with the plastic deformation of soils. It and its many variants have been applied to rock,

concrete, polymers, foams, and other pressure-dependent materials. [52]

The extended Drucker-Prager models are used to model frictional materials in which
the compressive yield strength is greater than the tensile yield strength. The Drucker-Prager
failure criterion is a three-dimensional pressure-dependent model to estimate the stress state at
which the rock reaches its ultimate strength. The criterion is based on the assumption that the
octahedral shear stress at failure depends linearly on the octahedral normal stress through
material constants. [53]

The shortcomings of the Drucker-Prager failure criterion in reproducing polyaxial

laboratory experiments are illustrated in Figure 29.
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Figure 29. Drucker-Prager and Mohr-Coulomb failure criteria in stress space. [53]

CAST IRON PLASTICITY MODEL

It describes the mechanical behaviour of grey cast iron, a material with a microstructure
consisting of a distribution of graphite flakes in a steel matrix. In tension the graphite flakes act
as stress concentrators, resulting in yielding as a function of the maximum principal stress,
followed by brittle behaviour. In compression the graphite flakes do not have an appreciable
effect on the macroscopic response, resulting in a ductile behaviour similar to that of many

steels.

The cast iron plasticity model is used to provide the value of the plastic “Poisson’s ratio”,
which is the absolute value of the ratio of the transverse to the longitudinal plastic strain under

uniaxial tension.

CONCRETE PLASTICITY MODEL
Concrete plasticity models are generally based on the same framework of plasticity theory

for metals, but it includes the special properties of concrete.

The key aspects of a plasticity model include the yield surface, the flow rule and the

hardening/softening rule. The initial yield surface shows the beginning of the plastic
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deformation. The flow rule shows the tendency of plastic deformation. the hardening/softening
rule defines how the yield surface evolves with plastic deformation. Many yield functions have
been proposed for concrete. The Drucker-Prager (D-P) criterion has been widely adopted for
the modelling of concrete because of its simplicity (involving only two parameters) and its
capability to capture shear strength increases as a result of hydrostatic pressure increases, which

IS a unique property of concrete under confinement.

The shear strength of concrete under equal biaxial compression, which refers to concrete
subjected to equal stresses in two principal directions and a zero stress in the third principal
direction, and that under triaxial compression are different, even when the first stress invariant
of the two cases is the same. Based on the plasticity theory, the stress states of concrete under
equal biaxial compression and triaxial compression correspond to different circumferential

positions on the deviatoric plane. (Figure 30) [54]

Failure surface including the 4
effect of the third deviatoric D-P yield criterion
stress invariant \\

Triaxial compression

Non-uniform confinement

*#Equal biaxial campression o3

Figure 30. Failure surface in the deviatoric plane. [55]

It is a constitutive model that is based on a combination of the theory of plasticity and

the theory of damage mechanics. [55]

The damage concrete plasticity model is widely used. This model is employed in the ABAQUS

manual. [56]
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This model is one of the most popular concrete damage-plasticity models in the
literature and engineering practices. The determinations of many critical model parameters and

calibration are challenging. [57]

The ongoing increase of computational resources, and advances in the development of
numerical methods, in particular the finite element method, damage plasticity models have
become a crucial tool in modern engineering practice and science for analysing the mechanical
pre- and post-peak response of structures. [17] This model is able to simulate tensile and
compressive behaviour of concrete under quasi-static loading quite well and it has been

extensively used in a lot of research for different applications. [58]

2.5. Iron based sintered used in the automotive industry

The term powder metallurgy may be considered according to norm PN-EN ISO 3252:2019-
12 as field of technology involving the production and fusion of powders of a metallic nature,

as well as merging them with non-metallic powders, without liquefying the entire product. [10]

Powder metallurgy was developed and researched by different scientists starting by the
Egyptians from 300 BCE through P. G. Sobolewski (1782-1841), Wollaston William Hyde
(1766-1828), Henry Bessemer (1813-1898). [59-61]

Iron based material is used in steering components, car suspensions - parts of shock
absorbers, doors, brakes, etc. (Figure 31 - 34). The analysed material is directly applied to the
components of shock absorbers, such as piston cylinder ends, strut rod guides and compression

valves.
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hub, gear shifting yokes etc.). [62]

Powder materials are used in different applications, for example, porous bearings. The
advantage of porous bearings is that the pores can be filled with lubricating oil. This is a reason
that the bearings do not require any additional lubrication during the whole life of the machine
in which it is used. This feature accounts for the use of the term ‘self-lubricating bearings’, but
increasingly the term ‘oil-retaining’ bearings seems to be preferred. The porosity should lie
between 20% and 35% by volume, the upper limit being imposed by strength considerations

that varies inversely with its porosity [62]

The sintered powder mixtures Fe-C-Cu are applied in powder forged connecting rods,
crankshaft belt drives, camshaft sprockets, camshaft pulleys, valve seat inserts, clutch

adjustment rings, converter turbine sleeves, oil pump gears etc. [63]
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Iron powders have applications in the manufacture of a variety of magnetic dielectric
components for radio-equipment. The use of metallic powders with a high specific surface is
often limited by their oxidation sensitivity. Therefore, one of the key requirements for the

powders is that each particle must be provided with an adherent insulating surface film. [35]

Fe powder is a kind of prerequisite friction component and shows pronounced influence
on the friction and wear properties of brake pad materials In mild test conditions, the friction
coefficient increases with the increase of Fe content, which is attributed to the increased surface
roughness by the addition of Fe. [64] Based on demands of high-speed rail applications, the
iron based pads are suitable for disc. [65]

Iron based powders are the most used in the production of automobile components. They are

included in:

e Steering components

e Transmission components
e Connecting rods

e Main bearing caps

e Variable valve timing

e Seating applications

e Exhaust applications

e Catalytic reduction systems
e Fuel system components

e Engine components

The example of powder material parts used in shock absorbers are presented in Figure 35.

Figure 35. Powder Materials parts used in shock absorbers. [66]
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Inside a pressure cylinder filled with hydraulic oil, a piston attached to a piston rod
moves on one end. The hydraulic oil is pushed through the small slots in the piston when the
piston is moved up and down. These openings allow only a small amount of oil to pass through
the piston. This slows down the movement of the piston, which in turn slows down the

movement of the spring and suspension.

Figures 36-38 show the double-tube absorber, piston valve and base valve assemblies. And on
the drawing (Figure 39) the design principle of the energy-harvesting shock absorber, in

general.

Rebound chamber

-«+—— Reserve chamber

Piston

- Compression chamber

L B Base valve

.«— Shock absorber body

)/«— Lower Mount

Figure 36. Double- tube shock absorber. [67]
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Figure 37. Piston valve [67] Figure 38. Base valve [67]
Top Bottom
Mounting Motor  Screw Nut Screw Rod Mounting

ing / / Ring

Power

o A on 1 Controller

Figure 39. Design principle of the energy-harvesting shock absorber [68]

The most important task of the shock absorber is to ensure contact between the vehicle tires

and the road surface.
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They:

* Control the movement of the spring and suspension.

* Ensure the smooth driving and braking of the vehicle.

* Prevent premature tire wear.

» Make it easier to keep tires in contact with the road surface.

* Maintain dynamic wheel alignment.

* Control undesirable body movements such as bouncing, rocking (lateral and vertical),

pitching (body dives when braking and rear end bottoms when accelerating).
* Reduce wear of other components.
* Facilitate even tire and brake wear. [69]

An example of a shock absorber, wheel suspension and steering system are presented in
Figures 40-42. As an integral part of the suspension system, shock absorbers cushion vibrations
and contribute to a car’s comfort and safety. Shock absorber parts have to perform their function
while enduring constant impacts and temperatures of up to 120°C. Materials used in shock
absorbers therefore have to meet specific requirements, particularly in terms of durability and

heat resistance. [70,71] The future trends of the regenerative shock absorber would be:

1) High power to weight ratio
2) Better mechanical-electrical energy conversion efficiency
3) High compatibility with the vehicle [72]
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Figure 40. Shock absorber [73] Figure 41. MacPherson strut suspension
[74]

Figure 42. Steering system [75]

The areas of application for powder metallurgy in a car are presented in Figure 43.
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Figure 43. Powder metallurgy application areas in a car. [62]

2.6. Six Sigma and IATF

The global automotive industry demands world-class product quality, productivity and
competitiveness, as well as continuous improvement. To accomplish this, vehicle
manufacturers require suppliers to certify the quality management standard for suppliers in the
automotive sector, known since October as IATF 16949:2016 (formerly ISO/TS 16949).

It is an ISO technical specification that combines the requirements of existing American,
German, French and Italian standards for management systems within the global automotive
industry. It defines the quality requirements of the quality management system in related
companies with the automotive industry. It was defined to improve both quality within the
supply chain and the certification process itself. [76,77,78]

In order to carry out the tasks and achieve the goals of each enterprise, especially in the
period of progressing globalisation, it is necessary to have a reserve of resources to shape the

quality of the product at all stages of its life cycle.
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The basic principles as quality management instruments include:

a) Quality management principles
b) Quality management methods

¢) Quality management tools

Quality management methods allow tasks to be solved throughout the product life cycle.
Their characteristic features are planning and repeatability and are based on science. [79]

Toyota Production System (TPS) — TPS is the first of the Japanese methods known in
the West. There are four principles that underpin the TPS method:

- each operation should be defined in detail in terms of the necessary equipment, time to perform

and the final result

- any customer-supplier relationship must be clearly targeted and there must be an appropriate

route for requests and responses.
- there must be a clearly defined flow path for each product and service.

- each improvement project must be implemented in accordance with the guidelines of a given

method, under the guidance of a teacher (mentor) at the lowest possible level of the company.

Six Sigma is a method of quality management that measures the effectiveness of activities
and increases efficiency. A characteristic feature of the Six Sigma method is the pursuit of the
lowest possible number of defects. A lower defect rate means better quality, but in the Six
Sigma method, improving quality is also supposed to improve the profitability of the company.

Six Sigma principles:

a) Principle 1 - customer direction. The customer’s needs change.
b) Principle 2 - information-driven management.

¢) Principle 3 - process, manage and improve.

d) Principle 4 - active management.

e) Principle 5 - unlimited cooperation.

f) Principle 6 — excellence, tolerance of failure.
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The Six Sigma method is currently one of the most advanced quality management techniques

that combines all previous methods.

Six Sigma is a philosophy described as the full focus of all activities on the customer, the

constant increase in the ability to meet customer needs and the reduction of prime costs. [79]
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Figure 44. Research methodology Flowchart [80]

DMAIC is a data-driven problem-solving technique designed to identify and address

inefficiencies in a process (Figure 44). It is divided into five basic phases:

e Define the problem and goal of the project.

e Measure to examine the current status of the problem.

e Analyse the current situation and find out the solution to achieve the goal.
e Improve - implementation of the solution to achieve the goal.

e Control - make sure that permanent improvement takes place. [80]
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3.Research part

3.1. Thesis statement

The chemical composition of powder material, the density of the moulded parts and the
type of material from various technological processes has an impact on the properties of sintered

components include hardness and compression, tensile strength values.

3.2. Goal

The scientific objective of the doctoral dissertation is examination of the impact of the
influence of the chemical composition of iron-based powder materials, as Fe-C, Fe-C-Cu on

the properties of sintered components.

Based on the formulated research postulate, the following implementation goals of the

dissertation were determined:

1. selection of powder material to determine the strength properties of sintered components

2. reduction of large research amounts under laboratory conditions by the development of
an appropriate scientific knowledge base and verification of the implementation of new
powder metallurgy products

3. the Digital Twin concept - a comparison of real and literature parameters used for the
finite element analysis (FEA)

4. design and construction of a suitable test stand to study the density of sintered

components.

3.3. Scope

The thematic scope of the dissertation, including the definition of the research topic,
includes defining the relationship between copper and carbon content and
the density parameter for sintered components that are components of vehicle suspension.
Using the right chemical composition and a technological process, it is possible to find
relationships among the chemical composition, density and mechanical properties of the

components (tensile and compression strength, yield strength, elongation and hardness).
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Metallographic studies carry information about the effects of a crack in a sintered
component on a potential failure in the entire car suspension system. Production costs may be
reduced by the calculation and determination of carbon losses in the production process.

The scope of scientific studies requires verification of the following issues:

1. the properties of powder materials
2. the structures of manufactured sintered components

3. the mechanical properties of sintered components

For that purpose, an optical microscope, a scanning and a transmission electron
microscope were used. Studies of mechanical properties require hardness, tensile and
compressive strength tests and density.

The scope included a comprehensive study of a compact structure, built from FC-0208
material (22). Tensile and compressive strengths were tested for various combinations. The test
data yielded compression and tensile test results for the tests conducted at 23°C and 120°C, for
sintered components of different densities, and for the sintering process, either with or without
additional heat treatment. The breakthroughs were analysed, using SEM and TEM microscopy.
A Drucker-Prager mathematical model was developed to simulate
the behaviour of the compacts during compression and tension tests and the appearance of

potential cracks.

The scope of the dissertation included checks of the behaviour of sintered components
produced from Fe-C iron-based powder material and from Fe-C-Cu copper-doped and iron-
based powder material. Their compression and tensile strengths were tested. Their

microstructure was also tested for different density samples of the sintered component.
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3.4. Powder material properties

The material suppliers indicated the chemical composition of the bulk powder. The
chemical composition of the powder and the measurement uncertainties are given
in Table 6 — 9. Figure 45-56 shows the SEM image revealing the morphology of as-received

powder.

Fe-C and Fe-C-Cu powders were used for the tests. There was sponge and atomised

powder.

Sponge powder - porous, reduced powder produced by grinding metal sponge with a high

porosity

Atomised powder - powder produced by atomising liquid metals and alloys into droplets, which

solidify to form individual particles.

The outer shapes of both particles are irregular and quite similar to each other, but the
sponge iron particle, as the name suggests, is spongy internally, while the water atomised

particle is internally compact.

In the dissertation,

powder A was designated as 22
powder B was designated as 18
powder C was designated as 4
powder D was designated as 26
powder E was designated as 2

powder F was designated as 17
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Signal A = SE2
Mag= 500X

EHT =20.00kV
WD =145mm

—
Figure 45. SEM picture of powder metal PN

22, atomised, Magnification 500X,

Signal A = SE2
Mag= 500X

Figure 47. SEM picture of powder metal
material PN 18, atomised, Magnification
500X

60

Signal A = SE2
Mag= 1.00KX

EHT =20.00 kV
WD =145mm

Figure 46. SEM picture of powder metal PN
22, atomised, Magnification 1000 X,

ENT = 2000 kV
WD =144 mm

Signal A = SE2
Mag= 100KX

Figure 48. SEM picture of powder metal
material PN 18, atomised, Magnification
1000X
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100 pm* EHT =20.00kV Signal A = SE2

EHT = 2000 kv Signal A = SE2

WD =145 mm Mag= 500X WD = 144 mm Mag= 100KX J
Figure 49. SEM picture powder metal of Figure 50. SEM picture powder metal of
material PN 4, atomised, Magnification material PN 4, atomised, Magnification
500X 1000X

100 pm* EHT = 20.00 kV Signal A = SE2
WD = 14.3 mm Mag= 500X

4 |
10 pm* EHT = 20.00 kV Signal A = SE2
WD =143 mm Mag= 1.00 KX

Figure 51. SEM picture of powder metal Figure 52. SEM picture of powder metal
material PN 26, sponge, Magnification material PN 26, sponge, Magnification
500X 1000X
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] i,
WD = 143 mem Mog= 500X 10 pm* EHT =20.00 KV Signal A = SE2
- H WD = 14.3 mm Mag= 100KX

Figure 53. SEM picture of powder metal Figure 54. SEM picture of powder metal
material PN 2, sponge, Magnification 500X material PN 2, sponge, Magnification
1000X

100 ym* EHT =20.00 kv Signal A = SE2

10 pm* EHT =20.00 kv Signal A = SE2
WD = 14.4 mm Mag= 500X H WD =144 mm Mag= 1.00KX

Figure 55. SEM picture of powder metal Figure 56. SEM picture of powder metal
material PN 17, atomised, Magnification material PN 17, atomized, Magnification
500X 1000X

The material classification according to the MPIF 35 standard is presented in Table 5.
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Table 5. Classification of materials according to the MPIF 35 standard; % Iron-Copper and

Copper steel [11]

Powder Material C Cu Fe Element
Metal Designation

Number
2 F-0005 0.3-0.6 / balance min-max
4 FC-0208 0.6-0.9 1.5-3.9 balance min-max
17 F-0005 0.3-0.6 / balance min-max
18 FC-0205 0.3-0.6 1.5-3.9 balance min-max
22 FC-0208 0.6-0.9 1.5-3.9 balance min-max
26 FC-0208 0.6-0.9 1.5-3.9 balance min-max

Other Elements: 2.0% maximum may include other minor elements added for specific

purposes.

The detailed chemical composition is given in the material card from the powder

supplier. Table 6 — 9.

Table 6. Chemical composition from Material Safety Data Sheet from Source 1.

Chemical Powder Powder Powder Powder
Composition of Material 2 Material 4 Material 17 Material 26
powder
material

S [%] / / / 1.62-1.99

Ni [%] / / 0.42-0.57 /

Mo [%] / / 0.45-0.55 /

Cu [%] / 2.70-3.33 / 1.62-1.99
C-Graphite [%)] 1.08-1.32 0.90-1.10 0.35-0.45 0.72-0.88
Zn-stearate [%] 0.72-0.88 / / /

Lubricant [%] / 0.88-0.99 / 0.81-0.99
Lube E [%] / / 0.54-0.66 /
Fe is base [%] / / / /
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Table 7. Physical Properties from Material Safety Data Sheet from source 1.

Physical Properties Powder Powder Powder Powder

of powder material Material 2 Material 4 Material 17 Material 26
AD Gustavsson 2.72-2.84 3.23-3.43 2.95-3.15 max. 5.00

[g/cm?]
Flow Gustavsson (+24 h) max. 70 max. 35 max. 42) max. 90
[70 sec/50 g]
GD Green Density (3.5 min. 6.30 min. 7.04 min 7.04 6.74
tonne/cm?) [g/cmd]

Table 8. Chemical properties composition from the Material Safety Data Sheet from Source 2.

Chemical Composition of Powder 18 Powder 22
powder material
Iron ATOMET 24 [%] 54.03 /
Iron ATOMET 1001 [%] 42.42 /
Iron ATOMET 28 [%] / 97.45
Copper [%] 2.00 4.65
Graphite [%] 0.60 0.90
Lubricant (Acrawax 0.80 0.75
Powdered) [%]
Lubricant EBS Wax [%] / /
Phosphorus [%] 0.45 /
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Table 9. Physical Properties from the Material Safety Data Sheet from source 2.

Physical Properties of Powder 18 Powder 22
powder material
Apparent Density [g/cm®] 2.70-2.80 2.60-2.80
Flow rate ISO 4490 [s/50 g] max. 40 max. 55
Compacting pressure (MPa) max. 480 /
Green density at 400 MPa, / min. 6.45
Green strength at 400 MPa / 1151
Dimensional change from / 0.10
die size, % (acc. to ISO
4492)
Transverse rupture strength, / 733
MPa; acc. to ISO 3325
Hardness [HRB] / 74

3.5. Conventional sintering method

Powder materials with properties shown in Table 6 and Table 9 were subjected to the
conventional sintering method pressed at 400 MPA, sintered 25 minutes at 1121°C in N2/H2:
90/10 atmosphere.

From the materials listed above, oar-shaped mouldings were produced in accordance with
the MPIF 10 standard [81]. The samples were prepared according to the norm BS EN ISO
2740:2009 = MPIF 10. The compacts, apart from the chemical composition, differed in density
in the range (5.9 - 6.9 g/cm®).

Two different stages of production were used for specimens shaped in accordance with

MPIF 10 for tensile strength testing:

1) Compaction process = Sintering step
2) Compaction process = Sintering step = Steaming step

The atomised and sponge iron based powder used in the automotive industry were used to
produce the powder metal compacts. All powders were mixed with different lubricants as

presented in Tables 6 and Table 8. The general chemical composition of the Powder Metal
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compacts was given in Table 5. These powders were compacted by the conventional sintering
process using a furnace at 1120°C for 30 min. The N2/H> gas was introduced into the furnace
to create the sintering environment. After the sintering process some compacts were

additionally steamed. [28].

3.6. Testing Methods

PARTICLE SIZE MEASUREMENT

Metal powder samples were measured without any restrictions using a HELOS laser

diffraction system using the measurement procedure presented in Table 10.

The particle size distributions of the samples were measured with a HELOS laser
diffraction instrument. Samples were measured 3 times each to prove the reproducibility and

repeatability of the HELOS system and the quality of applied dispersing technique.

Table 10. Selected measuring range of the HELOS instrument

Measuring range Focus length f [mm] Measuring range [pm]

R5 500 0.5-875

The dispersion of the particles was carried out with the dry disperser RODOS/M. The
cumulative distribution Qr(x) indicates the normalised fraction of particles that are smaller than
the particle diameter x. Usually in the graphical presentation of the results for the particle size
analysis the value of the cumulative distribution Qr is plotted along the linearly subdivided
ordinate whilst the particle diameter x is plotted in um along the logarithmically subdivided

abscissa.

Density distribution curve and frequency distribution curve respectively, indicating the

ratio of a class, that is, the fraction for a particle size interval, to its class width.
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The graphical presentation of the curves is often executed on a double linear grid,

which means both the ordinate and the abscissa are subdivided linearly.

TENSILE TEST

For the purpose of the tensile test samples were prepared according to the norm BS EN
ISO 2740:2009 = MPIF 10. The test specimens were pressed in dies with the dimensions in

Figure 57 and Figure 58 (conventional flat test specimen).

9.64 : ; o
8 Dimensions shown in millimetres

]—— 31.75 —-—-|

! 25.4 !

f~=— GAGE —=
4X R25.4 POSITION ’ 6.35£0.25
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/- i . _ ? - < i \ D
2X (R4.36) po— _f | 572
¢ L_2x87
2X (40.46) i 4X (15.88)
{80.92)

Tolerances unless otherwise stated to be + 0.03 mm (SI)
Figure 57. Conventional flat test specimen according to drawing [81]

Figure 58. Conventional flat test specimen — real after production process.
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The tensile test was performed on the ZWICK Z250 tensile machine (Figure 59). This
testing machine is able to perform all static strength tests required in the assessment of the
examined materials. This machine offers the ability to carry out the static tensile test at room
temperature, with the determination of the values required by PN-EN 1SO 6892-1 standard [39];

static compression and bend test; and the determination of Young’s E module.

The repeated tensile test was performed on an MTS insight System machine, MTS
Insight System 10kN (Figure 60). It is a multi-purpose testing machine by MTS, equipped with
specialized instrumentation enabling the performance of tests and measurements in a wide
range, (maximum load 10kN, available force heads 10kN, 500N), with MTS TestWorks and

FlexTest software.

Figure 59. The ZWICK Z250 tensile machine Figure 60. MTS Insight System
[82] 10kN [83]

The tensile test were performed at a temperature of 23° and a temperature of 120°C, see
Figure 61 below.
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D

Figure 61. Tensile test machine a) - ¢) at 23°C, and d)-f) 120°C, with the extensometer.
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COMPRESSION TEST

The compression test was performed on the INSTRON 5585H machine with a force
measurement range of up to 250kN according to the PN-EN 1SO 4506:2018-05 standard [51].

For FEA analyses there were produced the special samples were produced with the

shape presented in the drawing below (Figure 62).

a) b)

Figure 62. The produced compact for compression strength test according to norm [51]

The remaining compacts 2, 4, 17, 18, 22, 26 were subjected to a compression test on a
ZWICK Z250 machine with two heads (250kN and 10kN, Figure 62) and two furnaces
(temperature range from 120°C to 200°C, Figure 63). The size of the compacts used for
compression test was 5.8 mm x 6 mm x 10 mm. The compressive strength of the specimen is
calculated by using the compressive strength, the maximum load before fracture and the

minimum cross-sectional area of the sample, respectively [65].
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Figure 63. The compression test machine a) - b) at 120°C, and the compact sample ready

for testing.

HARDNESS TEST

The Rockwell hardness tester, manufactured by INNOVATEST, model VERZUS
710RS was used for hardness measurements (Figure 64). It was checked by Scale HRB [84] ,
and 1/16" Ball Holder [85]
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Figure 64. Rockwell hardness tester, manufacturer INNOVATEST, model VERZUS
710RS [86]

The advantages of the Rockwell method are:
- very fast hardness reading, which makes it possible to use it in mass tests,
- minor damage to the tested element,
- universality of testing in terms of hardness of materials,
- ease of use of the hardness tester.
The disadvantages include:
- a large number of measurement scales, making it difficult to compare results,

- small indentations make it impossible to measure inhomogeneous materials.
OPTICAL MICROSCOPE

The compacts were cut on Abrasimatic 300 Buehler, tan mouldings using the Mecapress

3 machine, and ground and polished with the Metkon Digiprep 251 machine.
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The samples for the metallographic investigations were prepared under identical
conditions followed by chemical etching with nital 5%. The special prepared mould samples
were observed with an Optical Microscope. An Eclipse MA200 NIKON (LOM) light
microscope was used to check the structure, with magnification up to 1000x, 2D image. (Figure
65 below).

Figure 65. The optical microscope Figure 66. Carbon and sulphur content analyser -
Eclipse MA200 NIKON [87] CS600 by LECO. [88]

The CS carbon analyser (Figure 66) is designed for a wide-range of measurement of
carbon content in powder metals. A weighed sample of 1 gram is combusted in a stream of
oxygen using RF induction to heat the sample. Carbon present in the sample is oxidized to
carbon dioxide (CO>), and swept by the oxygen carrier through a drying reagent. The gas flow
continues past a heated catalyst, where carbon monoxide (CO) is converted to CO2, which is
subsequently removed by a filter. Carbon is then detected as CO, by another NDIR cell. A
pressure controller is used to maintain constant pressure in the NDIR cells to reduce interference
from natural variations in atmospheric pressure. The final component in the flow stream is an
electronic flow sensor, which is used for diagnostic purposes to monitor the carrier flow. Non-
dispersive infrared cells are based on the principle that CO; absorbs infrared (IR) energy at

unique wavelengths within the IR spectrum. [89]
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SEM (SCANNING ELECTRON MICROSCOPE)

The Scanning Electron Microscope (SEM) was used for observation, analysis and
characterization of the surface and surface layer of the tested objects/materials. It was used for
the analysis of the particle shape and size of the powder metal. And for the compacts the SEM

was able to check the material structure (grains, fractography, etc).

Using the SEM/EDS the chemical composition (copper content) was also checked.
Energy Dispersive Spectroscopy (EDS) allows for a rapid qualitative and quantitative

determination of the elemental composition of the tested materials.

The direct SEM microscope was used, MERLIN with the GEMINI Il (Figure 67) where
the column and FEG electron source offers high resolution imaging using advanced detection
modes, including InLens (SE), InLens (EsB), Angle Selective back-scattered detector (AsB),
3DSM and STEM. Gemini Il optics imaging settings, such as voltage or probe current, can be
adjusted without realignment. Parallel on-axis in-lens secondary electron (SE) and energy
selective backscattered (EsB) detection can easily identify the smallest differences in materials

composition.

Figure 67. SEM Merlin Gemini Il (ZEISS) [90]
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TRANSMISION ELECTRON MICROSCOPY

In addition, the tests were performed on the Transmission Microscope, unique on a
global scale, a high-resolution analytical transmission electron microscope Titan Cubed G2 60-
300 (FEI) with a unique instrumentation for studying the micro/nanostructure of materials with
high resolution (70 pm) (Figure 68,69). A transmission microscope records electrons passing
through a sample (very thin plate). For this purpose a sample was prepared using the Focused
lon Beam (FIB) method (Figure 70).
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Figure 68. The Transmission Microscope Figure 69. The software for the observation
Titan Cubed G2 60-300 (FEI) [91] of samples under a Transmission

Microscope.

Figufe 70. The samples fdr observation
prepared using the FIB method.
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DENSITY AND POROSITY MEASUREMENT

The density and open porosity of the compacts were measured by the Archimedes
method. An analytical balance (Figure 72) - Advanced Level Analytical Balance with an
accuracy of 0.0001 g was used to weigh the samples. [65] For density checks, an analytical

balance, a container with water, and a vacuum system (Figure 71) were used. The test was

/Ml )
| | 9
z\
t\.
7\

Figure 71. Vacuum Inclusion system Cast Figure 72. Advanced Level Analytical
N’ Vac 1000 [92] Balance [93]

performed according to norm MPIF 42. (Figure 73,74)

==

Figure 73. Beaker support above balance Figure 74. Beaker support above balance
. real.
drawing. [94]
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3.7. Description of the results of testing of sintered elements from material FC-0208 (22)

with discussion

The compacts made of FC-0208, powder material 22 were produced by material with

particle size values from 11 — 236 pum. [95]

It was confirmed by Figure 4 that the particles have irregular or a near spherical shape,

which conforms to the morphological features of water atomized powders. [96]

The carbon combined content of the sintered part is 0.62+0.03% - for powder 22,
steamed with density 6.3 g/cm® with a porosity range of 5-10%.

The characteristic values of the particle size distributions and the averaged distribution
curves presented as cumulative distribution Qr(x) and distribution density, the shape factors

and particle pictures are shown in Figure 75,76.

Product Xyo / BM Xgo /UM Xgo / UM 7 Product X1o/ WM Xgo /UM Xyo / UM N\
90 | —e— Sample No. 22 1186 7468 16879 © / —=— Sample No.22 1.86 7468 16879 © /' \
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Figure 75. Cumulative distribution Q3/% of Figure 76. Density distribution gz of sample
sample No. 22 No. 22

The carbon combined content of the sintered part is 0.62+0.03% - for powder 22,

steamed with density 6.3 g/cm?® with a porosity range of 5-10%.
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3.7.1. The Tensile Strength test results

Tensile tests were performed at temperatures of 23°C and 120°C. Figure 77-79 and
Table 11. Data available for different sintering methods, test temperature and compact density.

Young’s Modulus results are presented in Figure 80-82 and Table 12.

The samples were produced by the conventional sintering method, and they were divided

into two types of samples:

- Sintering/no steaming (1) - those without an additional steaming process

- Sintering/steaming (2) - those with an additional steaming process
No one sample showed yield the strength Rp0.2 [MPa] during the tensile test.

Table 11. The tensile strength test results for the compact made of FC-0208 (22) powder
material.

Sintering method Test Temperature Density [g/cm?] Tensile strength Rm
[°C] [MPa]
sintered/no steaming 23 5.9 91.9
process. 23 6.3 165
23 6.9 201
sintered/no steaming 120 5.9 113
process 120 6.3 163
120 6.9 223
sintered/steaming 23 5.9 132
process. 23 5.9 145
23 6.3 131
23 6.9 28.6
23 6.9 151
sintered/steaming 120 5.9 105
process. 120 6.3 131
120 6.9 191
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Scatterplot of Sintering method vs Tensile strength Rm [MPa] Scatterplot of Test Temperature [°C] vs Tensile strength Rm [MPa]
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Figure 77. Scatterplot of the sintering method Figure 78. Scatterplot of Test Temperature vs
vs Tensile strength Rm [MPa] Tensile strength Rm [MPa]

Scatterplot of Density [g/cm3] vs Tensile strength Rm [MPa]
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Figure 79. Scatterplot of Density vs Tensile
strength Rm [MPa]

The tensile strength of the compact ranged from approximately 90 MPa to over 200
MPa. The result of 28 MPa has been omitted from the analysis.
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Table 12. Young’s Modulus results after tensile strength test for compact made of FC-0208 (22)

powder material.

Sintering method Test Temperature Density [g/cm?] Young’s Modulus
[°C] [GPa]
sintered/no steaming 23 5.9 37.9
process 23 6.3 42
23 6.9 95.8
23 6.9 273
sintered/no steaming 120 5.9 50.2
process 120 6.3 49.9
120 6.9 87.7
sintered/steaming 23 6.9 18.8
process 23 5.9 120
23 5.9 138
23 6.3 85.5
23 6.9 85
sintered/steaming 120 5.9 91
process 120 6.3 75
120 6.9 109
120 6.9 309
Scatterplot of Density [g/cm3] vs Young Modulus [GPa] Scatterplot of Test Temperature [°C] vs Young Modulus [GPa]
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Figure 80. Scatterplot of Density [g/cm®] vs Figure 81. Scatterplot of Test temperature
Young’s Modulus [GPa] [°C] vs Young’s Modulus [GPa]
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Scatterplot of Sintering method vs Young Modulus [GPa]
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Figure 82. Scatterplot of the sintering method
vs Young’s Modulus [GPa]

Young’s Modulus of the compact ranged from approximately 50 GPa to over 300 GPa.
Regression analysis was used to determine the correlations of the density of the compact,
temperature of the test, the type of sintering method and Young’s Modulus values of these
powder metal compacts. It was found that when the density increased the Young’s Modulus
increased. The test temperature has no impact. The test shows the same values for temperatures
23°C and 120°C. The sintering method with additional steaming shows higher versions of
Young’s Modulus.

3.7.2. Compression test results

The compression tests were performed at temperatures 23°C and 120°C. Data available
for different sintering methods, test temperature and compact density in Figure 83-85
and Table 13.
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Table 13. The compression strength test results for compact made of FC-0208 (22) powder
material, cubes.

Sintering Test Density Ed cd0.2 ocdM &dB &dtMm

method Temperature | [g/cmd] [GPa] [MPa] [MPa] [%%6] [%6]
[°C]

sintered/no 23 5.9 5.49 252 540 13 21
steaming 23 6.3 5.69 268 614 16 25
process. 23 6.9 5.99 402 758 20 25
sintered/no 120 5.9 4.44 273 533 12 22
steaming 120 6.3 5.27 307 593 12 21
process. 120 6.9 6.07 397 744 14 22
sintered/ 23 5.9 6.84 416 667 10 16
steaming 23 6.3 7.44 467 788 8 16
process. 23 6.9 7.59 446 761 10 17
sintered/ 120 5.9 7.58 390 630 5 13
steaming 120 6.3 6.61 694 766 2 14
process. 120 6.9 7.66 467 766 14 18

a) b)

Scatterplot of Process vs Ed [GPa] Scatterplot of Process vs 0d0.2 [MPa]

Process
Process

6 7 8 200 300 400 500 600 700
Ed [GPa] 0d0.2 [MPa]
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Scatterplot of Process vs odM [MPa]
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Figure 83. Scatterplot of Process vs a) Ed [GPa]; b) 6d0.2 [MPa] ; ¢) cdM [MPa]; d) €dB
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c) d)

Scatterplot of Temp.[°C] vs adM [MPa] Scatterplot of Temp.[*C] vs £dB [%]
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Figure 84. Scatterplot of Temperature [°C] vs a) Ed [GPa]; b) 6d0.2 [MPa]; ¢) cdM [MPa];
d) €dB [%]; ) €AtM [%].
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Figure 85. Scatterplot of Density [g/cm®] vs a) Ed [GPa]; b) 6d0.2 [MPa]; ¢) cdM [MPa]; d)
€dB [%]; e) €M [%].

Young’s Modulus of the compact ranged from approximately 4 GPa to over 8 GPa.

The yield strength of the compact ranged from approximately 150 MPa to over 600
MPs. The compression strength varied over the range of 520 - 800 MPa.

Regression analysis was used to determine the correlations of the density of the compact,
temperature of the test, the type of sintering method and compression test results. It was found
that when the density increased the compression test results increased. The test temperature has
no impact. The test shows the same values for temperature 23°C and 120°C. The sintering
method with additional steaming shows higher versions of Young’s Modulus, yield strength

and compression strength.
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The repeated compression test results for compacts made of FC-0208 (22) powder
material, with the sintering process, performed at temperature 23°C with hardness

measurements are presented in Table 14 and Figure 86-92.

Table 14. The compression test results for compacts made of FC-0208 (22) powder material,

with the sintering process, test performed at a temperature of 23°C.

Compact Density Young’s YIELD TENSILE HARDNESS
[g/cm?] Modulus STRENGTH | STRENGTH [HRB]
[MPa] [MPa] Rs [MPa]

F-0208 5.9 7,332 359 705 51
material 5.9 8,818 318 702 49
sintered/no 5.9 8,150 334 691 50
steaming 6.1 8,566 349 733 48
process at a 6.1 8,561 340 734 52
temperature of 6.1 9,116 347 747 51
23°C 6.3 8,996 360 833 50
6.3 9,299 359 815 50
6.3 8,736 352 789 50
6.5 10,127 342 864 64
6.5 9,663 364 831 61
6.5 9,654 372 841 60
6.7 9,876 463 850 72
6.7 11,690 406 847 70
6.7 11,520 399 901 71
6.9 10,176 453 803 78
6.9 10,754 433 852 78
6.9 11,775 414 847 77
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Scatterplot of Density [g/cm3] vs Young Modulus [MPa]
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Figure 86. Scatterplot of Density [g/cm®] vs
Young’s Modulus [MPa]
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Figure 88. Scatterplot of Density [g/cm®] vs
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Figure 87. Scatterplot of Density [g/cm®] vs
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Scatterplot of HARDNESS [HRB] vs Young Modulus [MPa] Scatterplot of HARDNESS [HRB] vs YIELD STRENGTH [MPa]
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Figure 90. Scatterplot of Hardness [HRB] vs  Figure 91. Scatterplot of Hardness [HRB] vs
Young’s Modulus [MPa] Yield Strength [MPa]
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Figure 92. Scatterplot of Hardness [HRB] vs
Tensile Strength [MPa]

The repeated compression test for compacts with the sintering process without
additional steaming. It showed the Young’s Modulus of the compact ranged from
approximately 7 GPa to over 12 GPa. The yield strength of the compacts ranged from
approximately 320 MPa to over 450 MPs.

The compression tensile strength varied over the range of 700 - 900 MPa. Regression
analysis was used to determine the correlations of the density, hardness of the compact, and
compression test results. It was found that when the density increased the compression test
results increased. The same happened for hardness when the hardness increased the

compression test results increased.
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The repeated compression test results for compacts made of FC-0208 (22) powder
material, with the sintering process and additional steaming process, performed at temperature

23°C with hardness measurements are presented in Table 15 and Figure 93-99.

Table 15. The compression test results for compact made of FC-0208 (22) powder material,

with the sintering process and additional steaming process, test performed at temperature 23°C.

Compact Density [g/em?] Young’s YIELD TENSILE Hardness
Modulus STRENGTH | STRENGTH [HRB]
[MPa] [MPa] Rs [MPa]

FC-0208 5.9 11,176 465 683 87
material 5.9 10,544 557 689 87
sintered/ 5.9 10,068 536 703 87
steaming 6.1 11,960 686 737 94
process at 6.1 11,290 680 740 95
23°C 6.1 13,069 715 792 94
temperature 6.3 12,350 649 778 90
6.3 12,239 669 785 89
6.3 10,067 724 782 90
6.5 11,420 656 816 91
6.5 12,074 593 769 91
6.5 13,109 579 758 90
6.7 11,969 550 743 89
6.7 13,199 541 743 88
6.7 11,107 654 794 88
6.9 10,232 573 768 87
6.9 12,575 493 807 88
6.9 11,211 577 796 87
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Scatterplot of HARDNESS [HRB] vs Young Modulus [MPa] Scatterplot of HARDNESS [HRB] vs YIELD STRENGTH [MPa]
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Figure 97. Scatterplot of Hardness [HRB] vs  Figure 98. Scatterplot of Hardness [HRB] vs
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Figure 99. Scatterplot of Hardness [HRB] vs
Tensile Strength [MPa]

The repeated compression test for compacts with the sintering process with additional
steaming. It showed the Young’s Modulus of the compact ranged from approximately 10 GPa
to over 13 GPa. The yield strength of the compact ranged from approximately 450 MPa to over
720 MPa. The compression strength varied over the range of 650 - 820 MPa.

Regression analysis was used to determine the correlations of the density, hardness
of the compact, and compression test results. It was found that when the density increased the

compression test results increased. The same happened for hardness when the hardness
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increased the compression test results increased. There was a slight inconsistency in showing

the relationship between density and hardness, but it was considered as a measurement error.

3.7.3. Microstructure analysis for material FC-0208 (22) using Scanning Electron

Microscope

In order to check the structure, a microscopic observation of the fractured samples.
Figure 100 — 103 show the microstructure of the cross section of the compact, the microstructure

of iron powders used.

Figure 100. Compact with density 5.9 g/cm?, a) after the sintering process, b) after sintering

with the additional steaming process, Magnification 1000X

Figure 101. Compact with density 6.1 g/cm?®, a) after the sintering process, b) after sintering

with the additional steaming process, Magnification 1000X
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20 ym

Figure 102. Compact with density 6.3 g/cm?, a) after the sintering process, b) after sintering

with the additional steaming process, Magnification 1000X

20 pm

Figure 103. Compact with density 6.5 g/cm?, a) after the sintering process, b) after sintering
with the additional steaming process, Magnification 1000X

The EDS for sintered and not steaming sample were checked (Figure 104-107). The

chemical composition is presented within Table 16 and Table 17.
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SINTERED

17.0 Fe

Fe
13.6-
10.24

6.5

3.4 o

i/ S—

0.00 200 200 6.00 500 10.00 12.00 140/
Energy - keV/

FC-0208 sintered FC-0208 sintered

Table 16. Chemical Composition 22 FC-0208 sintered

Element W1t% At%
FeK 99.68 99.72
CuK 00.32 00.28

20,6 Fe

Fe

16,5

12.3

8.2

4.1 o

Cu Cu

0.0 — Y T T T
0.00 .00 4.00 6.00 8.00 10,00 12.00 14.00

5 R 4 22 Figure 107. EDS chemical composition data
FC-0208 sintered FC-0208 sintered
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Table 17. The chemical composition data FC-0208 sintered

Element Wit% At%
OK 10.04 28.14
FeK 86.28 69.26
CuK 03.68 02.59

The analysis showed that there is an increased amount of oxides in the crack area. It is
common when the furnace and sintering atmosphere is not ideal, and it has errors. In most of

these areas the parts have cracks.

The EDS for sintered and steaming sample were checked (Figure 108-111). The

chemical composition is presented within Table 18 and Table 19.

STEAMED

15.4— Fe
Fe
12.4-
9.3

6.2 -

3.1

1.

T T Y
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
Energy - keV'

Figure 108. Area for EDS check material 22  Figure 109. EDS chemical composition data
FC-0208 steamed FC-0208 steamed

Table 18. The chemical composition data FC-0208 steamed

Element W1t% At%
FeK 99.62 99.66
CuK 00.38 00.34
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7.6
5.0 -

2.6
¢ “ Cu
0.0 T T
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0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
Encrgy - keV

Figure 110. Area for EDS check material 22  Figure 111. EDS chemical composition data
FC-0208 steamed FC-0208 steamed

Table 19. The chemical composition data FC-0208 steamed

Element W1t% At%
CK 03.31 08.73
OK 25.92 51.23
FeK 70.13 39.72
CuK 00.64 00.32

It can be seen that pores occur in places where oxides are present. There is also a higher
copper content in the location of the cracks. The samples show a lot of oxide surfaces. The
porosity is visible. In some places, impurities appear, which is related to the purity of the

sintering process.

3.7.4. Transmission electron microscopy

TEM was undertaken to obtain more detailed information on the microstructure of
Sample 22 FC-0208 after sintering/no steaming process; Material Fe-C-Cu compact as typical

examples (selected area electron diffraction (SAED) patterns are also given in Figure 112.
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a) b)
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Figure 112. a), b) Bright field TEM images
and c), d), e) corresponded SAEDs (Selected
area electron diffraction) for Sample 22 Fc-

0208 after sintering/no steaming process;

Material Fe-C-Cu.

The TEM results are shown in above in Figure 112 shows a bright field TEM image and
the corresponding diffraction pattern. The structure conforms to the ferrite phase. For powder

metallurgy the Transmission Electron Microscopy has not shown anything more. Etched

metallographic samples with nital should show ferrite, pearlite, and possibly free copper.

3.7.5. Finite Element Analysis, Drucker—Prager model

The objective of this part was to calibrate the material model for sinter material. A
classical approach using elasticplastic material definition seems not to be effective. Results

show a lack of stiffness and a wrong crack initiation location. This study was to compare three
material models with the classic approach:

1. Cast Iron

2. Drucker Prager
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3. Concrete damage plasticity

The analysis includes a simple tensile test (Figure 113) MPIF 10 [81, 97] and a
compression test (Figure 114) (ISO 4506:2018).[51].

Both the tensile strength test and compression strength tests encountered problems
during the laboratory execution. The tensile samples had broken outside of the gauge length.
The compression sample buckled during the test. The tension test was simulated in terms of
load deflection. The simulation of the compression test was only at the linear part of the load
deflection curve. It was hard to estimate if the stiffness degradation is a result of buckling or

plastic deformation. Therefore only using the linear behaviour should be the correct approach.

Figure 113. The sample after tensile strength  Figure 114. The sample after compression

test. strength test.
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Samples were measured in gauge length to confirm if the dimensions were maintained.
The simulation used the dimensions from the measurements. The density of the prepared
samples was equal to those proposed in MPIF STD 35 [11] and equal to 6.3 g/cm®. The circular

runout was not measured.

Load-deflection results were collected in the figures below (Figure 115, 116). The
simulation was aimed at the lowest test results (Tension - sample 2, Compression - 3). It can be
seen that compression test results were not reproduced in the simulation. The main roadblock

is the buckling of specimens, which is difficult to reproduce without the correct material data.

= Sample 1 Sample 2 — AGH-1 Smaple 1
7000  — Sample 3 m— (Cast iron — Sample 2 Sample 3
—— Drucker-Prager ~ —— Concrate 3.00e+4 5 I i
— Sample 4 w— (Cast iron
4000 —— Drucker P.rager . —— Concrate /——"'
Applicability region
2.50e+4
5000
200e+4
— 4000
Z -
o Z
g T 1.50e+4
3000 9
2000 1.00e+4
1000 500643
0
0.00e+0
0 0.02 0.04 0.06
) 0 1 2 3 4 5
Deflection [mm]
Deflection [mm]
Figure 115. Tension test summary Figure 116. Compression test summary
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The cast iron model gave an easy definition and good correlation. For the Drucker
Prager model an optimization was required to achieve the tensile results. The compression test
behaved linearity up to the cut off. Within the Concrete damage plasticity model it was difficult
to achieve a convergence. The tensile test strength did not reach the full test. The compression

test behaviour was correlated using an optimization approach.

Following contour plots the results from the end of the simulation can be presented. The
corresponding load can be found in Table 20 and triaxiality results comparison on samples the

results from the end of the simulation (Figure 117-122).

Table 20. Reaction force measured at the end of simulation

Material model Tensile test [kN] Compression test [KN]
Cast iron 5.9 29
Concrete damage plasticity 2.9 29
Drucker Prager 5.9 28

-44.02
199.07 I
I -142.18
170.44
24033

141.81

-338.48
11319
-436.63
B4.56
-534.79
55.93
-63294
273

Min Principal stress [MPa]

73109

Max Principal stress [MPa]

132

82924

9274
Mal

25,94
-58.57
MaN

Figure 117. Tension test — Cast iron under
5.9N load

Figure 118. Compression test — Cast iron
under 29 kN load
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Figure 121. Tension test — Drucker Prager Figure 122. Compression test — Drucker
under 5.9 kN load Prager under 28kN load
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The material definition was obtained based on the stress-strain relationship from the test
samples, and for the Drucker-Prager and Concrete damage plasticity material definition
optimization was performed to find the best fitting parameters. Assuming a yield point at 0.2%
of total strain seems to be incorrect for material where the maximum measured strain in the
tension test is 0.3%. In this case, the yield point should be established where linear behaviour

ends. The measured Young’s modulus was 81 GPa.

In addition it was found that the simulation of the crack propagation process showed
that the shear crack starts in the area with the highest shear stress and the lowest relative density
distribution. The behaviour of the compact and cracking should start from the simulation of the

compacting process to prevent the further propagation of the crack. [98]

The main aim of this part of the research was to determine the identification and
presentation of different results of the compression tests for iron-based sinter components, and
calibrate the material model for this test. The research procedure included interdisciplinary
research: Characteristics of the sintered element (microscopic examination, chemical
composition), Finite Element Analysis of elements from the selected material, and compression
test results. This experiment showed a proper compression test performance for sinter elements.
During compressive testing a material experiences opposing uniaxial forces that push inward
upon the specimen from opposite sides.

The goal of compression tests was to detect the behaviour or response of the materials
and obtain the corresponding compressive properties when it experiences compressive loads.
Finite element analysis (FEA) is a numerical modelling method that splits a problem into finite
parts and solves them computationally using the modern-day computer processor. The choice
of model to be used depends largely on the analysis type, the kind of material, the experimental
data available for calibration of the model parameters, and the range of pressure stress values
that the material is likely to experience. The Drucker—Prager yield criterion is a pressure-
dependent model for determining whether a material has failed or undergone plastic yielding.
The tested material was FC-0208 (22). This material consists of iron, copper (1.5-3.9 wt%) and
carbon (0.6-0.9 wt%). Iron-based samples were tested according to tensile test requirements
(MPIF 10) and compression test requirements (ISO 4506:2018). Scanning Electron Microscopy
(SEM) was used for microstructure and fractography observations. For simulation purposes,

the Drucker Prager model was used.
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After the tensile test, the sample broke outside the gauge length. The compression
sample had a buckle during the test. Due to the porous material the resultant yield strength
differs for tension and compression significantly. The tests were repeated, and the average of

the results was used to create the simulation model for powder metal compacts.

3.8. Description of the results of the testing of sintered elements from material Fe-C-Cu
with discussion

The compact made of Fe-C-Cu, powder material 4, were produced from the material

with a particle size of 27-236 pm.

The compact made of Fe-C-Cu, powder material 18, were produced from the material

with a particle size of 10-224 pm.

The compact made of Fe-C-Cu, powder material 26, were produced from the material

with a particle size of 16-223 pum.

The carbon combined content of the sintered part is 0.90+0.03% - for powder 4, steamed
with a density of 6.3 g/cm® where it was expected to be in accordance with MPIF 35 norm (0.6-
0.9)%.

The carbon combined content of the sintered part is 0.5+0.03% - for powder 18, steamed
with a density of 6.3 g/cm® where it was expected to be in accordance with MPIF 35 norm (0.3-
0.6)%.

The carbon combined content of the sintered part is 0.64+0.03% - for powder 26,
steamed with a density of 6.3 g/cm® where it was expected to be in accordance with MPIF 35
norm (0.6 - 0.9)%.

The provided data confirmed that the delivered material is within the required range of

carbon, and there is no carbon lost after the sintering and steaming process.
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3.8.1. The tensile test results

The tensile tests for compacts made of Fe-C-Cu powder material were performed at
temperatures of 23°C and 120°C. Data available for different sintering methods, test
temperatures and compact density. The results are presented in Figure 123-126 and Table 21
and 22.

Young’s Modulus results after tensile strengths test for compact made of Fe-C-Cu powder

material are presented in Figure 127 — 130, and Table 23 and 24.

Table 21. The tensile test results for compacts made of Fe-C-Cu powder material.

Process Test Material Material Density Yield Tensile
Teml[JoeCr?tu re Part Type [g/em?] strength strength Rm
Number Rp0.2 [MPa] [MPa]
(PN)
sintered/no 23 18 FC-0205 59 / 232
steaming 23 18 FC-0205 6.9 / 379
process.
sintered/no 120 18 FC-0205 59 / 220
steaming 120 18 FC-0205 6.9 442 444
process.
sintered/ 23 18 FC-0205 5.9 / 138
steaming 23 18 FC-0205 6.9 / 435
process.
sintered/ 120 18 FC-0205 59 / 147
steaming 120 18 FC-0205 6.9 / 377
process.
sintered/no 23 4 Fc-0208 5.9 / 195
steaming 23 4 Fc-0208 6.9 405 464
process 23 26 Fc-0208 5.9 / 188
23 26 Fc-0208 6.9 / 350
23 26 Fc-0208 6.9 / N/A

105



Effect of the chemical composition of iron-based powder materials on the properties of sintered components

Agnieszka Stan

ula

Table 22. The tensile test results for compacts made of Fe-C-Cu powder material (continuation).

Process Test Material Material Density Yield Tensile
Temi)oecr?ture Part Type [g/em?] strength strength Rm
Number Rp0.2 [MPa] [MPa]
(PN)

sintered/ 23 4 Fc-0208 5.9 172 174
steaming 23 4 Fc-0208 6.9 / 382
process 23 26 Fc-0208 5.9 / 173
23 26 Fc-0208 6.9 / 350
23 26 Fc-0208 6.9 / 361
sintered/ 120 4 Fc-0208 59 / 154
steaming 120 4 Fc-0208 6.9 / 330
process. 120 26 Fc-0208 5.9 / 147
120 26 Fc-0208 6.9 / 324
120 26 Fc-0208 6.9 / 348

Scatterplot of Process vs Tensile Strength Rm [MPa]
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Figure 123. Scatterplot of Process vs Tensile
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Figure 126. Scatterplot of Density [g/cm®]
vs Tensile Strength Rm [MPa]
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The tensile strength varied over the range of 100 - 460 MPa. Regression analysis was

used to determine the correlations of the density, hardness of the compact, sintering method and

powder material type, and tensile strength results.

The process and test temperature have a slight influence on the tensile strength Rm

[MPa] parameters. The samples sintered/not steamed show lower ultimate tensile strength Rm

[MPa] data. Higher density higher tensile strength Rm [MPa] for all samples.

Table 23. Young’s Modulus results after tensile strength test for compact made of Fc-C-Cu

powder material, oars.

Process Test Material Part | Material Type | Density [g/cm?] Young’s
TemFoe(lj’?tu re Number Modulus [GPa]
(PN)

sintered/no 23 18 FC-0205 5.9 83.7
steaming 23 18 FC-0205 6.9 83.7
process.

sintered/no 120 18 FC-0205 5.9 455
steaming 120 18 FC-0205 6.9 135
process.
sintered/ 23 18 FC-0205 5.9 99
steaming
process. 23 18 FC-0205 6.9 283
sintered/ 120 18 FC-0205 5.9 94.9
steaming
process. 120 18 FC-0205 6.9 183

107



Effect of the chemical composition of iron-based powder materials on the properties of sintered components

Agnieszka Stanula

Table 24. Young’s Modulus results after tensile strength test for compact made of Fc-C-Cu

powder material. oars. (continuation).

Process Test Material Part | Material Type | Density [g/cm?] Young’s
Temfoeé?tu re Number Modulus [GPa]
(PN)
sintered/no 23 4 Fc-0208 5.9 46.9
steaming 23 4 Fc-0208 6.9 188
process. 23 26 Fc-0208 5.9 73.1
23 26 Fc-0208 6.9 107
sintered/no 120 4 Fc-0208 5.9 43.2
steaming 120 4 Fc-0208 6.9 N/A
process. 120 26 Fc-0208 5.9 61
120 26 Fc-0208 6.9 147
sintered/ 23 4 Fc-0208 59 149
steaming 23 4 Fc-0208 6.9 102
process. 23 26 Fc-0208 5.9 90.7
23 26 Fc-0208 6.9 107
23 26 Fc-0208 6.9 103
sintered/ 120 4 Fc-0208 59 191
steaming 120 4 Fc-0208 6.9 100
process. 120 26 Fc-0208 5.9 83.5
120 26 Fc-0208 6.9 88.2
120 26 Fc-0208 6.9 98.2
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Young’s Modulus of the compact ranged from approximately 50 GPa to over 300 GPa.
Regression analysis was used to determine the correlations of the density of the compact,
temperature of the test, the type of sintering method, powder material type and Young’s
Modulus values of these powder metal compacts. It was found that when the density increased
Young’s Modulus increased. The test temperature has no impact. The test shows the same
values for temperatures 23°C and 120°C. The sintering method with additional steaming shows

higher versions of Young’s Modulus.
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3.8.2. The compression test results

The compression tests were performed at temperatures of 23°C and 120°C. Data
available for different sintering methods, test temperature and compact density in Figure 131 —
134 and Table 25.

Table 25. The compression strength test results for compacts made of Fe-C-Cu powder material,

cubes.
Process Test Material | Material Density Ed 6d0.2 odM &€dB &dtM
Temﬁ,ecrft“re Part Type [9emT | (Gpa] | [MPa] | [MPa] | [%] (%]
Number
(PN)

sintered/no 23 18 FC-0205 5.9 6.58 284 845 24 36

steaming process 23 18 FC-0205 6.9 6.9 566 1,087 23 38

sintered/no 120 18 FC-0205 5.9 6.6 285 791 21 33

steaming process 120 18 FC-0205 6.9 6.63 518 1,070 23 37

sintered/steaming 23 18 FC-0205 5.9 6.77 752 790 6 16

process 23 18 FC-0205 6.9 8.2 560 1,102 24 36

sintered/steaming 120 18 FC-0205 5.9 7.53 554 768 5 15

process 120 18 FC-0205 6.9 8.11 571 1,054 18 31

120 18 FC-0205 6.9 7.53 554 768 5 15

sintered/no 23 4 Fc-0208 5.9 6.07 289 593 14 23

steaming process 23 4 Fc-0208 6.9 7.66 431 1,057 23 36

23 26 Fc-0208 5.9 5.18 293 617 26 36

23 26 Fc-0208 6.9 6.31 386 872 31 42

sintered/no 120 4 Fc-0208 5.9 5.92 271 571 16 24

steaming process 120 4 Fc-0208 6.9 7.04 478 926 21 33

120 26 Fc-0208 5.9 4.68 274 560 23 31

120 26 Fc-0208 6.9 7.32 344 837 26 34

sintered/ 23 4 Fc-0208 5.9 7.67 678 880 5 15

steaming process 23 4 Fc-0208 6.9 7.67 771 1,128 17 31

23 26 Fc-0208 5.9 7.31 511 734 7 16

23 26 Fc-0208 6.9 4.64 429 899 25 36

sintered/ 120 4 Fc-0208 5.9 7.23 763 847 6 16

steaming process 120 4 Fc-0208 6.9 7.98 640 1,110 18 31

120 26 Fc-0208 5.9 7.93 559 695 6 13

120 26 Fc-0208 6.9 8.05 472 855 21 29
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Figure 133. Scatterplot of Test Temperature [°C] vs a) Ed [GPa]; b) 6d0.2 [MPa]; ¢) cdM
[MPa]; d) €dB [%]; ¢) EAtM [%].
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Young’s Modulus of the compact ranged from approximately 4 GPa to over 8 GPa.

The yield strength of the compact ranged from approximately 250 MPa to over 700 MPa. The

compression strength varied over the range of 550 - 1100 MPa.

Regression analysis was used to determine the correlations of the density of the compact,
temperature of the test, the type of sintering method and compression test results. It was found
that when the density increased the compression test results increased. The test temperature has
no impact. The test shows the same values for temperatures 23°C and 120°C. The sintering
method with additional steaming shows higher versions of Young’s Modulus, yield strength

and compression strength.

3.8.3. Microstructure analysis for material Fe-C-Cu using scanning microscopy

SEM was performed on the microstructure of parts made of Fe-C-Cu powder material.
The results are presented in Figure 135 - 164 below, for different densities and magnification.

100 pm EHT = 10.00 kV Signal A= HE-SE2 [ Apr 2022 SN 200 pm EHT=1000kV  Signal A=HE-SE2 [\ -4 2000 S
H WD=188mm  Mag= 100X : ' | Wo=122mm  Mag= 100X el G

Figure 135. SEM observation for compacts ~ Figure 136. SEM observation for compacts
from powder metal 4, steamed, density 5.9  from powder metal 4, steamed, density 6.9
[9/cm®], Magnification 100X, after [9/cm®], Magnification 100X, after

compression test compression test
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20pm EHT = 10.00 kV Signal A=HE-SE2 [ Apr 2022 SN 20 pm EHT = 10.00 kV Signal A= HESE2 Apr2022 SN
H WD=188mm  Mag= 500X ’ -~ H WD=122mm  Mag= 500X : s

Figure 137. SEM observation for compact Figure 138. SEM observation for compact
from powder metal 4, steamed, density 5.9  from powder metal 4, steamed, density 6.9
[9/cm®], Magnification 500X, after [9/cm?], Magnification 500X, after

compression test compression test

20 m EHT=1000KV  SignalA=HESE2 [\ o0 2000 SN 10 pm EHT=1000KV  SignalA=HESE2 [0 00 205 @F—\__
— WD=188mm  Mag= 1.00KX . '~ H WD=123mm  Mag= 100KX ’ '~

Figure 139. SEM observation for compact Figure 140. SEM observation for compact

from powder metal 4, steamed, density 5.9  from powder metal 4, steamed, density 6.9
[9/cmq], Magnification 1000X, after [9/cmq], Magnification 1000X, after

compression test compression test
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10 4m EHT=1000kV  Sign: SE2 I 10um EHT=10.00kV  Signal A= HE-SE2 »
Date :7 Apr 2022 . Date :7 Apr 2022 ST
— WD=10.1mm  Mag= 200KX 2 1@5‘3 — WD=123mm  Mag= 200KX . 1@?./

Figure 141 SEM observation for compact Figure 142 SEM observation for compact

from powder metal 4, steamed, density 5.9  from powder metal 4, steamed, density 6.9
[g/cmq], Magnification 2000, after [9/cmq], Magnification 2000X, after

compression test compression test

100 um EHT=1000kV  Signal A= HE-SE2
WD=129mm  Mag= 100X L H WD=108mm  Mag= 100X GFrs

Date :7 Apr 2022 1<\ 100 um ENT=1000KV.  SgnlA=HESEZ  pop .7 4002022 P < W

Figure 143. SEM observation for compact Figure 144. SEM observation for compact

from powder metal 18, sintered/steamed, from powder metal 18, sintered/steamed,
density 5.9 [g/cm®], Magnification 100X, density 6.9 [g/cmq], Magnification 100X,
after compression test after compression test
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100 um £ i g 200 pm = it
i EHT = 10.00 kV Signal A= HE-SE2 Date 7 Apr 2022 é}ﬁ"} 1z EHT = 10.00 kV Signal A = HE-SE2 Date :7 Apr 2022

WD=183mm  Mag= 100X 1@:‘.}" — WD=100mm  Mag= 100X 1%%3’
Figure 145. SEM observation for compact Figure 146. SEM observation for compact

from powder metal 18, sintered/not steamed, from powder metal 18, sintered/not steamed,
density 5.9 [g/cm?], Magnification 100X, density 6.9 [g/cm?], Magnification 100X,
after compression test after compression test

20 pm i¢ = S
I EHT= 1000k SignalA=HESEZ [0 o) TN
WD=108mm  Mag= 1.00KX '~

Figure 147. SEM observation for compact
from powder metal 18, sintered/steamed,
density 6.9 [g/cmq], Magnification 1000,
after compression test
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20 um EHT=1000kV  Signal A= HE-SE2 Ble 20 pym EHT=1000kV  Signal A= HE-SE2 Dls
Date :7 Apr 2022 . Date :7 Apr 2022 e
— WD=183mm  Mag= 100KX 1%3 — WD=100mm  Mag= 1.00KX 1@3

Figure 148. SEM observation for compact Figure 149. SEM observation for compact
from powder metal 18, sintered/not steamed, from powder metal 18, sintered/not steamed,
density 5.9 [g/cmq], Magnification 1000, density 6.9 [g/cm?], Magnification 1000X,
after compression test after compression test

100 pm EHT = 10.00 kV Signal A= HE-SE2 S\ 200 pm EHT = 10.00 kV Signal A = HE-SE2
Date :7 Apr 2022 1@ D . igna Dato 7 Aor 2022 TN
H WD=108mm  Mag= 100X '~? — WD=108mm  Mag= 100X 2t '~

Figure 150. SEM observation for compact Figure 151. SEM observation for compact

from powder metal 26, sintered/steamed, from powder metal 26, sintered/steamed,
density 5.9 [g/cm®], Magnification 100X, density 6.9 [g/cmq], Magnification 100X,
after compression test after compression test
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200 pm EHT = 10.00 kV Signal A = HE-SE2 Dy Y 200 pm EHT = 10.00 kV Signal A= HE-SE2 SN
Date :7 Apr 2022 e Date :7 Apr 2022 P-8
— WD = 10.8 mm Mag= 100X 9 1%‘,} — WD = 11.0 mm Mag= 100X 1@9.}

Figure 152. SEM observation for compact Figure 153. SEM observation for compact
from powder metal 26, sintered/not steamed, from powder metal 26, sintered/not steamed,
density 5.9 [g/cm?], Magnification 100X, density 6.9 [g/cm?®], Magnification 100X,

after compression test after compression test

Jir 7
20um EHT=1000K/  SgnalA=HESE2  puo o TN 20um EHT= 100KV SignalA=HESEZ [0 o) B
H WD=108mm  Mag= 500X : ' H WD=108mm  Mag= 500X : ol

Figure 154. SEM observation for compact Figure 155. SEM observation for compact

from powder metal 26, sintered/steamed, from powder metal 26, sintered/steamed,
density 5.9 [g/cm?], Magnification 500X, density 6.9 [g/cm?®], Magnification 500X,
after compression test after compression test
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20 pum EHT = 10.00 kV Signal A = HE-SE2
WD = 10.9 mm Mag= 500X

Date -7 Apr 2022 ﬂ:.ﬂ"\_ 20 pym EHT = 10.00 kV Signal A= HE-SE2 Date :7 Apr 2022 1@&3_
i .|W'J H &

WD =11.0 mm Mag= 500X

Figure 156. SEM observation for compact Figure 157. SEM observation for compact
from powder metal 26, sintered/not steamed, from powder metal 26, sintered/not steamed,
density 5.9 [g/cm?], Magnification 500X, density 6.9 [g/cm?®], Magnification 500X,
after compression test after compression test

EHT = 10.00 kV Signal A = HE-SE2 SN 20 pm EHT = 10.00 kV Signal A = HE-SE2 ; S\
Date :7 Apr 2022 - Date :7 Apr 2022 -
WD=108mm  Mag= 100KX i .IQFL, — WD=108mm  Mag= 1.00KX "<

Figure 158. SEM observation for compact Figure 159. SEM observation for compact

20 pm

from powder metal 26, sintered/steamed, from powder metal 26, sintered/steamed,
density 5.9 [g/cmq], Magnification 1000X, density 6.9 [g/cm?®], Magnification 1000X,
after compression test after compression test
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10 um EHT=1000kV  Signal A= HE-SE2 SN 20pm EHT=1000kV  Signal A= HE-SE2 g
Date :7 Apr 2022 N, Date :7 Apr 2022 A S
H WD=109mm  Mag= 1.00KX £ .IQELJ — WD=11.0mm  Mag= 1.00KX o .I@ELJ

Figure 160. SEM observation for compact Figure 161. SEM observation for compact
from powder metal 26, sintered/not steamed, from powder metal 26, sintered/not steamed,
density 5.9 [g/cm?®], Magnification 1000X, density 6.9 [g/cm?®], Magnification 1000X,

after compression test after compression test

N s SR \ . \ i - £ = W —
10 ol AS s
wm ENT= 100KV SignalA=HESEZ  po 000 o) SN
— WD=109mm  Mag= 200KX '~

Figure 162. SEM observation for compact /
from powder metal 26, sintered/steamed,
density 5.9 [g/cm®], Magnification 2000X,

after compression test
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- . - e oy b AT ~ A
10 um EHT = 10.00 kV Signal A= HE-SE2 5\ Y X Signal A = HE-SE2 S\
Date :7 Apr 2022 e Date :7 Apr 2022 s
— WD = 10.9 mm Mag= 200KX 1%&,} =11, Mag= 200KX w 1@FLJ

Figure 163. SEM observation for compact Figure 164. SEM observation for compact

from powder metal 26, sintered/not steamed, from powder metal 26, sintered/not
density 5.9 [g/cm?®], Magnification 2000X, steamed, density 6.9 [g/cm?],
after compression test Magnification 2000X, after compression
test

There were visible pores. The impurities coming from quality of the sintering process.
There is no significant difference in structure of these compacts. In some areas copper

segregation appears.

3.9. Description of the results of testing of sintered element from material Fe-C with

discussion

The compacts made of Fe-C, powder material 2 were produced from material with a

particle size of 3 -141 pm.

The compacts made of Fe-C, powder material 17 were produced from material with a

particle size of 20 - 240 um.

The carbon combined content of the sintered part is 1.06+0.02% - for powder 2, steamed
with a density of 6.3 g/cm?® where it was expected to be in accordance with MPIF 35 norm (0.3-
0.6)%.
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The carbon combined content of the sintered part is 0.3+0.02% - for powder 18, steamed
with a density of 6.3 g/cm?® where it was expected to be in accordance with MPIF 35 norm (0.3-
0.6)%.

The provided data confirmed that the delivered material is within the required range of
carbon for PN 17.

The Material from powder 2 does not match the MPIF 35 requirement.

3.9.1.The tensile test results for material Fe-C

Tensile tests were performed at temperatures of 23°C and 120°C. Data available for
different sintering methods, test temperature and compact density in Figure 165 - 172 and Table
26 and 27

Table 26. The tensile strength test results for compact made of F-0005 powder material.

Process Test Material Material Density Yield Tensile
Tem|[clecric1ture Part Type [g/em’] strength strength
Number Rp0.2 Rm [MPa]
(PN) [MPa]
sintered/no 23 2 F-0005 59 142 174
steaming process 23 2 F-0005 5.9 142 174
23 2 F-0005 6.9 246 289
23 17 F-0005 5.9 124 140
23 17 F-0005 6.9 226 212
23 17 F-0005 6.9 / 201
sintered/no 120 2 F-0005 5.9 130 146
steaming process 120 2 F-0005 5.9 / 128
120 2 F-0005 6.9 239 274
120 17 F-0005 5.9 129 143
120 17 F-0005 6.9 229 297
sintered/steaming 23 2 F-0005 5.9 / 132
process 23 2 F-0005 6.9 287 296
23 17 F-0005 5.9 / 132
23 17 F-0005 6.9 / 259
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Table 27. The tensile strength test results for compact made of F-0005 powder material.

(continuation)
Process Test Material Material Density Yield Tensile
Tem&ecr?tu re Part Type [g/cm?] strength strength
Number Rp0.2 Rm [MPa]
(PN) [MPa]

sintered/steaming 120 2 F-0005 5.9 / 128

process 120 2 F-0005 6.9 / 257

120 17 F-0005 5.9 / 79.2

120 17 F-0005 6.9 93.1 263

120 17 F-0005 6.9 253 261

Scatterplot of Density [g/cm3] vs Yield strength Rp0,2 [MPa]
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Figure 165. Scatterplot of Density [g/cm?®]
vs yield strength Rp0.2 [MPa]

Figure 166. Scatterplot of Density [g/cm®]
vs tensile strength Rm [MPa]
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Scatterplot of PN vs Yield strength Rp0,2 [MPa] Scatterplot of PN vs Tensile strength Rm [MPa]
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Figure 167. Scatterplot of PN vs yield Figure 168. Scatterplot of PN vs tensile
strength Rp0.2 [MPa] strength Rm [MPa]

The tensile strength of the compacts ranged from approximately 79 MPa to over 290
MPa. The yield strength of the compacts ranged from approximately 90 MPa to over 240 MPa.

Regression analysis was used to determine the correlations of the density of the compact,
temperature of the test, the type of sintering method, powder material type and yield and tensile
strength values of these powder metal compacts. It was found that when the density increased
the yield and tensile strength increased. The test temperature has no impact. The test shows the
same values for temperatures 23°C and 120°C. The sintering method with additional steaming
shows higher versions of yield strength. The temperature and type of process does not have an
impact on tensile strength values.

The Young’s modulus data for tensile strength test is presented in Table 28 and 29, and Figure
173 - 176.

Table 28. Young’s Modulus results after tensile strength test for compact made of F-0005,
powder material.

Process Test Material Part Density [g/cm?®] Young’s
Tem[E)oeéialture Number Modulus [GPa]
(PN)

sintered/ no 23 2 5.9 345
steaming process 23 2 5.9 34.5
23 2 6.9 62.2

23 17 5.9 91.70

23 17 6.9 99.3

23 17 6.9 95.8
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Table 29. Young’s Modulus results after tensile strength test for compact made of F-0005,

powder material. (continuation)

Process Test Material Part Density [g/cm?] Young’s
Tem?oecr?ture Number Modulus [GPa]
(PN)
sintered/ no 120 2 5.9 43.3
steaming process 120 2 5.9 74.4
120 2 6.9 63.3
120 17 5.9 137
120 17 6.9 733
sintered/ steaming 23 2 5.9 101
process 23 2 6.9 105
23 17 5.9 303
23 17 6.9 88.8
sintered/ steaming 120 2 5.9 101
process 120 2 6.9 105
120 17 5.9 303
120 17 6.9 88.8
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Scatterplot of Test Temperature [°C] vs Young Modulus [GPa] Scatterplot of Process vs Young Modulus [GPa]
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Figure 171. Scatterplot of Test Temperature Figure 172. Scatterplot of Process vs
[°C] vs Young’s Modulus [GPa] Young’s Modulus [GPa]

Young’s Modulus of the compacts ranged from approximately 50 GPa to over 300 GPa.
Regression analysis was used to determine the correlations of the density of the compact,
temperature of the test, the type of sintering method and Young’s Modulus values of these
powder metal compacts. It was found that when the density increased the Young’s Modulus
decreased. The 303GPa at 5.9 g/cm?® seems to be an outlier. The test temperature had no impact.
The test shows the same values for temperatures 23°C and 120°C. The sintering method with

additional steaming shows higher versions of Young’s Modulus.

3.9.2. The compression test results for material Fe-C

The compression tests were performed at temperatures of 23°C and 120°C. Data

available for different sintering methods, test temperature and compact density in Figure 177 -
180 and Table 30.
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Table 30. The compression strength test results for compact made of F-0005 powder material.

(cubes).
Process Test Material Density Ed 6d0.2 odM &€dB &dtM
Tem'ﬁ,eé;““re Part [9emT | 1gpa) | [MPa] | [MPa] [%] [%]
Number
(PN)

sintered/no 23 2 5.9 6.15 172 548 24 30

steaming process. 23 2 6.9 7.43 279 646 11 18

23 17 5.9 431 160 698 N/A 49

23 17 6.9 6.79 257 1067 N/A 60

sintered/no 120 2 5.9 432 194 447 21 27

steaming process. 120 2 6.9 5.58 385 667 11 21

120 17 5.9 4.45 166 770 N/A 51

120 17 6.9 5.83 270 756 33 42

sintered/steaming 23 2 5.9 7.74 477 801 6 14

process. 23 2 6.9 8.04 407 764 8 15

23 17 5.9 6.85 537 669 9 13

23 17 6.9 7.18 387 813 30 37

sintered/steaming 120 2 5.9 6.94 646 747 7 14

process 120 2 6.9 6.75 491 686 6 15

120 17 5.9 7.36 510 660 4 12

120 17 6.9 6.22 444 762 21 30

a) b)

Process

Scatterplot of Process vs Ed [GPa]

Ed [GPa]

129

Process
o
>

100

Scatterplot of Process vs od0.2

200

300
od0.2

400
[MPa]

[MPa]

500

600



Effect of the chemical composition of iron-based powder materials on the properties of sintered components

Agnieszka Stanula

Process

Process

2.0

400

2,00

175

150

Scatterplot of Process vs odM

c)

" e *e *e
. e o .o
600 700 800
odM [MPa]

Scatterplot of Process vs EdtM

30

e)

40
£dtM  [%]

[MPa]

900

[%]

1100

60

Process

Scatterplot of Process vs €dB  [%]

d)

15

20

£dB [%]

Figure 173. Scatterplot of Process vs a) Ed [GPa]; b) 6d0.2 [MPa] ; ¢) cdM [MPa]; d) €dB
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Figure 174. Scatterplot of Temperature [°C] vs a) Ed [GPa]; b) 6d0.2 [MPa] ; ¢) cdM [MPa];

d) €dB [%]; ¢) EAtM [%].
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Figure 175. Figure X. Scatterplot of Density [g/cm®] vs a) Ed [GPa]; b) 6d0.2 [MPa] ; ¢)
odM [MPa]; d) €dB [%]; e) EAtM [%].
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Figure 176. Scatterplot of PN vs a) Ed [GPa]; b) 6d0.2 [MPa] ; ¢) cdM [MPa]; d) €dB [%];
e) EdtM [%)].

The yield strength of the compacts ranged from approximately 150 MPa to over 650
MPa. The compression strength varied over the range of 450 - 1000 MPa.

Regression analysis was used to determine the correlations of the density of the compact,
temperature of the test, the type of sintering method and compression test results. It was found
that when the density increased the compression test results increased. The test temperature has
no impact. The test shows the same values for temperatures 23°C and 120°C.The sintering
method with additional steaming shows higher versions of Young’s Modulus, yield strength

and compression strength.

Repeated compression test were carried out on samples from powder material Fe-C (17)
to see the relationship with hardness measurement. Data are presented in separate tables for
samples made of powder material Fe-C (17) without steaming (Figure 181-187), (Table 31),
and with an additional steaming process (Figure 188-194), (Table 32 and 33).
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Table 31. The repeated test, the compression strength test results for compacts made of F-0005

powder material, cubes, material sintered/not steaming process

Material MPIF Density Young’s YIELD TENSILE Hardness
Type Part Material [g/cm?] Modulus STRENGTH | STRENGTH [HRB]
Number Type [Mpa] [Mpa] Rs [Mpa]
(PN)
17 F-0005 5.9 5,648 170 1,765 25
17 F-0005 5.9 5,083 173 1,834 24
17 F-0005 5.9 6,361 152 1,522 /
17 F-0005 6.1 7,203 185 1,213 35
17 F-0005 6.1 8,237 188 1,254 26
17 F-0005 6.1 10,137 178 1,191 /
17 F-0005 6.3 6,559 205 1,599 21
17 F-0005 6.3 5,452 220 1,662 26
17 F-0005 6.3 6,463 201 1,884 /
17 F-0005 6.5 9,791 229 1,649 32
17 F-0005 6.5 7,588 260 1,618 33
17 F-0005 6.5 10,082 221 1,416 /
17 F-0005 6.7 10,367 224 1,451 43
17 F-0005 6.7 6,691 304 1,392 40
17 F-0005 6.7 8,990 262 1,576 /
17 F-0005 6.9 11,649 280 1,462 53
17 F-0005 6.9 9,357 302 1,628 51
17 F-0005 6.9 11,875 279 1,455 /
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Figure 177. Scatterplot of Density [g/cm?®] Figure 178. Scatterplot of Density [g/cm®]
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Figure 181. Scatterplot of Hardness [HRB]  Figure 182. Scatterplot of Hardness [HRB]
vs Young’s Modulus [MPa] vs Yield Strength [MPa]
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The repeated compression test for compacts with the sintering process without

additional steaming. It showed Young’s Modulus of the compact ranged from approximately
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Figure 183. Scatterplot of Hardness [HRB]
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5,000 MPa to 12,000 MPa. The yield strength of the compacts ranged from approximately 160

MPa to over 300 MPa. The compression strength of the compacts ranged from approximately

1,200 MPa to over 1,800 MPa. Regression analysis was used to determine the correlations of

the density, hardness, and compression test results. It was found that when the density increased

the compression test results increased. The same happened for hardness when the hardness

increased the compression test results increased.

Table 32. The repeated test, the compression strength test results for compact made of F-0005

powder material, cubes. material sintered/ steaming process

Material MPIF Density Young’s YIELD TENSILE Hardness
Type Part Material [g/cm?®] Modulus STRENGTH | STRENGTH [HRB]
Number Type [Mpa] [Mpa] Rs [Mpa]
(PN)
17 F-0005 5.9 9,083 508 658 88
17 F-0005 5.9 9,775 525 666 88
17 F-0005 5.9 9,526 519 667 /
17 F-0005 6.1 10,486 671 768 98
17 F-0005 6.1 10,818 698 775 96
17 F-0005 6.1 11,602 776 860 N/A
17 F-0005 6.3 10,964 655 919 88
17 F-0005 6.3 12,505 532 1,028 87
17 F-0005 6.3 10,812 633 864 /
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Table 33. The repeated test, the compression strength test results for compact made of F-0005

powder material, cubes, material sintered/ steaming process (continuation).

17 F-0005 6.5 8,977 461 1,541 82
17 F-0005 6.5 9,128 472 1,059 85
17 F-0005 6.5 5,310 539 1,481 N/A
17 F-0005 6.7 8,510 464 1,681 78
17 F-0005 6.7 7,564 502 864 80
17 F-0005 6.7 8,257 475 815 /
17 F-0005 6.9 8,032 457 965 80
17 F-0005 6.9 7,903 466 1,259 70
17 F-0005 6.9 6,991 478 2,060 /
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The repeated compression test for compacts with the sintering process with additional
steaming. It showed Young’s Modulus of the compacts ranged from approximately 6000 MPa
to over 12500 GPa. The yield strength of the compacts ranged from approximately 450 MPa to
over 700 MPa. The compression strength varied over the range of 650 - 1600 MPa.

Regression analysis was used to determine the correlations of the density, hardness, and
compression test results. It was found that when the density increased Young’s Modulus and
Yield strength decreased, and Compression strength increased. When the hardness increased
Young’s Modulus and Yield strength increased, and tensile strength decreased. When density

increased the hardness decreased.

3.9.3. Microstructure analysis for material Fe-C using scanning microscopy

SEM was performed on the microstructure of parts made of Fe-C powder material. The
results are presented in Figure 195, 196 below, for different densities and magnification.
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Figure 191. SEM microstructure of compact  Figure 192. SEM microstructure of compact
made of powder material 17, after sintering  made of powder material 17, after sintering
with additional steaming process, with with additional steaming process, with

density 6.1 [g/cmq], a) Magnification 100X, density 6.3 [g/cm?], a a) Magnification

b) Magnification 200X, ¢) Magnification 100X, b) Magnification 200X, c)
500X, d) Magnification 1000X, e) Magnification 500X, d) Magnification
Magnification 2000X 1000X, e) Magnification 2000X

There were visible pores. The impurities coming from the quality of the sintering

process. There is no significant difference in the structure of these compacts.

The word “ferrite” can be traced back to lodestone, a mineral based on magnetite,
Fe304, which was used in navigation for many centuries, and studied for its physical and
magnetic properties since the 1930s. These materials are under development due to their
magnetic, optical and conductive properties. [99]. The growth of ferrous powder metallurgy
is outstanding. This technology is used as a cheaper alternative process to machining, casting,
stamp forging and other similar metal working technologies. It has becoming more interesting

not only for the automotive industry but also for lawns, garden mowers, tractors and locks. [63].

The examples of the structure of the ferrite and pearlite of the compacts is presented in
the Figure 197 and Figure 198.

In Figure 197 ferrite and black spots (which are the pores) are visible.

In Figure 198 ferrite and perlite, and black spots (which are the pores) are visible.
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The sintering process of iron based powder materials led to a microstructure of ferrite
grains and rows of pores. The microstructure of sintered Fe—C—Cu alloys is heterogeneous and

consists of fine pearlite and islands of ferrite. [35]
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Figure 193. Sinter element 17 sintered/steamed with density 6.1 g/cm3, Magnification 100X
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Figure 194. Sinter element 22 sintered/not steamed with density 6,1 g/cm3, Magnification
100X
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High density means the high strength of compacted parts, and it is a desirable feature
with powder metallurgy. [33] The literature data shows the influence of the used iron powders
as the metal matrix base on the quality of sintered material. [100]

Part density or controlled porosity is unique to powder metallurgy, and it allows the
possibility of self lubrication, reduced mass, and the ability to select the density of critical
sections of the part to meet specific part performance requirements.

Density significantly influences the overall part performance as measured by the yield
and tensile strength, ductility, impact toughness and fatigue resistance. [95]

4. Conclusions

The tests in the study were carried out on six different types of powder materials. Each
material demonstrated a specific chemical composition, derived directly from the powder
supplier. Those materials were subjected to a conventional sintering method. Half of
the mouldings were additionally treated with oxidation. The aim of the study was to check
the influence of the chemical composition on the mechanical properties of the moulded parts
produced. Due to the large number of samples to be tested, it was assumed that the strength
tests could be affected by:

- the type of sintered powder,

- the segregation of copper, which was a component of the powder mixture,

- powder storage time period before it was used in the densification/sintering processes,
- the quality of production process,

- the grain size of powder material,

- porosity,

- ferrite/perlite microstructure.

The results of the compression and tensile tests were scattered due to material porosity.

In order to determine the relationship of data and results, the tests were separated into the
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analysis of sintered components from powder material 22 (FC — 0208) and the analysis of

sintered components from the other powder materials, i.e. Fe-C-Cu and Fe-C.
2.

Comprehensive tests were carried out on FC-0208 (Fe-C-Cu), as this was a new material
used in that particular conventional manufacturing process. It was also noted that many
mouldings, produced from this material, had cracking in their application use.
The sintered components were subjected to compression and tensile strength tests. It was noted
that the samples had been cracking around the jaws during the tensile tests, rather than in the
middle of the sample length, beyond the gauge length. The repeated tests - using the same

sample but a different apparatus - confirmed that the tests had been carried out correctly.

Sample buckling occurred during the compression test, which is a normal occurrence
during compression strength tests. Due to the porosity of the test sample, it was noted that the

yield strength had differed in compression and tensile tests.

A tensile test of the powder 22 moulding showed that temperature had no effect on the
tensile strength parameters of the tensile strength, i.e. the ability of the test sample to resist
fracture when a pulling force is applied in the direction parallel to its longitudinal axis. Neither
did temperature have any effects on the value of Young’s Modulus, a parameter that determines
the material elasticity level during tensile tests. Differences in results were not apparent for the
samples either with or without additional oxidation A relationship was observed, namely that

tensile strength and Young’s modulus values had both increased together with density.

The compression test also demonstrated that temperature differences, either 23°C or
120°C, had no effect on differences in test results. As density increased, hardness of
the sintered components increased as well. Density and hardness increase were also associated

with increased compression strength, yield strength and Young’s modulus values.

The Drucker Prager model was used to model the behaviour of a sintered component in
the study. The results differed among literature data, standards and the results from real tests. It
was also found that there was no information in the standards about the type of powder material,

i.e. by which manufacturing process the material had been produced.

144



Effect of the chemical composition of iron-based powder materials on the properties of sintered components

Agnieszka Stanula

A prototype model of a sintered component was developed, based on the finite element
analysis in the Abaqus program. The model indicated further research directions regarding the
properties of sintered components.

Strength test simulations and a wide range of tests made it possible to establish
a material base. The knowledge gained from the research will facilitate the standardization of
the materials used to produce sintered components.

The porosity of the sintered components tested was in the range of 0.02-25%. For the

same material type porosity varied by approximately 10 per cent.

Fractography of fractures after the test showed that copper segregation and an
exaggerated amount of oxides had appeared in those areas. Purity of the tested components did

not show the required quality, either; many impurities were observed on the structure surface.
3.

Sintered components, manufactured from Fe-C-Cu material (FC-0205 and Fc-0208) of
18.4.26 sample and Fe-C (F-0005) of 2.17 sample, were also subjected to strength tests.
However, no such comprehensive tests (as for sample 22) were carried out on those materials.

Observations with an optical microscope revealed ferrite and pearlite structures. It was
a typical phase component for the components under study. Those structures did not depend on
the density of the compact under study.

The tensile test for the Fe-C-Cu samples showed no yield strength. However, as density
increased, tensile strength increased as well. For a density of 5.9 g/cm? tensile strength is in
the range of 150-250 MPa, with a density of 6.9 g/cm? in the range of 260-480 MPa.

For samples 4 and 18, the tensile strength was within the range of 150-500 MPa, while
for sample 26, it was within the range of 150-350 MPa (the results occur in a smaller range).
Neither room temperature nor an elevated temperature changed the material properties. It did
not affect the test results, either. The data of tests of the samples with an additional coating were

more cumulative, occurring over a narrower range of values.

The compression strength test for the Fe-C-Cu samples showed that, as the density
increased, the parameters of compression strength increased as well. The range for PN 26 was
the narrowest, with the compression strength within the range of 580-910 MPa, while

the other PN samples demonstrated results within the range of 270-780 MPa.
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Compression strength was higher for the samples without additional heat treatment.

By contrast, Young’s modulus was higher for the samples with additional heat treatment.

For the samples, produced from Fe-C powder material (F-0005), similarly as for
the Fe-C-Cu samples, the tensile test did not show any yield strength. The test, carried out at an
elevated temperature of 120°C, did not induce any difference in the results. In contrast, together
with an increase in density, the tensile strength increased by up to twofold.

The oxidation-treated samples generated results with a narrower range.

A compression test of the samples, produced from Fe-C powder material (F-0005), also
showed an increase, both in Young’s Modulus and in the compression strength with additional
heat treatment. The process with additional heat treatment demonstrated significantly higher
values than the process without such treatment. The samples, produced from material 17,
provided more consistent results within a series of repetitions (trial) than the samples produced

from powder material 2.

It was noted in the course of the study that the type of powder material (sponge or
atomised) had demonstrated the highest influence on the results of the strength tests carried out.
This fact is confirmed by a number of literature sources, as well as by the behaviour of sintered
components produced from sponge powder 2 and 26. Those samples did not break before the
end of the test and were able to retain most of the parameters from the compression and tensile

tests.
4.

As part of the implementation works, a workstation was set up to determine density and
porosity by means of the Archimedes method. These tests are performed when approving a
sintered component for mass production. Microscopic studies enabled a data base to be created
with the knowledge on the structure of sintered components, produced from various powder
materials. An analysis of carbon loss during the production process was also implemented. The
studies showed carbon loss in the tested conventional process at the level of 0.1%, which was
in compliance with the ASTM E1019 test. The percentage of carbon supplied in
the powder material should be equal to the percentage of carbon in the sintered part produced.

Lost carbon is converted into costs and losses in the production process.
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As part of the implementation works, a model was designed and developed to simulate
sintered components. An initial study, carried out by the finite element method, illustrated
the status quo and revealed further possible research directions. They should focus on creating
the FEA (Finite Element Method) models of densification and of moulded part formation

processes.

A prior analysis of the manufacturing stage enables the potential areas of later cracking

to be revealed much earlier than any analysis of the finished sintered parts.

The study showed that the most suitable type of material for the conventional sintering
process studied had, in that case been the sponge material. The chemical composition and
density of the sintered component had less influence and importance with regards to the

properties of sintered components.
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Streszczenie

Celem naukowym rozprawy doktorskiej jest zbadanie wptywu sktadu chemicznego

materiatow proszkowych, Fe-C, Fe-C-Cu na wtasciwo$ci mechaniczne elementow spiekanych.
Na podstawie sformutowanej tezy okreslono nastepujace cele wdrozeniowe rozprawy:

1. Dobor materiatu proszkowego w celu wyznaczenia wlasciwosci wytrzymatosciowych
elementow spiekanych.

2. Redukcja duzej ilosci badan prowadzonych w laboratorium poprzez zbudowanie
odpowiedniej bazy wiedzy naukowej, oraz weryfikacja wdrazania nowych produktow.

3. Koncepcja Digital Twin — poréwnanie parametrow rzeczywistych i literaturowych
uzytych do analizy elementéw skonczonych MES.

4. Stworzenie odpowiednego stanowiska badawczego w celu badania gestosci elementow

spiekanych.

Zakres tematyczny rozprawy doktorskiej, w tym okreslenie problemu badawczego,
obejmuje zdefiniowanie zalezno$ci pomiedzy zawartoscig miedzi 1 wegla a parametrem
gestosci dla elementéw spiekanych begdacych podzespotem zawieszenia pojazdu. Stosujac
odpowiedni sktad chemiczny oraz proces technologiczny istnieje mozliwos$¢ znalezienia
zalezno$ci pomiedzy sktadem chemicznym, gestoscia a wlasciwosciami mechanicznymi
komponentow (wytrzymato$¢ na rozcigganie oraz $ciskanie, granica plastycznosci, wydtuzenie
oraz twardos¢).

Badania metalograficzne dostarczaja informacje o wplywie pgknigecia w elemencie
spiekanym na potencjalng awari¢ w catym zawieszeniu samochodu. Obliczenie oraz okreslenie
strat wegla w procesie produkcyjnym umozliwia obnizenie kosztéw produkcji.

Zakres badan naukowych wymaga sprawdzenia:

1. Wiasciwosci materiatow proszkowych
2. Struktury wytworzonych elementow spiekanych

3. Wilasciwosci mechanicznych elementdéw spiekanych
W tym celu uzyty zostat mikroskop optyczny, skaningowy oraz transmisyjny mikroskop

elektronowy. Badania wlasciwosci mechanicznych wymagaja sprawdzenia twardosci,

wytrzymato$ci na rozcigganie i §ciskanie oraz gestosci.
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Wyniki prob $ciskania oraz rozciggania byty rozproszone z racji porowatosci materiatu.
Aby okresli¢ zalezno$ci danych i wynikéw rozdzielono badania na analiz¢ elementow
spiekanych z materiatu proszkowego 22 oraz analiz¢ elementow spiekanych z pozostalych
materiatdéw proszkowych Fe-C-Cu i Fe-C.

Symulacja prob wytrzymato$ciowych oraz szeroki zakres badan umozliwity
opracowanie bazy materiatowe;.

Stowa Kluczowe: metalurgia proszkoéw, konwencjonalna metoda spiekania, gestosc,
wlasciwos$ci mechaniczne

173



Effect of the chemical composition of iron-based powder materials on the properties of sintered components

Agnieszka Stanula

Abstract

The scientific objective of the doctoral dissertation is examination of the impact of the
influence of the chemical composition of iron-based powder materials, as Fe-C, Fe-C-Cu on

the properties of sintered components.

Based on the formulated research postulate, the following implementation goals of the

dissertation were determined:

1. selection of powder material to determine the strength properties of sintered components

2. reduction of large research amounts under laboratory conditions by the development of
an appropriate scientific knowledge base and verification of the implementation of new
powder metallurgy products

3. the Digital Twin concept - a comparison of real and literature parameters used for the
finite element analysis (FEA)

4. design and construction of a suitable test stand to study the density of sintered

components.

The thematic scope of the dissertation, including the definition of the research topic,
includes defining the relationship between copper and carbon content and
the density parameter for sintered components that are components of vehicle suspension.
Using the right chemical composition and a technological process, it is possible to find
relationships among the chemical composition, density and mechanical properties of the
components (tensile and compression strength, yield strength, elongation and hardness).

Metallographic studies carry information about the effects of a crack in a sintered
component on a potential failure in the entire car suspension system. Production costs may be
reduced by the calculation and determination of carbon losses in the production process.

The scope of scientific studies requires verification of the following issues:

4. the properties of powder materials
5. the structures of manufactured sintered components

6. the mechanical properties of sintered components

For that purpose, an optical microscope, a scanning and a transmission electron
microscope were used. Studies of mechanical properties require hardness, tensile and

compressive strength tests and density.
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The results of the compression and tensile tests were scattered due to material porosity.
In order to determine the relationship of data and results, the tests were separated into the
analysis of sintered components from powder material 22 and the analysis of sintered

components from the other powder materials, i.e. Fe-C-Cu and Fe-C.

Strength test simulations and a wide range of tests made it possible to establish

a material base.

Key words: powder metallurgy, conventional sintering process, hardness, mechanical

propertiest

175



Effect of the chemical composition of iron-based powder materials on the properties of sintered components

Agnieszka Stanula

List of achievements

Publikacje

1. Stanula Agnieszka, Pilarczyk Wirginia: Combined carbon content assessment method
for powder metallurgy, Journal of Achievements of Materials and Manufacturing Engineering,
International OCSCO  World Press, wvol. 114, nr 1, 2022, s. 15-21,
DOI:10.5604/01.3001.0016.1479, 70 punktéw

2. Stanula Agnieszka, Pilarczyk Wirginia: Konwencjonalna metoda spiekania materiatu
FC-0208, W: TalentDetector2022 Winter : Migdzynarodowa Studencka Konferencja
Naukowa, Gliwice, styczen, 2022. T. 2 / Bonek Mirostaw (red.), Prace Katedry Materiatéw
Inzynierskich i Biomedycznych, 2022, Politechnika Slaska, ISBN 978-83-65138-31-6, s. 711-
723, 20 punktow

3. Stanula Agnieszka, Pilarczyk Wirginia: The correlation of the results after the static
compression test for FC-0208 material sintered with the conventional method, W:
Migdzynarodowa konferencja naukowa Material Technologies in Silesia’2022, 12-15 czerwca
2022, Wista / Bonek Mirostaw (red.), 2022, Politechnika Slqska, ISBN 978-83-65138-32-3, s.
169-170

4. Barski Pawel, Stanula Agnieszka, Pilarczyk Wirginia: Analiza poréwnawcza
zastosowania metody Rockwell'a oraz Vickers'a do pomiaru twardosci komponentow
wytworzonych za pomoca metalurgii proszkéw, W: TalentDetector'2021 Summer : Studencka
konferencja naukowa, Gliwice, 25 czerwca 2021 / Bonek Mirostaw (red.), Prace Katedry
Materiatéw Inzynierskich i Biomedycznych, Politechnika Slaska, 2021, Politechnika Slaska,
ISBN 978-83-65138-28-6, s. 1-13, 20 punktow

5. Stanula Agnieszka, Pilarczyk Wirginia: In which situation to use transverse rupture
strength or tensile properties in powder metallurgy, W: TalentDetector'’2021 Summer :
Studencka konferencja naukowa, Gliwice, 25 czerwca 2021 / Bonek Mirostaw (red.), Prace
Katedry Materiatoéw Inzynierskich i Biomedycznych, Politechnika Slaska, 2021, Politechnika
Slaska, ISBN 978-83-65138-28-6, s. 494-499, 20 punktow

6. Stanula Agnieszka, Pilarczyk Wirginia, Wilk T., Villamana J.: A selection of methods
to check the combined porosity control, W: Interdyscyplinarne Badania Mtodych Naukowcow

/ Bonek Mirostaw [i in.] (red.), Prace Katedry Materiatow Inzynierskich i Biomedycznych,

176



Effect of the chemical composition of iron-based powder materials on the properties of sintered components

Agnieszka Stanula

Politechnika Slqska, 2020, Politechnika Slqska, ISBN 978-83-65138-26-2, s. 116-121, 20

punktow

7. Stanula Agnieszka, Pilarczyk Wirginia,Jager M., Wilk Tomasz: The influence of

technological parameters as the handling and sintering process on the structure of iron based

powders, W: METAL 2020 : 29th International Conference on Metallurgy and Materials, May
20-22, 2020, Brno, Czech Republic. Conference proceedings, Metal, 2020, Tanger, ISBN 978-
80-87294-97-0, s. 880-885, DOI:10.37904/metal.2020.3626, 5 punktow

Udzial w konferencjach:

1.

[1l seminarium naukowo-techniczne " Materiaty dla motoryzacji" organizowanym
przez Wydziat Inzynierii Materiatowej Politechniki Slaskiej, Katowice 22 styczen
2020

60. Miedzynarodowa Konferencja Naukowa ,,Krzepniecie 1 Krystalizacja Metali 2020”
PAN (Polska Akademia Nauk) Komisja Odlewnictwa, Sekcja Metalurgiczna Komitetu
Inzynierii Materiatowej i Metalurgii”, Konferencja online 29-30.09.2020
TalentDetector 2021; Studencka Konferencja Naukowa; Katedra Materiatéw
Inzynierskich i Biomedycznych, Wydziat Mechaniczny Technologiczny, Politechnika
Slaska, Styczen 2021

TalentDetector 2021 Summer; Studencka Konferencja Naukowa; Katedra Materiatow
InZynierskich 1 Biomedycznych, Wydzial Mechaniczny Technologiczny, Politechnika
Slaska, 25 czerwca 2021

1st Interdisciplinary Annual PhD Conference on Material Science and Innovative
Technologies InterMTS 2022; Krakow, 19-20 May 2022. Wystapienie na konferencji:
Agnieszka Stanula, Wirginia Pilarczyk, “Structure of material Fe-C after SPS (Spark
Plasma Sintering) process technology”’; ISBN 978-83-957026-4-8;

The 6th Stanistaw Gorczyca European School on Electron Microscopy and
Tomography; 12-15 July 2022, Krakow, Poland. Wystgpienie na konferencji:
Agnieszka Stanula, Wirginia Pilarczyk “SEM observation after static compression”;
Miegdzynarodowa konferencja naukowa Material Technologies in Silesia'2022; ISBN
978-83-65138-32-3; Wydawnictwo Politechnika Slaska. Wystapienie na konferencji:
Agnieszka Stanula, Wirginia Pilarczyk “The correlation of the results after the static

compression test for FC-0208 material sintered with the conventional method”

177



Effect of the chemical composition of iron-based powder materials on the properties of sintered components
Agnieszka Stanula

8. APMME 2023 Applications of Physics in Mechanical and Material Engineering;
Wystapienie na konferencji: Agnieszka Stanula, Wirginia Pilarczyk, Sebastian Raczek,

Mark Jager “The compression test results for iron-based sinter component”

Z.gloszenia patentowe:

1. Powder Metallurgy material and method for producing the same (nr P.441597), zgloszenie
o wynalazek zlozone 29.06.2022r.

Nagrody i wyroznienia:

1. Grant Projakosciowy, bedacy wsparciem dla 0s6b rozpoczynajacych dziatalno$¢ naukowa
w nowej tematyce badawczej pn" " Dostosowanie nowoczesnych metod spiekania do materiatu

zdefiniowanego"

2. Grant Projakosciowy w kursie Nature Masterclasses w programie wspierajacym zwigkszenie
zdolnosci milodych naukowcow w zakresie publikowania w wysoko punktowanych

czasopismach oraz ubiegania si¢ o prestizowe projekty migdzynarodowe

178



