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Dissertation Title
The title of the dissertation is:

Scale Bridging Computational and Data-Driven Design of Microstructures in Multicomponent
Alloys for Advanced Functional Materials

Engineering Scope and Research Subject

This dissertation develops computational methods for designing and assessing components
whose performance depends on material response during processing and service. The work is
not limited to describing materials. Material behaviour is studied because it affects load capacity,
electromechanical output, interfacial stability, durability, reliability, and service performance.

The research addresses three connected design contexts. The first is the specification of mul-
ticomponent alloys for structural and functional components. The second is the prediction of
electromechanical response in sensors, actuators, MEMS devices, and energy harvesters. The
third is the reliability of lithium-based battery interfaces, where stable operation depends on
controlling interfacial damage and dendrite growth.

Across these contexts, the central task is to connect material descriptors with component perfor-
mance. For alloys, the descriptors include composition, processing route, elastic constants, and
grain morphology. For piezoelectric systems, they include crystal symmetry, tensor components,
orientation, filler content, phase fraction, and fibre morphology. For lithium-based interfaces, they
include concentration fields, electric-potential fields, interface shape, and operating conditions.

A scale-bridging logic links these descriptors to engineering assessment. Composition and
processing define an intermediate material state. This state may be a microstructure, an oriented
tensor, a fibre morphology, or an evolving interface. It carries lower-scale information to the
component, device, or system level. Computational mechanics and finite element analysis are
then used to evaluate performance under operating conditions.

Although interdisciplinary, the work remains design oriented. It uses materials data, atomistic
calculations, phase-field simulation, machine learning, and finite element analysis to support
engineering decisions. These decisions include selecting alloy and process windows, choosing
and orienting active materials, and defining reliability targets for electrochemical systems.

Objectives and Theses

The overall objective is to develop and apply computational methods that combine physics-
based modelling with data-driven prediction. The methods connect descriptors and intermediate
material states with structural and functional performance. In this way, they support alloy and
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Figure 1: Scale-bridging logic used in the dissertation. Lower-scale descriptors are connected to
intermediate states, and these states are then evaluated at component, device, or interface scale.

process selection, piezoelectric device design, and reliability assessment of electrochemical
energy systems.

The dissertation has three specific objectives:

1. To develop scale-bridging alloy models that support material and process specification for
components exposed to mechanical or functional service requirements.

2. To model piezoelectric performance for sensor, actuator, and energy-harvester components.

3. To evaluate dendritic instability in lithium-based interfaces and define design targets for
durability, reliability, and safe operation.

The central thesis states that a scale-bridging framework can create reliable descriptor-to-
performance pathways across different material classes and component types. This does not
require one universal model. It requires meaningful descriptors, consistent transfer of parameters
across scales, and explicit representation of the intermediate material state.

The supporting theses are design oriented. Coupled physics-based and data-driven modelling
can provide capabilities that neither approach provides alone. Composition-route descriptors can
identify balanced alloy design regions for load-bearing performance. Temperature-calibrated
elastic tensors can strengthen mesoscale process simulation. Full-tensor and morphology-based
models can guide piezoelectric component design. Coupled-field simulation can explain dendrite
growth and organise suppression strategies into reliability targets.



Computational Design Workflow

Table 1: Objectives, research problems, and design evidence.

Objective

Research problem

Design evidence

Alloy and process speci-
fication

Piezoelectric component
design

Battery-interface relia-
bility

Composition, processing,
and microstructure are
often treated separately.

Scalar coefficients do not
capture tensor anisotropy,
morphology, orientation,
or device constraints.

Dendrite growth depends
on coupled transport,

Hardness-elongation prediction, inverse de-
sign windows, and temperature-calibrated
phase-field simulations.

Symmetry-consistent tensor prediction, finite
element evaluation, and processing-aware
polymer models.

Phase-field dendrite simulation and a multi-
metric durability and reliability roadmap.

electrical, and interfacial
fields.

Computational Design Workflow

The dissertation combines four groups of methods. Together, they support the process-to-
performance chain.

Data-driven models provide rapid property prediction. AlloyManufacturingNet maps alloy
composition and manufacturing route to the hardness-elongation balance needed for structural
specification [P-I]. PiezoTensorNet predicts the complete symmetry-constrained piezoelectric
tensor for device-oriented evaluation [P-1I]. PGMLpiezo predicts the effective response of
PVDF/SnO; nanofibres from processing and morphology descriptors [P-V].

Atomistic and first-principles calculations supply lower-scale parameters. Density functional
theory provides elastic tensors for Al-Cu-Ni phase-field simulations [P-III]. Molecular dynamics
nanoindentation links Nb addition in CoCrNiNb, to local deformation resistance [P-I].

Phase-field simulations describe evolving intermediate states. A DFT-informed model predicts
Al-Cu-Ni phase evolution during process-relevant thermal conditions. A coupled-field model
describes lithium deposition and dendrite growth. In both cases, an evolving interface or
microstructure acts as the intermediate state.

Finite element simulations evaluate whether predicted material changes lead to useful device-
level performance. They are used for oriented AIN piezoelectric beams and PVDF/SnO,; flexible
devices.
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Alloy Process Design and Structural Performance

The alloy studies demonstrate that composition and manufacturing route should be specified
together for structural performance. Composition alone does not determine the final mechanical
response. Processing defines the intermediate state, which controls properties under load.

AlloyManufacturingNet predicts hardness and elongation using composition and manufacturing-
route descriptors [P-I]. A scale-invariant objective function is used to identify balanced design
regions. This avoids selecting a composition that improves one property while reducing the
other.

The predictions indicate that ZrHfNb-derived systems have separated high-hardness and high-
ductility regions. VNbTa-derived systems have a broader balanced design window. Promising
regions include Moy 3(VNbTa)q 7 and selected Cr-W modified candidates.

The CoCrNiNb; study tests the trend along one composition axis. Increasing Nb raises hard-
ness. Elongation first decreases and then partly recovers. The balanced region is located near
CoCrNiNbg ¢. Molecular dynamics nanoindentation indicates that the Nb-containing slab re-
sists penetration more strongly than CoCrNi. This connects the property trend to a nanoscale
deformation mechanism.

The Al-Cu-Ni phase-field study adds the process-scale part of the same design chain [P-III].
It transfers phase-specific elastic constants from DFT into a mesoscale phase-field model.
Elastic constants calibrated at 723 K change the predicted grain area by 18.18% compared
with O K inputs. This result supports using process simulations with parameters that match the
manufacturing temperature.
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Figure 2: Temperature-calibrated phase-field simulation of Al-Cu-Ni microstructure evolution.
The figure illustrates that elastic parameters affect predicted morphology during process-relevant
simulation.
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The corrosion study on additively manufactured super duplex stainless steel extends the
composition-processing logic to surface durability [P-VI]. It uses heat-treatment and composition
descriptors to support corrosion-resistance assessment in LPBF-processed components. The
post-processing study further links heat-treatment routes to strength and toughness response
[P-VII].

Piezoelectric Device Performance

The piezoelectric studies demonstrate that scalar coefficients are insufficient for component
design. Device output depends on the full tensor, orientation, elastic and dielectric properties,
geometry, boundary conditions, and the external circuit.

PiezoTensorNet predicts the full symmetry-constrained piezoelectric tensor [P-II]. A point-group
classifier routes each candidate to a symmetry-specific regression module. The model predicts
only the tensor components allowed by symmetry. This prevents unphysical tensor outputs and
allows tensor rotation into the device frame.

The screening identifies B-Er co-doped AIN as a leading candidate for device-level evaluation.
Near By 3Erg 5Alg 2N, the tensor norm ep,q reaches 4.37 C m~2. The value for undoped AIN is
1.67 C m™2. Tensor rotation identifies favourable orientations. A finite element beam simulation
indicates that the optimised and oriented candidate can increase simulated harvester power by
9.96 times relative to the undoped baseline.

The PVDF/SnO, study addresses flexible piezoelectric devices with limited data [P-V]. It links
electrospinning settings, filler content, fibre diameter, phase fraction, and effective piezoelectric
response. The predicted d33 increases from 18 to 29 pC N~! under optimised fabrication
conditions.

Finite element simulations demonstrate that device architecture also affects the realised response.
Passive harvesting gives an average power of 0.359 nW. A P-SSHI conditioning circuit raises the
average power to 1.251 nW. In actuator mode, lateral constraints increase axial stroke from 44.41
nm to 69.60 nm. The increase is about 57%. These results support joint design of processing,
morphology, circuits, and boundary conditions.

Battery-Interface Reliability

The battery-interface study focuses on reliability of lithium-based energy systems [P-IV]. Den-
drites can consume active material, damage the interface, and cause short circuits. Their growth
depends on coupled transport, electrical, and interfacial fields.

The phase-field model treats the lithium-electrolyte boundary as an evolving diffuse interface.
The order parameter, concentration field, and electric potential field are solved together. A small
protrusion localises the fields. Deposition then accelerates at the tip. The growing tip further
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Figure 3: PiezoTensorNet design sequence for doped AIN. Chemistry changes the tensor, tensor
rotation changes the projected response, and finite element analysis evaluates the device-level
output.

intensifies the local driving forces. This creates a self-amplifying feedback between geometry,
transport, and electrochemical deposition.

The roadmap study translates this mechanism into design targets [P-IV]. It groups material,
interfacial, and operating strategies into ten coupled metrics. These metrics include transport,
stiffness, current density, efficiency, defect density, capacity retention, and temperature-related
stability. This framing treats dendrite suppression as a joint design envelope.

Prospective Active Component Screening

The dissertation also includes a prospective screening study. Alloy-derived cation pools are
reused to search oxide and nitride chemistries for electromechanical, dielectric, and polar
responses. This study narrows the search space for future active component design, but it is not
presented as a validated material design result.

The screening combines transition-metal cation spaces with symmetry rules from the tensor study.
Nb-Ti-Zr and Nb-Ta-Ti oxide regions emerge as leading candidates. The maps also reveal trade-
offs. A wider band gap tends to accompany lower spontaneous polarisation. Electromechanical
response tends to saturate at high permittivity. The useful result is a balanced Pareto window
rather than a single-property maximum.
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Figure 4: PVDF/SnO; finite element simulations. Electrical conditioning increases harvested
power. Mechanical constraints increase useful actuator stroke.

Conclusions

The dissertation demonstrates that material behaviour can be used directly in computational
design workflows when lower-scale descriptors are linked to component performance through an
explicit intermediate state.

For alloys, chemistry and processing must be specified together. The hardness-elongation balance
cannot be predicted reliably from composition alone. Temperature-consistent elastic tensors are
also important because they change predicted microstructure during process simulation.

For piezoelectric components, full tensor information is needed for design. Symmetry, orienta-
tion, morphology, boundary conditions, and circuits jointly determine realised output.

For battery interfaces, dendrite suppression must address coupled fields. Reliable operation
requires combined targets for materials, interfaces, manufacturing quality, and operating condi-
tions.

Across all domains, the contribution is a set of computational pathways that convert material
information into performance prediction. These pathways support component specification,
service-performance assessment, and reliability-oriented design without treating material charac-
terisation as an isolated objective.
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Figure 5: Coupled-field simulation of lithium dendrite growth. Local field concentration at
protruding tips drives non-uniform deposition and interface instability.
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