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Abstract

This thesis develops microstructure-based finite element (FE) models of cold-sprayed

additively manufactured (CSAM) metal-ceramic composites – Al-Al2O3 in this re-

search – to fill a gap in our understanding of the microscale failure progression in the

material in correlation with its macroscale response across stress states and strain

rates. Representative volume elements (RVEs) of the material are generated by

Digimat based on the features of Al2O3 ceramic particles, including weight frac-

tion, size distribution, and clustering in addition to porosity in the metal matrix that

are achieved by the scanning electron microscopy (SEM) characterization. Stress

state- and strain rate-dependent constitutive models are implemented via VUMAT

subroutines in Abaqus/Explicit FE solver to capture the growth of failure mecha-

nisms, namely debonding of interfaces, particle cracking, and matrix failure. The

micromechanical models are validated by the experimental data both quantitatively

(i.e., stress-strain curves) and qualitatively (i.e., the manifestation of failure mecha-

nisms in fractography analysis). The validated micromechanical model is leveraged

to quantify the growth history of failure mechanisms in association with the stress-

strain response of the material under different stress states and strain rates, which is

not readily within reach by the available experimental mechanics approaches. Such

quantification framework is next employed to systematically track the interaction

and propagation of failure mechanisms as a function of microstructural characteris-

tics (i.e., particle weight fraction, particle size, and particle clustering), stress state

(i.e., uniaxial compression, uniaxial tension, and pure shear), and strain rate (i.e.,

quasi-static and dynamic loading covering 10−3 to 10−2 s−1 and 170 to 3200 s−1,

ii



respectively). This thesis is the first of its kind that provides a foundational un-

derstanding of the relationships between the microstructure, growth history of mi-

croscale failure mechanisms, and stress-strain response – as the general descriptor of

the macro scale behavior – of CSAM metal-ceramic composites through establishing

experimentally validated micromechanical FE models. As a comprehensive dataset

generator covering the space of design across microstructures, stress states, and strain

rates, the current computational framework will lay the foundation for the develop-

ment of computationally efficient machine learning-based surrogate models of the

microstructure-property-performance relationships of the material in addition to ac-

celerating concurrent multiscale simulations for the design and optimization of CSAM

metal-ceramic composites as structural materials and coatings with an application-

specific fine-tuned mechanical performance.
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Chapter 1

Introduction

1.1 Motivation

Thermal spraying refers to a group of manufacturing processes used for coating sur-

faces, where materials are deposited onto various structures in a molten or semi-

molten state and form a coating upon resolidification [1]. As a subcategory of thermal

spray processes, cold spray (CS) technology has been increasingly used for the fabri-

cation of metal-ceramic coatings to protect the surface of structures against extreme

environments such as oxidation at high temperature [2], low-temperature induced

corrosion from fluids [3], and aggressive erosive/corrosive environments [4]. Due to a

considerably lower operating temperature in CS when compared to conventional ther-

mal spray deposition routes, undesirable effects such as phase transformation, ther-

mal residual stresses, melting, and oxidation are avoided [5]. In addition to providing

functional surface properties, CS is increasingly evolving as an additive manufactur-

ing (AM) technology for the rapid fabrication of complex and large-volume parts as

an effective and economical solution [6]. In contrast to well-established thermal AM

methods, including selective laser melting [7], direct selective laser sintering [8], and

electron beam melting [9], CS additive manufacturing operates below the melting

temperature of materials, resulting in 3D parts with a higher purity and fewer mi-

crostructural defects [10]. In addition, CS for additive manufacturing outperforms

the powder bed fusion and the stereolithography methods in terms of the rate of
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deposition and scalability, which enables the time- and cost-efficient production of

larger structures [11].

Metal-ceramic composites – as a group of metal matrix composites (MMCs) – have

gained increasing popularity due to their exceptional ability to enhance toughness and

ductility within the metallic matrix, while also providing high stiffness and strength

from the ceramic reinforcements [12], and this synergy idealizes them to be used in

various industrial sectors [13, 14] – for example, the fan exit guide vanes in Pratt &

Whitney 4000 series gas turbine engines, used on Boeing 777 commercial airliners, are

made from particulate reinforced aluminum (Al) matrix composites. Among differ-

ent metal-based coatings, Al-based metal matrix composites (Al-MMCs) have been

widely used to enhance surface performance [15–18] due to their superior mechanical

properties such as high stiffness and strength [19], low coefficient of thermal expan-

sion [20], improved wear [21] and corrosion resistance [22], and better creep-fatigue

performance [23]. To fabricate Al-MMCs, a wide range of reinforcing ceramic parti-

cles (e.g., SiC [24], Al2O3 [15], TiC [25], TiB2 [26] and B4C [27]) have been added

to an Al matrix in the literature. Specifically, the current research focuses on CS

additively manufactured (CSAM) Al-Al2O3 composites due to their applications as

protective coatings against wear, erosion, corrosion, and high-temperature degrada-

tion in aerospace and other industrial sectors [28, 29]. The novelty and innovation of

this Ph.D. research stem from the provision of a multi-scale computational framework

to fill a gap in our knowledge of deformation and failure mechanisms of the material

through microstructure-based modeling; the outcomes are leveraged to bridge the gap

between the microstructure and macro-scale behavior of CSAM Al-MMC coatings/-

materials that eventually allow designing better-performing materials with tailored

microstructures.

To move towards understanding the behavior of metal-ceramic composites, both

experimental mechanics [30–33] and computational mechanics [34–37] approaches

have been employed in the literature. Experimental-wise, the mechanical behavior of
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CSAM MMC coatings has been addressed in previous studies in terms of dry sliding

wear [38], indentation [28], flexural properties [39], and erosion [29]. From a compu-

tational perspective, regardless of the manufacturing route, the majority of previous

studies on Al-MMCs have focused on uniaxial tensile loading where the microstruc-

tures have been modeled via two-dimensional (2D) [40, 41] and three-dimensional

(3D) [42, 43] representative volume elements (RVEs). These studies have provided

new insights into the role of the material microstructure (e.g., porosity [44], shape [45],

size [46], and distribution of the reinforcing ceramic particles [47]) on the macro scale

behavior of the materials (e.g., stress versus strain histories and failure responses).

The multi-axial time-evolving in-service loading conditions of metal-ceramic material-

s/coatings, however, necessitate developing stress state dependent [48] and strain rate

dependent [49] models, which is indeed confirmed by our experimental observations of

the material behavior in terms of the asymmetric response under uniaxial tension and

compression (see Fig. 1.1(a)) and the strain rate strengthening effect under dynamic

loading (see Fig. 1.1(b)). To date, the microstructure-based strain rate-dependent

mechanical behavior of two-phase (e.g., Al-Al2O3) CSAM metal-ceramic materials

subject to different stress states have not been computationally studied in the lit-

erature, which lays the foundation for the research performed in this thesis on the

computational design and optimization of the material.

In this paper-based thesis, the development of microstructure-informed FE mod-

els for CSAM Al-Al2O3 composites provides new insights into the behavior of these

CS-fabricated materials under varying strain rates and stress states. By integrating

experimental data and advanced computational modeling, this research addresses a

gap in the literature, particularly in understanding the complex spatiotemporal evolv-

ing failure mechanisms – such as matrix ductile failure, particle cracking, and interface

debonding – that occur in metal-ceramic composites. The scientific contribution lies

in the quantification of the evolution history of these mechanisms, captured by the

experimentally validated micromechanical models, offering a detailed understanding
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Fig. 1.1: Experimental evidence for the motivation of this thesis for developing stress
state- and strain rate-dependent microstructure-based FE models for CSAM Al-Al2O3

composites: (a) The experimentally captured stress-strain response of CSAM Al-35
wt.% Al2O3 composites under quasi-static uniaxial tension [50] and compression [30].
(b) The experimentally captured stress-strain responses of CSAM Al-46 wt.% Al2O3

composites under quasi-static and dynamic loading [51].

of how microstructural features such as particle content, particle clustering and size

affect the material mechanical behavior. This research lays the groundwork for future

machine learning (ML)-based models, aimed at optimizing metal-ceramic composite

materials for high-performance applications (e.g., armored vehicles [52] and aircraft

brakes [53]), where CS additive manufacturing enables the required complexity in

the design of structures with optimized performance. More details are provided in

the following chapters, each describing a published paper that elaborates on different

aspects of the research.

More specifically, this Ph.D. research builds on the previous studies of 3D mod-

eling of tensile behavior [24, 25, 27, 42, 54–56] and 2D modeling of the compressive

response [57, 58] of particulate-reinforced metal matrix composites to provide a better

understanding of the deformation and competition of failure mechanisms of CSAM

metal-ceramic composites through stress-state- and strain rate-dependent finite ele-

ment (FE) models at a micro length scale. In addition, the experimentally validated

microstructure-based FE framework will be leveraged to generate datasets for the
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training and validation of computationally efficient ML-based models [36, 59, 60] to

correlate the microstructure of the CSAM material to its macroscale mechanical be-

havior across a wide space of design (i.e., considering different microstructures and

loading conditions represented by stress state and strain rate).

1.2 Thesis Objectives

The objective of this thesis is to develop microstructure-informed FE predictive mod-

els that enable us to understand key failure mechanisms and their competition/in-

teraction (i.e., matrix ductile failure [61], ceramic particle/matrix debonding [62],

and particle cracking [56]) in CSAM metal-ceramic composites under different stress

states and strain rates − Al-Al2O3 composites in this study − for which in-situ exper-

imental measurements are not easily accessible. Additionally, as dataset generators,

the established microstructure-based FE models will be applicable to developing fast-

predictive ML-based surrogate models that pave the way for spatially tailoring matrix

and particle characteristics leading to the development of high-performing coatings

and CSAM bulk materials. These micromechanical FE models are informed by exper-

imental data in terms of the microstructural features (e.g., porosity, particle weight

fraction, and particle size distribution) and stress-strain responses [30, 50]. To account

for the strain rate dependency, the split-Hopkinson pressure bar (SHPB) [63] test is

employed to probe compressive behavior at dynamic loading rates. User-developed

material models (i.e., an extended Gurson-Tvergaard-Needleman (GTN) model [64]

for the ductile failure of the metallic matrix, and a viscosity-regularized plasticity

model for brittle materials [65] for Al2O3 reinforcing particles) are employed by VU-

MAT subroutines in the microstructure-informed RVEs where material features and

physical behaviors observed via Scanning Electron Microscopy (SEM) micrographs

are incorporated explicitly into the model (e.g., porosity, and particle size distribu-

tion).

To accomplish the thesis objective, the following goals will be pursued:

5



1. Leveraging existing group and literature data acquired using experimental me-

chanics approaches to probe the material microstructure (e.g., porosity [44] and

morphology of constituents [66]) and the material response under different load-

ing rates and stress states which are induced in the material under real-world

applications (e.g., wear [31] and erosion [67]). The microstructure characteri-

zation is conducted by advanced diagnostics such as SEM, and this will inform

the generation of RVEs based on the particle content, particle size distribution,

particle clustering, and porosity in the matrix. These experimental outcomes

are used to inform and validate the micromechanical FE models of the CSAM

composite material.

2. Generating microstructure-based 3D models based on the microstructural fea-

tures obtained from SEM micrographs (i.e., shape, size, distribution of the

reinforcing particles, and porosity) using Digimat software [42]. State-of-the-

art user-developed material models are incorporated in Abaqus/Explicit FE

software by VUMAT subroutines to bolster the accuracy of both qualitative

and quantitative predictions. For example, the stress-state-dependent ductile

failure model by Zhou et al. [64] for the Al matrix, the phenomenological

viscosity-regularised Johnson-Holmquist-II (JH2-V) [68] model to incorporate

stress state- and strain rate-dependent ceramic particle damage accumulation,

and the cohesive zone model (CZM) [69] approach for particle/matrix interfaces.

The models are verified by our experimental outcomes for different loading paths

under various loading rates (e.g., the work by Jibran et al. [50] and Shao et

al. [30]) in terms of quantitative (i.e., based on stress versus strain responses)

and qualitative comparisons (i.e., based on the manifestation and propagation

of failure mechanisms through post-mortem fractography).

3. Quantifying the growth history of failure mechanisms, including matrix/par-

ticle debonding, particle cracking, and matrix failure by the experimentally
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validated micromechanical model. Such a quantification framework is imple-

mented by Python scripts that calculate the fraction of fully damaged regions

through the course of loading, unraveling the competition and interaction of

failure mechanisms across different stress states and strain rates.

4. Exploring the effects of microstructural features on the macro scale behavior

of the material towards establishing microstructure-performance relationships

(e.g., the effect of ceramic phase content, clustering of particles, and particle size

on the stress-strain response). This parametric study uncovers key insights into

structure-property-performance relationships of CSAM metal-ceramic compos-

ites, including the shifts in the growth history of failure mechanisms that are

systematically tracked by the quantification approach.

1.3 Research Contributions

1. This thesis will make contributions in addressing gaps in our knowledge on

the evolution and competition of micro-scale deformation and failure mecha-

nisms of CSAM metal-ceramic composite coatings/materials which govern the

macroscale mechanical performance of the material systems in a range of ap-

plications (e.g., armored vehicles [52], aircraft brakes [53], and wear-resistant

coatings in oil & gas [70]).

2. For the first time, this Ph.D. research informs on the quantitative initiation and

growth history of microscale failure mechanisms of CSAM metal-ceramic com-

posites through a computational FE framework across stress states and strain

rates, which is not readily accessible through in-situ experimental mechanics

approaches [71, 72].

3. The outcomes of this research reveal the effect of microstructural characteris-

tics (e.g., particle weight fraction, particle size, and particle clustering) on the
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macroscale response of the CSAM metal-ceramic materials represented by the

stress-strain responses and growth history of failure mechanisms at a microscale,

which have implications for the design of the material with application-specific

tailored properties.

4. This thesis will lay the foundation for the development of experimentally veri-

fied micromechanical FE models as dataset generators that feed the ML-assisted

computational frameworks [73] for the efficient design and optimization of spa-

tially tailored microstructures (e.g., porosity and composition) and architectures

[74] that will culminate in increased performance and functionality of the CSAM

composite materials.

1.4 Thesis Structure

This thesis is structured based on research published as journal articles presented as

individual chapters in the following order:

• Chapter 1: “Introduction”. Discusses the background and motivation for de-

veloping microstructure-based FE models for CSAM metal-ceramic composites

and the major contributions to the field delivered by the thesis.

• Chapter 2: “3D microstructure-based finite element simulation of cold-sprayed

Al-Al2O3 composite coatings under quasi-static compression and indentation

loading”. Published in the Journal of Thermal Spray Technology, as Saman

Sayahlatifi, Chenwei Shao, André McDonald, and James David Hogan, 2021

[62]. This study presents the development and validation of 3D finite element

(FE) models to investigate the behavior of CS Al-Al2O3 composite coatings un-

der quasi-static compression and indentation loading. Using Digimat software,

3D representative volume elements (RVEs) were generated based on microstruc-

tural characteristics and then imported into Abaqus/Explicit for simulation.
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The models incorporated advanced physics-based approaches to capture parti-

cle cracking, interface debonding, and matrix ductile failure. Validation against

experimental data for Al-34 wt.% Al2O3 and Al-46 wt.% Al2O3 coatings demon-

strated the model’s accuracy in predicting stress–strain responses and failure

mechanisms. This work advances computational methodologies for CS MMC

coatings and provides a foundation for future material design and optimization

studies.

• Chapter 3: “Micromechanical damage analysis of Al-Al2O3 composites via cold-

spray additive manufacturing”. Published in the International Journal of Me-

chanical Sciences, as Saman Sayahlatifi, Zahra Zaiemyekeh, Chenwei Shao,

André McDonald, and James David Hogan, 2023 [75]. This study presents a

detailed micromechanical analysis of stress-state-dependent failure behavior of

CSAM Al-Al2O3 composites. RVEs of the material are generated based on ex-

perimentally informed particle size distributions and porosity measurements,

with constitutive models for the metal matrix and ceramic particles imple-

mented via VUMAT subroutines in Abaqus/Explicit. For the first time, The

FE model quantifies failure mechanisms, including matrix ductile failure, par-

ticle cracking, and matrix/particle debonding, validated by experimental data

under quasi-static uniaxial compression. The study explores the effects of par-

ticle content and size on material behavior under various stress states, revealing

an order of failure mechanism activation and the influence of stress state on

material ductility. This work offers insights into designing better-performing

CSAM Al-Al2O3 composites and developing micromechanism-based constitu-

tive models for CSAM metal-ceramic materials.

• Chapter 4: “Strain rate-dependent behavior of cold-sprayed additively man-

ufactured Al-Al2O3 composites: Micromechanical modeling and experimenta-

tion”. Published in Composites Part B: Engineering, as Saman Sayahlatifi,
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Zahra Zaiemyekeh, Chenwei Shao, André McDonald, and James David Hogan,

2024 [51]. This study explores the strain rate-dependent behavior of CSAM

Al-Al2O3 composites. Utilizing a combination of experimental techniques and

3D micromechanical finite element (FE) modeling, this research investigates the

failure mechanisms of the material under quasi-static and dynamic compression.

Upon validation with experimental data, the FE model provides insights into

microscale failure progression and the effects of elevated temperatures on the

material performance across strain rates. This study is the first to correlate

microscale failure mechanisms with the mechanical behavior of CSAM MMCs,

offering valuable implications for designing CSAM metal-ceramic structural ma-

terials.

• Chapter 5: “Conclusions & Future Work”. Summarizes the key scientific out-

comes of this research and outlines directions for future work. This chapter also

highlights the list of all academic publications resulting from this thesis.
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Chapter 2

3D microstructure-based finite
element simulation of cold-sprayed
Al-Al2O3 composite coatings under
quasi-static compression and
indentation loading

Published as Saman Sayahlatifi, Chenwei Shao, André McDonald, and James David

Hogan, “3D microstructure-based finite element simulation of cold-sprayed Al-Al2O3

composite coatings under quasi-static compression and indentation loading,” Journal

of Thermal Spray Technology, vol. 31, p. 102–118, 2022.

2.1 Abstract

This study developed microstructure-based finite element (FE) models to investigate

the behavior of cold-sprayed aluminum–alumina (Al-Al2O3) metal matrix composite

(MMC) coatings subject to indentation and quasi-static compression loading. Based

on microstructural features (i.e., particle weight fraction, particle size, and porosity)

of the MMC coatings, 3D representative volume elements (RVEs) were generated by

using Digimat software and then imported into Abaqus/Explicit. State-of-the-art

physics-based modeling approaches were incorporated into the model to account for

particle cracking, interface debonding, and ductile failure of the matrix. This allowed

11
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for analysis and informing on the deformation and failure responses. The model was

validated with experimental results for cold-sprayed Al-34 wt.% Al2O3 and Al-46 wt.%

Al2O3 metal matrix composite coatings under quasi-static compression by comparing

the stress versus strain histories and observed failure mechanisms (e.g., matrix ductile

failure). The results showed that the computational framework is able to capture the

response of this cold-sprayed material system under compression and indentation,

both qualitatively and quantitatively. The outcomes of this work have implications

for extending the model to materials design and for applications involving different

types of loading in real-world applications (e.g., erosion and fatigue).

2.2 Introduction

Aluminum (Al)-based metal matrix composites (Al-MMCs) have been widely used to

enhance surface performance [15–18] due to their superior mechanical properties such

as high stiffness and strength [19], low coefficient of thermal expansion [20], improved

wear [21] and corrosion resistance [22], and better creep-fatigue performance [23].

To fabricate Al-MMCs, a wide range of reinforcing ceramic particles (e.g., SiC [24],

Al2O3 [15], TiC [76], TiB2 [26] and B4C [27]) have been added to an Al matrix in the

literature. Among these reinforcing particles, Al2O3 has been frequently used due to

improved corrosion resistance and chemical stability [54]. Recently, the Al-Al2O3 com-

posites fabricated by the cold spray additive manufacturing process have been used as

protective coatings against wear, erosion, corrosion, and high temperature degrada-

tion in aerospace and other industrial sectors [28, 29]. Among many deposition routes

for producing coatings made of pure Al, cold spray stands out due to minimal heat

loading of the substrate during the deposition process [4]. In addition, this additive

manufacturing method provides the possibility of producing multi-phase coatings via

mixing feedstock powders by which the hard phases such as SiC and Al2O3 can be

incorporated effectively in the Al-MMCs coatings [5]. These hard particles play a

critical role in lowering the wear rate of the ceramic–metal coatings [77].

12



In research studies on experimental mechanics of ceramic-metal composite coat-

ings, the behavior of cold-sprayed MMC coatings has been extensively addressed in

terms of dry sliding wear [38], indentation [28], flexural properties [39], and erosion

[29]. However, there are a limited number of articles that investigate the response of

MMC coatings through computational approaches, which is addressed in the current

study. For example, Bolelli et al. [78] generated 2D RVEs based on the SEM images

of WC–CoCr and WC–FeCrAl coatings to simulate ball-on-disk test and compres-

sion. The matrix and hard particles were modeled as elastic-plastic and pure elastic

materials, respectively. The numerical results of Bolelli et al. [78] were compared

with experiments based on the morphology of the worn surfaces and Young’s modu-

lus. In a separate study by Balokhonov et al., [37], 2D models at micro-, meso-, and

macro-scales have been implemented by using the finite difference method for MMC

coatings under tension and compression. It was found that curvilinear interfaces lead

to stress concentration giving rise to the formation of shear bands in the Al matrix

locally as well as cracking in the ceramic particles.

From a computational perspective, the majority of previous studies on Al-MMCs

have focused on axial tensile loading, by which the microstructure has been modeled

via 2D [41] and 3D [43] RVEs. In a large number of studies, the occurrence of the

three competitive damage mechanisms in particulate-reinforced Al matrix composites

(PRAMCs) subject to tension, such as matrix ductile failure, matrix/particle debond-

ing, and particle cracking, has been mainly explored by using phenomenological duc-

tile failure criteria [43], cohesive zone models [79], and a conventional brittle cracking

model [27] (i.e., elastic cracking behavior which employs the Rankine criterion for

failure initiation [80]), respectively. For example, Zhang et al. [43] investigated the

behavior of a 7vol.% SiCp/Al composite made by a stir casting technique and incor-

porated the three damage mechanisms in a real microstructure-based 3D RVE. The

numerical results revealed that particle fracture and interfacial debonding emerged

as the initial failure mechanisms in the composite under tensile loading.
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In contrast to the numerous numerical studies that explore the tensile behavior of

Al-MMCs, limited efforts have been made to address the indentation and compressive

behavior computationally, particularly with an emphasis on damage mechanisms. For

example, Park et al. [81] investigated Al-SiC MMCs under quasi-static compression

up to 1% strain using a statistical synthetic RVE made by the DREAM.3D software –

no damage mechanisms were incorporated into the model. The indentation behavior

of MMCs has been frequently explored via 2D models [80]. More recently, Shedbale

et al. [82] employed homogeneous and heterogeneous 3D FE models to study the ball

indentation response of particulate-reinforced MMCs. The results showed that the

heterogeneous model tends to overestimate the hardness compared to the experiments

due to the local concentration of particles under the indenter.

Motivated by previous numerical studies, which primarily focus on the tensile re-

sponse of MMCs, this work aims to investigate the compressive and indentation be-

havior of Al-Al2O3 coatings by using 3D RVEs produced by Digimat software based

on microstructural characteristics obtained using scanning electron microscope im-

ages. To account for the damage mechanisms, the Gurson–Tvergaard–Needleman

(GTN) model [83] was applied to the Al matrix, and the matrix/particle debonding

was modeled by the CZM method [84]. For the ceramic particle phase, the John-

son–Holmquist II (JH2) model [85] was used to incorporate particle cracking into

the FE model. The model was validated with the experimental data for Al-34 wt.%

Al2O3 and Al-46 wt.% Al2O3 coatings in terms of stress-strain histories, failure mech-

anisms, and Vickers hardness. The results show that the model has the potential to

be employed for future parametric studies for material design and optimization, which

tailors the concentration of reinforcing particles to balance strength and density for

weight-sensitive applications.

14



2.3 Experimental Procedures

2.3.1 Material and Specimen Preparation

In this study, pure Al and Al-Al2O3 composite coatings were fabricated using a low-

pressure cold spray system (SST series P, CenterLine Ltd., Windsor, ON, Canada),

as shown schematically in Fig. 2.1(a), which was connected to a volumetric powder

feeder (5MPE, Oerlikon Metco, West-bury, NY, USA). Based on previous studies [16,

30, 86], the air temperature and pressure were set to 375 °C and 620 kPa, respectively.

The nozzle was manipulated by a robot (Motoman HP-20, Yaskawa Electric Corp.,

Waukegan, IL, USA). The cold spray nozzle traversed across the Al substrate at a

speed of 15 mm/s to transfer the feedstock powder to the substrate, and the deposition

process produced five layers of the coating. The feedstock powder blend was developed

through a three-step process: gas atomization, sieving, and mixing (see Fig. 2.1(a)).

Aluminum (99.0%) powder (CenterLine Ltd., Windsor, ON, Canada) and α - Al2O3

with a purity of 99.5% (Amdry 6060, Oerlikon Metco Inc., Westbury, NY, USA)

were used in this study. The Al and Al2O3 powders were sieved to obtain a size

distribution of 40–60 µm and 30–45 µm, respectively. The Al and Al2O3 powders

were admixed to produce powder blends containing 0, 60, and 90 wt.% Al2O3. This

process was conducted using a cylinder with a 20 mm diameter whose angular velocity

and operating time was set to 20 RPM and 30 minutes, respectively. As shown by

Shao et al. [30], when deposited into coatings, the mixed powder blend with 60 wt.%

Al2O3 produced coatings that were Al-34 wt.% Al2O3 and the mixed powder blend

with 90 wt.% Al2O3 produced coatings that were Al-46 wt.% Al2O3.

2.3.2 Mechanical testing and characterization

As shown in Fig. 2.1(b), the cold-sprayed coating deposits were cut into cuboidal

specimens with dimensions of 2.3 mm in length, 2.7 mm in width, and 3.5 mm in

height using wire electrical discharge machining. The samples were used for quasi-
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Fig. 2.1: Preparation, test, and characterization of Al-Al2O3 composite coatings:
(a) A schematic illustration of the cold spray setup used for the fabrication of pure
Al and MMC coating samples: The processing strategy for making the mixed powder
includes gas atomization, sieving, and mixing using a rotated cylinder; (b) Typical
compressive cuboidal specimen with dimensions 2.3 mm × 2.7 mm × 3.5 mm cut
from the composite depositions via wire electrical discharge machining, which was
loaded in the direction of the 3.5 mm dimension. The green contour shows the region
of interest defined on the specimen surface in VIC-2D software for monitoring the
strain fields. The top image shows an example of Al-Al2O3 coating deposited on an
Al substrate from which the cuboidal specimens were cut; (c) SEM characterization
of the microstructure of Al-34 wt.% Al2O3 composite coating showing the distribu-
tion and morphology of the reinforcing ceramic particles in the Al matrix; (d) SEM
micrograph of Al-46 wt.% Al2O3 composite coating. Note that the black arrows on
the SEM micrographs show the deposition direction. The darker regions correspond
to the Al phase and the lighter regions correspond to the alumina phase.
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static compression testing, where the loading was applied in the direction of the 3.5

mm dimension. The experiments were conducted using the displacement control tech-

nique up to a maximum displacement of 1 mm at a constant rate of 10−3 s−1 using an

Instron 3365 testing machine (Instron, Norwood, Massachusetts, USA). To visualize

the features of the macroscopic deformation of the specimen surface, the machine was

equipped with an AOS PROMON U750 high-speed camera with a full resolution of

1280 × 1024 and a VIC 900170WOF LED laser light guide for illumination. This

assembly was coupled with digital image correlation (DIC) capabilities using VIC-2D

(v6 2018) software [87] (Correlated Solutions Irmo, SC, USA) to monitor the strain

fields, which is detailed in Shao et al. [30]. The specimen was aligned between the

loading platens made from M2-graded high-speed steel with a diameter of 1 inch (see

Fig. 2.1(b)), and extreme pressure grease was applied on the interfaces to eliminate

the effect of friction and allow free lateral expansion. The compression tests were

carried out as per ASTM Standard C1424-15 [88] at room temperature and repeated

4 times for each coating with different reinforcing particle content. To inform the

microstructure-based models as related to the reinforcing particle content, porosity,

particle shape, size, and distribution, microstructural characterization was done using

a field-emission SEM coupled with energy-dispersive X-ray spectroscopy (EDS) oper-

ated at 20 kV (Zeiss Sigma, Oberkochen, Baden-Württemberg, Germany), as shown

in Fig. 2.1(c) for the Al-46 wt.% Al2O3 composite. The porosity of the samples was

estimated using ImagePro software coupled with the SEM images, and it was found

to be 2.84 ± 0.31 vol% in pure Al, 0.23 ± 0.04 vol% in Al-34 wt.% Al2O3, and 0.17

± 0.03 vol% in Al-46 wt.% Al2O3. In addition, the EDS analysis revealed that the

feedstock powders with 60 and 90 wt.% Al2O3 led to depositions with 34 ± 2.56 wt.%

and 46 ± 2.04 wt.% of ceramic particles, respectively.
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2.4 Numerical Methodology

A 3D FE model based on coating microstructural features is presented to explore

the behavior of Al-Al2O3 MMC coatings under quasi-static compressive loading. The

3D representative volume elements (RVEs) were generated by the Digimat Software

for Al-34 wt.% Al2O3 and Al-46 wt.% Al2O3 MMCs. The RVEs were imported

into the ABAQUS/Explicit solver (release 6.14). For the micro-indentation test, the

homogenization approach [82] was applied and experimental compression data was

used to extract the effective mechanical properties for each MMC coating sample.

2.4.1 Geometry and model description

RVEs with different sizes have been considered in previous studies [27, 42]. For

example, Ma et al. [42] found no significant difference in the tensile stress-strain

responses by varying the RVE size from 20 µm to 50 µm. In this study, an RVE

length of 100 µm was chosen based on the microstructural features (e.g., average

reinforcing particle size of 15 µm). The SEM images (see Fig. 2.1(c) and (d)) were

first used to extract the distribution of particle size in the composites (e.g., the size

of the alumina particles range from 1 to 30 µm in the Al-46 wt. % Al2O3 composites

(see Fig. 2.1(c)). Next, the measured range of distribution was incorporated into the

RVE using a uniform distribution in the Digimat software, which accounts for the

variation and uncertainty in the particle size distribution that is likely to be observed

through the SEM images from different locations of the sample. Additionally, the

reinforcing ceramic particles represent an irregular shape in the SEM micrographs.

Here, an icosahedron geometry was used to account for the shape of the particles,

which has also been used to represent the irregular-shaped particles in previous studies

involving MMC coatings [42, 89, 90]. The time step was set at 2 µs, which was

found to meet the quasi-static loading condition [91]. As shown in Fig. 2.2(a), the

top and bottom boundary faces have been fully restricted to the reference points
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Fig. 2.2: (a) Application of kinematic coupling between the boundary faces and
the reference points (RP) in yellow color to apply compressive load and boundary
conditions: All degrees of freedom were coupled to each other; (b) The boundary
conditions applied on the RVE: The displacement control technique was applied to
the RP in red color using a smooth amplitude to meet the quasi-static condition.

(RPs) by the kinematic coupling constraints to facilitate application of load/boundary

conditions and obtain the stress-strain response of the RVE. A corner of the RVE was

fully restricted to prevent the material from rigid boundary motion. The degrees of

freedom of the bottom boundary face were fixed within all degrees of freedom, except

for the in-plane displacements (i.e., Y- and Z-directions in Fig. 2.2(b)). The same

boundary conditions for application of compressive loading were also used in other

studies [44, 92]. All of the constituents were discretized by 3D linear tetrahedral

C3D4 elements. Following a mesh quality assessment to decrease the likelihood of

element distortion at high strains, an average element size of 1.5 µm was used. On

this basis, the RVE for Al-34wt.% Al2O3 and Al-46wt.% Al2O3 MMCs were meshed

by 741,222 and 1,275,358 elements, respectively. Micro-indentation Vickers testing

of the composite coatings was simulated via the homogenization approach [82]. The
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Fig. 2.3: Finite element model of the micro-indentation Vickers test. The block and
the indenter were discretized by 30,276 first order 8-node 3D elements with reduced
integration (C3D8R) and 2104 quadrilateral 4-node 3D rigid elements (R3D4), re-
spectively.

effective mechanical properties, including the Young’s modulus and flow stress, were

extracted from the experimental compressive stress-strain histories for each particle

concentration in the coatings and was an input into the approach. Figure 3 shows the

FE model of the Vickers test. Due to symmetry, only one quarter of the homogenized

block with symmetric constraints was modelled. The size of the block was determined

as per the work of Shedbale et al. [82] to achieve convergence in the indentation

response.

As shown by Shedbale et al. [82], the Vickers indenter was considered as a discrete

rigid body and fully confined, except for the vertical direction Y (see Fig. 2.3). The

bottom surface of the block was fixed, and the lateral surfaces were free to deform. A

frictionless contact was defined between the indenter and the top surface of the block,

which was implemented by the standard surface-to-surface contact algorithm [82]. By

using an average element size of 5 µm, the block and the indenter were meshed by

using 30,276 first order 8-node 3D elements with reduced integration (C3D8R) and

2104 quadrilateral 4-node 3D rigid elements (R3D4), respectively.
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2.5 Material models

In this study, the micromechanical-based Gurson–Tvergaard–Needleman (GTN) model

[93] was applied to capture the matrix failure. Given experimental evidence of par-

ticle cracking and interfacial debonding under compression, the Johnson-Holmquist

II (JH2) model [85] for the failure of ceramic particles and the cohesive zone model

(CZM) approach [69] for the matrix/particle debonding failure were incorporated into

the model.

2.5.1 The GTN model for matrix failure

Ductile failure of metals occurs as a result of a three-stage mechanism of nucleation,

growth, and coalescence of voids. Voids are nucleated from an inclusion or as a

consequence of either cracking or decohesion of second phase particles and then grow

due to the localization of plastic strain under a high stress triaxiality state [94]. To

analyze this phenomenon theoretically, the porous metal plasticity model proposed

by Tvergaard and Needleman (i.e., the GTN model) [93], as a modified version of the

Gurson model [95], has been widely used [63, 96, 97]. The yield function of the GTN

model is expressed as follows:

∅(σ, f) =
(

σq
σy

)2

+ 2q1f
∗ cosh

(

3q2p

2σy

)

−
(

1 + q3f
∗2
)

= 0, (2.1)

where ∅ denotes the non-dilatational strain energy and q1, q2, and q3 are the constants

proposed by Tvergaard [98] to account for the effects induced by void interaction due

to multiple-void arrays and to provide better consistency with experimental data.

Here, σq and σy represent von Mises stress and the flow stress of the undamaged

material, respectively. To model the rapid deterioration of the stress carrying capacity

caused by void coalescence, the parameter f ∗, known as the effective porosity was first

introduced by Tvergaard and Needleman [83]. The function is specified as:
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f ∗ =















f, if f ≤ fc

fc +
f∗

u−fc
fF−fc

(f − fc), if fc ≤ f ≤ fF

f ∗
u , if f ≥ fF

(2.2)

where fc is the critical void volume fraction (VVF) at the onset of coalescence, f ∗
u =

1
q1

corresponds to zero stress carrying capacity, and fF denotes the VVF when the

material has completely failed, which governs the element deletion process. The

increase in the VVF is defined as the summation of the increment owing to void

nucleation and the growth of the existing voids as:

df = dfnucleation + dfgrowth. (2.3)

Assuming a plastically incompressible behavior for the material, the void growth

rate (i.e., dfgrowth) can be expressed as a function of the plastic volume change as:

dfgrowth = (1− f) dϵpii (2.4)

where dϵpii denotes the trace of the plastic strain rate tensor. The nucleation of voids

is considered to be exclusively dependent on the plastic strain and it is assumed that

occurrence of void nucleation occurred only under hydrostatic tension [99, 100]. On

this basis, the function of void nucleation is written as:

dfnucleation = Andϵ̄
P
m, where (2.5)

An =











fN
SN

√
2π
e
−0.5

(

ϵ̄p−ϵN
SN

)

2

, if p ≥ 0

0, if p < 0
(2.6)

where p represents the hydrostatic stress (pressure), fN is the void volume fraction of

the nucleated void, ϵN is the mean equivalent plastic strain for void nucleation, and

SN is the standard deviation of the distribution. Here, the rate of equivalent plastic

strain, dϵ̄p, is obtained by enforcing equality between the matrix plastic dissipation

and the rate of macroscopic plastic work as follows:

dϵ̄p =
σ : dϵp

(1− f) σy
. (2.7)
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Table 2.1 summarizes the constants of the GTN model used in this study for the

Al matrix. The proposed values by Tvergaard [83] were utilized for the q1, q2, and

q3 constants. From SEM characterization, the initial porosity, f0, was assumed to

be an average quantity of 0.0017 and 0.0023 for Al-34 wt.% Al2O3 and Al-46 wt.%

Al2O3 composites, respectively. The parameters ϵN , sN , and fN were obtained from

previous studies for pure Al [101, 102].

2.5.2 The JH2 model for particle cracking

For damage modeling of ceramics, the phenomenological Johnson-Holmquist models

have been commonly used [57, 89, 103, 104] to describe their behavior, including ac-

counting for pressure-dependent strength, strain-rate dependency, and bulking effects

[85]. The strength and damage are expressed as analytical functions of pressure and

other parameters as [85]:

σ∗ = σ∗
i −D

(

σ∗
i − σ∗

f

)

, (2.8)

σ∗
i = A (P ∗ + T ∗)N (1 + C ln ϵ̇∗) , (2.9)

σ∗
f = A (P ∗)M (1 + C ln ϵ̇∗) ≤ SFMAX, (2.10)

where σ∗ and σ∗
i represent the normalized intact equivalent stress, σ∗

f denotes the

normalized fracture stress, and D is the damage variable, varying from 0 to 1. Here,

σ∗ = σ
σHEL

, P ∗ = P
PHEL

, T ∗ = T
PHEL

, and ϵ̇∗ = ϵ̇
ϵ̇0

, where σ is the equivalent stress,

σHEL is the equivalent stress at the Hugoniot elastic limit (HEL), P is the actual

pressure, PHEL is the pressure at the HEL, T is the maximum tensile hydrostatic

Table 2.1: GTN model constants used in this study. Here, the value of f0 corresponds to
the composites with 34wt.% of reinforcing particles. For Al-46 wt.% Al2O3 composites, the
initial porosity was determined to be 0.0023 on average, while all other constants remain
the same as the 34 wt.% case.

q1[83] q2[83] q3[83] f0[30] fc[102] fF [102] ϵN [101] SN [101] fN [102]

1.5 1 2.25 0.0017 0.1 0.45 0.3 0.1 0.25
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pressure tolerated by the material, ϵ̇ is the strain rate, and ϵ̇0 is the reference strain

rate (commonly taken as 1 [57, 103, 105]). A,B,C,M , and N are material constants

which need to be calibrated for each material. The maximum value of σ∗
f is defined by

SFMAX (i.e., the maximum limitation of the normalized fractured strength). Once

the yield function satisfies Eq. (2.11), the damage begins to accumulate based on the

incremental equivalent plastic strain defined as:

∅(σ, f) = σq − σHELσ
∗, (2.11)

D =
∑ ∆ϵpeff

ϵpf
, and (2.12)

ϵpf = D1 (P
∗ + T ∗)D2 , (2.13)

where σq, D1, and D2 are deemed as material constants. To calculate pressure, P , a

polynomial equation of state (EOS) is employed, which is defined as:

P =

{

K1η +K2η
2 +K3η

3 +∆P, if η > 0

K1η, if η ≤ 0
(2.14)

∆Pt+∆t = −K1ηt+∆t +

√

(K1ηt+∆t +∆Pt)
2 + 2βK1∆U, (2.15)

∆U = Ut − Ut+∆t, and (2.16)

U =
σ2
y

6G
, (2.17)

where K1 denotes the bulk modulus, K2 and K3 are material constants, η is the

specific volume, U represents the internal energy which is related to the equivalent

plastic flow stress σy by a quadratic expression, β is the fraction of the elastic energy

loss converted to potential hydrostatic energy, and the shear modulus is shown by G.

The 21 constants of the JH2 model for Al2O3 were obtained from previous studies

[57, 105], and are summarized in Table 2.2.
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2.5.3 The cohesive zone model for the interfacial debonding

The cohesive zone model (CZM) formulation was first proposed by Barrenblatt [84]

and Dugdale [106] and is now widely used as an effective approach for modeling the

fracture process in materials such as polymers, metals, ceramics, concretes and lami-

nated composites [107]. In the CZM used in this study, it is assumed that matrix/-

particle interface debonding occurs when the quadratic interaction function involving

the nominal stress ratios attains unity as follows [69]:

Table 2.2: The JH2 constants used for Al2O3 reinforcing particles [57, 105]

Parameter Value Unit

A 0.93 -

B 0.31 -

N 0.6 -

M 0.6 -

C 0 -

K1 193 GPa

K2 0 GPa

K3 0 GPa

d1 0.005 -

d2 1 -

ρ 3890 kg/m3

G 155 GPa

T 0.6 GPa

HEL 10.5 GPa

PHEL 4.5 GPa

σi,max 12.2 GPa

σf,max 1.3 GPa

ϵf,min 0 -

ϵf,max 0.2 -

β 1 -
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(

Tn
T 0
n

)2

+

(

Ts
T 0
s

)2

+

(

Tt
T 0
t

)2

= 1 (2.18)

where, Tn, Ts, and Tt represent the tractions acting on the interface at a load increment

in normal and in two in-plane shear directions, respectively. Likewise, T 0
n , T

0
s , and T

0
t

denotes the tractions at the onset of damage initiation in the normal and two in-plane

shear directions. Note that the normal traction is tensile, and purely compressive

stress does not lead to decohesion. The components of the traction-separation law

are written as:

Tn =

{

(1−D)T ∗
n , if T ∗

n ≥ 0

T ∗
n , if T ∗

n < 0
(2.19)

Ts = (1−D)T ∗
s , and (2.20)

Tt = (1−D)T ∗
t , (2.21)

where T ∗
n , T

∗
s , and T ∗

t are the stress components calculated by the elastic traction-

separation behavior for the current strain prior to the damage initiation. D, specif-

ically denotes the damage variable which begins to gradually increase from 0 to 1

with further loading once the debonding initiation criterion expressed by Eq. (2.18)

is met. The damage variable is defined as [69]:

D =



















0, if δmax
m ≤ δ0m

δ
f
m(δmax

m −δ0m)
δmax
m

(

δ
f
m−δ0m

) , if δ0m < δmax
m < δmax

f , and

1, if δmax
m > δmax

f

(2.22)

where, δ0m and δfm represent the effective separations at damage initiation and complete

failure, respectively. The maximum value of the effective displacement during the

loading process at each increment is denoted by δmax
m . The effective separation at

each load increment δm is calculated as [69]:

δm =
√

δ2n + δ2s + δ2t , (2.23)

where, δn, δs, δt are the nominal separations in the normal and two in-plane shear

directions, respectively. To obtain the effective separation at complete decohesion,

one can use the fracture energy Gc, which is given as:

26



δfm =
2Gc

T ∗
n

, (2.24)

The CZM constants [103] used in this study are presented in Table 2.3. For Al-

MMC composites, the CZM constants have been reported in different ranges in pre-

vious studies [27, 41, 108–110]. For example, the reported values for the interface

strength varies from a quantity on the order of MPa [109] to GPa [110]. The values

in Table 2.3 were selected to establish the best match between the experimental and

numerical outcomes in this research study.

2.6 Results

2.6.1 Quasi-static compression

The numerically predicted results for Al-34 wt.% Al2O3, and Al-46 wt.% Al2O3 coat-

ings under quasi-static compression are compared with those of the experiments in

terms of the stress versus strain histories and observed failure mechanisms. This can

provide insights for establishing an accurate computational framework to further ex-

plore the behavior of the material that can eventually give rise to a tool for material

design and optimization. Shown in Fig. 2.4 is the predicted stress-strain responses in

comparison to those measured by experiments. The pure Al and MMC samples were

all experimentally tested in different directions, namely the nozzle traverse (travel)

direction, the second in-plane direction perpendicular to the nozzle travel direction,

and the deposition direction represented by X, Y, and Z, respectively, in Fig. 2.4.

For the pure Al matrix, the results based on the data for the Z-direction was

compared to the experiment, as shown in the red solid curve in Fig. 2.4. The pre-

dicted curve for the pure Al matrix aligns with the experimentally measured one,

Table 2.3: Summary of the matrix/particle interface properties.

Parameter Knn, Kss, Ktt T 0
n , T

0
s , T

0
t [109] δ

f
m [109]

Value 2E7 MPa.mm−1 705 MPa 0.00035 mm
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Fig. 2.4: Numerical (Num) and experimental (Exp) stress-strain responses under
quasi-static compression for different weight percentage of alumina in the Al matrix.
The cuboidal samples were all tested in three different directions denoted by X, Y,
and Z corresponding to the nozzle moving direction, the second in-plane direction
perpendicular to the nozzle moving direction, and the deposition direction, respec-
tively. The dashed curves correspond to the experimental responses for each coating
and the solid curves represent the associated numerically predicted behavior.

which shows the accuracy of the approach for modeling the pure Al coating. Re-

garding the predicted responses for the MMCs, the model can reasonably capture the

stiffness (i.e., the Young’s modulus) and the maximum load bearing capacity of the

composite coatings with different reinforcing particle concentrations. In addition, the

experimental trend towards decreasing ductility with increase in reinforcing particle

content from 34 wt.% to 46 wt.% is reasonably reflected in the numerically predicted
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curves. Namely, plastic deformation in the Al-34 wt.% Al2O3 composite coating be-

gins to take place in the model at a strain of 0.6%, which leads to a yield stress of

141 MPa. The experimental yield strain ranges from 0.53% to 0.65% and yield stress

ranges from 135 MPa to 178 MPa based on the different coordinate directions that

were explored. The model tends to slightly underestimate the yield stress of the MMC

with 34wt% of the reinforcing inclusions. The model’s underestimation of the yield

stress is likely due to cold working, which introduces a hardening and strengthening

effect in the matrix during the cold spray process. This hardening effect is a result

of the high-velocity hard ceramic particles impacting on the Al grains [5, 111], which

is not yet considered in the model. In addition to cold working, there are also other

mechanisms that are likely to cause the deviations observed between the predicted

and experimental stress versus strain histories as it relates to strain hardening behav-

ior and elongation at failure. Among these mechanisms, grain size effects [112, 113]

(e.g., Hall-Petch relationship [114]), which require implementation of strain gradient

plasticity models [115] in the model of this study, may also play a role.

Fig. 2.5 illustrates the contour of the plastic deformation [58], interfacial failure

[79], and particle cracking [41] at two different axial strains during the loading process

for the Al-34 wt.% Al2O3 composite. With further application of load, the plastic

strain begins to accumulate in the ligament (i.e., the interstitial regions) between the

particles that are closely aligned together (see Fig. 2.5 (a)), which has been reported

in previous studies of 2D RVEs [58]. The localization of plastic strain leads to the

growth of the void volume fraction in the matrix resulting in a gradual decrease in

the matrix flow stress (see the solid black curve in Fig. 2.4). In addition, as the strain

exceeds 4%, matrix/particle debonding and a particle cracking failure mechanism

manifest and develop with the increase in applied load within the RVE (see Fig. 2.5

(b) and (c)), particularly at the sharp corners and concaves of the particles [58]. This

behavior can be attributed to the mismatch between the mechanical constants and the

stress concentration at the curvilinear interfaces [37]. Consequently, the flow stress
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Fig. 2.5: The numerically predicted manifestation and evolution of the damage
mechanisms in Al-34 wt.% Al2O3 MMC at an axial strain of 4% and 10%: (a) The
equivalent plastic strain (PEEQ), which reveals the evolution of plastic deformation
in the thin ligaments between the ceramic particles; (b) The data shows the scatter of
matrix/particle debonding failure criterion demonstrating the initiation of interfacial
failure at the sharp corners of inclusions; (c) The distribution of the JH2 damage
parameter shows the accumulation of damage and element removal in the concaves
of particles either at the boundary surfaces or considerably close to each other; (d)
SEM micrograph of the Al-34 wt.% Al2O3 MMC subject to quasi-static compression
showing the localized occurrence of damage mechanisms (e.g., matrix ductile failure,
and matrix/particle decohesion) at a micro length scale, which does not lead to the
coalescence of micro cracks and global failure of the composite at the macro scale.
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remains almost constant from 5% strain to a strain of 15%, and then rises slightly

with further increase in load up to the end of the loading cycle. This behavior

is also reflected in the experimental curves, as matrix failure happens locally and

does not lead to fracture of the sample (Fig. 2.4 - the dashed curves for the 34 wt.%

Al2O3 MMCs). From simulation, it can be implied that the spatial distribution of the

particles that is affected by the number of particles and the mean free path parameter

(i.e., inter-particle spacing of the reinforcing phase) [116] – which is determined by

the weight percentage of the inclusions – does not lead to fracture of the Al-34 wt.%

Al2O3 MMC sample. This is attributable to the number of thin ligaments, which is

not critical enough to develop a 45°shear band [54, 58], fracturing the specimen. This

numerical implication (i.e., the micro cracks in the matrix do not evolve to fracture the

sample) is also corroborated by the experimental observation of the deformed sample

at the end of the loading and the corresponding SEM micrograph shown in Fig. 2.5

(d). As shown, damage mechanisms such as ductile matrix failure and interfacial

decohesion emerge locally, leading to the formation of dispersed micro cracks that

do not coalesce to cause failure in the sample at macro length scales. For the Al-46

wt.% Al2O3 composite, the predicted yield strain and yield strength are 0.7% and

253 MPa, respectively, while the measured yield strain varies between 0.79% and

0.83% and yield strength varies between 298 MPa and 317 MPa for the different

coordinate directions. The larger discrepancy in the predicted yield stress of the Al-

46 wt.% Al2O3 MMC compared to that of the Al-34 wt.% Al2O3 MMC can be another

indication of the importance of including the cold spray-induced hardening effect [4,

5] in the model in order to produce more accurate numerical results, especially for

the MMCs with a high percentage of particle reinforcement. Additionally, the earlier

onset of the debonding failure mechanism in the model compared to the experiments

can also play a role in the loss of stiffness prior to achieving peak load. Fig. 2.6 and

Fig. 2.7 draw a comparison between the numerically predicted and experimentally

observed failure mechanisms in the Al-46 wt.% Al2O3 composite. As shown, the FE
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Fig. 2.6: The numerical qualitative results for the Al-46 wt.% Al2O3 MMC shown
at an axial strain of 4% and 10%: (a) The contour shows the distribution of void
volume fraction in the Al matrix, which accumulates in the thin ligaments between
the alumina particles forming ∼ 45°shear cracks as the strain reaches 10%; (b) The
spatial distribution of matrix/particle decohesion damage variable (CSDMG) which
illustrates more severely debonding failure compared to the Al-34 wt.% Al2O3 MMC
(see Fig. 5(b)). This results in loss of stiffness and load sustaining capacity as shown
in Fig. 4 (see the solid blue curve); (c) The data illustrates the evolution of particle
cracking initiating from the sharp corners within the RVE as the axial strain increases
from 4% to 10%.

model can capture the occurrence of the three competitive damage mechanisms (i.e.,

matrix ductile failure, matrix/particle debonding, and particle cracking) of ceramic-
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Fig. 2.7: SEM micrograph of the Al-46 wt.% Al2O3 MMC subject to quasi-static
compression showing the simultaneous occurrence of failure mechanisms, namely ma-
trix ductile failure, matrix/particle interfacial failure, and particle cracking. The 3D
numerical predictions of the failure mechanisms (see Fig. 2.6 for more details) have
been correspondingly shown, which confirm the qualitative validity of the model. The
damaged areas are shown in black. Note that this micrograph represents the cuboidal
sample loaded in Y direction and has been observed through X (i.e., the nozzle mov-
ing direction) direction.

metal coatings under quasi-static compressive loading. In comparison to the MMC

coating with 34 wt.% alumina reinforcement, the plastic strain is severely localized

in the thin ligaments between the particles (Fig. 2.6 (a)) in the model. The model

predicts the formation of 45°shear cracks passing through the Al matrix between the

particles as observed in SEM images, as shown in Fig. 2.7. Once the strain exceeds

4%, particle cracking and matrix/particle debonding are initiated at the sharp corners

of the particles (Fig. 2.6 (b) and (c)) – which have been experimentally observed, as

shown in Fig. 2.7 – and then propagate within the RVE. These failure mechanisms

are accompanied by matrix failure due to void growth in the thin ligaments (Fig. 2.6

(a)). Once the strain exceeds 5%, the stress bearing capacity starts to decrease slightly

and then remains constant up to a strain of 12% (Fig. 2.4 – the solid blue curve).

This is a consequence of the development of the damage modes in the interfaces and

particles. The elements of the Al matrix in which the porosity has exceeded the critical
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value are removed from the mesh, leading to an abrupt decrease in load sustaining

capacity (Fig. 2.4 – the solid blue curve at a strain of ∼ 12%). This behavior is

in agreement with the experimental trend that the material’s load-sustaining ability

decreases after a given strain is reached (Fig. 2.4 – the dashed blue curves). Overall,

the reasonable agreement between the numerical and experimental findings in terms of

stress-strain behaviors and failure mechanisms reveal the applicability of the current

modelling approach to conduct parametric studies that inform tailoring particle and

concentration size and properties in order to control competition between failure

mechanisms towards improving, for example, strength-density trade-offs.

2.7 Vickers micro-indentation

The numerical outcomes of the homogenization approach were validated by Vickers

hardness experiments. In the experiments, Vickers micro-indentation was applied to

the samples with a load of up to 10 N as per ASTM Standard E384 [117]. Fig. 2.8(a)

shows the plastically deformed area after complete unloading for the homogenized

model of each MMC composite. From the figure, the diagonal length of the indented

area decreased as the particle concentration increased, which results in a higher hard-

ness. In other words, at a critical load, the composite material with a higher particle

content is less deformed due to the enhanced stiffness and flow stress induced by the

hard alumina particles.

Fig. 2.8(b) illustrates the residual von Mises stress distribution for a load of 10 N

after unloading in the homogenized model of Al-34 wt.% Al2O3 MMC. The distribu-

tion pattern for different particle concentrations is the same and the magnitude of

the residual stress rises with an increase in the percentage of alumina particles. From

Fig. 8(b), the residual stress follows a continuous distribution as the model does not

explicitly account for the microstructure, while the observations reported after using

2D heterogeneous models [80, 118] showed that the residual stress is localized between

the particles. This implies that 3D microstructure-based models are needed to study
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Fig. 2.8: (a) Numerical prediction of the indented area for the MMC composites
based on the homogenization approach. The numerically measured diagonal length,
d, of the indented profile is substituted into the Eq. (2.25) to calculate the Vickers
hardness; (b) The distribution of the residual von Mises stress in the homogenized
block of Al-34 wt.% Al2O3 composite after unloading.

how the residual stress is developed in the material more realistically. The Vickers

hardness of the numerical data was computed using [119]:

HV ≈ 0.1891
F

d2
[Kgf . mm−2], (2.25)

where F represents the applied load and d is the diagonal length of the indented area.

Shown in Fig. 2.9 are the numerically predicted Vickers hardness results in compar-

ison with the experimental ones measured in three different directions, namely the

nozzle travel direction, the deposition direction, and the third perpendicular direction

represented by X, Z, and Y, respectively, in the figure. As shown, the homogenized

model predicts the hardness of MMCs with an error of 10 ± 3% compared to the mea-

sured values. The heterogeneous modeling approach was reported to overestimate the
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Fig. 2.9: Comparison of experimental and numerical Vickers hardness of the MMC
coatings. The X, Y, Z on the horizontal axis represent the direction over which
the Vickers indentation was carried out on the samples which correspond to the
nozzle travel direction, the deposition direction, and the third perpendicular direction,
respectively. Unlike the experimental results, there is no variation in the predicted
hardness values due to the homogenization approach.

hardness of MMCs in previous studies [80, 82, 118, 120] due to particle consolida-

tion [121], which required calibration of a significant number of parameters to reach

acceptable agreement with the experiments, when compared to the homogenization

approach. However, a 3D microstructure-based model allows flexibility to investigate

the effect of the size, randomness, and morphology of the particles on the indentation

behavior and hardness of cold-sprayed MMC coatings.

2.8 Discussion

This study is the first of its kind to develop 3D finite element models to explore

the compressive behavior and hardness of Al-Al2O3 composite coatings fabricated by

low-pressure cold spray. The presented microstructure-based models for the MMC

coatings were built on previous studies of 3D modelling of tensile behavior [24, 27, 42,

36



54–56, 76, 122] and 2D modelling of the compressive response [57, 58] of particulate-

reinforced metal matrix composites. Our model culminated in an acceptable con-

sistency between the numerical and experimental findings, both quantitatively (i.e.,

based on yield strain, yield strength, and stiffness) and qualitatively (i.e., based on

initiation and propagation of damage mechanisms as well as the trends of stress ver-

sus strain histories), which lays the foundation to fill the gap in our computational

knowledge of ceramic-metal composite coatings. The extended 3D models of Al-Al2O3

MMC coatings were generated by Digimat software, where microstructural charac-

teristics obtained by SEM micrographs and EDS analysis [30] were incorporated into

the model, including the distribution of size, shape, and weight fraction (i.e., ∼ 34wt.

% and ∼ 46wt. %) of reinforcing ceramic particles. Once the RVEs were generated,

the models were validated using the experimental outcomes in terms of quantitative

(i.e., stress versus strain histories) and qualitative (i.e., failure mechanisms) compar-

isons. This method of validation has also been used in previous studies [40, 44, 92,

123]. The experimental measurements linked with the DIC technique showed that

the compressive strength of the material was between 135 MPa and 178 MPa for the

composite with 34wt. % of alumina and between 298 MPa and 317 MPa for the

composite with 46wt. % of alumina. These are among the highest values reported

in the literature [124–126] due to the fabrication strategy in this research that em-

ploys both matrix strengthening and dispersion strengthening mechanisms [30]. In

addition, the measured stiffness of our coatings varied from 28 GPa to 62 GPa for

the Al-34 wt. % Al2O3 composites and from 48 GPa to 63 GPa for the Al-46 wt.%

Al2O3 composites. The developed model predicted the strength of the material with

an error based on the average experimental quantities of 9.6% and 17.6% for the 34wt.

% alumina and the 46wt. % alumina samples, respectively. As well, the numerical

prediction of the stiffness yielded a value of 38 GPa and 53 GPa for the 34wt. %

alumina and the 46wt. % alumina MMCs, respectively, resulting in an error of 15.5

% and 4.5% with respect to the average measured values. With the maximum error
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of 17.6%, the model is reasonably in quantitative agreement with the experimental

outcomes. Qualitatively, for the first time to the best of our knowledge, the manifes-

tation and evolution of experimentally observed failure mechanisms in ceramic-metal

coatings under compression (i.e., matrix ductile failure, matrix/particle debonding,

and particle cracking) were all numerically captured through a 3D micromechanical

finite element framework. This improves upon previous studies using 2D models [37,

57, 58] or single-particle 3D models [76]. Additionally, the necessity of developing 3D

models in this study was illustrated by Bohm et al. [127] and Soppa et al. [128] to

adequately capture the plastic strain distribution in two-phase materials.

Finally, the deviations between the simulation and experimental results can stem

from the differences between the assumed and real boundary conditions [129], the

complexities of the real microstructures such as reinforcing particle clustering [123]

that are not yet incorporated into the generated RVEs, the fracture of reinforcing par-

ticles during the cold spray deposition process [5] leading to damage accumulation,

and the increase in porosity due to interface decohesion and particle cracking [130],

which are not considered in the GTN model implemented in the present study. In ad-

dition, the work hardening effect [131] induced in the Al matrix by the high-velocity

impact of hard ceramic particles gives rise to significant increase in dislocation density

[132], which results in higher strength and hardness in the experimental samples when

compared to the model material systems. To account for these crystallographic ori-

entation effects [133] in the model, electron back scattering diffraction (EBSD)-based

RVEs [134, 135] can be employed in the future as a promising future direction to

numerically explore the micromechanical behavior of MMC coatings. Altogether, the

presented model established a reasonable match between the predicted and measured

outcomes which allows for further exploration of the microstructure-property rela-

tionships of the material (i.e., the effect of matrix porosity [33] as well as particle size

[16, 46], shape [45], and distribution [47] of particles on the macro-scale behavior).

This paves the way to create a 3D computational tool for the design and optimization
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of ceramic-metal cold-sprayed composite coatings via tailoring the microstructure.

2.9 Conclusion

This study explored the behavior of Al-Al2O3 composite coatings under quasi-static

compression and indentation loading via FE analysis, both quantitatively (i.e., stress

versus strain response) and qualitatively (i.e., the manifestation of damage mecha-

nisms, including matrix ductile failure, interfacial debonding, and particle cracking).

For the FE models, 3D RVEs were generated by Digimat software based on the

microstructural features of the MMC coating samples with different particle concen-

trations, and the homogenization approach was employed for modeling the Vickers

micro-indentation test. To account for the matrix ductile failure and the matrix/par-

ticle decohesion, the GTN model and the CZM approach were employed, respectively.

The ceramic particles were modeled using the phenomenological JH2 model to incor-

porate particle damage accumulation. The FE model was validated by stress-strain

histories, Vickers hardness, and damage mechanisms obtained experimentally, and a

reasonable agreement was observed between the results. Altogether, the outcomes

of this study confirm the applicability of the model to be used as a computational

tool for spatially tailoring matrix and particle properties and geometries to develop

high-performing gradiented coating structures.
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Chapter 3

Micromechanical damage analysis
of Al-Al2O3 composites via
cold-spray additive manufacturing

Published as Saman Sayahlatifi, Zahra Zaiemyekeh, Chenwei Shao, André Mc-

Donald, and James David Hogan, “Micromechanical damage analysis of Al-Al2O3

composites via cold-spray additive manufacturing”. Published in the International

Journal of Mechanical Sciences, vol. 259, p. 108 573, 2023.

3.1 Abstract

3D micro-scale finite element (FE) models were developed to analyze the stress-state-

dependent initiation and growth of failure of cold-sprayed additively manufactured
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(CSAM) Al-Al2O3 composites. Informed by experimental particle size distributions

and porosity measurements, representative volume elements (RVEs) were generated

by Digimat. Stress-state-dependent constitutive models for the Al matrix and Al2O3

ceramic particles were implemented by VUMAT subroutines in Abaqus/Explicit FE

solver. For the first time in the literature on metal-ceramic composites, the microscale

failure mechanisms involving matrix ductile failure, particle cracking, and matrix/-

particle debonding were all quantified based on the crack volume fraction, the fraction

of cracked particles, and the fraction of fully debonded interfacial nodes, respectively.

The FE model was quantitatively and qualitatively validated by the experimental

data for Al-46 wt.% Al2O3 under quasi-static uniaxial compression. The validated

model was used to investigate the effect of the particle content and size on the mate-

rial behavior subjected to different stress states. The results revealed that the failure

mechanisms are activated in a specified order across different stress states: I. matrix/-

particle debonding, II. particle cracking, and III. matrix ductile failure. The material

ductility observed under compression/shear vanishes under tension due to the earlier

activation of debonding and the faster growth (∼ 10 times) of the particle crack-

ing mechanism. Additionally, it was shown that the particle size minimally affects

the material strength and flow stress under shear which is likely related to the low

load transfer effect through the interfaces. The novelty of this work stems from the

provision of a better understanding of the stress-state-dependent evolution of failure

mechanisms through a systematic quantification framework whose outcomes have im-

plications for the design of better-performing Al-Al2O3 composites via control of the

evolution of failure mechanisms and developing micromechanism-based constitutive

models for CSAM metal-ceramic materials.

3.2 Introduction

Al-Al2O3 composites have been commonly used in different industrial sectors (e.g., au-

tomotive and aerospace [136]) owing to their enhanced weight-specific stiffness/strength
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[19], hardness [28], wear resistance [137], and thermal properties [138]. However, con-

ventional manufacturing methods such as powder metallurgy [126] and casting [139]

induce microstructural defects, including high void volume fraction and agglomera-

tion of particles that restrict the performance of Al-Al2O3 composites. More recently,

cold spray deposition is gaining popularity as an additive manufacturing technology

[4] that can overcome some barriers of traditional approaches by preventing phase

transformation, thermal residual stresses, melting, and oxidation [5]. Over the last

decade, different CSAM Al-based composites, including Al-Al2O3 [140], Al-SiC [141],

Al-TiB2 [142], and Al-B4C [143], highlight the potentials and advantages of cold spray

in the concept of additive manufacturing. In their studies, Shao et al. [30, 144] fabri-

cated a CSAM Al-46 wt.% Al2O3 composite that possesses the highest strength when

compared to the traditionally made counterparts. To date, few studies in CSAM, and

metal-based composites [72, 145], in general, have sought to explore the evolution and

competition of failure mechanisms towards more optimized materials design, which

is the focus of this paper.

In numerous experimental studies in the literature on ceramic particle-reinforced

Al-based composites (e.g., Al-Al2O3 [140], Al-SiCp [146], and Al6061-B4Cp [147] com-

posites), the failure mechanisms were qualitatively investigated through SEM frac-

tography only after testing, particularly under uniaxial tension. Wang et al. [148]

studied the behavior of nacre-like 2024Al-B4Cp composites produced by the freeze

casting and pressure infiltration under quasi-static and dynamic compression, and

the failure mechanisms were quantified based on the number fraction. It was shown

that the particle cracking and matrix deformation possesses the highest (68%) and

lowest (10%) quantity, respectively, for the composite with 50 vol.% of particles un-

der a quasi-static loading rate. Lee et al. [145] investigated the effect of particle size

on the compressive response of 7075-T6 Al-SiCp composites fabricated by the liquid

pressing process. Through the quantification of failure mechanisms based on number

fraction, it was revealed that a bimodal particle size distribution homogenizes the
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propensity of failure mechanisms and this improves the strength-ductility trade-off of

the material. Very recently, Yang et al. [72] studied the evolution of particle cracking

and matrix failure mechanisms of Al-SiCp composites synthesized by powder metal-

lurgy processes under in-situ tensile testing. The particle cracking and matrix failure

mechanisms were quantified based on the fraction number of cracked particles and

the surface density of slip bands, respectively, while the interfacial failure was not

considered. By tracking the evolution of mechanisms during loading, Yang et al. [72]

showed how the interaction of the matrix and reinforcing particle properties affect

the composite material performance.

In spite of experimental efforts to analyze the evolution of failure mechanisms of

metal-ceramic composites primarily manufactured by conventional approaches, com-

putational mechanistic approaches are not typically leveraged in the literature to

quantitatively capture the history of initiation/competition of the mechanisms. In

numerical studies on metal-ceramic composites, 2D [41] and 3D [62] RVEs with sim-

plified [55] and realistic [27] representations of particle morphology were modeled,

with most works being under a tensile-dominated stress state [122, 149–151], despite

these materials being widely used as coatings [16, 54] in compression-dominated ap-

plications (e.g., wear in oil and gas [70], abrasion in landing gear [152]). Ma et al. [42]

modeled 3D microstructure-based RVEs of Al356-Al3Ti composites subjected to uni-

axial tension with the assumption of perfect matrix/particle bonding. It was shown

that the fracture strain decreases with the increase in the volume fraction of clustered

particles. Among limited numerical studies focusing on other stress states (e.g., the

work by Amirian et al. [92] and Jiang et al. [153] on the compressive response of

(γ + α2)-TiAl/Al2O3 cermets and ZTAp/40cr composites, respectively), Balokhonov

et al. [154] studied the fracture behavior of Al6061T6-ZrC composites under both

tension and compression. In their study, a single ZrC particle was modeled as an

embedded inclusion in a polycrystalline Al matrix with perfect interfacial bonding.

It was shown that the tensile strength of the composite is lower than its compressive
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strength due to the earlier activation of crack growth in the particle under tension.

To the best of our knowledge, no computational FE model has yet been developed to

quantitatively analyze the evolution and competition of multiple failure mechanisms

under different stress states of metal-ceramic composites, specifically novel CSAM

composites. The development of such a model is important as it systematically un-

ravels the evolution of failure mechanisms that govern material behavior. In addition,

these models enable us to design and optimize the material performance by controlling

the initiation/competition of failure mechanisms via microstructural tailoring.

In this study, we build on the previous computational efforts on micromechan-

ical modeling of the failure of metal-ceramic composites [27, 41–43, 61, 76, 122,

154] to fill the gap in stress-state-dependent quantitative damage growth analysis in

CSAM metal-based materials. Microstructure-informed RVEs of CSAM Al-46 wt.%

Al2O3 composites were developed by using Digimat software, and an experimental

log-normal particle size distribution was considered. To model the failure of the Al

matrix, the model by Zhou et al. [64] was implemented by a VUMAT subroutine

in Abaqus/Explicit FE solver that allows ductile failure to be accounted for under

different stress states. The matrix failure mechanism was quantified based on the

matrix crack volume fraction [155]. The Al2O3 ceramic particles were modeled by a

viscosity-regularized Johnson-Holmquist II model (i.e., the JH2-V model [65]) that

was implemented by another VUMAT subroutine. The JH2-V model mitigates the

mesh dependency of results and allows us to better account for the asymmetry of

damage growth in ceramics under tension and compression [156], and particle crack-

ing mechanism was quantified based on the number fraction of cracked particles [72].

The matrix/particle interfaces were modeled by a surface-based bi-linear cohesive

zone model (CZM) [69], and this mechanism was quantified based on the number

fraction of fully debonded nodes at the interfaces [157]. The simulations in this study

are conducted for a quasi-static loading rate of 10−3 s−1. After the quantitative (i.e.,

stress-strain and lateral strain-axial strain curves) and qualitative (i.e., the emergence
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of the failure mechanisms in the SEM images) validation with experimental data, the

verified model was leveraged for the analysis of strengthening mechanisms of the

CSAM composite material via load partitioning between the constituents [158], the

effect of particle weight fraction, stress-state-depended failure of the material, and the

effect of particle size under different stress states with consideration for the evolution

of identified failure mechanisms. In the future, this work has implications for de-

veloping a micromechanism-based constitutive model [159] for CSAM metal-ceramic

materials based on the provided history of failure mechanisms.

3.3 Methodology

In this section, the experimental methodologies for the fabrication and characteri-

zation of the CSAM Al-46 wt.% Al2O3 composites are first briefly discussed in Sec-

tion 3.3.1. For more details on the experimental approaches, the reader is referred

to the work by Shao et al. [30, 144]. Secondly in Section 3.3.2, the generation of

RVEs of the material by Digimat software and informed by the microstructural fea-

tures in terms of particle content, particle size distribution, and porosity is outlined,

and the numerical setups are detailed (i.e., boundary conditions, loading, and model

discretization). Lastly in Section 3.3.3, the theoretical framework for constitutive

modeling of the Al matrix, Al2O3 ceramic particles, and matrix/particle interfaces by

the Zhou model [64], the JH2-V model [65], and the bi-linear cohesive zone modeling,

respectively, is presented.

3.3.1 Material fabrication and characterization

Al-46 wt.% Al2O3 composites were additively manufactured using a low-pressure

cold spray robotized system (SST series P, CenterLine Ltd., Windsor, ON, Canada)

equipped with a volumetric powder feeder (5MPE, Oerlikon Metco, Westbury, NY,

USA). The as-received Al and Al2O3 powders were sieved to acquire a size variation of

40 to 60 µm and 30 to 45 µm, respectively, as shown in Fig. 3.1(a). A powder mixture
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Fig. 3.1: Schematic of the experimental methodology for fabricating and testing
of CSAM Al-46 wt.% Al2O3 composites: (a) Aluminum and Al2O3 powders after
sieving with a size distribution of 40 to 60 µm and 30 to 45 µm, respectively. (b)
An SEM image of the CSAM Al-46 wt.% Al2O3 composite microstructure. (c) Al2O3

particle size distribution obtained by ImageJ software based on SEM images of the
composite. The particle size distribution follows a log-normal curve with mean and
standard deviation values of 2.04 µm and 0.54, respectively, that was used to generate
the microstructure-informed RVEs by Digimat software. (d) The cuboidal specimen
with dimensions of 2.3 mm × 2.7 mm × 3.5 mm cut by electrical discharge machining
from the CSAM bulk Al-46 wt.% Al2O3 composite. The specimen was loaded under
quasi-static uniaxial compression at a rate of 10−3 s−1. Note that the speckle pattern
on the sample surface was applied to capture the strain fields with DIC analysis.
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with 90wt.% of Al2O3 was prepared from the sieved powders that led to a deposited

composite reinforced with 46 ± 2.04 wt.% of ceramic particles. The powder blend

was deposited on a 6061 Al substrate with a thickness of 5 mm, and this process was

guided by the robotized (Motoman HP-20, Yaskawa Electric Corp., Waukegan, IL,

USA) nozzle with a traverse speed of 15 mm s−1 to manufacture the bulk Al-Al2O3

composite layer-by-layer. Complete details of the manufacturing procedures are found

in [30, 144]. As shown in Fig. 3.1(b), the material microstructure was characterized by

using a field-emission SEM coupled with energy-dispersive x-ray spectroscopy (EDS)

operated at 20 kV (Zeiss Sigma, Oberkochen, Baden-Württemberg, Germany). Using

ImagePro software and the SEM images, the porosity of the composite was calculated

to be 0.17± 0.03 vol.% [30]. To inform the microstructure-based model, the SEM im-

ages were analyzed by ImageJ software, and a log-normal distribution of the particle

sizes with a mean value of 2.04 µm and a standard deviation of 0.54 was obtained,

as shown in Fig. 3.1(c). The cumulative distribution on the histogram in Fig. 3.1(c)

shows that ∼ 85% of Al2O3 particles are smaller than 12.5 µm, which is ∼ 3 to 4 times

lower than that of the sieved Al2O3 in the feedstock powder; this is attributable to the

fragmentation of hard Al2O3 particles during the cold spray process [160]. Fig. 3.1(d)

shows the cuboidal test specimen with dimensions of 2.3 mm × 2.7 mm × 3.5 mm

that was cut from the CSAM bulk Al-46 wt.% Al2O3 composite. By using an Instron

3365 testing machine (Instron, Norwood, Massachusetts, USA), the specimens were

loaded under uniaxial compression along the length of 3.5 mm (see Fig. 3.1(d)) at

a rate of 10−3 s−1 and at room temperature. The digital image correlation (DIC)

technique was used to capture the strain fields developed in the specimen. The DIC

data was analyzed by VIC-2D (v6 2018) software to obtain the surface average strain

histories for plotting stress-strain and lateral strain-axial strain curves. The DIC

methodology is detailed in Shao et al. [30, 144]. The specimens were centrally placed

between M2-graded high-speed steel platens with a 1-inch diameter. The interfaces

were lubricated by extreme pressure grease to minimize the effect of friction, thereby
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allowing free lateral expansion.

3.3.2 Micromechanical model and numerical procedures

Informed by the SEM image-driven measurements, the microstructure-based model

for the CSAM Al-46 wt.% Al2O3 composite was produced by Digimat software. In

the current cold-sprayed materials, the Al matrix has a complex polycrystalline mi-

crostructure with a bi-modal grain size distribution, where zones of ultra-fine grains

are irregularly embedded inside coarser grains [144], which may not be successfully re-

producible with the current algorithms [161, 162] for the generation of polycrystalline

RVEs. Additionally, the large number of Al2O3 particles present in the microstructure

of the Al-46 wt.% Al2O3 composite interfere with the signal acquisition of electron

backscatter diffraction (EBSD) data on the orientation of Al matrix grains which

are the inputs into crystal plasticity models [163, 164]. Inspired by the previous

studies on particulate reinforced metal matrix composites [42, 43, 122, 149, 165], the

Al matrix in this study was simplified as a homogeneous continuum constitutively

modeled by a stress-state-dependent ductile failure model [64] that will be detailed in

Section 3.3.3. As shown in Fig. 3.1(b), the Al2O3 particles in the CSAM Al-46 wt.%

Al2O3 composite microstructure represent complex irregularities including clusters

of irregularly shaped/oriented particles, particle contiguity, and particle fragments.

Alongside the high computational cost of the inclusion of such features in the model,

these morphological characteristics of particles may not be fully reconstructible by

the available mathematical algorithms [166, 167], to the best of the authors’ knowl-

edge. As shown in Fig. 3.2(a), the irregular morphology of ceramic particles was

reproduced by a 20-faced polyhedron geometry as a simplification that is also em-

ployed in the literature [42, 89, 90] on metal-ceramic composites. The Al2O3 particles

with a 3D random orientation were generated based on the experimental log-normal

size distribution in Fig. 3.1(c), and were randomly distributed in the domain of the

cubic RVE with a length size of 25 µm (see Fig. 3.2(a)). The selection of the RVE
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Fig. 3.2: The model description and numerical methodology: (a) The
microstructure-informed RVE generated by Digimat for the CSAM Al-46 wt.% Al2O3

composite. Randomly oriented icosahedron-shaped (i.e., 20-faced polyhedron) Al2O3

particles were randomly distributed in the Al matrix with the size distribution rep-
resented in Fig. 3.1(c). Initial pores with an icosahedron morphology and with a
volume fraction of 0.17% and a size of 1.5 µm were randomly dispersed in the ma-
trix. (b) The mixed static-kinematic boundary condition [43] for applying the load
on the RVE through displacement control with a smooth step amplitude. (c) The
history of nominal axial strain applied to the model by displacement control and the
balance of the internal (ALLIE) and the kinetic (ALLKE) energies which confirms
the quasi-static condition (i.e., ALLKE/ALLIE ≤ 10%) [91]. (d) A summary of the
mesh convergence study, including the element size, the number of elements, and
the corresponding computational runtime. The element size of 0.75 µm was selected
for further studies and this was chosen to balance the runtime and accuracy (see
Fig. 3.3(b)).
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length size is discussed in Section 3.4.1. To successfully reconstruct an RVE with

the targeted high particle weight faction of 46%, the particles were allowed to cross

the boundaries, and their size was restricted to a maximum size of 12.5 µm, given

that ∼ 85% of particles is measured to be less than 12.5 µm, as shown in Fig. 3.1(c).

As represented in blue in Fig. 3.2(a), randomly oriented polyhedron-shaped pores

with a volume fraction of 0.17% and a size of 1.5 µm were randomly incorporated

into the Al matrix. With the length of 25 µm, the synthesized RVE of the Al-46

wt.% Al2O3 composite comprised of 135 particles and 41 pores (see Fig. 3.2(a)). To

prevent inducing Abaqus/Explicit FE solver-related negative effects on the predicted

results and decrease the computational time [71], the conventional periodic bound-

ary condition (PBC) [168] was not applied in this study. As shown in Fig. 3.2(b),

a mixed static-kinematic boundary condition [43] was used to apply the load on the

RVE. To do so, the top and bottom boundary surfaces were kinematically coupled

with the corresponding reference points (i.e., RP-1 and RP-2 in red, respectively)

in all degrees of freedom (DOFs). The RP-2 was only restricted in the Y direction,

while a displacement in the Y direction as the loading axis was applied to RP-1 via a

smooth step amplitude to suppress the kinetic energy. For both the RPs, the in-plane

DOFs (i.e., X and Z directions) were unrestricted to be computed by the FE solver

based on equilibrium conditions and the material response. The lateral surfaces were

allowed to deform freely. As shown in Fig. 3.2(c), a time step of 225 s was considered

for the simulations that allowed inducing a nominal axial strain (ϵyy) history in the

composite with a rate of 10−3 s−1 in alignment with that of the experiments. In ad-

dition, the balance of the internal energy (ALLIE) and the kinetic energy (ALLKE)

of the system was monitored to ensure the validity of the quasi-static condition. As

seen, the ALLKE remains less than ∼ 10% of the ALLIE throughout the loading

history, which confirms the quasi-static condition [91]. Given the small stable time

increment in the explicit solver (∆tstable is O (10−12 s) in our study), a fixed mass

scaling parameter of 1.44 × 1016 was applied to the whole RVE at the beginning of
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the simulation to lower the computational time. The Al matrix and Al2O3 particles

were discretized with 10-node modified quadratic tetrahedron (C3D10M) elements

with a tetrahedron geometry. Fig. 3.2(d) shows a summary of the mesh convergence

study in terms of the computational runtime and the number of elements associated

with the selected mesh sizes. An element size of 0.75 µm was chosen for the simula-

tions and this balances the runtime and accuracy (see Section 3.4.1 for more details).

Accordingly, the micromechanical model of the CSAM Al-46 wt.% Al2O3 composite

was made up of 276,272 C3D10M elements, 438,513 nodes, and 1,105,088 integration

points. The models were run by using high-performance parallel computing on the

Graham cluster of Compute Canada by using 5 nodes (i.e., 160 cores).

3.3.3 Material constitutive models

Stress-state-dependent ductile failure model

In metal-ceramic composites, the presence of randomly distributed hard particles

with irregular geometries induces multiple time-evolving stress states in the metallic

matrix. To account for this phenomenon, the model by Zhou et al. [64] (Zhou

model, hereafter) was implemented by a VUMAT subroutine in this study; the Zhou

model modifies the widely used GTN model [93] to capture the ductile failure under

compression/shear dominated stress states through the incorporation of the stress

triaxiality and the Lode angle parameters [48]. The ductile failure is triggered when

the yield surface of the Zhou model exceeds zero as:

Φ (σ, f ∗, Ds) =

(

σq
σy

)2

+ 2q1f
∗ cosh

(

3q2p

2σy

)

−
(

1 +D2 − 2Ds

)

= 0, (3.1)

where σy is the flow stress of the material, p and σq are the hydrostatic and deviatoric

stress components, respectively; D = q1f
∗+Ds represents the effective damage which

combines the tension-induced void growth (f ∗) proposed by Tvergaard and Needle-

man [93] and the contribution of void distortion/sheeting damage mechanism [169]

(Ds) when shear deformation dominates; q1 and q2 are material constants proposed

51



by Tvergaard [170] to better account for void coalescence phenomenon. Known as

effective porosity, f ∗ controls ductile failure under tension and is defined as:

f ∗ =















f if f ≤ fc

fc +
f∗

u−fc
fF−fc

(f − fc) if fc ≤ f ≤ fF ,

f ∗
u if f ≥ fF

(3.2)

where fc is the critical porosity to trigger void coalescence; f ∗
u = 1

q1
corresponds to zero

stress carrying capacity; and fF denotes the porosity at complete failure. The porosity

(f) increases due to the nucleation of new voids (ḟn) and the growth of existing

voids (ḟg). The void nucleation is assumed to follow a normal distribution function

[99] based on the equivalent plastic strain ϵ̄pM exclusively under tensile hydrostatic

pressure. Assuming the material is plastically incompressible, the void growth rate is

linked with the plastic volume increment. Accordingly, the functions are written as

follows:

ḟ = ḟn + ḟg, (3.3)

ḟn = An ˙̄ϵ
p
M , (3.4)

An =











fN
SN

√
2π
e
−0.5

(

ϵ̄
p
M

−ϵN

SN

)

2

if p ≥ 0 , and

0 if p < 0
(3.5)

ḟg = (1− f)ϵ̇pkk, (3.6)

where ˙̄ϵpM is the equivalent plastic strain rate; ϵN and sN is the mean equivalent plastic

strain for void nucleation, and the standard deviation of the normal distribution,

respectively; ϵ̇pkk denotes the trace of the plastic strain rate tensor. In the Zhou

model, the shear damage parameter (see Ds in Eq. (3.1)) is assumed to grow as a

function of the equivalent plastic strain and the stress state as:

Ḋs = ψ(θ, T ∗)
nD

n−1

n
s

ϵfs
˙̄ϵpM , (3.7)

ψ(θ, T ∗) =

{

g(θ) if T ∗ ≥ 0 ,

g(θ)(1− k) + k if T ∗ < 0
(3.8)
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where θ and T ∗ represent the Lode angle and stress triaxiality, respectively; ψ(θ, T ∗)

is the weight factor function to account for ductile failure under compression/shear

dominated stress states; k regulates the contribution of the weight factor to damage

growth under compression; g(θ) denotes the Lode angle function proposed by Xue

[171], which is defined based on the third invariant of the deviatoric stress tensor (J3)

as:

g(θ) = 1− 6|θ|
π
, (3.9)

θ =
1

3
cos−1

(

27J3
2σ3

q

)

− π

6
. (3.10)

By considering an associative flow rule, the equivalent plastic strain and internal

parameters, including f ∗ and Ds, are obtained at each increment of loading by solving

the following partial differential equations [169] in the VUMAT subroutine through

an iterative numerical Newton-Raphson scheme [172] as:

f1 = ϵ̇pv



3q1q2f
∗ sinh

(

3q2p

2σy

)

1

σy



− ϵ̇pd

(

2q

σ2
y

)

= 0, (3.11)

f2 = Φ
(

p, q, ϵ̄pM , f
∗, Ds

)

= 0, (3.12)

where ϵ̇pv and ϵ̇pd is the volumetric and deviatoric component of the equivalent plastic

strain rate, respectively. More details on the implementation of the Zhou model are

found in the work by Zhao et al. [173]. To determine the flow stress (σy) of the

material, an isotropic hardening form with a power law definition was employed:

σy
(

ϵ̄pM
)

= σy

(

1 +
E

σy
ϵ̄pM

)n

, (3.13)

where E is the Young’s modulus, and n is a material constant to be calibrated.

Table 3.1 summarizes the Zhou model constants used for the Al matrix in this study.

The values are taken from the literature or calibrated within their physical bounds

based on a trial-and-error process to obtain the best match with the experimental

stress-strain curves (see Section 3.4.2). Note that the initial porosity parameter (f0)
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was set to be zero as the initial pores were explicitly incorporated in the RVE (see

Fig. 3.2(a)). In this study, the elements of the Al matrix were deleted when the

effective damage parameter (i.e., D = q1f
∗ +Ds, see Eq. (3.1)) reached a threshold

of nearly one (i.e., 0.99 in our implementation to avoid element distortion) [64] at

the integration points of the element. The deleted elements are eliminated from the

calculation process for updating the stress components and internal variables, while

their mass remained in effect in the domain of the model. This deletion process of fully

damaged elements in the Abaqus/Explicit FE solver allows an implicit reproduction

of cracking in the material.

The JH2-V model for particle cracking

The phenomenological viscosity-regularized plasticity JH2-V model [65] was imple-

mented by a VUMAT subroutine in Abaqus/Explicit to account for the particle crack-

ing mechanism. In the JH2-V model, the yield surface is dependent on the equivalent

plastic strain rate, and this allows for mitigation of the mesh dependency and mesh-

related localization of strain present in the JH2 model [68]. Additionally, the JH2-V

model introduces a new tri-linear formulation of fracture strain (see Eq. (3.20)) to

better control the damage growth rate under tension and compression independently

[174]. The normalized strength (σ∗) of ceramic materials is defined as a function of

pressure, accumulated damage, and equivalent plastic strain rate as:

σ∗ = σ∗
i −D

(

σ∗
i − σ∗

f

)

, (3.14)

σ∗
i = A

(

p∗ + T ∗( ˙̄ϵp)
)N

, and (3.15)

σ∗
f = B (p∗)M , (3.16)

where σ∗
i and σ∗

f is the normalized intact and fractured strength, respectively; D

represents the accumulation of damage; σ∗ = σ
σHEL

and σHEL is the equivalent stress

at the Hugoniot elastic limit; p∗ = p

pHEL
and T ∗ = T

pHEL
is the normalized pressure

and tensile hydrostatic strength, respectively, and pHEL denotes the pressure at the
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HEL. In Eq. (4.15), the hydrostatic tensile strength of the material is regulated as

a function of the equivalent plastic strain rate ˙̄ϵp that introduces rate dependency

into the yield surface of the JH2-V model (see Eq. (3.18)). The empirical constants

include A, B, M , and N which are required to be tuned for the material. In the

JH2-V model, T is linked to ˙̄ϵp as:

Table 3.1: The parameters of the material constitutive models used in this study. Note that
the values without a reference were tuned to achieve the best match with the experimental
data in this study.

Al matrix Value Al2O3 particle Value

(Zhou model) [64] (JH2-V model) [65]

E (GPa) 40 ρ (kg m−3) 3890

ν 0.33 G (GPa) 155

σy (GPa) 0.236 A 0.93 [65]

n (Eq. (3.13)) 0.025 B 0.31 [65]

q1 1.5 [170] N 0.6 [65]

q2 1 [170] M 0.6 [65]

q3 2.25 [170] K1 (GPa) 226

f0 0 K2 0 [65]

fc 0.04 K3 0 [65]

fF 0.15 [102] T0 (GPa) 0.2 [65]

ϵN 0.3 [90] HEL (GPa) 6.25 [65]

sN 0.1 [90] pHEL (GPa) 7.5 [65]

fN 0.02 [102] β 1 [65]

n (Eq. (3.7)) 10 η (GPa s) 28×10−6 [65]

k 0.5 [64] ˙̄ϵTp (s−1) 10000 [156]

ϵfs 1 ϵ̄min
p 0.00015 [65]

- - ϵ̄max
p 0.496 [65]

- - pt (GPa) -0.17 [65]

- - pc (GPa) 3.02 [65]
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T ( ˙̄ϵp) =











T0 + η ˙̄ϵp if ˙̄ϵp < ˙̄ϵTp ,
(

T0 + η ˙̄ϵp
)

(

1 +
η ˙̄ϵTp

(T0+η ˙̄ϵp)
(ln
(

˙̄ϵp
˙̄ϵTp

)

)

if ˙̄ϵp ≥ ˙̄ϵTp
(3.17)

where T0 denotes the reference tensile strength; the regularization parameters η and ˙̄ϵTp

represents the viscosity and the transitional equivalent plastic strain rate, respectively.

The latter automatically adjusts the size of the failure zone at higher strain rates.

When the yield surface of the JH2-V model (see Eq. (3.18)) is met, D gradually

increases from 0 to 1 as a function of the equivalent plastic strain (ϵ̄p) as:

Φ
(

σ,D, ˙̄ϵp
)

= σq − σHELσ
∗, (3.18)

Ḋ =
˙̄ϵp

ϵ̄fp (p)
, and (3.19)

ϵ̄fp (p) =















ϵ̄min
p if p(σ) < pt
p(σ)−pt
pc−pt

(

ϵ̄max
p − ϵ̄min

p

)

+ ϵ̄min
p , pt < p(σ) < pc ,

ϵ̄max
p p(σ) > pc

(3.20)

where σq is the von Mises stress, and ϵ̄fp is the equivalent plastic strain at failure.

Here, ϵ̄min
p , ϵ̄max

p , pt, and pc are the material constants describing the transitional

behavior of ceramics from a brittle to a ductile material with the increase in tri-axial

pressure [175], which is obtained by experimental testing, including spall [176] and

plate impact [177] experiments. By using a polynomial equation, the hydrostatic

pressure p is defined as a function of volumetric strain (µ) as:

p =

{

K1µ+K2µ
2 +K3µ

3 +∆p, if µ > 0 ,

K1µ if µ ≤ 0
(3.21)

∆pt+∆t = −K1µt+∆t +

√

(K1µt+∆t +∆Pt)
2 + 2βK1∆U, (3.22)

∆U = Ut − Ut+∆t, and (3.23)

U =
σ2
y

6G
, (3.24)

where K1 is the bulk modulus; K2 and K3 are the material constants; the internal

energy is denoted by U ; σy is the flow stress; and G represents the shear modulus. In
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Eq. (4.21), ∆p is the pressure increment induced by the bulking effect when damage is

bigger than zero, which is calculated as per the conversion of elastic energy to potential

hydrostatic energy (see Eq. (4.22)), and β determines the fraction of conversion. The

JH2-V model constants used for the Al2O3 particles are summarized in Table 3.1.

An equivalent plastic strain (ϵ̄p) larger than 0.2 at the element integration points [62,

100, 156] was considered as the criterion for the deletion of fully damaged elements

(i.e., an element with D = 1 at the integration points).

Cohesive zone modeling (CZM) for matrix and particle interfaces

To model the failure of interfaces in metal-ceramics composites, the bi-linear CZM

has been commonly used in the literature [178, 179]. In this study, a quadratic

stress-based function was employed as the interfacial failure criterion:

(⟨tn⟩
t0n

)2

+

(

ts
t0s

)2

+

(

tt
t0t

)2

= 1, (3.25)

where tn, ts, and tt represent the normal and in-plane component of traction on the

interfaces, respectively; t0n, t
0
s, and t

0
t is the corresponding interfacial strength. When

the failure criterion (see Eq. (4.25)) is triggered at an interfacial node, the traction

components start deteriorating linearly as a function of a scalar damage parameter

(D):

ti = (1−D) t∗i , i ∈ [n, s, t] , (3.26)

D =



















0 if δmax
m ≤ δ0m

δ
f
m(δmax

m −δ0m)
δmax
m

(

δ
f
m−δ0m

) if δ0m < δmax
m < δmax

f , and

1 if δmax
m ≥ δmax

f

(3.27)

δmax
m =

√

⟨δ2n⟩+ δ2s + δ2t , (3.28)

where the undamaged traction components are denoted by t∗i , and these are calculated

based on the elastic traction-separation law; δ0m and δfm is the effective separation

at the onset of debonding and complete failure, respectively; δmax
m is the effective
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separation at the nodal points that is calculated based on the Euclidean norm of the

relative separation components (see Eq. (3.28)). The CZM constants used for the Al

and Al2O3 interfaces in this study are listed in Table 3.2.

3.4 Results and discussion

The variation in the model prediction of the stress-strain response of the material

based on the RVE length size, mesh size, the randomness of RVE generation, and

loading direction is first investigated in Section 3.4.1, whose outcomes are used to set

the numerical parameters for the validation and application of the model. Next in

Section 3.4.2, the model is validated by the experimental data on the CSAM Al-46

wt.% Al2O3 composite in terms of the stress-strain curves and the failure mecha-

nisms observed in the SEM images after testing under quasi-static uniaxial compres-

sion. Here, the initiation and evolution of microscale failure mechanisms, namely

matrix failure, particle cracking, and matrix/particle debonding, are quantitatively

determined. The validated model is next employed to provide insights into the contri-

bution of strengthening mechanisms and strain hardening rate behavior through load

partitioning analysis presented in Section 3.4.3. The model was employed to study

the effect of particle weight fraction in Section 3.4.4, where a new correlation is intro-

duced between the failure mechanisms across different Al2O3 particle content, and the

material properties (i.e., Young’s modulus and yield strength) are analytically defined

as functions of particle weight fraction. In Section 3.4.5, the stress-state-dependent

initiation and evolution of failure mechanisms are quantitatively analyzed for the

first time in the literature, to the best of our knowledge. Lastly, in Section 3.4.6, the

Table 3.2: The parameters used for the CZM of matrix/particle interfaces. Note that

the parameter δfm was tuned to achieve the best match with the experimental stress-strain
responses in this study.

Parameter Knn, Kss, Ktt [62] t0n, t
0
s, t

0
t [109] δfm

Value 2E4 GPa mm−1 0.705 GPa 75×10−6 mm
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effect of Al2O3 particle size on the stress-strain response and the history of failure

mechanisms is studied under different stress states.

3.4.1 The effect of geometric parameters

First, the effect of the geometric parameters, including the RVE length size, element

size, randomness of RVE generation, and loading direction on the predicted stress-

strain curve of Al-46 wt.% Al2O3 composite under quasi-static uniaxial compression

was studied. Fig. 3.3(a) shows the predicted stress-strain curves by an RVE size of

15 µm, 25 µm, and 35 µm. As seen, the 15 µm long RVE shows a slightly smaller

yield stress and a different strain hardening behavior when compared to the larger

RVEs. This may be attributable to the number of particles (i.e., the mean free path

parameter [116]) and how it affects the failure evolution. The predicted response

remains almost unchanged when the length size exceeds 25 µm, hence an RVE with

a length size of 25 µm was selected for further simulations in this study, which is

considerably less computationally expensive (i.e., ∼ 2 times) than the 35 µm long

RVE. The same range of the ratio of RVE length to average particle size (6.5 µm in

our work) is also used in previous studies [27, 43]. Fig. 3.3(b) shows the stress-strain

curves captured by different mesh sizes ranging from 0.5 µm to 2 µm. Accordingly,

an element size of 0.75 µm was selected to balance the accuracy and runtime (see

Fig. 3.2(d) for the runtime and the number of elements associated with each mesh

size). As shown in Fig. 3.3(c), three different RVEs, namely RVE A, RVE B, and RVE

C were randomly generated to study the effect of the model variability. Note that

the RVEs only differ in terms of the spatial distribution of Al2O3 particles and pores

that are randomly positioned based on the random sequential adsorption (RSA) [166]

algorithm. As seen, the elastic modulus and predicted yielding point remain the same,

but the strain hardening behavior slightly varies. The most noticeable difference is

observed in the softening regime and elongation at failure when the type of the RVE

changes; the more the strain hardening rate the less the elongation at failure. This
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Fig. 3.3: The effect of the model and numerical variables on the predicted stress-
strain response of CSAM Al-46 wt.% Al2O3 composite under quasi-static uniaxial
compression: (a) The effect of the RVE length size on the predicted response. An
RVE size of 25 µm was selected for further studies. (b) The figure shows the mesh
sensitivity analysis. As seen, the predicted curves converge for an element size less
than 0.75 µm. The corresponding runtimes are represented in Fig. 3.2(d). (c) The
effect of RVE randomness on the predicted stress-strain curve. Note that the spatial
distribution of particles and voids only differs between the RVEs. (d) The predicted
response for different loading directions compared to the experimental data.

implies that the spatial distribution of hard particles affects the matrix ductile failure

evolution (i.e., the coalescence of microcracks), and this results in a variation in the

softening rate of the composite and therefore the elongation at failure. Here, the RVE

A was selected for the rest of the study due to better agreement with the experimental

data (see Fig. 3.4(a)). As shown in Fig. 3.3(d), the RVE A with a mesh size of 0.75

µm was loaded in different directions. Numerically, the elongation at failure varies

when the RVE is loaded along different directions, which is likely to be caused by

the anisotropy in the load transfer effect due to the different effective aspect ratio of

Al2O3 particles along each direction [180], and this observation is also confirmed by

the experimentally measured responses in Fig. 3.3(d). The mechanical anisotropy is
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more pronounced in the experimental stress-strain curves when compared to those

of the model, which may be attributed to the existence of splats and the bi-modal

grain size distribution of the Al matrix, and these microstructural features deform

differently with respect to the deposition direction [144] which are not incorporated

in the continuum-based model in this study.

3.4.2 Model validation and quantification of failure mecha-
nisms

The microstructure-based FE model was validated by the quantitative and qualitative

experimental data for the CSAM Al-46 wt.% Al2O3 composite under uniaxial quasi-

static compression. Fig. 3.4(a) compares the numerical stress-strain curve with those

of the experiments presented as a range of data in gray. As seen, the model reasonably

reproduces the elastic response, strain hardening behavior, and elongation at failure

of the material. The model predicts a more gradual softening regime compared to the

experiments, and this is attributable to the rate of the damage growth in the Al matrix

as a ductile material in the model, and the boundary conditions that may not fully

represent those of the experiments at a macro scale [42, 43]. Through Python scripting

in Abaqus software, the numerical stress and strain components were calculated by

the homogenization approach [181] throughout the loading history as:

σ̄ij =

∑Nip

k=1 σij,kVk
∑Nip

k=1 Vk
, (3.29)

ϵ̄ij =

∑Nip

k=1 ϵij,kVk
∑Nip

k=1 Vk
, (3.30)

where σ̄ij and ϵ̄ij are the homogenized stress and strain components, respectively, plot-

ted in Fig. 3.4(a); σ̄ij,k and ϵ̄ij,k is the stress and strain component at the integration

point, respectively; Nip is the total number of integration points; and Vk is the volume

of element at the integration point. To further assess the validity of the model, the

lateral strain (ϵ̄xx) versus axial strain (ϵ̄yy) was plotted in comparison to those from

experiments obtained from the DIC analysis, as shown in Fig. 3.4(b), which implies
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that the development of deformation in the model aligns with the experiments. Next,

by developing Python scripts, the validated model was used to quantify the evolution

of failure mechanisms as:

DE =

∑Nd

k=1Nk
∑Nt

k=1Nk

, (3.31)

PC =

∑Pc

k=1 Pk
∑Pt

k=1 Pk

, and (3.32)

MF =

∑MEd

k=1 Vk
∑MEt

k=1 Vk
, (3.33)

where DE is the fraction number of fully debonded nodes at the interfaces; PC is

the fraction number of cracked particles; MF is the matrix crack volume fraction;

Nd and Nt are the number of fully debonded nodes and the total number of interfa-

cial nodes, respectively; Pc and Pt is the number of cracked particles and the total

number of particles, respectively; MEd and MEt is the number of deleted elements

of the matrix and the total number of the matrix elements, respectively. As shown in

Fig. 3.4(a), the debonding failure mechanism is activated at a strain of ∼ 0.35% as

the first mechanism closely prior to the yielding point of the composite, and this im-

plies that the strength of interfaces plays an important role in the material strength.

At a strain of ∼ 1%, the particle cracking mechanism is initiated, and the growth of

particle cracking stabilizes the rate of debonding up to a strain of 10% as the load

transfer effect vanishes with the increase in the number of cracked particles. The

stress-bearing capacity follows nearly a plateau up to a strain of ∼ 7% due to the

simultaneous increase in interfacial failure, particle cracking, and plastic strain devel-

opment in the Al matrix (see Fig. 3.4(c)). At a strain of ∼ 4%, the matrix failure

mechanism is triggered and exponentially grows (see Fig. 3.4(a) and the last row of

Fig. 3.4(c)), where ∼ 20% of particles are cracked and ∼ 4% of interfaces are failed.

At a strain of ∼ 10%, the matrix volume crack exceeds ∼ 1%, and consequently,

the other two mechanisms gain an ascending rate again similar to that of the matrix

failure that accelerates the softening regime. At the elongation at failure, the matrix
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volume crack is ∼ 8%, ∼ 80 % of particles are cracked, and the debonding mecha-

nism reaches ∼ 19%; these quantities are consistent with those of the previous studies

at the fracture strain of the materials (e.g., the crack volume fraction measured by

transmission X-ray microscopy for Mg-SiC composite [155], experimentally measured

fraction number of cracked particles for 2024Al-B4C composite [148], and the com-

putationally calculated interfacial failure for Cu-TiB2 composite [151]). Fig. 3.4(c)

shows the predicted qualitative history of failure mechanisms at the lettered strain

levels in Fig. 3.4(a) that are reflected in the SEM images of the material after testing,

as shown in Fig. 3.4(d). Additionally, Supplementary Video S1 shows the correlated

qualitative and quantitative evolution of failure mechanisms in the material under

uniaxial compression. As seen, the matrix/particle interfaces begin to fail at the

sharpest corners with a high stress concentration, and the interfacial failure propa-

gates along the neighboring faces mainly parallel to the compressive loading direction

where tension is more likely to be produced at the matrix/particle boundaries. The

damage first accumulates at the sharp concaves of the particles where the load trans-

fer effect is at a maximum level. Then it mainly propagates parallel to the loading

direction under the dominant role of the tensile stress state (i.e., negative pressure

(see Eqs. (3.19) and (3.20))). The time-resolved images show that the plastic de-

formation initiates in the thin ligaments of the Al matrix that are trapped between

the hard particles with the highest intensity at the interfaces due to the mismatch in

the elastic constants. With the increase in load, the dispersed localized plastic areas

coalesce into plastic bands that form an angle of ∼ 45◦ with the loading axis (see the

third row in Fig. 3.4(c) at a strain of 9% and 12.8%.), and these plastic bands are the

sites where the matrix crack is developed. In the last row of Fig. 3.4(c), the evolu-

tion of the fractured areas of the RVE is visualized in 3D by reactivating the deleted

elements of the matrix and the particles in blue and gray, respectively. The figures

reveal that the matrix cracking initiates in the vicinity of the cracked particles due to

the unloading of the fractured particle. Subsequently, the matrix crack propagates in
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Fig. 3.4: The quantitative and qualitative validation of the micromechanical model
with quasi-static uniaxial compression experimental data for CSAMAl-46 wt.% Al2O3

composite: (a) The numerically predicted stress-strain curve compared to the exper-
imental data represented by the gray area. The dashed curves show the quantified
history of failure mechanisms based on Eqs. (3.31), (3.33) and (4.32). (b) The nu-
merical lateral strain-axial strain curve compared to those of the experiments. (c)
The qualitative history of failure mechanisms and the morphology of fractured ar-
eas in 3D at specified strains with the lettered point on Fig. 3.4(a). In the legends,
SDV10 and SDV1 represent the accumulated damage in the particle and the equiva-
lent plastic strain in the matrix, respectively. (d) The experimentally observed failure
mechanisms across the length scales that are reflected in the numerical predictions
(see Fig. 3.4(c)).
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the central areas of the RVE towards the boundaries with an angle of ∼ 45◦ following

the coalescence of ∼ 45◦-angled plastic bands. This pattern of failure is also reflected

in the cross-scale experimental images in Fig. 3.4(d).

3.4.3 Load partitioning analysis

The load partitioning analysis was conducted based on the validated model of the

CSAM Al-46 wt.% Al2O3 composite to provide insights into the strengthening mech-

anisms of the material. Fig. 3.5(a) shows the numerically obtained homogenized

stress-strain responses of the composite, the Al matrix, and the Al2O3 particles. The

experimental data for CSAM pure Al [30] is also plotted as broken (dashed) red

lines. Accordingly, the shaded area in red reflects the strengthening effect introduced

in the Al matrix of the composite when compared to the pure Al, and the shaded

area in black shows the particle strengthening effect. Given the cold spray manufac-

turing process, the strengthening effect induced in the matrix is attributable to the

work hardening mechanism due to the increase in the density of dislocations (i.e.,

∆σWh = αMGb
√
ρ [182] where α is the strength coefficient of the dislocation net-

work, M is the Taylor factor, G is the shear modulus, and b is the Burgers vector of

Al) and the grain refinement mechanism (i.e., the Hall-Petch (H-P) relationship that

reads ∆σH−P = Q
(

d−0.5
c − d−0.5

m

)

[183], where Q is a material constant to account

for the strengthening effect of grain boundaries, dc and dm is the average grain size

of the composite and pure Al, respectively) that are induced in the material as a

result of high-velocity hard ceramic particles impacting on the Al grains [28, 144].

Here, the Orowan strengthening mechanism was neglected as the average particle

size is not less a 1 µm [42]. The strengthening effect from the particles (see the gray

area in Fig. 3.5(a)) is also known as the load transfer effect (i.e., ∆σLT = 0.5Vpσm

[184], where Vp is the particle volume fraction and σm is the matrix yield stress), by

which the load applied on the composite is transferred from the ductile Al matrix

to the hard Al2O3 particles through the interfaces. The present load partitioning
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Fig. 3.5: The micromechanical analysis of the strengthening mechanisms of the
Al-46 wt.% Al2O3 composite under quasi-static uniaxial compression: (a) The load
partitioning analysis used to unravel the contribution of strengthening mechanisms.
(b) The true stress versus composite true strain curves of the composite and its
constituents to analyze the strain hardening rate behavior of the material.

analysis may reveal the contribution of each mechanism as shown in the inset in

Fig. 3.5(a): The yield stress of the CSAM composite reinforced with 46 wt.% Al2O3

particles is higher than that of the CSAM pure Al by ∼ 180% where the contribution

of (∆σWh +∆σH−P ) and ∆σLT is ∼ 68% and ∼ 32%, respectively. For our case, the

analytical ∆σLT [184] leads to a value of 46.6 MPa which is in acceptable agreement

with the value of 61 MPa by our micromechanical simulation, which confirms the

load partitioning analysis in this study. Fig. 3.5(b) shows the numerically captured

true stress (σ̄yy) history of the composite, the Al matrix, and Al2O3 particles versus

the true strain (ϵ̄yy) of the composite. To better analyze the post-yielding behavior

of the material, the corresponding strain hardening rates (i.e., Θ = dσ
dϵ
) are plotted in

dashed curves. As seen, the strain hardening behavior is divided into three regimes,

namely stage I, stage II, and stage III. In stage I, the Θ is positive with a descending

trend for the composite and its constituents, during which the Al2O3 particles possess

the highest Θ, and this positively affects the Θ of the composite when compared to

the Al matrix. In stage II starting from a strain of ∼ 2.5% to ∼ 6%, the Θ of the

composite becomes negative indicating the continuous decrease in the load-bearing
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capacity. At this stage, the Θ slightly decreases compared to the other stages, and

the Θ of ceramic particles keeps positively affecting the Θ of the composite. In stage

III starting at a strain of ∼ 6%, the Θ of the composite and the constituents follow a

sharp decreasing trend up to the elongation at failure, and the Θ of Al2O3 particles

keeps the lowest throughout this stage which negatively affects the ductility of the

composite. The present strain hardening rate analysis reveals that the junction of

the composite Θ and the matrix Θ (i.e., Θcomposite = Θmatrix at a strain of ∼ 4%)

correlates to the initiation of matrix failure, where the particle cracking mechanism

exceeds the threshold of 20% (see Fig. 3.4(a) at a strain of 4%). Overall, this analysis

shows that the stress-bearing behavior of reinforcing particles plays an important role

in the ductility of the composite. While the high strain hardening rate of the hard

particles increases the ultimate stress of the composite, it leads to a decrease in the

elongation at failure/ductility due to the brittle fracture.

3.4.4 The effect of particle content

The validated model was used to study the effect of Al2O3 content on the behav-

ior of the CSAM Al-Al2O3 composites under quasi-static uniaxial compression to

provide analytical expressions for the mechanical properties and the correlation be-

tween the failure mechanisms, and these relationships are applicable for developing

micromechanism-based constitutive models. The particle wt.% was changed between

6 wt.% and 46 wt.% with an interval of 10 wt.%. Due to the cold spray process

and the hammering effect of the particles, the porosity decreases with the increase in

particle content [30]. For the micromechanical model of the composites with different

particle wt.%, the corresponding porosity was determined according to the work by

Shao et al. [144]. Additionally, the yield stress of the Al matrix increases with the in-

crease in particle content: The greater the particle content the greater work hardening

and grain refinement effect are induced in the metallic matrix as discussed in Sec-

tion 3.4.3. Here, to account for the cold spray-induced strengthening effects into the
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matrix in the model, we adopted an inverse method to tune the matrix yield stress as

a function of the Al2O3 content that will be discussed later in this section. Fig. 3.6(a)

shows a waterfall diagram of the predicted stress-strain response and the correspond-

ing history of failure mechanisms of the composite with different particle content.

As seen, with the increase in particle wt.%, the strength of the material increases

while the elongation at failure decreases, showing the existence of a strength-density

trade-off. The strain hardening effect decreases more noticeably when the particle

wt.% increases from 36% to 46% which is attributable to the higher growth rate of

the failure mechanisms in the latter, particularly for the interfacial failure and par-

ticle cracking as shown in Fig. 3.6(b) and (c). From Fig. 3.6(a), the results reveal

that the sequence of the activation of failure mechanisms remains the same across

different particle wt.% ≥ 16%: I. Interfacial failure, II. Particle cracking, and III.

Matrix failure. For the composite with 6 wt.% of Al2O3, no particle cracking occurs

up to the strain of 20%, while matrix failure is activated, reflecting the existence of

a transition in the behavior of failure mechanisms when particle wt.% increases from

6% to 16%. As shown in Fig. 3.6(b) and (c), with the increase in particle content, the

debonding and particle mechanisms initiate at a lower strain level and grow faster due

to more stress concentration at the matrix/particle boundaries caused by a smaller

mean free path parameter (i.e., a higher number of particles) and a more predominant

load transfer effect due to a higher volume fraction of particles and a matrix with

higher yield stress [72]. Accordingly, the matrix failure is also activated sooner and

grows at a higher rate as the particle content increases (see Fig. 3.6(d)). As shown in

Supplementary Fig. 3.13, the qualitative pattern of debonding and particle damage

initiation and growth show no difference across different particle wt.%. As well, with

the increase in particle content, the matrix failure tends to emerge as a primary ∼

45◦-angled fracture surface with respect to the compressive loading direction instead

of the formation of dispersed cracks. To provide insights into the relationship be-

tween the failure mechanisms of the composite with different particle content, the
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Fig. 3.6: The numerical study of the effect of particle content on the CSAM Al-Al2O3

composites under quasi-static uniaxial compression: (a) The waterfall diagram shows
the stress-strain curves with the history of failure mechanisms for the composite with
different weight fraction of Al2O3 particles ranging from 6% to 46% with an increment
of 10%. (b-d) The evolution of failure mechanisms in the composite reinforced with
different weight fractions of Al2O3 particles.

normalized matrix failure (MF∗) as the mechanism with the latest sequence of acti-

vation is plotted versus the normalized debonding (DE∗) and the normalized particle

cracking (PC∗) for the simulated composites with different particle wt.%, as shown
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Fig. 3.7: The trajectory of the growth of normalized failure mechanisms of the com-
posite reinforced with different weight fractions of particles. Note that the composite
with 6 wt.% Al2O3 was excluded due to no particle cracking. The mechanisms were
normalized with respect to their maximum value. (b) Surface fitting on the normal-
ized failure mechanism data across different particle weight fractions greater than or
equal to 16% through a second-order polynomial function to analytically correlate
the mechanisms. Note that the output of the equation needs to be set to zero for
DE∗ and PC∗ less than 0.2 to achieve the highest accuracy.

in Fig. 3.7(a) - the mechanisms were normalized with respect to their corresponding

maximum values. As seen, the composites reinforced with different Al2O3 wt.% fol-

low a relatively specified growth trajectory, particularly almost identical for 16 wt.%

and 26 wt.% as a group and for 36 wt.% and 46 wt.% as another group based on the

2D projected scattered data on MF∗-DE∗ and MF∗-PC∗ planes. The projected data

also shows that the contribution of debonding to the matrix failure increases with the

increase in particle content while that of the particle cracking follows a reverse trend.

In other words, a certain level of particle cracking results in higher matrix damage in

the composites with a smaller particle content, and a certain level of interfacial fail-

ure results in higher matrix damage in the composites with a higher particle content.

Fig. 3.7(a) reveals that the matrix failure mechanism initiates when the both DE∗ and

PC∗ exceeds∼ 0.2 as a conservative threshold. As shown in Fig. 3.7(b), a second-order

polynomial function fits reasonably well (i.e., R2 = 0.9976) the data in Fig. 3.7(a)
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Fig. 3.8: The effect of the particle weight fraction on the mechanical properties of
the CSAM Al-Al2O3 composite: (a) The variation of the composite Young’s modulus
(YS) with the Al2O3 wt.% that follows a linear relationship expressed by the dashed
fitted line in blue. (b) The variation of the composite yield strength (YS) represented
in blue with the Al2O3 wt.% that follows an exponential relationship expressed by the
dashed fitted curve in blue. The values used for the matrix yield strength depicted
in gray were calibrated based on the experimental data [30, 144] to account for the
work hardening and grain refinement effect induced in the matrix by high-velocity
impacting Al2O3 particles during the cold spray process.

that are represented in black points in Fig. 3.7(b) as an analytical descriptor of the

relationship between the mechanisms. Note that the provided expression is applicable

to the CSAM Al-Al2O3 composites with a particle wt.% greater than or equal to 16%

under quasi-static compression, and with the inputs (i.e., DE∗ and PC∗) higher than

0.2 to achieve the highest accuracy. For values of the inputs, including DE∗ and PC∗

less than 0.2, the MF∗ is set to be zero. The numerically predicted Young’s modulus

and the yield strength of the CSAM Al-Al2O3 composites with different particle wt.%

are compared with those of the available experimental data [30, 144] in Fig. 3.8(a)

and (b), respectively. As seen, the numerical Young’s modulus is in agreement with

the experimental data, and the model predicts that it increases almost linearly with

the increase in the particle content. A linear fit was provided in Fig. 3.8(a) for the

analytical description of the elastic modulus of the CSAM composite as a function of
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the particle wt.%. In Fig. 3.8(b), the bars in gray represent the tuned values used for

the yield strength of the Al matrix at different wt.% of particles to obtain the best

match with the available experimental data on the composite yield strength depicted

in red stars. This inverse method of calibrating the yield strength of the Al matrix is

required to account for the increasing effect of ∆σWh and ∆σH−P with the increase

in particle content in the microstructure-based numerical simulations. The difference

between the blue bars (i.e., the composite yield strength) and the gray bars could be

attributed to the load transfer effect (i.e., ∆σLT ) at each particle wt.%. As seen in

Fig. 3.8(b), the micromechanical model in this study fills the gap for the unavailable

experimental data and this allows developing a fitted exponential function to analyt-

ically correlate the yield strength of the CSAM Al-Al2O3 composite to the particle

content. The analytical expressions developed for the relationships between the fail-

ure mechanisms and the mechanical constants will lay the foundation for developing

a micromechanism-based constitutive model for CSAM metal-ceramic composites in-

volving the effect of ceramic particle content, and this will be addressed as a future

work by the authors.

3.4.5 The effect of stress state

The validated model for the CSAM Al-46 wt.% Al2O3 was leveraged to study the

effect of stress state on the material response. Fig. 3.9(a) shows the numerically pre-

dicted stress-state-dependent stress-strain behavior of the material. As shown, the

material ductility observed under uniaxial compression almost vanishes when uni-

axial tension is applied, and this result is also confirmed by previous experimental

studies on CSAM metal-ceramic composites [116, 140]. As well, the model predicts a

lower strength under tension when compared to compression. The predicted brittle

response and a lower tensile strength will be discussed later in this section based

on the history of the failure mechanisms. The homogenized shear stress-shear strain

(i.e., σ̄xy - ϵ̄xy) shown in the dash-dot curve in Fig. 3.9(a) represents a lower elastic
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slope and flow stress when compared to other stress states which are attributable to

the difference between the shear modulus (G) and Young’s modulus (E) of the con-

stituent materials (i.e., G = E/2(1 + ν)) of the composite. Additionally, the strain

hardening effect under shear appears to be less than that of the compression and

this may reflect that the ceramic particles contribute less to the load-bearing capac-

ity of the composite under shear when compared to a compression-dominated stress

state. In Fig. 3.9(b) and (c), the evolution of the failure mechanisms of the composite

under shear and tension are shown, respectively. The figures show that the failure

mechanisms are activated in the same order regardless of the general stress state:

I. Interfacial failure, II. Particle cracking, and III. Matrix failure. Under shear, the

debonding and particle cracking mechanism is triggered at a shear strain of ∼ 0.35%

and ∼ 1%, respectively, and subsequently, the post-yielding regime initiates during

which the Al matrix plastically deforms. The growth trend of the failure mechanisms

under shear is consistent with that of the material under compression described in

Section 3.4.2. From Fig. 3.9(b), the matrix failure mechanism starts to grow from

zero at a shear strain of ∼ 6%, where ∼ 20% of particles are cracked. This threshold

of 20% is the same as that of the compression stress state. As shown in Fig. 3.9(c) for

the tensile response of the material, the debonding and particle cracking mechanism

is activated at a strain of ∼ 0.15% and ∼ 0.35%, respectively. The failure behavior of

the material is then governed by the particle cracking mechanism, and when particle

cracking exceeds ∼ 10% at a strain of ∼ 0.4%, the peak stress of 280 MPa is reached,

and then the stress-bearing capacity sharply decreases due to the high growth rate of

particle cracking. Next, at a strain of ∼ 1.15%, where ∼ 60% of particles are cracked,

the matrix failure is triggered and governs the failure response of the composite up

to the end of loading. During this final stage, the particle cracking mechanism is

relatively stabilized and such numerically predicted behavior is in agreement with

the experimental study by Yang et al. [72]. Fig. 3.9(d) to (f) compares the failure

mechanisms of the composite under different stress states. From Fig. 3.9(d), the
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Fig. 3.9: The effect of the stress state, including uniaxial compression, uniaxial
tension, and shear on the behavior of the CSAM Al-46 wt.% Al2O3 composite under
a quasi-static loading rate: (a) The comparison of the stress-state-dependent stress-
strain response of the material. (b) The history of failure mechanisms under a shear
stress state. (c) The history of failure mechanisms under uniaxial tension. The inset
is provided to better show the evolution of the failure mechanisms. (d-f) Comparing
the evolution of failure mechanisms in the composite under different stress states.

debonding mechanism is activated at the same strain of ∼ 0.35% for the shear and

compression stress states, while it is triggered sooner at a strain of ∼ 0.15% under

tension. This is likely to be caused by a higher load transfer effect through the in-

terfaces under tension. The initial growth rate of the debonding mechanism is nearly

the same for tension and compression, while it is the slowest under shear. The figure

also shows that the debonding mechanism follows the three-staged growth trend –

which is governed by the particle cracking mechanism – across different stress states.

From Fig. 3.9(e), the particle cracking mechanism is activated at a strain of ∼ 1% for

both shear- and compression-dominated stress states, while it starts to grow sooner

at a strain of ∼ 0.35%. The earlier activation of the particle cracking mechanism

along with the interfacial failure under tension leads the composite material to show

a tensile strength smaller than compressive strength, as shown in Fig. 3.9(a). Upon

activation, the number fraction of cracked particles increases at a remarkably higher
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rate (∼ 10 times) under tension than compression/shear, and this results in a brit-

tle failure response from the material (see Fig. 3.9(a)). The higher rate of particle

cracking in the composite when tension/negative pressure dominates in the ceramic

particles could be attributed to the lower tensile strength of ceramic materials than

compressive strength, as well as the higher rate of damage growth under tension than

compression [185]. These effects are incorporated in the JH2-V model in this study.

The weak splat-splat boundaries/interfaces between the Al particles [18, 186] result in

the matrix behaving in a brittle manner in as-deposited CSAMmetal-ceramic compos-

ites under tension. As such phenomena are not incorporated in our continuum-based

model, the tensile stress-strain curve in Fig. 3.9(a) may not fully capture the brittle

behavior of the material, particularly after a strain of ∼ 1.15% where the matrix

failure mechanism is activated. Following the approach by Ma et al. [42], tensile

elongation at failure of ∼ 0.4% is determined, and this is consistent with the exper-

imental measurements on CSAM Al-Al2O3 composites [50]. As seen in Fig. 3.9(e),

for both compression and shear stress states, the particle cracking mechanism follows

the same growth pattern at low strains up to ∼ 4%. Subsequently, the curves diverge

and the particle cracking under shear possesses the lowest quantity to the end of

loading compared to other stress states; this may confirm the minimal contribution

of reinforcing particles to the stress-bearing capacity of the composite when shear

deformation dominates. From Fig. 3.9(d), the matrix failure mechanism is activated

when the particle cracking mechanism exceeds ∼ 20% for both compression and shear

stress states, and ∼ 60% for tension. These quantities may be used as thresholds/cri-

teria when tailoring the microstructure to increase the ductility of the composite by

delaying matrix failure. The figure also shows that the matrix failure possesses the

lowest quantity under tension. Accordingly, a stress-state-dependent matrix failure

analysis was conducted based on the volumetrically averaged equivalent plastic strain

(ϵ̄pM), void growth (f ∗), and void distortion (Ds) parameters. Note that these param-

eters were volumetrically averaged based on the homogenization concept [181] (see
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Eqs. (3.29) and (3.30)) implemented by Python scripting. Fig. 3.10(a) reveals that

the void growth mechanism (f ∗) dominantly contributes to the matrix failure when

the composite is under tension, while the void distortion/sheeting mechanism (Ds)

governs the matrix failure when a global compressive stress state is applied on the

composite. Under shear, both the void growth and void distortion mechanisms con-

tribute to the matrix failure, while the latter takes the lead at the final stages of the

softening regime. Note that the porosity shown by the dashed curves is not set to zero

due to the initial porosity. Fig. 3.10(b) shows the history of the volumetrically aver-

aged equivalent plastic strain (ϵ̄pM) in the matrix when the composite is subjected to

different stress states. As seen, the volumetrically averaged ϵ̄pM increases nearly linear

up to the elongation at failure. The figure also reveals that the plastic deformation is

minimally developed in the matrix when the composite is loaded under tension which

is likely to be caused by the early activation of the interfacial failure mechanism as

well as the dominant role of particle cracking mechanism with a high growth rate,

thereby impeding the development of plastic deformation in the matrix. The experi-

mental study by He et al. [187] also confirms the negligible plastic deformation of the

matrix of CSAM metal-based composites under tensile loading. Fig. 3.11 shows the

qualitative history of failure mechanisms of the composite under tension and shear.

Additionally, Supplementary Video S2 and Video S3 show the correlated qualitative

and quantitative evolution of failure mechanisms in the material under tension and

shear, respectively. As seen, for both stress states, the matrix/particle interfaces fail

at the sharpest corners. The interfacial failure primarily propagates along the adja-

cent faces perpendicular and parallel to the global tensile and shear loading direction,

respectively. Under tension, the way that particles bear the transferred load results

in developing areas with negative pressure oriented perpendicularly to the loading

direction that leads to particle fracture. Similar to the uniaxial compression, the par-

ticles are mainly cracked along the loading direction under shear. Under both uniaxial

tension and shear, the matrix undergoes plastic deformation in the interstitial areas
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Fig. 3.10: The micromechanical analysis of the stress-state-dependent ductile fail-
ure of the Al matrix of the CSAM Al-46 wt.% Al2O3 composite under a quasi-static
loading rate: (a) The evolution of the volumetrically averaged void growth (f ∗) and
void distortion (Ds) mechanisms in the Al matrix when the composite is subjected to
different stress states. (b) The history of volumetrically averaged equivalent plastic
strain (ϵ̄pM) accumulation in the Al matrix when the composite is subjected to differ-
ent stress states. The transparent stress-strain curves of the composite are added to
provide a better understanding of the development of plastic deformation in the ma-
trix. Note that all the parameters are volumetrically averaged in the whole domain of
the RVE based on the equation Qave =

∑Nip

k=1QkVk/
∑Nip

k=1 Vk, where Q is the value of
the intended parameter at each integration point,Vk is the volume of the integration
point, and Nip is the total number of integration points in the domain of the RVE.

primarily between the cracked particles due to the regeneration of the stress state,

and this shows that the spatial distribution of the fractured particles determines the

morphology of the fracture surface. The last row of Fig. 3.11 represents the numeri-

cally captured fracture morphology of the material in 3D under tension and shear by

visualizing the deleted elements. The matrix cracking depicted in blue first occurs

in the vicinity of the cracked particles in gray for both tension and shear similar to

that of the compression. The model predicts that the primary fracture surface is

perpendicular to the loading direction under tension, and this is in agreement with

experiments [50, 116], while it is parallel to the loading direction under shear. And, as

previously discussed in Section 3.4.2, the predicted fracture surface is oriented ∼ 45◦

with respect to the compression direction. It could be inferred from the model that

the morphology and geometrical features of the fracture surface are determined by
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Fig. 3.11: The numerically predicted qualitative history of failure mechanisms of the
Al-46 wt.% Al2O3 composite under tension and shear at quasi-static loading rate. In
the last row, for both stress states, the fracture surface progression was visualized in
3D by the deleted elements of the composite constituents (i.e., the matrix in blue and
the Al2O3 particles in gray). Note that SDV10 and SDV1 represent the accumulated
damage in the particle and the equivalent plastic strain in the matrix, respectively.

the spatial distribution of the cracked particles and the dominant mechanisms (i.e.,

the void growth (f ∗) and void distortion (Ds)) contributing to the matrix failure as

discussed in Fig. 3.10 that are governed by the stress state applied on the composite.

3.4.6 The effect of particle size

The experimental study by Munday et al. [32] on CSAM Ni-WC composites showed

that the average size of reinforcing ceramic particles in the deposited composite is ∼

6.5 times lower than that of the particles in the feedstock powder when the weight

fraction of particles exceeds ∼ 35%, and this is a result of particle fragmentation

occurring during the cold spray process. In our study, the size of the sieved Al2O3
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particles varied from ∼ 30 µm to ∼ 45 µm that led to an average particle size of ∼

6.5 µm (see Fig. 3.1(c)) in the deposited composite, which confirms the observation

of Munday et al. [32]. Accordingly, to study the effect of the Al2O3 particle size

on the behavior of CSAM Al-Al2O3 composite by using the present micromechanical

model, RVEs of the Al-46 wt.% Al2O3 composite with the average particle size of

4.5 µm (i.e., an average sieved Al2O3 powder size of ∼ 30 µm), and 8.5 µm (i.e.,

an average sieved Al2O3 powder size of ∼ 55 µm) were produced and subjected to

different stress states. Here, the length size of the RVE, the entire numerical setups

(e.g., simulation time step, stable time increment, and element size), and mechani-

cal constants of the material models (see Tables 3.1 and 3.2) were preserved among

the models; the only variable was the size of the Al2O3 particles that was explicitly

incorporated into the RVEs. The same methodology was also employed in previous

studies [42, 149] to investigate the role of particle size on the response of the com-

posite. Note that the particle size in the models follows the experimental log-normal

distribution presented in Fig. 3.1(c) for the three average particle sizes (i.e., 4.5 µm,

6.5 µm, and 8.5 µm). Fig. 3.12 shows the predicted stress-state-dependent stress-

strain curves and the corresponding evolution of failure mechanisms of the composite

with different average particle sizes. As shown in Fig. 3.12(a-c), the flow stress of the

material under compression and the strength under tension slightly increases with

the decrease in particle size while the elongation at failure decreases, and no differ-

ence is observed in the material strength and flow stress when the shear stress state

dominates. These numerical outcomes are explained in the following by the quan-

tified failure mechanisms presented in Fig. 3.12(d-l). As the particle size decreases

in the deposited composite, the interfacial failure increases (see Fig. 3.12(d-f)) while

less particle cracking occurs (see Fig. 3.12(g-i)), and this interaction of debonding/-

particle cracking mechanisms is consistent among different stress states. The higher

number of particles in the composite with a smaller average particle size may homog-

enize the load transferred to the particles and therefore dampens the particle cracking
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Fig. 3.12: The numerically predicted stress-state-dependent effect of average Al2O3

particle size on the behavior of the CSAM Al-46 wt.% Al2O3 composite under a
quasi-static loading condition: (a-c) The stress-strain responses. (d-f) The quantified
history of matrix/particle debonding mechanism. (g-i) The quantified history of par-
ticle cracking mechanism. (j-l) The quantified history of matrix ductile failure.

mechanism. Accordingly, stress states with a higher magnitude in quantity are more

likely to develop at the interfaces that cause more matrix/particle debonding when

the particle size decreases. From Fig. 3.12(g-i), for compression and tension, at the
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early stages of activation, the particle cracking mechanism holds smaller quantities

and rises with a slower rate in the composite with a smaller average particle size

(i.e., a higher particle strengthening effect), and this explains the higher flow stress

of the composite under compression and the slightly higher tensile strength of the

composite reinforced with smaller Al2O3 particles. Under shear (see Fig. 3.12(h)),

the particle cracking history follows the same trajectory at the initial stages upon

activation in the material with different particle sizes, resulting in no difference in

the shear strength (see Fig. 3.12(b)). Additionally, the post-yielding stress-bearing

behavior of the material shows no significant difference under shear when the aver-

age particle size varies. These observations confirm the stress-state-dependent failure

analysis in Section 3.4.5 that the reinforcing ceramic particles contribute minimally

to the composite response when a shear-dominated stress state is induced which is

likely to be caused by the low load transfer mechanism through the interfaces (see the

lower magnitude of debonding under shear in Fig. 3.12(e) when compared to that of

compression in Fig. 3.12(d)). As shown in Fig. 3.12(j-l), under different stress states,

the matrix failure initiates sooner and grows with a higher rate when the particle

size decreases, and this leads to a smaller elongation at failure as seen in stress-strain

curves in Fig. 3.12(a-c). The earlier activation and the faster growth of matrix failure

in the composite with smaller particle size are attributable to a more dominant inter-

facial failure (i.e., vanishing load transfer to the particles) and the presence of more

localized plastically deformed bands due to the higher number of particles that ac-

celerates the coalescence of micro cracks and formation of the matrix fracture surface

(see Supplementary Fig. 3.14).

3.5 Conclusions

In this study, we developed 3D microstructure-informed FE models for the analysis

of damage initiation and propagation in CSAM Al-Al2O3 composites under quasi-

static loading. The Al matrix and reinforcing Al2O3 ceramic particles were consti-
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tutively modeled by stress-state-dependent material models via the VUMAT subrou-

tines in Abaqus/Explicit. The micro-scale failure mechanisms, including matrix/par-

ticle debonding, particle cracking, and matrix ductile failure, were quantified to track

the evolution and interaction of the failure mechanisms. The model was validated

by using experimental data obtained from CSAM Al-46 wt.% Al2O3 composite, both

quantitatively (i.e., stress-strain curves) and qualitatively (i.e., failure mechanisms

observed in SEM images after testing).

Upon validation, a strain hardening rate (Θ) analysis was conducted and it showed

the existence of a critical strain at which Θcomposite = Θmatrix, which correlates to the

activation of the matrix ductile failure mechanism of the composite under compres-

sion. The current quantification framework revealed the sequence of activation of the

failure mechanisms of the CSAM Al-46 wt.% Al2O3 composite is consistent across

different stress states: I. Matrix/particle debonding, II. Particle cracking, and III.

Matrix ductile failure. It was also found that the composite material ductility re-

vealed under compression/shear vanishes when tension dominates due to the earlier

activation of debonding and a remarkably faster growth rate ( 10 times) of the particle

cracking mechanism that impedes plastic deformation in the matrix. The model was

employed to study the effect of particle weight fraction on the compressive behavior

of the material. It showed that with the increase in particle content, the debond-

ing and particle cracking mechanisms are initiated earlier and grow faster. This is

likely caused by a higher stress concentration at the matrix/particle interfaces due

to a smaller mean free path parameter and a more predominant load transfer effect

attributable to the higher volume fraction of particles and a matrix with higher yield

stress. Accordingly, the matrix failure is also activated sooner and grows at a higher

rate as the particle content increases and this leads to a lower elongation at fail-

ure. The effect of particle size was studied across different stress states, and it was

found that with the decrease in particle size, the compressive flow stress and tensile

strength of the composite increases while yielding and flow stress under shear show
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no significant difference. This may reflect the minimal contribution of particles to the

stress-bearing capacity of the composite when shear dominates. Additionally, as the

particle size decreases, fewer particles are cracked while interfacial failure becomes

more dominant, and matrix failure is activated earlier and grows faster. The latter is

attributable to more debonded interfaces (i.e., less load transferring to the particles)

and the facilitated coalescence of localized plastic bands as a result of a higher number

of particles, and this causes a lower elongation at failure with the decrease in particle

size.

Altogether, the outcomes of this study provide a better understanding of the ini-

tiation and competition of the failure mechanisms of CSAM Al-Al2O3 composites

under different stress states through a systematic quantification framework, which

have implications for developing a micromechanism-based constitutive model for the

material.
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Fig. S 3.13: The predicted qualitative history of failure mechanisms in CSAM
Al-Al2O3 composites with different weight fraction of Al2O3 particles under quasi-
static uniaxial compression. The contours are provided at a global uniaxial strain of
10% (see Fig. 3.6(a)). The view-cut representations of the RVEs in the column of
“Matrix Failure” show that the higher number of particles in the composite with 46
wt.% of particles leads to an earlier coalescence of plastic bands and the formation
of fracture surface shown in blue on the right-hand side images, thereby a smaller
elongation at failure when compared to the composites with a lower particle content
(see Fig. 3.6(a)). The images numerically captured at the maximum strain show
the 3D morphology of fractured areas of the composites via reactivating the deleted
elements, where matrix fracture is shown by blue and fractured areas of particles are
shown in black. As seen, the fracture surface of the composite under compression
makes an angle of ∼ 45° with respect to the loading direction. The debonded areas
(flat surfaces) are numbered by 1 in green on the matrix fracture surface.
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Fig. S 3.14: The visualization of failure mechanisms in CSAM Al-46 wt.% Al2O3

composites with different average Al2O3 particle sizes under different stress states.
For different stress states, the pattern of initiation and propagation of debonding
and particle cracking mechanisms show no difference when particle size changes. The
fractured areas of the matrix and particles are shown in blue and black, respectively.
Under tension, the fracture surface forms perpendicular to the loading direction, while
it is parallel to the loading direction when shear dominates. Under compression,
the fracture surface makes an angle of ∼ 45° with respect to the loading direction.
The hollow sections on the matrix fracture surface in blue represent the position of
fractured particles located on the fracture surface. Additionally, the flat faces on the
matrix fracture surface represent the debonded interface.

85



Chapter 4

Strain rate-dependent behavior of
cold-sprayed additively
manufactured Al-Al2O3

composites: Micromechanical
modeling and experimentation

published as Saman Sayahlatifi, Zahra Zaiemyekeh, Chenwei Shao, André Mc-

Donald, and James David Hogan, “Strain rate-dependent behavior of cold-sprayed
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4.1 Abstract

Metal matrix composites (MMCs) fabricated by cold spray additive manufacturing

(CSAM) are increasingly gaining attention as structural materials due to their rapid

production and scalability. Herein, the failure behavior of CSAM Al-Al2O3 com-

posites under quasi-static and dynamic compression was studied by an experimen-

tally informed/validated 3D microstructure-based finite element (FE) model. The

debonding mechanism was found to grow at a higher rate consequently dampening

the particle cracking mechanism when the strain rate rises to dynamic regimes. The

stress-bearing capacity of the particles plays a key role in enhancing the flow stress

and elongation at failure of the CSAM composite under high strain rates due to the

lower propensity of particle cracking. Eventually, the model was exercised to study

the microscale failure progression in the material under elevated temperatures. For

the first time in the literature, this study informs on the correlation between the

microscale failure mechanisms and the mechanical performance of CSAM MMCs at

the macro scale across strain rates and temperatures whose outcomes are applicable

to the design of next-generation materials with a tailored performance.

4.2 Introduction

Aluminum matrix composites (AMCs) reinforced by ceramic particles have shown

great potential as structural materials in aerospace [188], automotive [189], marine

[190], and defense [191] applications due to their superior weight-specific mechani-

cal properties (e.g., exhibiting high wear resistance [192], hardness [30], and fracture

toughness [193]). Cold spray additive manufacturing (CSAM) of AMCs is increasing

in popularity as it holds promise for the cost-effective, scalable [194], and rapid pro-

duction of the materials [195] while eliminating solidification-associated undesirable

effects (e.g., high porosity, phase transformation, thermal residual tensile stresses,

and grain growth/coarsening) [4, 196, 197] by laser-based AM methods [198] or con-
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ventional liquid-state fabrication processes [139]. Among many types of functional ce-

ramic particles (e.g., SiC [199], B4C [200], and TiB2 [201]), we focus on CSAM AMCs

reinforced by micron-sized Al2O3 particles as a low-cost and commonly-used struc-

tural composite material in various industrial sectors (e.g., landing gears in aerospace

and engine blocks in automotive [202, 203]). The expansion in the application of

CSAM AMCs as structural materials (e.g., armored vehicles [52] and ballistic appli-

cation [204]) requires multiscale exploration of the mechanisms that govern the failure

behavior of the material under different ranges of strain rates and temperatures which

is rarely addressed in the literature on CSAM composites [75], and this is the focus

of the present paper.

The strain rate-dependent behavior of conventionally made AMCs reinforced by

ceramic particles (e.g., 6061-T6 A1/Al2O3 [205], 2024Al-B4Cp [148], and Al-SiC [206])

under uniaxial tension [207] and compression [208] stress states is experimentally

investigated in the literature, where the role of particle size [27], particle volume

fraction [209], and initial temperature [210, 211] is accounted for. For example, the

study by Marchi et al. [19] on Al-Al2O3 composites by gas-pressure infiltration showed

that smaller particle size leads to higher flow stress in the composite and lower strain

rate sensitivity, while a higher particle content increases both flow stress and strain

rate sensitivity. Sun et al. [212] studied the strain rate-dependent behavior of Al-SiCp

composites by vacuum pressure infiltration under elevated temperatures, and it was

found that the dynamic compressive behavior of the material tends to converge to

that of the Al matrix with the increase in temperature and this leads to a decrease

in strengthening effect of the particles. In addition to the role of microstructural

features, the competition and contribution of microscale failure mechanisms to the

strain rate-dependent behavior of conventionally made AMCs are explored through

experimental mechanics in previous studies [38, 204, 213, 214]. In the work by Lee et

al. [38] on A356 Al-SiC by liquid pressing process, for example, the failure mechanisms

observed in scanning electron microscopy (SEM) images after uniaxial compression
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testing were quantified and it showed that the interplay between the mechanisms

depends on the interaction of the matrix and particle properties. In contrast to these

extensive experimental studies, very limited 3D microstructure-based computational

efforts [44] have been made to address the strain rate- and temperature-dependent

failure behavior of AMCs, specifically the ones fabricated by more novel approaches

such as CSAM, which is the focus of the current work.

Unlike the extensive efforts on the structural failure behavior of conventionally

made AMCs [19, 148, 199, 206, 208, 215–217], the performance of CSAM AMCs is

widely explored in terms of functional performance (i.e., thermal [39] and electrical [5]

characteristics), micro-hardness [28], wear [38] and corrosion [54] resistance concern-

ing their broad range of applications as coating materials. In addition, the quasi-static

tensile strength of the CSAM AMCs (e.g., A1-Al2O3 [50], Al-SiC [218]) is experimen-

tally investigated in the literature, showing the brittle behavior of the as-sprayed

materials due to weak splat/splat and particle/particle interfacial properties [142].

To promote the application of AMCs by CSAM as load-bearing structural materials

[219], the failure behavior of the material needs to be explored across strain rates

and temperatures through experimentally validated microstructure-informed models

that unravel the spatial-temporal evolution of failure mechanisms. To the best of

our knowledge, no experimentally verified physics-based computational effort has yet

been developed to inform on the contribution and interaction of failure mechanisms

of CSAM AMCs – A1-Al2O3 in this study – subjected to quasi-static and dynamic

loading rates across different temperatures. The novelty and importance of such mi-

cromechanical models stem from providing a better understanding of the material

failure behavior that informs the design of better-performing CSAM AMCs as emerg-

ing structural AM materials with tailored mechanical properties and microstructures.

In the present work, to fill the gap in the understanding of strain rate-dependent

progression of failure in CSAM AMCs, experimentally-validated 3D microstructure-

based FE models are developed that build on the previous micromechanical FE efforts
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on metal matrix composites (MMCs) [42, 61, 62]. To inform and validate the microme-

chanical model, A1-Al2O3 composites were additively manufactured by low-pressure

cold spray technology (Section 4.3). 3D RVEs of the CSAM A1-Al2O3 composites

were generated by Digimat software and informed by the SEM images of the materials

in terms of the particle size distribution and weight fraction, particle clustering rep-

resented by the contiguity concept [220], irregularity of the particle morphology, and

porosity (Section 4.4.1). The Al matrix and brittle Al2O3 particles were constitutively

modeled by strain rate-dependent material models implemented by the VUMAT sub-

routines in Abaqus/Explicit FE solver where thermal softening and melting effects

were incorporated into the matrix constitutive model (Section 4.4.2). The microme-

chanical FE model was then validated with the experimental data for quasi-static

and dynamic loading rates (i.e., from 10−3 s−1 to 3200 s−1) based on the stress-

strain curves and failure mechanisms/features observed in post-mortem SEM images

(Section 4.5.1 and Section 4.5.2). Once validated, the history of failure mechanisms,

including matrix/particle debonding, particle cracking, and matrix failure were quan-

tified by Python scripting to unveil the growth and interaction of mechanisms across

strain rates (Section 4.5.3). Next, the model was leveraged to uncover the contri-

bution of matrix and particles to the strain rate-dependent behavior of the CSAM

composite by a stress partitioning analysis (Section 4.5.4). Additionally, the effect

of particle clustering on the material stress-bearing behavior and evolution of failure

mechanisms was addressed (Section 4.5.5). The model was eventually extended to ex-

plore the strain rate-dependent failure behavior of the CSAM material under elevated

temperatures (i.e., from 25 °C to 350 °C) (Section 4.5.6). Overall, the outcomes of this

study provide novel insights into the relationship between the macro-scale mechani-

cal response and the microscale failure mechanisms of CSAM A1-Al2O3 composites

across strain rates and temperatures applicable to the design of CSAM AMCs with

enhanced performance as future AM structural materials.
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4.3 Experimental methods

Using a low-pressure (90 psig) cold spray setup (SST series P, CenterLine Ltd., Wind-

sor, ON, Canada), Al-Al2O3 composites were additively manufactured in this present

study with the air temperature set to be 375 °C. The cold spray setup was equipped

with a robotized (Motoman HP-20, Yaskawa Electric Corp., Waukegan, IL, USA) 120

mm long nozzle with an exit diameter of 6.4 mm. The as-received pure Al (99.0%)

(CenterLine, Ltd., Windsor, ON, Canada) and pure α-Al2O3 (99.5%) (Oerlikon Metco

Inc., Westbury, NY, USA) powder was sieved by using 40 µm and 60 µm sieves [30].

The size of the sieved powders was measured by an image-based automated parti-

cle size analyzer (Morphologi G3, Malvern Panalytical Ltd, Malvern, Worcestershire,

UK), showing a size distribution of ∼ 53.3 ± 4.9 µm and ∼ 38.7 ± 3.9 µm for the Al

and Al2O3 powder, respectively. The particle size distribution of the sieved powders

is shown in Supplementary Fig. 4.12. Using Argon as the carrier gas with a pressure

of 60 psig, a mixture of the sieved powders comprised of 90 wt.% Al2O3 was cold

sprayed with a nozzle traverse speed of 15 mm s−1 and a standoff distance of 10 mm

on a 5 mm thick pre-roughened 6061 Al substrate, resulting in a bulk deposit with

dimensions of 50 mm × 20 mm × 4 mm. More details on the CSAM process are found

in [30, 144]. Cuboidal specimens with dimensions of 2.3 mm × 2.7 mm × 3.5 mm

were cut from the as-sprayed bulk deposits by wire electrical discharge machining,

and these were used for experimental investigations into the strain rate-dependent

failure behavior of the material in this paper. The specimens were subjected to uni-

axial compression along the 3.5 mm long dimension under quasi-static loading rates

(i.e., 10−3 s−1 to 10−2 s−1) using a standard MTS series 810 servo-hydraulic machine,

and dynamic loading rates (i.e., 170 s−1 to 3200 s−1) by using a split-Hopkinson Pres-

sure Bar (SHPB) setup at room temperature. Extreme pressure grease was applied

on the interface between the platens/bars and specimen to reduce friction and allow

free lateral expansion. Complete details on the testing setups are found in the work
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by Li et al. [221]. The MTS and SHPB apparatus was equipped with a high-speed

AOS PROMON U750 camera and an ultra-high-speed Shimadzu HPV-X2 camera,

respectively, to capture the deformation/failure history and full-field strain fields by

the digital image correlation (DIC) technique. The DIC analysis was conducted by

using VIC-2D (v6 2018) software to visualize the contour of strain fields and calculate

averaged strain histories for plotting stress-strain responses. The microstructure of

as-sprayed CSAM Al-Al2O3 composites was characterized via a field-emission SEM

coupled with energy-dispersive x-ray spectroscopy (EDS) operated at 20 kV (Zeiss

Sigma, Oberkochen, Baden-Württemberg, Germany). The EDS analysis revealed the

presence of reinforcing Al2O3 particles with a 46 ± 2.04 wt.% in the CSAM Al-Al2O3

deposits, and the porosity was measured to be 0.17 ± 0.03 vol.% by using ImagePro

software and the SEM images.

4.4 Micromechanical modeling

4.4.1 RVE reconstruction and numerical setups

By using Digimat software, RVEs of the CSAM Al-46 wt.% Al2O3 composites were

generated accounting for the particle content, particle size distribution, particle clus-

tering, and irregular geometries observed in the SEM images. As shown in Fig. 4.1(a)

inside the yellow dashed arrows, clusters of Al2O3 particles are formed within the

microstructure of the composite due to the cold spray process [222]. Here, the conti-

guity concept (i.e., the percentage of particle-particle boundaries) [220] was used to

measure the clustering of particles to be incorporated into the RVEs. Accordingly, as

formulated in Fig. 4.1(b), the linear intercept method [220] was conducted by using

ImageJ software and SEM/EDS images that led to a contiguity parameter of 0.10

± 0.04. The size distribution of particles was also analyzed by the ImageJ software

to follow a log-normal distribution with 90% of particles smaller than 18 µm (i.e.,

D90 = 18 µm), as shown in Fig. 4.1(b). Next, the geometry of particles was gen-
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Fig. 4.1: Microstructure-informed RVE generation of the CSAM Al-Al2O3 compos-
ites: (a) SEM image of the CSAM Al-46 wt.% Al2O3 composite before testing. (b)
Characterization of the composite microstructure in terms of particle size distribu-
tion, particle contiguity, and porosity. (c) A random RVE realization with a length
size of 80 microns of the CSAM Al-46 wt.% Al2O3 composite for micromechanical FE
simulations. Note that the white and yellow arrow refers to the particle-free areas and
particle contiguity (clustering) in the material microstructure and the reconstructed
RVE.

erated by levering the Voronoi tessellation algorithm [161] for cemented carbides in

Digimat software, where the particle wt.% (i.e., 46 wt.%), the histogram of particle

size distribution up to D90 (see Fig. 4.1(b)), and the measured contiguity parameter

were the inputs. Fig. 4.1(c) shows the reconstructed RVE with 225 randomly dis-

tributed and 3D oriented grain-shaped (i.e., low polyhedron morphology) particles

that acceptably represent the irregularly shaped Al2O3 particles in the SEM images

(see Fig. 4.1(a)) particles that reasonably reproduces the experimentally-observed mi-

crostructural features, including particle clustering and the existence of particle-free
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areas (see Fig. 4.1(a)); these particle-free areas are mainly attributed to severely de-

formed Al particles (i.e., splats) upon the ballistic impingement on the as-deposited

layer [143]. Informed by the literature [42, 75], a length size of 80 µm was selected

for the RVEs which is more than 8 times higher than the average measured particle

size. To reduce the computational cost, the measured initial average porosity of 0.17

vol.% was incorporated into the micromechanism-based constitutive model of the Al

matrix [64] rather than an explicit geometrical representation in the RVE. To pro-

duce the RVE in Abaqus/CAE with a high-quality mesh and mitigate the run-time,

a Python script was first developed to modify the small edges (i.e., less than 1 µm

in this study) of the as-imported polyhedron-shaped particles generated by Digimat,

and then the matrix was produced by Boolean operation. Based on previous studies

[27], the strength and interfacial properties of reinforcing particles proportionate to

the inverse square root of their equivalent diameter (i.e., σ ∝ 1√
d
). A Python script

was developed by which the equivalent diameter of each particle (225 particles in

total) was calculated based on the volume and then the corresponding hydrostatic

tensile strength and interfacial strengths were assigned based on the equivalent diam-

eter histogram and size-dependent property curves (i.e., the blue and red symbolic

data points for tensile strength and interfacial strengths, respectively), as shown in

Fig. 4.2(a). The RVE was loaded under uniaxial compression by a mixed static-

kinematic boundary condition (see Fig. 4.2(b)). As seen, the Y-direction degree of

freedom (DOF) of the top and bottom surfaces of the RVE was coupled with that of

the corresponding reference points (i.e., red-colored RP-1 and RP-2, respectively) by

defining equations, while the Y-direction DOF of RP-2 was restricted, and the lateral

surfaces were left unconstrained. To avoid rigid body motions, DOFs of the two cor-

ners of the bottom surface, namely P1 and P2 were restricted as shown in Fig. 4.2(b).

To induce a constant strain rate throughout loading, a displacement history along the

negative Y direction was applied to the RP-1 (see the red arrow on RP-1 in Fig. 4.2(b))

via a tabular amplitude which was defined as UY, RP−1 (t) = L0ϵ̇t/ (1 + ϵ̇t), where L0,
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Fig. 4.2: The micromechanical FE model setups: (a) Particle-size-dependent dis-
tribution of mechanical properties assigned to the hydrostatic tensile strength of the
Al2O3 particles and the matrix/particle interfacial strength. (b) Mixed-kinematic
boundary condition applied on the meshed RVE model of the CSAM Al-46 wt.%
Al2O3 composite in Abaqus/Explicit. Here, the Al matrix in gray is half-cut to bet-
ter show the spatial distribution of particles inside.

ϵ̇, and t represents the initial length of the RVE, the experimentally measured strain

rate, and time, respectively. Here, to alleviate the computational cost, the RVE was

compressed up to a nominal axial strain of 20% and this led to a simulation step time

of 250 s, 25 s, 1.47 × 10−3 s, and 7.81 × 10−5 s for the experimental strain rates of

10−3 s−1, 10−2 s−1, 170 s−1, and 3200 s−1, respectively. The original stable time of the

micromechanical model was found to be in the order of 10−12 s, which was mass-scaled

to be in the order of 10−6 s for all the strain rates to avoid artificial effects concerning

the strain rate-dependent constitutive models. The history of the internal energy

(ALLIE) and the kinetic energy (ALLKE) of the model is shown in Supplementary

Fig. 4.13(a) to demonstrate that the condition required for quasi-static loading rates

is met (i.e., ALLKE/ALLIE ≤ 10% [91]). Both the Al matrix and particles were

discretized with 10-node modified quadratic tetrahedron (C3D10M) elements. Fol-

lowing a mesh convergence study (see Supplementary Fig. 4.13(b)), an element size

of 2 µm was selected that compromised between the runtime and accuracy in terms

of stress-strain curves (see Supplementary Fig. 4.13(c)). The reliability of the model

was ensured in terms of the effect of randomness in RVE generation on the predicted
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stress-strain responses, as shown in Supplementary Fig. 4.14. The micromechanical

models were run via parallel computing on the Digital Research Alliance of Canada

supercomputers with an average runtime of ∼ 60 hours and ∼ 35 hours for quasi-static

(i.e., ϵ̇ = 10−2 s−1) and dynamic (i.e., ϵ̇ = 3200 s−1) loading conditions, respectively,

by using 80 cores (Intel Gold 6148 Skylake @ 2.4 GHz).

4.4.2 Constitutive modeling of materials/interfaces

The Al matrix of the CSAM Al-Al2O3 composites presents a highly distorted and

complex polycrystalline structure in which zones of ultra-fine grains are embedded

inside micron-sized grains [144, 223]. In addition, the current CSAM Al-46 wt.%

Al2O3 composites include a considerable number of coarse Al2O3 particles and large

clusters which interfere with the signal acquisition of electron backscatter diffraction

(EBSD) data required for capturing the Euler angles of grains as inputs for crystal

plasticity models [224]. Accordingly, the Al matrix of the current CSAM Al-46 wt.%

Al2O3 composites was modeled as a continuum (see Fig. 4.2(b)) with a stress state-

dependent ductile failure model (i.e., the Zhou et al. model [64]) in which strain rate

and thermal softening effects were incorporated in the current paper. In the Zhou

model [64], the ductile failure under tension-dominated stress states is accounted for

by void initiation and growth mechanism, and failure progression under compression-

and shear-dominated stress states is incorporated by void distortion and shear dam-

age growth. The state of stress is defined at the integration points of elements by the

stress triaxiality and Lode angle parameters. The enhanced Zhou model and the con-

stants used in the current study are described in detail in the Supplementary materials

(see Section 4.8.1). Note that the inter-splat failure mechanism in the Al matrix is

not explicitly incorporated into the model as the microstructure of the Al matrix of

the CSAM Al-46 wt.% Al2O3 composite is simplified as a homogeneous continuum.

However, the inter-splat failure mechanism primarily occurs under tension-dominated

stress states due to the weak mechanical interlocking between the Al particles rather
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than metallurgical bonding [142, 225]. Upon the emergence of inter-splat failure, the

porosity in the Al matrix increases, and such effect is implicitly accounted for in the

Zhou model by the void initiation and growth mechanism under tension-dominated

stress states (see f ∗ in Section 4.8.1). The Al2O3 particles were constitutively mod-

eled by a viscosity-regularized plasticity model for brittle materials (i.e., the JH2-V

model [65]) that accounts for the strain rate-dependent spallation of ceramics and

the asymmetry in damage behavior under tension and compression [156]. Surface-

based cohesive zone modeling (CZM) approach with a bi-linear traction-separation

law was used to model the matrix/particle interfaces, and the particle/particle in-

terfaces were defined by a hard kinematic contact with a coefficient of friction set

to be 0.01 due to the weak bonding of clustered hard ceramic particles [141] by the

CSAM process which induces ceramic particle rebound or fragmentation upon high-

velocity particle/particle impact rather than mechanical interlocking [143, 226]. The

CZM constants used for the particle/matrix interfaces are given in Table 4.3 in the

Supplementary materials. The interfacial strengths are exclusively assigned to each

particle/matrix interface based on the equivalent circle diameter of the particle as

discussed in Section 4.4.1 and Fig. 4.2(a). Note that the minimum value of 605 MPa

in Fig. 4.2(a) for the interfacial strengths was tuned to obtain the best match with

the experimental stress-strain curves following a trial-and-error process. This value

is in agreement with the range of previously reported interfacial strength of AMCs in

the literature [43]. In this study, the Zhou et al. model [64] and the JH2-V model [65]

were implemented by VUMAT subroutines in the Abaqus/Explicit FE solver. The

complete details of the constitutive models and the CZM approach with the corre-

sponding material constants used in this study are provided in the Supplementary

materials.
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4.5 Results and discussion

4.5.1 Micromechanical model validation

Fig. 4.3(a) compares the predicted stress-strain responses (i.e., the circular symbolic

data points) with those of the experiments (i.e., the shaded gray areas accounting for

all the conducted tests) for the CSAM Al-46 wt.% Al2O3 composites under quasi-

static and dynamic loading rates. Note that the numerical stress-strain data points

are calculated by the homogenization approach [181] over the whole domain of the

RVE. As shown, for all the strain rates, the numerical response acceptably agrees

with that of the experiments in terms of elastic response, yielding point, and strain

hardening behavior. The experimental stress-strain response under the strain rate of

3200 s−1 (i.e., the upper bound of the shaded area for dynamic loading) exhibits os-

cillations likely to be caused by stress wave reflections that dominate the equilibrium

condition at the earlier stages of loading. Such an effect is not reflected by the model

due to proper tuning of the numerical solution time increment that guarantees the

presence of equilibrium from the beginning. The model also reasonably replicates the

softening behavior of the material under quasi-static strain rates (see the green and

red curves upon strain of ∼ 12% in Fig. 4.3(a)). Under dynamic loading, however,

the micromechanical model predictions more noticeably deviate from the experimen-

tal responses when a strain of ∼ 12% is exceeded. When the material is dynamically

compressed, the cracked areas due to the formation of microcracks (see Fig. 4.3(b),

the third row, and the shear cracks by dashed yellow lines) of the specimen may come

in contact as a result of the short duration of the loading process (i.e., ∼ 100 µs)

and this results in an increasing stress-bearing capacity. In addition, as evidenced by

the time-resolved images of dynamic loading in Fig. 4.3(b), the specimen undergoes a

barreling effect under dynamic loading which amplifies the strain hardening behavior

under dynamic compression [13]. These are the macro scale phenomena that are not

present in the microscale model, leading to the difference between the micromechan-
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ically predicted and macro scale experimental softening regime of behavior on the

stress-strain responses in Fig. 4.3(a) under dynamic loading. In addition, compared

to the experimental stress-strain curves, the earlier initiation of the softening regime

following a gradual trend in the numerical stress-strain curves is also attributable

to the boundary conditions of the micromechanical model that may not fully rep-

resent those of the experiments at the macroscale. Similar differences between the

macroscale experimental stress-strain curves and those of a micromechanical model

are also reported in the published literature on particle reinforced MMCs [42, 61]. In

Fig. 4.3(b), the macro-scale deformation history and evolving axial strain contours

(ϵyy) captured by the DIC analysis are correlated with those at the microscale by

the current model under quasi-static and dynamic loading. The DIC analysis shows

that the strain field localizes in a ∼ 45° slip band initiating from the corners with

respect to the loading direction under quasi-static strain rates which leads to the

shear failure (shown by dashed yellow lines in Fig. 4.3(a)) of the CSAM composite

specimen at an elongation between 13% and 15%. On the contrary, under dynamic

loading, the material accommodates deformation more diffusely (see the DIC strain

contours at the strain of 12% for strain rates of 10−2 s−1 and 3200 s−1 in Fig. 4.3(b))

that delays the initiation of failure and also allows the propagation of multiple shear

cracks when compared to the quasi-static condition. As the micromechanical model

shows in Fig. 4.3(b), the heterogeneity of the microstructure induces a complex strain

field in the Al matrix that involves both tension-dominated (i.e., areas in purple) and

compression-dominated (i.e., areas in red) regions. As the strain exceeds 6%, the

clustered particles are found to be debonded (yellow arrows) which results in poros-

ity (i.e., yellow circles), and this facilitates the initiation/coalescence of shear failure

(yellow dashed line) in the matrix as the composite is strained to 12%. Here, particle

cracking (black arrow) is observed under the quasi-static strain rate in contrast to

the strain rate of 3200 s−1. With the increase in strain from 12% to 17%, under

quasi-static loading, the primary shear crack highlighted by the yellow dashed line
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Fig. 4.3: Validation of the micromechanical model:(a) Quantitative validation of
the model in comparison with the experimental stress-strain responses of CSAM Al-
46 wt.% Al2O3 composites across quasi-static and dynamic loading rates. (b) Macro
scale deformation pattern/failure and axial strain evolution ϵyy in the composite under
quasi-static and dynamic loading conditions in correlation with those of the model
at the microscale. Note that the numerical strain colormap is set to be the same as
that of the DIC analysis for the sake of comparison.
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emerges primarily due to the coalescence of shear cracks in the matrix starting in

the thin ligaments at the corners and matrix/particle debonding. In addition, along

the shear path at the strain of 17% under quasi-static loading, some Al2O3 particles

are observed that are damaged as a result of coming in contact due to sliding in the

deformable Al matrix, thereby contributing to the formation of the ∼ 45° micro-crack

that is also reflected in the macro scale experiments. Regarding the dynamic strain

fields at the strain of 17%, the micromechanical model also confirms the diffusive DIC

pattern (e.g., see the teal-colored dashed area in the RVE model) and less localization

of failure under dynamic loading. The effect of strain rate on the stress-bearing be-

havior of the CSAM composite will be further discussed in terms of the quantitative

evolution of failure mechanisms and a stress-partitioning analysis in Section 4.5.3 and

Section 4.5.4.

4.5.2 Post-mortem SEM fractography

Fig. 4.4(a) shows the fracture surface of the CSAM Al-46 wt.% Al2O3 composite under

quasi-static loading (i.e., strain rate of 10−2 s−1) that is ∼ 45°-angled from the axial

compression direction. As shown in the red and blue boxes A and B, respectively, the

fracture surface demonstrates two distinctive features distinguishable by the surface

roughness. Based on the magnified views of the rough region in the red box shown

in Fig. 4.4(b), matrix failure is predominantly caused by splat/splat debonding (i.e.,

the flat darker areas annotated by the yellow arrow that include porosity) due to

weak mechanical interlocking in the as-sprayed deposit [225]. As shown by the mi-

cromechanical model in Fig. 4.3(b), the microstructural heterogeneity of the CSAM

composite induces tension-dominated stress states in the Al matrix which triggers the

splat/splat debonding mechanism as a brittle mode of failure. Shallow dimple-like

features (i.e., the dashed teal-colored arrow) and particle sliding traces (blue arrows)

are scarcely observed on the rough portion of the fracture surface and the scarcity of

these ductile failure-associated characteristics confirms the low plastic deformation of
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Fig. 4.4: Fractures surface morphology of the CSAM Al-46 wt.% Al2O3 composite
under quasi-static uniaxial compression: (a) SEM image of the full-scale fracture
surface of the specimen, (b) Magnified views of the features observable on the full-
scale fracture surface shown in boxes A and B.

the Al matrix in these areas. Particle cracking manifested by cleavage facets and river

patterns (red arrows) is frequently observed in the rough area which is attributable to

the dominant brittle failure of the matrix (i.e., inter-splat failure) [227, 228] that leads

to more load to be sustained by the Al2O3 particles. In addition, interfacial failure
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at the matrix/particle (green arrow) and particle/particle (purple arrow) interfaces

are commonly detectable on the rough fracture surface likely caused by the weak

interfacial properties as a result of mechanical interlocking rather than metallurgical

bonding [142]. Unlike that of the rough areas, as shown in Fig. 4.4(b) in the blue box,

the Al matrix primarily fails due to shear distortion caused by particle sliding (i.e.,

grooves annotated by blue arrows in the inset) in the smoother areas of the fracture

surface. Accordingly, less particle cracking is observed in such areas when compared

to the rough areas since the load is mainly accommodated by the plastic deforma-

tion and shear failure of the matrix accompanied by interfacial failure. Fig. 4.5(a)

shows that the CSAM composite is compressed to ∼ 750 µm from the initial length of

3.5 µm under dynamic loading without being shattered which demonstrates a great

potential for applications requiring energy absorbing capabilities (e.g., impact events

[52, 204]). Unlike quasi-static conditions, multiple microcracks, including ∼ 45°-tilted

shear cracks and nearly axial cracks are propagated in the material as strain local-

ization is impeded under dynamic compression and induces more deformability in

the Al matrix by adiabatic heating [229]. According to ultra-high-speed imaging (see

Fig. 4.3), the axial cracks are thought to be initiated and grow after the propagation

of shear cracks by which the structural integrity of the specimen deteriorates. High-

magnification SEM images of the fracture surfaces on the shear (i.e., the area in the

red box named A) and axial (i.e., the area in the blue box named B) crack paths are

shown in Fig. 4.5(b). As seen, a combination of splat/splat debonding (i.e., brittle

failure mode) and shear failure promoted by particle sliding contributes to the matrix

failure on the shear crack path. Additionally, interfacial failure mainly manifested by

particle pull-out is observed to be a predominant contributor to the initiation and

growth of shear failure under dynamic compression, and this could be attributed to

the reverberation of stress waves under high-strain rate loading that induces tension

at the matrix/particle interfaces [230]. Accordingly, the failure of interfaces degrades

the load transfer mechanism [184] and decreases particle cracking probability when
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Fig. 4.5: Fractures surface morphology of the CSAM Al-46 wt.% Al2O3 composite
under dynamic uniaxial compression: (a) Low-magnification SEM image of the de-
formed specimen after testing, (b) Magnified views of the shear and axial cracks on
side surface of the specimen shown in boxes A and B, respectively.

compared to quasi-static loading, as observed in Fig. 4.5(b). Interfacial failure in

terms of particle/particle and matrix/particle debonding appears to be more promi-

nent on the axial crack surface (see the magnified views in the blue box in Fig. 4.5(b)).

In addition, matrix failure mechanisms (i.e., inter-splat debonding and shear failure)

are hardly seen compared to the shear crack surface. This observation may signal that

the axial cracks are initiated in particle-rich regions of the CSAM composite under

dynamic compression loading where interfacial failure – particularly, particle pull-out
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mechanism – plays the major role. Next, the strain rate-dependent interplay between

the failure mechanisms is further discussed by the micromechanical FE model.

4.5.3 Strain rate-dependent evolution of failure mechanisms

While the SEM fractography in Section 4.5.2 provides insights into the contribution of

failure mechanisms, the strain rate-dependent interaction and growth of mechanisms

through the course of loading remains uncovered. To do so, the validated microme-

chanical model is leveraged to unravel the history of failure mechanisms, as shown in

Fig. 4.6(a). Note that the stress-strain curves are also plotted in transparent mode

to provide a better correlation with the mechanisms. Here, via Python scripting, the

mechanisms are quantified in terms of number fraction of fully debonded nodes at

the interfaces (i.e., debonding mechanism) and fully damaged elements (i.e., elements

with zero stress-bearing capacity due to failure) of Al2O3 particles (i.e., particle crack-

ing mechanism) and Al matrix (i.e., matrix failure mechanism). The model shows

that the mechanisms are triggered as per the same sequence regardless of the strain

rate: I. Interfacial failure, II. Particle cracking, and III. Matrix failure. In correla-

tion with the yielding point, the debonding mechanism is first activated at a strain

of ∼ 1% for different strain rates. Upon initiation, the debonding mechanism grows

(nearly in a linear fashion) faster with the increase in strain rate and this agrees

with the SEM fractography in Section 4.5.2. At an axial strain of ∼ 5%, the particle

cracking mechanism is activated and rises at the fastest for quasi-static rates. As

opposed to the debonding mechanism, particle damage decreases in magnitude with

strain rate, and this may be attributable to higher interfacial failure that weakens

the transferable load (i.e., ∆σ = 0.5Vpσm [184], where Vp and σm denotes the parti-

cle volume fraction and matrix flow stress, respectively) from the Al matrix to the

particles. Eventually, as the the axial strain exceeds ∼ 6%, matrix failure is initiated

but it grows marginally up to the onset of softening regime at ∼ 12%. Next, the

matrix failure mechanism follows an exponential growth trajectory with the highest
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Fig. 4.6: Evolution of the failure mechanisms predicted by the micromechanical
model: (a) Quantified history of the initiation and growth of failure mechanisms
of the CSAM Al-46 wt.% Al2O3 composite across quasi-static and dynamic loading
rates. (b) Strain rate-dependent time-resolved images of the qualitative evolution of
the failure mechanisms.

rate for quasi-static loading which is promoted by the higher percentage of damage

in the particles when compared to dynamic strain rates. The particle cracking mech-

anism gains an ascending growth rate in the softening regime, which is consistent

with the previously reported experimental studies on AMCs [230]. This coalescence

of matrix failure with the highest growth rate accelerates the softening rate of the

composite which leads to a noticeably smaller elongation at failure under quasi-static

strain rates. Fig. 4.6(b) shows the predicted qualitative evolution of failure mecha-
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nisms presented for both quasi-static and dynamic loading conditions. As seen, the

debonding mechanism is primarily triggered and propagates at the sharp concaves –

which is induced by the stress concentration at these areas – of coarse-sized parti-

cles, and the particles involved in a cluster due to weaker interfacial properties (see

Fig. 4.2(a)) and non-bonded particle/particle contacts, respectively. Particle cracking

mechanism is frequently observed in the clustered particles due to particle-to-particle

load transfer that is higher in magnitude compared to matrix-to-particle load trans-

fer. Pattern-wise, consistent with the cleavage facets/river-like pattern on the fracture

surface morphology, the damage in the particles is predicted to mainly grow parallel

to the axial global compression direction (see Fig. 4.6(b)) likely caused by the for-

mation of tension-dominated stress states, and also particle crushing at the junctions

within the clusters, and this is further discussed in Section 4.5.5. The last row of

Fig. 4.6(b) shows the strain rate-dependent evolution of the fractured area of the Al

matrix rendered by reactivation of the fully damaged elements in blue. The matrix

failure first nucleates in the form of voids in the vicinity of damaged particles and

thin ligaments trapped between the particles (see Fig. 4.6(b) at the strain of 6%). As

the strain reaches 12%, the nucleated voids coalesce into micro cracks under the rate

of 10−2 s−1 while they rather grow in a scattered pattern under the rate of 3200 s−1

likely due to the strain rate hardening effect in the matrix and less damage in the

particles. With the increase in strain to 16%, the micro-cracks grow and merge into a

∼ 45° fracture plane under quasi-static loading that replicates that of the experiments

in Fig. 4.4. Contrarily, under dynamic loading, at the same strain of 16%, a few ∼

45° micro-cracks appear at different locations with no coalescence due to the miti-

gated localization of the strain field in the matrix, and this agrees with the dynamic

experimental data in Fig. 4.3 and Fig. 4.5. Note that this study does not draw a

direct comparison between the numerically predicted history of failure mechanisms

and those observed in the post-mortem SEM images due to the following reasons:

I. The SEM images are only available after the loading process and this does not
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allow to provide an experimental history of the growth of microscale mechanisms to

be compared with those of the micromechanical model. II. Computationally, the fail-

ure mechanisms are quantified based on the number fraction of debonded interfacial

nodes and fully damaged elements; such quantification framework may not be fully

reconstructible by SEM images of the fracture surfaces to draw a consistent direct

comparison between the micromechanical model and the experiments. Regardless

of the direct comparison, the numerically predicted histories of failure mechanisms

(Fig. 4.6) are in reasonable agreement with the trends of the manifestations of the

mechanisms in the fractography analysis across strain rates. Accordingly, as previ-

ously discussed in this section, with the increase in strain rate from quasi-static to

dynamic regimes, the model predicts the increase in particle debonding, the decrease

in particle cracking, and the decrease in matrix failure, and such a shift in failure

mechanisms is consistent with the observations from the post-mortem SEM images

shown in Fig. 4.4 and Fig. 4.5.

4.5.4 Stress-bearing partitioning analysis

By using the micromechanical model, a stress-bearing partitioning analysis is con-

ducted to uncover the contribution of the Al matrix and Al2O3 particles to the strain

rate-dependent behavior of the CSAM Al-46 wt.% Al2O3 composite. Fig. 4.7(a) shows

the homogenized axial stress (σyy, see Fig. 4.3b) borne by the Al matrix, Al2O3 par-

ticles, and the composite versus the homogenized axial strain (ϵyy, see Fig. 4.3b) of

the composite under quasi-static and dynamic strain rates. Bulk Al and its alloys

are found to show strain rate independency [231] or low strain rate sensitivity [191]

under strain rates varying from 10−3 s−1 to 103 s−1. As shown in Fig. 4.7(a), the Al

matrix in the composite, however, demonstrates strain rate sensitivity, and this is at-

tributable to the constraining effect by the particles [232] and the heterogeneity of the

microstructure that induces high local strain rates (i.e., ≥ 104 s−1) in the matrix in the

vicinity of particles. With the increase in strain rate, the stress-bearing capacity of
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Fig. 4.7: Stress-bearing partitioning analysis via the micromechanical model:(a)
Stress-bearing capacity partitioning of the CSAM Al-46 wt.% Al2O3 composite across
quasi-static and dynamic loading rates. (b) The percentage of increase (∆σ (%)) in
the stress-bearing capacity of Al matrix and Al2O3 particles of the composite under
dynamic strain rates with respect to the quasi-static strain rate of 10−2 s−1. Note
that σd and σϵ̇=10−2 denotes the matrix/particle stress under dynamic rates and the
reference quasi-static rate, respectively.

the particles noticeably increases compared to that of the Al matrix (see Fig. 4.7(a)),

and this reflects that the strain rate-dependent flow stress of the composite primarily

originates from the ceramic particles. This may be attributable to the increase in

the spall strength of ceramic particles under high strain rate loading [65] – and such

effect is incorporated into the JH2-V constitutive model [65] – that promotes less

particle cracking with the increase in strain rate (see Fig. 4.6(a)), and the Al matrix

with higher flow stress and less localization of deformation that transfers more load

to the skeleton of the particles. The partitioning analysis also shows that the onset of

the softening regime and the softening rate of the CSAM composite are remarkably

dependent on the reinforcing particles across strain rates. Under quasi-static rates,

the stress-bearing capacity of particles follows a sharp decreasing trend due to the

higher level of damage (see Fig. 4.4(b) and Fig. 4.6(a)) which accelerates the ma-

trix failure, and this combination causes the fastest softening rate in the composite

compared to the dynamic rates. Fig. 4.7(b) shows the percentage of increase in the

stress-bearing capacity (i.e., ∆σ) of the Al matrix and Al2O3 particles with respect
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to a reference strain rate of 10−2 s−1 (i.e., ∆σ = σd−σs

σs
× 100, where σd and σs rep-

resents the matrix/particle stress under dynamic rates and the reference quasi-static

rate, respectively). As seen, this analysis reveals a two-staged behavior in terms of

the relationship between ∆σmatrix and ∆σparticles when the strain rate increases from

quasi-static to dynamic. In stage I up to a strain of ∼ 12%, ∆σmatrix ≥ ∆σparticles and

this relationship tends to equality as the strain rate increases from 170 s−1 to 3200

s−1. Next, in close correspondence with the onset of softening, stage II is initiated

where ∆σparticle > ∆σparticles; this equality is triggered earlier and amplified with the

increase in strain rate. The presence of these stages implies that as the strain rate

increases from quasi-static conditions to dynamic regimes the stress-bearing capacity

of particles becomes more important than that of the matrix and this plays a key

role in increasing the strain rate-induced ductility of the CSAM composite that is

observable by the experiments as well (see Fig. 4.3(a)).

4.5.5 The role of particle clustering

In this section, the effect of particle clustering on the failure behavior of the CSAM

composites is explored by partitioning the stress-bearing capacity and history of fail-

ure mechanisms under quasi-static (10−2 s−1) and dynamic (3200 s−1) strain rates.

As shown in Fig. 4.8, for both quasi-static and dynamic loading, with the increase in

clustering from 0 to 20%, the ultimate compressive strength of the composite increases

while the strain hardening regime and elongation at failure are degraded. The stress-

bearing capacity of the particles remarkably increases with the increase in clustering

while that of the matrix is weakened. The former may be attributable to the direct

load transfer between clustered particles acting as a continuous phase and the latter

is likely to be caused by the weakened particle-induced plastic deformation in the

Al matrix (i.e., thin ligaments of Al matrix trapped between fine-distributed parti-

cles). Accordingly, the enhanced stress-bearing capacity of particles is the mechanism

leading to the increase in the ultimate compressive strength of the CSAM composite
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Fig. 4.8: The role of particle clustering in the mechanical behavior of the CSAM
Al-46 wt.% Al2O3 composite under quasi-static and dynamic compression analyzed
by stress-bearing capacity partitioning and the quantified history of the evolution of
the failure mechanisms.

involving clustered particles. The quantified history of failure mechanisms shows that

particle cracking is initiated earlier and grows faster with the increase in clustering due

to a higher stress level which leads to a sharper decrease in the stress-bearing capacity

of particles and this negatively affects the strain hardening behavior of the compos-

ite. Matrix/particle interfacial failure emerges as the first mechanism regardless of the

level of particle clustering, but it increases with the increase in clustering magnitude.

This is likely due to a smaller number of shared interfaces transferring the load from

the matrix to particles, resulting in a higher level of interfacial stresses that increases

the propensity of debonding when particles are not homogeneously distributed. The

matrix failure growth is more noticeably affected by particle clustering under quasi-

static loading owing to strain localization and the absence of strain rate hardening

effects that are amplified by severe cracking in clustered particles. Fig. 4.9(a) shows

the effect of particle clustering on the evolution of the spatiotemporal distribution of

the equivalent stress and deformation pattern of the CSAM composite. As seen at

an axial strain of 1% for the composite with 20% particle clustering under the quasi-

static strain rate, the clustered particles form a continuous phase that transfers the
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Fig. 4.9: (a) The effect of particle clustering on the stress distribution and particle
cracking mechanism in the CSAM Al-46 wt.% Al2O3 composite. (b) and (c) SEM
images of the material after testing that confirm the numerical predictions of the
features of cracking and debonding of clustered particles.

load internally by particle/particle contact which results in local regions with high

stress-bearing capacity. However, the non-homogeneous spatial distribution of parti-
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cles leads to a more noticeable emergence of low-stress regions in the matrix of the

composite with particle clustering at earlier stages of loading (i.e., blueish areas at the

strain of 1% and 8% in Fig. 4.9(a)). Regarding the deformation history, at a strain

of 1% close to the yielding point of the composite, debonding (see the yellow arrows)

is observed within the clustered particles. When the strain exceeds 8% towards 16%,

particle damage (see the red arrows) in the form of crushing and axial cracking (i.e.,

parallel to the loading direction) in the clustered particles is more frequently detected

when compared to the composite with homogeneous particle scattering. As shown in

Fig. 4.9(b) and (c), the post-mortem SEM images of the CSAM Al-46 wt.% Al2O3

composite represent the debonding of particles in the clusters (see purple arrows in

Fig. 4.4(b)) and the damage in the clustered particles with crushing and axial crack-

ing patterns and these are the phenomena that the current micromechanical model

also reproduces.

4.5.6 The failure behavior of the material under elevated
temperatures

In this section, the developed micromechanical model was further exercised to explore

the effect of initial temperature on the failure behavior of the CSAMAl-46 wt.% Al2O3

composite across different strain rates. The importance of such exploration stems

from providing insights into the role of working temperature (e.g., aircraft brakes

[53]) in the failure growth in the material for elevated temperature applications [233]

which is not addressed at the microscale in the literature on CSAM metal-ceramic

composites. It is well-established in the literature [234, 235] that the elastic modulus

and yield strength of Al alloys decrease under high temperatures – specifically beyond

200 °C – which is attributable to grain coarsening/recrystallization [236], the increase

in the mobility of dislocations [237] and grain boundary sliding, weakening the ma-

terial resistance to deformation and the flow stress. Supplementary Fig. 4.15 shows

temperature-dependent yield strength and Young’s modulus of different Al alloys in
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previous studies. As seen in Supplementary Fig. 4.15(a), the higher the yield strength

of the Al alloy at room temperature (RT), the sharper the decreasing trend of the

yield strength with elevating the initial temperature. Accordingly, as the RT yield

strength of the pure Al in the current CSAM composite is close to that of the Al6061-

T6, the temperature-dependent yield stress of the pure Al (see red star data points in

Supplementary Fig. 4.15(a)) was replicated from that of the Al6061-T6 by Roy et al.

[235] based on the ratio of reduction in the yield strength with the increase in tem-

perature. Similarly, as shown in Supplementary Fig. 4.15(b), temperature-dependent

Young’s modulus of the pure Al in the CSAM composite was reconstructed based

on the work by Rojas et al. [238]. As seen, the elastic modulus of the as-sprayed

CSAM Al is calibrated to be considerably lower than that of the bulk Al, which is

attributable to premature inter-splat cracking due to weak mechanical interlocking as

the bonding mechanism [239]. Note that the temperature-dependent yield strength

and elastic constant shown in Supplementary Fig. 4.15 were used as the inputs to the

FE model for the Al matrix. In addition, the specific heat capacity of the Al matrix

as a function of temperature [234] was incorporated into the constitutive model (see

Eq. (4.16) in the Supplementary material). The reinforcing Al2O3 ceramic particles

were constitutively modeled independent of temperature due to their thermally stable

mechanical properties up to 500 °C [240]. Fig. 4.10 shows the stress-strain response

and the history of failure mechanisms of the CSAM Al-46 wt.% Al2O3 composite

under elevated temperatures up to 350 °C (i.e., ∼ half the melting point of the Al

matrix of 660 °C [86]) across quasi-static and dynamic strain rates. As seen, with

the increase in temperature, both the debonding and particle cracking mechanisms

decrease in magnitude under both the quasi-static and dynamic strain rates, as the

matrix becomes softer and possesses a lower yield strength at higher temperatures,

and these result in a lower level of load being transferred through the interfaces to

the particles, thereby decreasing the propensity of the interfacial failure and particle

cracking. This prediction of the current micromechanical model is consistent with
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Fig. 4.10: The effect of initial working temperature on the strain rate-dependent
stress-strain response of the CSAM Al-46 wt.% Al2O3 and the evolution of failure
mechanisms predicted by the micromechanical model.

that of previous experimental studies on MMCs [211, 241]. The quantified histories

of failure mechanisms show that matrix failure becomes the predominant mechanism

with the rise in initial working temperature; regardless of strain rates, debonding and

particle cracking mechanisms are suppressed at the temperature of 350 °C, and matrix
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failure governs the failure of the CSAM composite. From the stress-strain responses,

the strain hardening behavior of the composite appears to be unaltered up to 250 °C

across strain rates, but it slightly decreases with the increase in temperature to 350

°C which is likely caused by the marked decrease in the yield strength/elastic modu-

lus of the Al matrix (see Supplementary Fig. 4.15(a)) that consequently weakens the

contribution of the alumina particles to the stress-bearing capacity of the composite

in the post-yielding regime. In previous experimental studies on the conventionally

made MMCs, the elongation at failure of the material is frequently shown to increase

with the increase in temperature when the composite is under uniaxial tension [211,

242] and uniaxial compression [231, 241] due to the improved deformability of the

metallic matrix and less probability of particle cracking and debonding mechanisms.

However, in some experimental studies on the hot compressive deformation behavior

of AMCs [13, 243], no increase in the elongation of failure with the temperature rise

is reported. Here, the micromechanical model predicts that the elongation at failure

of the CSAM composite under uniaxial compression decreases at the microscale with

the increase in temperature, and this is attributable to the localization of deformation

in the thermally softened matrix accompanied by a weakened contribution of parti-

cles evidenced by the lower level of the particle cracking mechanism that triggers the

matrix failure sooner and with a higher growth rate (see Fig. 4.10, the last row), lead-

ing to a lower elongation at failure of the composite. Under elevated temperatures,

the dislocation recovery and grain recrystallization mechanisms [243] play a role in

increasing the ductility of the metallic matrix by facilitating the migration of dislo-

cations and nucleation of strain-free grains, respectively, and these mechanisms are

not incorporated in the current model which may result in an underestimation of the

failure strain of the composite under high working temperatures. Fig. 4.11(a) shows

the volumetrically averaged temperature rise (∆T) history in the CSAM composite

across strain rates and initial working temperatures. Under dynamic strain rates,

the ∆T profile starts to almost linearly grow from zero at the early stages (∼ 2%)
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of the strain hardening regime due to the adiabatic heating condition by which the

plastic dissipation energy is converted to heat (see Eq. (4.15) in the Supplementary

materials). This predicted nearly linear growth of the ∆T in the material under dy-

namic loading agrees with experimental measurements in the literature [244, 245].

The micromechanical model shows that with the increase in working temperature,

the adiabatic thermal softening effect is alleviated (i.e., a lower ∆T) which is at-

tributable to a lower flow stress and a higher specific heat capacity under elevated

temperatures. The adiabatic temperature rise of the CSAM Al-46 wt.% Al2O3 com-

posite under the strain rate of 3200 s−1 is predicted to be ∼ 20 °C at a strain of

10% at RT which is in agreement with that of previous studies – e.g., the ∆T of ∼

18.6 °C in Al/40%SiC composite at a strain of 10% under a strain rate of 2000 s−1

at RT [212] – confirming the quantitative validation of the micromechanical model.

Under quasi-static loading, regardless of the initial working temperature, the ∆T

in the composite remains zero up to the onset of softening after which it increases

slightly by ∼ 2 °C at the maximum due to the isothermal condition which is implic-

itly incorporated into the constitutive model (see Section 4.8.1 in the Supplementary

material). As shown in Fig. 4.11(a), a negligible fraction of the Al matrix – i.e., ∼

0.1% of the whole volume of the matrix – is predicted to be melted (i.e., T ≥ 660

°C) under dynamic loading. According to the fractography analysis on the CSAM

composite under the strain rate of 3200 s−1, as shown in Fig. 4.11(b), evidence of adi-

abatic heating-induced Al matrix melting is rarely found close to the loading platen

possibly driven by the excessive stress concentration effect, and this may confirm the

corresponding numerical prediction on the melting of the Al matrix. Based on the

micromechanical model qualitative outcomes shown in Fig. 4.11(c), the melting of the

Al matrix under high strain rates is remarkably facilitated by the particle network

that promotes the localization of temperature field at the matrix/particle interfaces

and the trapped thin ligaments leading to adiabatic heating-induced melting of Al.

Additionally, such phenomena also produce local high-temperature areas in the Al
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Fig. 4.11: (a) Volumetrically-averaged homogenized temperature increase (∆T) pro-
file of the CSAM composite, the volume fraction of the melted Al matrix, and the
multiplicative contribution of the strain rate hardening and thermal softening mecha-
nisms (σϵ̇[ ˙̄ϵ

p
M ]σT[T]) of the Al matrix of the composite across temperatures and strain

rates predicted by the micromechanical model. (b) SEM images of the tested CSAM
Al-46 wt.% Al2O3 composite under the strain rate of 3200 s−1 at RT, showing evi-
dence of partial matrix melting near the loading surfaces. (c) Qualitative evolution
of temperature field in the Al matrix of the CSAM composite under quasi-static and
dynamic loading at RT predicted by the micromechanical model.

matrix of the composite under quasi-static loading (see Fig. 4.11(c)) in which melting

is not promoted as shown in Fig. 4.11(a). To inform on the competition between

the strain rate hardening and thermal softening mechanisms in the matrix denoted

by σϵ̇[ ˙̄ϵ
p
M ] and σT[T] in Section 4.8.1 in the Supplementary material, respectively, the

history of the multiplication of σϵ̇[ ˙̄ϵ
p
M ]σT[T] is quantified as a volumetric average in

Fig. 4.11(a). Regardless of the working temperature and strain rate, the quantity of

σϵ̇[ ˙̄ϵ
p
M ]σT[T] holds greater than one, implying the prevalence of the strain rate hard-
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ening mechanism over the thermal softening mechanism in the CSAM Al-46 wt.%

Al2O3; this agrees with the experimental dynamic stress-strain curves in Fig. 4.3(a)

reflecting a positive strain hardening rate.

4.6 Conclusions

We investigated the strain rate-dependent failure behavior of CSAM Al-46 wt.%Al2O3

by a 3D micromechanical FE model, accounting for experimentally captured particle

size distribution and particle clustering. Strain rate-dependent constitutive models

were implemented by VUMAT subroutines for the Al matrix and Al2O3 particles in

Abaqus/Explicit FE solver. The fractography analysis showed that the Al matrix

failed due to the splat/splat debonding and shear failure induced by particle slid-

ing. Under dynamic compression loading, particle pull-outs are frequently observed

as the indicator of matrix/particle debonding on the fracture surface while particle

cracking is rarely detected when compared to quasi-static loading, and this may be

attributable to the reverberation of stress wave under high strain rates that induces a

tensile-dominated stress state at the interfaces. The micromechanical model showed

that the sequence of activation of mechanisms is independent of strain rate; I. Interfa-

cial failure, II. Particle cracking, and III. Matrix failure. Additionally, consistent with

the fractography analysis, particle debonding was found to grow at a higher rate un-

der dynamic loading, dampening the particle cracking mechanism as a result of the

deterioration of the load transfer mechanism. According to the stress partitioning

analysis, the stress-bearing capacity of the reinforcing particles predominantly con-

tributes to the enhanced flow stress and elongation at failure of the CSAM composite

under high strain rates due to the lower propensity of particle cracking. The clus-

tering of particles increases the compressive strength of the material but negatively

affects the strain hardening behavior and elongation at failure. The former is ascribed

to the particle/particle load transfer and the latter is caused by the amplified parti-

cle cracking mechanism leading to matrix failure with a higher growth rate. Under
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elevated temperatures, the model showed that the debonding and particle cracking

mechanisms vanish due to the softened matrix that ineffectively transfers the load

to the skeleton of particles, and matrix failure plays the dominant role across the

strain rates. It was also found that the strain rate hardening mechanism prevails over

the thermal softening mechanism in the CSAM composite, regardless of the initial

temperature and strain rate. Altogether, this study provides novel insights into the

correlation between the microscale failure behavior and the macro-scale mechanical

behavior of the material across strain rates and working temperatures that pave the

way for the design of better-performing CSAM metal-ceramic composites as future

structural materials.
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4.8 Supplementary materials

This section provides the Supplementary Text and the Supplementary Figures of

this published chapter, including the constitutive models and Fig. 4.12, Fig. 4.13,

Fig. 4.14, and Fig. 4.15.

4.8.1 Constitutive models

Strain rate-dependent failure model for Al matrix

In particulate-reinforced metal matrix composites, the spatial random distribution of

hard particles with irregular morphology induces multiple time-evolving stress states
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in the metallic matrix. To incorporate such phenomena in the micromechanical model

in this article, the ductile failure constitutive model by Zhou et al. [64] was imple-

mented by a VUMAT subroutine in Abaqus/Explicit FE solver in this study. In

the Zhou et al. model, the widely used GTN model [93] is modified by the stress

triaxiality and the Lode angle parameters [48] to capture ductile failure under both

compression- and tension-dominated stress states. The ductile failure is initiated

when the Zhou et al. model [64] yield criterion is triggered:

Φ (σ, f ∗, Ds) =

(

σq
σy

)2

+ 2q1f
∗ cosh

(

3q2p

2σy

)

−
(

1 +D2 − 2Ds

)

> 0, (4.1)

where σy, p and σq denotes the flow stress of the material, hydrostatic pressure, and

deviatoric stress component, respectively. The effective damage is represented by

D = q1f
∗ + Ds as a combination of void growth under tension (f ∗) proposed by

Tvergaard and Needleman [93] and void distortion under shear (Ds) [169]. Proposed

by Tvergaard [170], q1 and q2 are empirical material constants for the better repro-

duction of the void coalescence mechanism. The effective porosity f ∗ governs ductile

failure under tension as:

f ∗ =















f if f ≤ fc

fc +
f∗

u−fc
fF−fc

(f − fc) if fc < f < fF ,

f ∗
u if fF ≤ f

(4.2)

where fc, f
∗
u = 1

q1
, and fF represents the critical porosity for the activation of void

coalescence, porosity corresponding to zero stress-bearing capacity, and the porosity

at complete failure. f is the total porosity as the accumulation of nucleated voids (ḟn)

and the growth of existing voids (ḟg). Here, a normal distribution function [99] with

the equivalent plastic strain ϵ̄pM as the input is considered for the void nucleation

under tensile hydrostatic pressure. The rate of the void growth is correlated with

the increment in plastic volume with the assumption that the material is plastically

incompressible. Correspondingly, the functions are:
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ḟ = ḟn + ḟg, (4.3)

ḟn = An ˙̄ϵ
p
M , (4.4)

An =











fN
SN

√
2π
e
−0.5

(

ϵ̄
p
M

−ϵN

SN

)

2

if p ≥ 0 , and

0 if p < 0
(4.5)

ḟg = (1− f)ϵ̇pkk, (4.6)

where ˙̄ϵpM , ϵN , sN , and ϵ̇
p
kk denotes the equivalent plastic strain rate, the mean equiv-

alent plastic strain for void nucleation, the standard deviation of the normal distribu-

tion, and the trace of the plastic strain rate tensor, respectively. The shear damage

parameter Ds in the Zhou et al. model (see Eq. (4.1)) is defined as a function of

equivalent plastic strain and the stress state as:

Ḋs = ψ(θ, T ∗)
nD

n−1

n
s

ϵfs
˙̄ϵpM , (4.7)

ψ(θ, T ∗) =

{

g(θ) if T ∗ ≥ 0 ,

g(θ)(1− k) + k if T ∗ < 0
(4.8)

where θ, T ∗, and ψ(θ, T ∗) is the Lode angle, stress triaxiality, and the weight factor

function to account for ductile failure under compression and shear dominated stress

states, respectively. Here, the contribution of the weight factor to damage growth

under compression is regulated by k. Proposed by Xue [171], g(θ) is the Lode angle

function based on the third invariant of the deviatoric stress tensor (J3) as:

g(θ) = 1− 6|θ|
π
, (4.9)

θ =
1

3
cos−1

(

27J3
2σ3

q

)

− π

6
. (4.10)

In this study, the original model by Zhou et al. [64] is enhanced via a multiplicative

flow stress function [246] where the strain rate strengthening and thermal softening

mechanisms are incorporated as:

σy[ϵ̄
p
M , ˙̄ϵ

p
M , T ] = σϵ[ϵ̄

p
M ]σϵ̇[ ˙̄ϵ

p
M ]σT[T], (4.11)
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σϵ[ϵ̄
p
M ] = A

(

1 +
E

A
ϵ̄pM

)n

, (4.12)

σϵ̇[ ˙̄ϵ
p
M ] = 1 + C ln

(

˙̄ϵpM
ϵ̇0

)

, (4.13)

σT[T] = 1−
(

T − Tr
Tm − Tr

)m

, (4.14)

where A and E is the yield strength, Young’s modulus of the material; n, C, and

m are empirical constants of the material to be calibrated by experimental data; ϵ̇0

is the reference strain rate; T , Tr, and Tm denotes the temperature, initial working

temperature, and the melting temperature of the material, respectively. The evolution

of temperature is linked with the dissipation of plastic work in the material as [247]:

Ṫ = ω[ ˙̄ϵpM ]
χ

ρCp(T )
σ : ϵ̇pM , (4.15)

Cp(T ) = 0.8736 + 3e−4T + 4e−7T 2 + 3e−10T 3 (20°C ≤ T ≤ 350°C), (4.16)

where χ, ρ, and Cp denotes the Taylor–Quinney coefficient, mass density, and the

specific heat of the material as a function of temperature [234], respectively. To

incorporate the transition from the isothermal to adiabatic condition into the pure

mechanical simulations in the current work, ω is defined as a function of the equivalent

plastic strain rate as [247]:

ω[ ˙̄ϵpM ] =



















0 if ˙̄ϵpM < ϵ̇0
( ˙̄ϵpM−ϵ̇0)

2

(3ϵ̇a−2 ˙̄ϵp
M

−ϵ̇0)
(ϵ̇a−ϵ̇0)

3 if ϵ̇0 ≤ ˙̄ϵpM ≤ ϵ̇a ,

1 if ϵ̇a < ˙̄ϵpM

(4.17)

where ϵ̇0 and ϵ̇a represents the upper and lower strain rate limit of the isothermal and

adiabatic condition, respectively. Following an associative flow rule, the equivalent

plastic strain and internal parameters, including f ∗, Ds, and T are obtained at each

increment of loading by solving the following partial differential equations [169] in the

VUMAT subroutine through an iterative numerical Newton-Raphson scheme [172] as:
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f1 = ϵ̇pv



3q1q2f
∗ sinh

(

3q2p

2σy

)

1

σy



− ϵ̇pd

(

2q

σ2
y

)

= 0, (4.18)

f2 = Φ
(

p, q, ϵ̄pM , f
∗, Ds, T

)

= 0, (4.19)

where ϵ̇pv and ϵ̇pd is the volumetric and deviatoric component of the equivalent plastic

strain rate, respectively. In the work by Zhao et al. [173], more details are found on the

Table 4.1: The constants of the enhanced Zhou et al. model [64] in the current work used
in modeling of strain rate-dependent behavior of CSAM Al-Al2O3 composites.

Parameter Value Unit

E See Supplementary Fig. 4.15(b) GPa

ν 0.33 -

A See Supplementary Fig. 4.15(a) GPa

n (Eq. (4.12)) 0.025 -

q1 1.5 [170] -

q2 1 [170] -

q3 2.25 [170] -

f0 0.0017 (measured by SEM images) -

fc 0.04 -

fF 0.15 -

ϵN 0.3 [90] -

sN 0.1 [90] -

fN 0.02 [102] -

n (Eq. (4.7)) 10 -

k 0.5 [64] -

C (Eq. (4.13)) 0.006 -

ϵ̇0 10−3 s−1

m 1.8 -

Tm 660 [86] °C

χ 0.9 [212] -

ρ 2700 kg m−3
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implementation of the model. The constants of the Zhou et al. model used for the Al

matrix in the current work are listed in Table 4.1, which are either taken from previous

studies or tuned within their physical bounds through an iterative process to achieve

the best match with the experimentally captured stress-strain responses under both

quasi-static and dynamic loading conditions (see Fig. 3(a) in the manuscript). Here,

the measured initial porosity in the Al matrix by the SEM analysis is incorporated

into the micromechanical model through the f0 parameter. The elements of the Al

matrix were deleted from the calculation process (i.e., updating the stress components

and internal variables) when the effective damage parameter (i.e., D = q1f
∗ + Ds,

see Eq. (4.1)) reached a threshold of nearly one (i.e., 0.99 in our implementation to

avoid element distortion) [64] at the integration points of the element. This deletion

process of fully damaged elements in the Abaqus/Explicit FE solver allows an implicit

reproduction of cracking in the material (see Fig. 6(b) in the manuscript).

The JH2-V model for strain rate-dependent failure of Al2O3 ceramic par-
ticles

To account for the particle cracking mechanism, the phenomenological viscosity-

regularized plasticity JH2-V model [65] was implemented by a VUMAT subroutine in

Abaqus/Explicit FE solver. In the JH2-V model, the equivalent plastic strain rate is

incorporated into the yield surface by a viscosity parameter, and this leads to mesh

regularization. In addition, the original formulation of failure strain proposed by

Johnson and Holmquist [85] is revised in the JH2-V model to better account for the

asymmetry in damage growth in the material under tension and compression [174].

In the JH2-V model, the normalized strength (σ∗) of ceramic materials is defined as

a function of pressure, accumulated damage, and equivalent plastic strain rate as:

σ∗ = σ∗
i −D

(

σ∗
i − σ∗

f

)

, (4.20)

σ∗
i = A

(

p∗ + T ∗( ˙̄ϵp)
)N

, and (4.21)

σ∗
f = B (p∗)M , (4.22)
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where the normalized intact and fractured strength is denoted by σ∗
i and σ∗

f , respec-

tively. The accumulated damage in the material is represented by D. σ∗ = σ
σHEL

,

p∗ = p

pHEL
, and T ∗ = T

pHEL
is the normalized equivalent stress, the normalized pres-

sure, and the normalized tensile hydrostatic strength, respectively; σHEL and pHEL is

the equivalent stress and pressure at the Hugoniot elastic limit (HEL), respectively.

A, B, M , and N are empirical constants that are required to be tuned for the mate-

rial. In the JH2-V model, the spall strength (i.e., T ( ˙̄ϵp)) of ceramic materials is linked

with the equivalent plastic strain rate according to experimental observations [65] as:

T ( ˙̄ϵp) =











T0 + η ˙̄ϵp if ˙̄ϵp < ˙̄ϵTp ,
(

T0 + η ˙̄ϵp
)

(

1 +
η ˙̄ϵTp

(T0+η ˙̄ϵp)
(ln
(

˙̄ϵp
˙̄ϵTp

)

)

if ˙̄ϵp ≥ ˙̄ϵTp
(4.23)

where T0, η, ˙̄ϵTp denotes the reference tensile strength, the viscosity parameter, and

the transitional equivalent plastic strain rate, respectively. ˙̄ϵTp is employed to auto-

matically adjust the size of the failure zone at higher strain rates. When the yield

surface of the JH2-V model (see Eq. (4.24)) is met, D begins to grow from 0 to 1 as

a function of the equivalent plastic strain (ϵ̄p) as:

Φ
(

σ,D, ˙̄ϵp
)

= σq − σHELσ
∗, (4.24)

Ḋ =
˙̄ϵp

ϵ̄fp (p)
, and (4.25)

ϵ̄fp (p) =















ϵ̄min
p if p(σ) < pt
p(σ)−pt
pc−pt

(

ϵ̄max
p − ϵ̄min

p

)

+ ϵ̄min
p , pt ≤ p(σ) ≤ pc ,

ϵ̄max
p p(σ) > pc

(4.26)

where σq and ϵ̄fp is the von Mises stress and the equivalent plastic strain at failure

(i.e., failure strain), respectively. ϵ̄min
p , ϵ̄max

p , pt, and pc denotes the empirical constants

describing the transitional behavior of ceramic materials from a brittle to a ductile

mode with the increase in tri-axial pressure [175]. These constants are achieved by

experimentation, including spall [176] and plate impact [177] testing. In the current

work, the hydrostatic pressure (p) is defined as a function of volumetric strain (µ) by

a polynomial equation of state as:
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p =

{

K1µ+K2µ
2 +K3µ

3 +∆p, if µ > 0 ,

K1µ if µ ≤ 0
(4.27)

∆pt+∆t = −K1µt+∆t +

√

(K1µt+∆t +∆Pt)
2 + 2βK1∆U, (4.28)

∆U = Ut − Ut+∆t, and (4.29)

U =
σ2
y

6G
, (4.30)

where K1 is the bulk modulus; K2 and K3 are the material constants. U is the

internal energy; σy is the flow stress; and G is the shear modulus. In Eq. (4.28), the

pressure increment (∆p) is induced by the bulking effect when damage (D) is bigger

than zero, which is calculated based on the conversion of elastic energy to potential

hydrostatic energy (see Eq. (4.30)), where the fraction of conversion is determined

by β. Table 4.2 lists the JH2-V model constants used for the Al2O3 particles in this

study. As the criterion for the deletion of fully damaged elements (i.e., an element

with D = 1 at the integration points), an equivalent plastic strain (ϵ̄p) larger than

0.2 at the element integration points was considered [62, 100, 156].

Size-dependent matrix/particle interfaces: CZM approach

The bi-linear CZM approach [178, 179] was used to model the interfaces between the

Al matrix and Al2O3 particles. In this study, the surface-based CZM was employed

to mitigate the high computational cost of the micromechanical model instead of the

element-based CZM method. The interfacial failure is initiated when a quadratic

function of tractions is met:

(⟨tn⟩
t0n

)2

+

(

ts
t0s

)2

+

(

tt
t0t

)2

= 1, (4.31)

where tn, ts, and tt represent the normal and in-plane traction components acting on

the interfaces, respectively. t0n, t
0
s, and t0t is the corresponding interfacial strength.

When the failure criterion (see Eq. (4.31)) is triggered at an interfacial node, the trac-

tion components begin to linearly degrade as a function of a scalar damage parameter

(D):
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Table 4.2: The JH2-V model constants used for Al2O3 reinforcing particles accounting for
the size of the particles in modeling of strain rate-dependent behavior of CSAM Al-Al2O3

composites.

Parameter Value Unit

A 0.93 [65] -

B 0.31 [65] -

N 0.6 [65] -

M 0.6 [65] -

K1 226 GPa

K2 0 [65] GPa

K3 0 [65] GPa

T0 See Fig. 4.2(a) GPa

HEL 6.25 [65] GPa

PHEL 7.5 [65] GPa

ρ 3890 kg m−3

G 155 GPa

HEL 10.5 [65] GPa

PHEL 4.5 [65] GPa

η 28×10−6 [65] GPa s

˙̄ϵTp 10000 [156] s−1

ϵ̄min
p 0.00015 [65] -

ϵ̄max
p 0.496 [65] -

pt -0.17 [65] GPa

pc 3.02 [65] GPa

β 1 -

ti = (1−D) t∗i , i ∈ [n, s, t] , (4.32)

D =



















0 if δmax
m ≤ δ0m

δ
f
m(δmax

m −δ0m)
δmax
m

(

δ
f
m−δ0m

) if δ0m < δmax
m < δmax

f , and

1 if δmax
m ≥ δmax

f

(4.33)

δmax
m =

√

⟨δ2n⟩+ δ2s + δ2t , (4.34)

128



Table 4.3: The particle size-dependent interfacial properties in modeling of strain rate-
dependent behavior of CSAM Al-Al2O3 composites.

Parameter Knn, Kss, Ktt [75] t0n, t
0
s, t

0
t δfm [75]

Value 2E4 GPa.mm−1 See Fig. 4.2(a) 75× 10−6 mm

where t∗i denotes the undamaged traction components that are calculated based on

the elastic traction-separation law. δ0m and δfm represent the effective separation at

the onset of debonding and complete failure, respectively. Denoted by δmax
m , the

effective separation at the nodal points is computed based on the Euclidean norm of

the relative separation components (see Eq. (4.34)). Table 4.3 summarizes the CZM

constants used for the Al/Al2O3 interfaces in the current work.

4.8.2 Supplementary figures
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Fig. S 4.12: Particle size distribution of the sieved pure Al (99.0%) and pure
α-Al2O3 (99.5%) powder used for the fabrication of CSAM Al-46 wt.% Al2O3 com-
posites in this study measured by an image-based automated particle size analyzer,
resulting in a size of ∼ 53.3 ± 4.9 µm and ∼ 38.7 ± 3.9 µm for the sieved Al and
Al2O3 powder, respectively. Note that both particle size distributions are fitted by a
Gaussian function in the figure.
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Fig. S 4.13: (a) The balance of the internal (ALLIE) and the kinetic (ALLKE)
energies of the RVE model under quasi-static (i.e., ϵ̇ = 10−2 s−1) and dynamic (i.e.,
ϵ̇ = 3200 s−1) strain rates. Under quasi-static loading, the figure shows that the ratio
of ALLKE/ALLIE holds less than 10% through the course of loading which confirms
the quasi-static condition [91]. (b) A summary of the mesh convergence study that
involves the element size, the number of elements, and the corresponding computa-
tional runtime under quasi-static and dynamic loading. (c) The strain rate-dependent
stress-strain responses of the CSAM Al-46 wt.% Al2O3 composite captured with dif-
ferent element sizes shown in Fig. 4.13(b). With regard to the convergence pattern
of stress-strain responses and the corresponding computational times represented in
Fig. 4.13(b), an element size of 2 µm was selected for further studies in the current
work.
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Fig. S 4.14: The effect of RVE randomness on the predicted stress-strain response of
the CSAM Al-46 wt.% Al2O3 composite under quasi-static and dynamic compression.
As seen, the predicted stress-strain curves by different realizations, namely RVE 1,
RVE 2, and RVE 3 slightly varies across strain rates which confirms the reliability of
the developed micromechanical model of the material. Note that the results obtained
by RVE 1 are only reported in the paper for brevity.
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Fig. S 4.15: (a) The temperature-dependent yield strength profile of the Al matrix
used as the input to the micromechanical model in this study that is reconstructed
based on the corresponding data on Al alloys in the literature. (b) The temperature-
dependent Young’s modulus of the Al matrix used in the current study as a function
of initial temperature, which is reproduced based on data for pure Al in the literature.
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Chapter 5

Conclusions & Future Work

5.1 Conclusions

This thesis focused on the development of microstructure-based FE models to provide

a foundational understanding of failure progression in CSAM metal-ceramic compos-

ites – Al-Al2O3 in this research – under different stress states and strain rates. RVEs

of the material were generated informed by the SEM characterization in terms of the

ceramic particle content, particle size distribution, particle clustering, and porosity

in the matrix. Abaqus/Explicit FE solver was employed to conduct the simulations,

where the RVE geometries were imported. To capture the stress state- and strain

rate-dependent behavior of the materials, state-of-the-art constitutive models were

implemented by VUMAT subroutines, including the model by Zhou et al. [64] for

the Al matrix, and the JH2-V model [68] for brittle Al2O3 ceramic particles. The

bi-linear CZM approach [69] was employed to account for the failure of Al and Al2O3

interfaces. The micromechanical model was verified with the available experimen-

tal data based on the stress-strain responses and post-mortem SEM images under

quasi-static and dynamic loading. This thesis is the first of its kind that leveraged

an experimentally validated micromechanical FE model to quantitatively unravel the

growth history of microscale failure mechanisms of CSAM metal-ceramic composites.

Upon validation, the model was further exercised to provide insights into the correla-

tions between the microstructure and macroscale mechanical response of the material
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(i.e., stress-strain response) across stress states and strain rates. This thesis achieves

its objective of providing a better understanding of the initiation and propagation of

key failure mechanisms (i.e., interfacial failure, particle cracking, and matrix failure)

of CSAM metal-ceramic composites under different stress states and strain rates in

the form of three peer-reviewed papers (Chapter 2, Chapter 3, and Chapter 4). The

key outcomes from this thesis are summarized below for further emphasis:

• The strain hardening rate (Θ) analysis by the micromechanical model revealed

the existence of a critical strain corresponding to Θcomposite = Θmatrix, which

correlates to the activation of the matrix failure mechanism of the CSAM com-

posite under uniaxial compression.

• The quantification framework revealed the sequence of activation of the failure

mechanisms of the CSAM Al-46 wt% Al2O3 composite – as the material with

the highest performance in terms of stiffness and strength – is consistent across

different stress states and strain rates: I. Matrix/particle debonding, II. Particle

cracking, and III. Matrix ductile failure.

• The ductility of the CSAM composites revealed under compression/shear van-

ishes when tension dominates due to the earlier activation of debonding and a

remarkably faster growth rate (∼ 10 times) of the particle cracking mechanism

that impedes plastic deformation in the Al matrix.

• The model unravels that with the increase in particle content, the debonding

and particle cracking mechanisms are initiated earlier and grow faster. This is

likely caused by a higher stress concentration at matrix/particle interfaces due

to a smaller mean free path parameter and a more predominant load transfer

effect attributable to the higher content of particles and a matrix with higher

yield stress induced by the work hardening effect during the cold spray process.

Accordingly, the matrix failure is also activated sooner and grows at a higher
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rate as the particle content increases and this leads to a lower elongation at

failure.

• The model was used to study the effect of particle size on the stress state-

dependent behavior of the CSAM Al-46 wt% Al2O3 composite: With the de-

crease in particle size, the compressive flow stress and tensile strength of the

composite increased while yielding and flow stress under shear showed no sig-

nificant difference. This may reflect the minimal contribution of the ceramic

particles to the stress-bearing capacity of the composite when shear dominates.

• The model uncovered that the particle debonding mechanism is amplified under

dynamic compression loading, which consequently dampens the particle crack-

ing mechanism due to the loss of the load transfer mechanism by the failed inter-

faces. This computational outcome is consistent with the fractography analysis

where particle pull-outs were frequently observed as the indicator of matrix/-

particle debonding on the fracture surface under dynamic loading, while particle

cracking was rarely detected when compared to quasi-static loading, and this

may be attributable to the reverberation of stress waves under high strain rates

that induces a tensile-dominated stress state at the interfaces.

• The stress partitioning analysis by the model showed that the stress-bearing

capacity of the reinforcing ceramic particles predominantly contributes to the

enhanced flow stress and elongation at failure of the CSAM composite under

high strain rates which is attributable to the lower propensity of particle crack-

ing under dynamic loading.

• The clustering of particles increases the compressive strength of the material

but negatively affects the strain hardening behavior and elongation at failure.

The clustering-induced improvement in compressive strength is attributed to

the particle/particle load transfer and the decrease in ductility is caused by the
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amplified particle cracking mechanism leading to matrix failure with a higher

growth rate as per the quantification of the growth history of failure mechanisms

by the model.

• The model was further extended to inform on the role of temperature in the

material behavior. Under elevated temperatures, the model showed that the

debonding and particle cracking mechanisms vanish due to the softened matrix

that transfers a lower level of load to the particles, and matrix failure plays the

dominant role across the strain rates. Additionally, the strain rate hardening

mechanism was found to prevail over the thermal softening mechanism in the

CSAM Al-46 wt% Al2O3 composite, regardless of the initial temperature and

strain rate. This computational outcome agrees with the stress-strain responses

experimentally captured under high strain rates that reflect a positive strain

hardening rate in addition to the rarely observable sites of melted matrix on

the SEM images of fracture surfaces.

5.2 Future work

While this study has provided novel insights into the stress state- and strain rate-

dependent failure behavior of the CSAMmetal-ceramic composites via microstructure-

based FE modeling, there remain several research thrusts to be built on the current

work, which will eventually expand the practical applications of better-performing

CSAM metal-ceramic composites as coatings and structural materials. Accordingly,

emerging from this thesis, the following research directions are recommended:

• Generating 3D EBSD-based RVEs of the material to incorporate the polycrys-

talline structure of the Al matrix. This requires the implementation of crystal

plasticity models [248] that are informed by the grain crystallographic orien-

tations captured by the EBSD analysis. Such models with a more explicit

representation of the microstructure will allow us to better understand the role
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of the CS manufacturing-induced highly distorted and complex polycrystalline

microstructure of the matrix on the stress state-dependent and failure behavior

of the CSAM metal-ceramic composite materials.

• Developing 2D micromechanical models from the current 3D FEmodeling frame-

work to be employed as dataset generators involving a variety of stress states

and strain rates. Here, reducing the order of the current model to 2D is a nec-

essary step to be taken with regard to the high computational cost of the 3D

micromechanical model. The generated datasets will feed into the training and

validation process of neural networks (e.g., conventional neural network [249]

and graph neural network [250]) to be leveraged as surrogate models for estab-

lishing microstructure-property-performance relationships. The importance of

such ML-based surrogate models stems from serving as a non-destructive testing

tool for the real-time prediction of the material mechanical performance (i.e.,

stress-strain response [251]) as a function of microstructural characterization

outcomes in terms of the SEM images (i.e., particle size distribution, particle

content, porosity in the matrix, etc).

• Accelerating the concurrent multiscale simulation (namely the direct FE2 mod-

eling) [252] of the material as a scale-bridging computational approach for the

design and optimization of CSAM metal-ceramic composites for structural ap-

plications while simultaneously accounting for their microstructural features.

To do so, the present micromechanical FE framework could be leveraged to

produce data for training a deep neural network [253] that communicates with

the structural scale FE model at the integration points of the elements, which

significantly reduces the computational cost of conventional FE2 simulations.
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As of the date of publication of this thesis, the efforts towards the achievement of the

objectives of this thesis have resulted in the following academic contributions in the

form of journal publications and conference presentations.

Journal publications:

1. Zahra Zaiemyekeh, Saman Sayahlatifi, Dan L. Romanyk, and James David

Hogan, “Understanding the effect of microstructure on the failure behavior of

additively manufactured Al2O3 ceramics: 3D micromechanical modeling,” Ma-

terials & Design, vol. 244, p. 113 167, 2024.
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