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Abstract

Design and development of better-performing ceramic structures are vital in industry-

driven applications where a wide range of strain rates and stress states are induced in

the material (e.g., impact events). Accordingly, this thesis investigates the strain-rate-

and stress-state-dependent behavior of advanced alumina ceramics through combined

experimental mechanics and multiscale numerical approaches. Experimentally, the

effect of the strain-rate and stress state on the failure response of alumina ceram-

ics was explored by designing and testing cuboidal, angled, and flattened Brazilian

disc (FBD) specimens to induce compression, shear-compression, and tensile stress

states in the material, respectively. Experimental testing was equipped with ultra-

high-speed imaging coupled with digital image correlation (DIC) to achieve the full-

filed strains and capture the failure initiation and propagation sites. The material

microstructure was characterized by state-of-the-art diagnostics to inform the multi-

scale models in terms of grain size distribution, porosity, and grain crystallographic

orientations. Finite element (FE) models of the macroscale experiments were de-

veloped to provide a better insight into the failure progression in the material by

quantifying the history of damage. A rate-dependent viscosity regularized version

of the phenomenological Johnson-Holmquist-2 (JH2) material model (i.e., the JH2-

V model) was implemented through a VUMAT subroutine in Abaqus FE software.

Once validated, the model was exercised to quantitatively analyze the damage initi-

ation and growth in the material to provide insights into the role of stress state on

the failure response of alumina ceramics at the macroscale. Next, polycrystalline-

based representative volume elements (RVEs) of the additively manufactured (AM)
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alumina ceramics were generated using Neper software based on the data captured

through the microstructural characterization. To account for the transgranular failure

mechanism, the grains were constitutively modeled by the developed JH2-V model,

and the grain boundaries were modeled by the bi-linear cohesive zone model (CZM)

approach to account for the intergranular failure mechanism. Upon validation with

the experimental data, the micromechanical model was leveraged to quantify the his-

tory of failure mechanisms, which is challenging to unravel by in-situ experimental

approaches, particularly for brittle materials. The model was used to study the ef-

fect of microstructural features (e.g., porosity, grain orientations, and grain boundary

properties) on the macroscale response of the AM alumina. The novelty and impor-

tance of this thesis stem from (a) Building on the limited previous studies, in light of

the expansion in the application of AM ceramic structures as a potential replacement

for conventionally made ones, this thesis experimentally investigates the mechanical

performance of AM alumina ceramics across different stress states and strain rates,

providing implications for model development and design of AM ceramic structures

with tailored mechanical performance. (b) This work develops an experimentally

validated microstructure-based FE modeling framework to explore the relationships

between the microstructure and macroscale response of AM ceramics, which lays

the foundation for developing machine learning (ML)-based surrogate models and

ML-assisted cross-scale simulations to accelerate the design and optimization of AM

ceramic structures that perform better.
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Chapter 1

Introduction

1.1 Motivation

High hardness, high strength-to-weight ratio, and good thermal and chemical stability

have made advanced ceramics (e.g., Al2O3 [1], SiC [2], and B4C [3]) attractive for use

in different industrial sectors (e.g., defense [4], health [5] and aerospace [6]), where the

material may be subjected to a range of complex loading conditions such as extreme

pressure (e.g., shock [7]), high strain rate loading [8], and high temperatures [9]. De-

sign and development of longer-lasting ceramic structures are vital in industry-driven

applications where a wide range of stress states and strain rates are induced in the

material [10, 11], and this requires a comprehensive understanding of the mechan-

ical properties and failure mechanisms [12, 13]. Once the microstructure-property-

performance relationships are established, one can modify the manufacturing process

to control the failure process of advanced ceramics via tailoring microstructures and

mechanical properties. Among the many types of advanced ceramics, alumina (Al2O3)

has been widely employed in impact applications (e.g., protection systems), owing to

the cost-benefit ratio relative to other ceramics (e.g., boron carbide) and moderate me-

chanical properties [14, 15]. Conventional manufacturing (CM) processes of ceramics

(e.g., dry pressing [16], and injection molding [17]) are complex, time-consuming, and

need post-processing (i.e., machining) [18]. As such, additive manufacturing (AM)

methods are gaining high popularity and progress for the fabrication of ceramic struc-
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tures with flexibility in the design of complex-shaped geometries [19]. AM methods

are based on using material deposition to fabricate 3D parts by adding material,

usually layer-by-layer directly from computer-based models [20]. Among different

AM methods (e.g., binder jetting [21], stereolithography (SLA) [22], and selective

laser sintering (SLS) [23]), the SLA technique has been extensively used in recent

years owing to high forming accuracy, high resolution, and high-quality surface finish

when compared to other AM technologies [24, 25]. This thesis focuses on providing a

comprehensive investigation of the strain-rate- and stress-state-dependent behavior of

both CM and AM alumina ceramics through experimental mechanics and multiscale

modeling approaches, having implications for the design of ceramic structures with

tailored mechanical properties and failure behaviors.

In the literature on CM and AM alumina ceramics, many experimental studies

have focused on investigating the strain-rate-dependent mechanical behavior of the

material under uniaxial compression stress state [26–31], while limited efforts have

been made to address the mechanical response of the material under tensile [32, 33]

and combined loading conditions (e.g., compression-shear stress state) [30, 34]. Due

to the brittleness of ceramic materials, the failure process, including the initiation and

propagation of cracks, evolves in the order of microseconds under dynamic loading -

for example, an average crack speed of 5.9 km/s was observed in the dynamic indirect

tension tests at a strain rate range of 10 to 170 s−1 [7, 32]. Accordingly, to capture the

failure process, advanced experimental methodologies are required (e.g., high-speed

cameras to capture millions of frames per second [28, 29]). This thesis employs state-

of-the-art experimental methodologies to study the effect of strain rate and stress

state on the failure response of CM and AM alumina ceramics by designing and

testing cuboidal, angled, and Flattened Brazilian Disc (FBD) specimens to induce a

compression, compression–shear, and tensile stress state in the material, respectively,

under different strain rates (e.g., 10−4 to 103 s−1) through coupling ultra-high-speed

imaging and digital image correlation (DIC) analysis.
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While experimental mechanics provides insights on the global measurement of me-

chanical properties and deformation mechanisms [26–28], computationally efficient

models are needed to provide a fundamental understanding of the competition of

different failure mechanisms, sensitivity of various underlying material parameters

at much higher spatial and temporal resolutions and under conditions that are not

readily accessible with experiments [35, 36], and the links between the microstruc-

ture and macroscale response of the material. To constitutively model ceramics,

various constitutive models have been proposed in the literature [37–41], including

phenomenological constitutive frameworks, (e.g., Johnson–Holmquist-I (JH1) [42],

Johnson–Holmquist-II (JH2) [43], Johnson-Holmquist-Beissel (JHB) [44], Simha [45],

Simons et al. [40, 46, 47]) and mechanism-based models (e.g., Rajendran and Grove

[48, 49], Deshpande and Evans [50, 51], and Paliwal and Ramesh [52]). Among the

phenomenological material models, models developed by Johnson and Holmquist (i.e.,

JH2) have been widely used to capture the response of ceramics under high strain

rate loading conditions [4, 5, 14, 15, 36]. While the JH2 model is widely used for

predicting ceramic behavior, there is still room for improvement in terms of miti-

gating the dependency of the model predictions on the mesh size and capturing the

strain-rate- and stress-state-dependent failure behavior of ceramics. To do so, this

thesis implements the JH2-V model proposed by Simons et al. [40, 46, 47], via a

VUMAT subroutine in Abaqus software. In the JH2-V model, the hydrostatic tensile

strength is dependent on the rate of equivalent plastic strain by introducing a vis-

cosity parameter and this leads to a strain-rate-dependent yield function that allows

mesh regularization in addition to capturing the strain-rate-dependent behavior of the

ceramic material. In addition, the fracture strain formulation is revised and defined

as a pressure-dependent failure strain formulation to better capture the asymmetry

in the rate of damage growth under tension and compression stress states [46].

Building on these past studies on the ceramic materials [29, 30, 32, 40, 47], this

thesis seeks to provide an in-depth investigation of the mechanical behavior and fail-
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ure evolution/competition of both CM and AM Al2O3 ceramics across stress state

and strain rates through a combination of experimental and multiscale numerical ap-

proaches, which has been rarely taken in the literature. Overall, this thesis will con-

tribute to addressing gaps in the knowledge of stress-state- and strain-rate-dependent

failure progression in advanced CM and AM alumina ceramics across length scales,

governing the behavior of the material at structural scales, whose outcomes have

implications for the design of better-performing and weight-optimized ceramic-based

structures in a range of applications such as aerospace (e.g., engine components [53])

and defense (e.g., protection systems [54]). This thesis is presented in a paper-based

format, where each chapter corresponds to a standalone research paper. Each pa-

per provides a detailed background, including a comprehensive review of the relevant

literature, specific to the subject being addressed. By structuring the thesis in this

manner, the appropriate scientific context is directly integrated into each chapter,

ensuring that the literature review aligns with the distinct objectives and findings of

the individual studies.

1.2 Thesis Objectives

The overarching objectives of this thesis are to (a) Employ experimental mechan-

ics approaches to provide high-fidelity qualitative and quantitative understandings of

the failure initiation and propagation of AM alumina ceramics under different stress

states and strain rates which are rarely investigated in the literature. (b) Provid-

ing insights into the correlations between the microstructure, the growth history of

failure mechanisms, and the macroscale mechanical behavior of AM alumina by devel-

oping microstructure-based FE models. To achieve the objectives, experimentally, the

microstructural features of the material (e.g., material composition, grain size distri-

bution, and porosity) are characterized through scanning electron microscopy (SEM)

equipped with energy dispersion spectroscopy (EDS), electron backscattered diffrac-

tion (EBSD), and X-Ray Microscopy (XRM). Following material characterization, the
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stress-state-dependent behavior of the material is investigated by designing cuboidal,

angled, and FBD specimens to induce uniaxial compression, shear-compression, and

indirect tension stress states in the material, respectively, under a wide variety of

strain rates (i.e., 10−4 s−1 to 102 s−1). Numerically, a VUMAT subroutine was devel-

oped in the ABAQUS software to implement the JH2-V material model proposed in

Simons et al. [40, 47]. Next, EBSD-based polycrystalline representative volume ele-

ment (RVE) models are generated using Neper software to develop a microstructure-

informed FE model to inform on the microstructure-property-performance relation-

ships of AM alumina ceramics. The micromechanical model is informed and validated

by the outcomes from the experiments. Through this thesis, the objectives are ac-

complished by completing the following research goals:

1. Characterize the mechanical behavior of CM and AM alumina (i.e., hot-pressed

Ceram Tec Alotech 98% and AM alumina by SLA method from Lithoz) under a

wide variety of strain rates (i.e., 10−4 to 102 s−1) and stress states (i.e., compres-

sion, compression-shear, and tensile) through material testing system (MTS)

810 machine [28] and split-Hopkinson Pressure Bar (SHPB) [29] experiments

coupled with high-speed imaging and DIC [26]. Quantitative measurements are

conducted to obtain stress vs. strain responses, and lateral strain versus ax-

ial strain histories during the loading event to investigate how they evolve in

a specified rate and loading path. Cuboid and angled specimens will be used

to generate compression and compression-shear stress states in the material,

while a tension-dominated stress state is induced through the FBD specimens.

These experiments will be used to inform, parameterize, and validate the models

developed in this thesis.

2. Ultra-high-speed imaging in the SHPB experiments will be used to observe the

crack initiation and propagation in the material and the sequence of failure

events. Regarding the limited measurements of this kind, observation of ini-
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tiation and propagation of damage unravels new insights into the speed and

mechanisms of crack growth. In addition, material characterization techniques

such as SEM, EDS, EBSD, and XRM, will be employed to explore the mi-

crostructural characteristics of the material, such as the grain size distribution,

chemical composition, grain morphologies, as well as post-mortem analysis of

the fracture surfaces. These microstructural data sets will be linked with the

macroscopic observations made in mechanical testing to better understand the

stress-state- and strain-rate-dependent behaviors of the material in addition to

being leveraged to develop microstructure-based models of the AM alumina.

3. Develop VUMAT subroutines in ABAQUS software to implement the phe-

nomenological JH2-V model [46, 47]. This material model is a modification

of the well-known JH2 model [43], by which the mesh dependency problem of

the JH2 material model is improved. In this modified model, the hydrostatic

tensile strength of the ceramic is linked with the equivalent plastic strain rate

to account for the strain rate effect, and a pressure-dependent fracture strain

formulation is also defined [47]. Next, the JH2-V material model is applied to

model the behavior of the CM alumina ceramics at the macroscale by modeling

the cuboidal, angled, and FBD specimens. Once validated with the corre-

sponding experimental data, the developed modeling framework was leveraged

for investigating the effect of bulking, regularization parameters of the JH2-V

model, quantitative analysis of the damage initiation and growth in the ma-

terial, and stress-state-dependent mesh sensitivity analysis for guiding higher

scale modeling (e.g., impact events) [55].

4. Develop porous polycrystalline-based RVEs of AM alumina ceramics based on

the grain size distribution, porosity, and crystallographic orientations from the

SEM and EBSD analysis. To capture the transgranular failure mechanism

grains are modeled by the JH2-V model, and grain boundaries are modeled
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by a bi-linear traction-separation law via the CZM approach to capture the

intergranular failure mechanism. The micromechanical model is validated by

experimental stress-time curves and failure mechanisms observed in fractogra-

phy analysis across strain rates. Once validated, by using Python scripting,

the history of failure mechanisms, including intergranular and transgranular

mechanisms is quantified to unravel the initiation and evolution of failure in the

material. The validated model is leveraged to study the effect of microstruc-

tural features (e.g., grain orientations, porosity, grain boundary properties, and

grain size) on the strain-rate-dependent structural behavior of the material. The

multiscale numerical model is applied to inform on the correlations between the

microstructure and macroscale response of the material, resulting in outcomes

that are applicable to the design and development of ceramic materials with

tailored mechanical properties (e.g., strength) [30, 56, 57].

1.3 Thesis Contributions

The main contributions of this thesis will be as follows:

• This thesis provides novel experimental quantitative and qualitative findings on

the mechanical response of AM alumina ceramics under different stress states

such as compression, combined shear-compression, and indirect tension across

various strain rates. Building on the limited previous studies [30, 31, 58, 59],

this thesis provides a comprehensive understanding of the material behavior

through high-fidelity experiments coupled with the state-of-the-art diagnostics

(e.g., DIC and ultra-high-speed imaging), which allows the development and

validation of FE models to further explore the mechanical responses of the

material subjected to various loading conditions.

• This thesis makes contributions in analyzing the quantitative damage initiation

and growth in the materials at the macroscale across stress states and strain
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rates through computational mechanics, which has primarily been addressed in

previous studies by presenting qualitative time-resolved images.

• This thesis develops microstructure-based RVE models to correlate the mi-

crostructural characteristics of the AM ceramics (e.g., grain size, pore fea-

tures, and interface properties), the progression of microscale failure mecha-

nisms, and the macroscale response of the material (e.g., strength) to provide

microstructure-property-performance relationships. Additionally, the current

microstructure-informed model is the first of its kind that quantitatively un-

ravels the evolution history of microscale failure mechanisms in AM ceramics,

which are challenging to uncover experimentally by in-situ methodologies due

to the brittle response. The outcomes of such a micromechanical model inform

the design and optimization of AM ceramics with higher performance.

• This thesis will lay the foundation for training and developing microstructure-

informed machine learning models [60–62] by the outcomes of the developed

micromechanical model (e.g., generated datasets describing strength-porosity

relationship) to enable autonomous prediction of the mechanical behavior of AM

alumina ceramics accounting for microstructural features of the material. The

impact of such a model originates from mitigating our reliance on expensive and

time-consuming destructive testing, which eventually accelerates the process of

material design and optimization.

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”. This section discusses the background and mo-

tivation for investigating the strain-rate- and stress-state-dependent behavior
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of advanced ceramics through a combination of experimental mechanics and

multiscale simulation approaches.

• Chapter 2: “Computational finite element modeling of stress-state- and strain-

rate-dependent failure behavior of ceramics with experimental validation”. Pub-

lished in Ceramics International, as Zahra Zaiemyekeh, Haoyang Li, Saman

Sayahlatifi, Min Ji, Jie Zheng, Dan L. Romanyk, and James D. Hogan, 2023 [55].

This study investigates the stress-state- and strain-rate-dependent behavior of

CeramTec ALOTEC 98% alumina (Al2O3) ceramics through an experimentally

validated numerical approach. For constitutive modeling of the material, a

VUMAT subroutine was developed in ABAQUS finite element (FE) software

to implement a viscosity-regularized version of the phenomenological Johnson-

Holmquist (JH2) material model (i.e., the JH2-V model for ceramics). Ex-

perimentally, the stress-state- and strain-rate-dependent failure response of the

material was captured by designing and testing angled (i.e., compression-shear

stress state) and flattened Brazilian disc (i.e., tensile stress state) specimens

subjected to dynamic loading via SHPB setup, and the data was used to inform

and validate the FE model. Once validated, the developed modeling framework

was leveraged for investigating the effect of bulking, regularization parameters

of the JH2-V model, quantitative analysis of the damage initiation and growth

in the material, and stress-state-dependent mesh sensitivity analysis for provid-

ing guidance for higher scale modeling (e.g., impact events). The highlights of

the paper are: 1) A new computational quantification approach was proposed

to analyze damage initiation and growth in ceramics to provide a better un-

derstanding of the effect of shear on the failure response of the material, which

has only been qualitatively addressed in previous studies by presenting time-

resolved experimental images. 2) The investigation of the effect of mesh size

across different stress states provided new guidelines to balance the computa-
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tional cost and accuracy when the model is applied to higher-scale applications

(e.g., impact loading).

• Chapter 3: “Strain-rate-dependent behavior of additively manufactured alu-

mina ceramics: Characterization and mechanical testing”. Published in the

Journal of Materials Research and Technology, as Zahra Zaiemyekeh, Haoyang

Li, Dan L. Romanyk, and James D. Hogan, 2024 [30]. This study investigates

the microstructure and strain-rate-dependent behavior of additively manufac-

tured (AM) alumina ceramics with two different printing orientations (POs)

using the stereolithography method, which has been rarely studied in the lit-

erature. The strain-rate-dependent behavior and failure response of the AM

alumina was studied under quasi-static and dynamic loading, where an ultra-

highspeed camera coupled with digital image correlation (DIC) was used to

visualize crack initiation/propagation processes and capture full-field strains.

Additionally, the fracture surfaces were characterized by SEM to reveal the

contributing micro failure mechanisms. Crack speed propagation in the AM

alumina was measured and compared with conventionally made alumina ce-

ramics across different strain rates. Lastly, the hardness of the current AM

alumina ceramics was measured using the micro-indentation Vickers test and

compared with those of the conventionally-made and other AM alumina coun-

terparts in the literature. The highlights of the paper are: 1) The quasi-static

and dynamic strength of our AM alumina was among the highest ones reported

for AM alumina in the literature likely due to finer grain size confirmed by

our EBSD characterization. 2) The POs were found to minimally affect the

strength-strain-rate behavior while notably influencing the macro-scale failure

pattern. 3) The crack speed propagation in AM alumina was found to be less

than conventional counterparts due to a larger average pore size in the AM alu-

mina. 4) The micro-indentation experiments showed that the hardness of the
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AM material was independent of the PO. The current AM alumina represents

a higher hardness compared to the other AM alumina ceramics in the literature

and this was attributable to a higher relative density, smaller pore size, and a

finer grain size. 5) This study provides novel data sets and new insights into the

mechanical properties and failure behavior of AM alumina ceramics, and these

have implications for the design of better-performing AM ceramics as promising

future materials.

• Chapter 4: “Understanding the effect of microstructure on the failure behav-

ior of additively manufactured Al2O3 ceramics: 3D micromechanical modeling”.

Published in Materials and Design, as Zahra Zaiemyekeh, Saman Sayahlatifi,

Dan L. Romanyk, and James D. Hogan, 2024 [63]. In light of the expansion

in popularity of additively manufactured (AM) ceramics due to their flexibil-

ity in the design of complex and multifunctional structures, the current work

developed 3D microstructure-informed finite element (FE) models to study the

failure behavior of AM Al2O3 ceramics under quasi-static (ϵ̇= 10−3 s−1) and dy-

namic loading (ϵ̇= 690 s−1). Porous polycrystalline-based representative volume

elements (RVEs) of the material were reconstructed based on the grain size dis-

tribution, porosity, and crystallographic orientations from the SEM and EBSD

analysis. Grains were modeled by a strain-rate-dependent constitutive model for

brittle materials implemented by a VUMAT subroutine in Abaqus/FE solver,

and grain boundaries were modeled by a bi-linear traction-separation law via

the cohesive zone modeling (CZM) approach. Upon validation, by using Python

scripting, the history of failure mechanisms, including intergranular and trans-

granular mechanisms was quantified to unravel the initiation and evolution of

failure in the material. The validated model was leveraged to study the effect

of grain orientations, porosity, grain boundary properties, and grain size on

the strain-rate-dependent mechanical behavior of the material. The highlights
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of the paper are: 1) The current microstructure-informed model is the first of

its kind that quantitatively unravels the evolution history of microscale failure

mechanisms in AM ceramics, which are challenging to uncover experimentally.

2) This study computationally correlates the microstructure, the progression of

failure mechanisms, and the macroscale response of the material across strain

rates whose outcomes inform the design of additively manufactured ceramics

with higher performance.

• Chapter 5: “On the role of stress state in the failure behavior of alumina ce-

ramics via stereolithography: Quasi-static and dynamic loading”. Submitted

to Ceramics International, as Zahra Zaiemyekeh, Mohammad Rezasefat, Yo-

gesh Kumar, Saman Sayahlatifi, Jie Zheng, Haoyang Li, Dan L. Romanyk, and

James D. Hogan, 2024. In light of the expansion in the application of ceramic

structures by additive manufacturing, this study investigates the strain-rate-

and stress-state-dependent behavior of additively manufactured (AM) alumina

ceramics with three different printing orientations (POs) using the stereolithog-

raphy method. The strain-rate-dependent behavior and failure response of the

AM alumina were studied under shear-compression and tension stress states

through the design of angled cuboids and flattened Brazilian discs, respectively,

where an ultra-high-speed camera coupled with digital image correlation (DIC)

was used to visualize crack initiation/propagation processes and capture full-

field strains. The highlights of the paper are: 1) It was found that when the

PO of AM specimens was perpendicular to the loading direction the material

showed a higher strain-rate-dependent strength under both stress states, likely

due to the layer-by-layer printing effect and how processing-induced microstruc-

tural defects across length scales contributed to the damage propagation. 2) It

was found that the increase in shear strain induced a larger shear strain in the

material, which resulted in the earlier initiation of damage, thereby lowering the
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equivalent strength. 3) It was shown that the intergranular failure mechanism

was dominated under quasi-static loading, while a combination of intergranular

and transgranular mechanisms governed failure under dynamic loading. 4) The

outcomes of this study, for the first time to the best of our knowledge, pro-

vide a comprehensive understanding of how strain-rate and stress state affect

the failure behavior of AM alumina ceramics, and this has implications for the

design and improvement of this novel AM material for environments including

high strain-rate loading, such as aerospace and defense industries. Addition-

ally, the datasets provided in this study are foundational for developing and

validating microstructure-informed numerical models to be used for establish-

ing microstructure property performance relationships applicable to material

optimization.

• Chapter 6: “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 research

program.
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Chapter 2

Computational finite element
modeling of stress-state-and
strain-rate-dependent failure
behavior of ceramics with
experimental validation

Published as Zahra Zaiemyekeh, Haoyang Li, Saman Sayahlatifi, Min Ji, Jie Zheng,

Dan L. Romanyk, James D. Hogan. “Computational finite element modeling of stress-

state- and strain-rate-dependent failure behavior of ceramics with experimental vali-

dation”, Ceramics International, 2023, 49, 13878–13895.

2.1 abstract

This study investigates the stress-state- and strain-rate-dependent behavior of Ce-

ramTec ALOTEC 98% alumina (Al2O3) ceramic through experimentally validated

finite element (FE) modeling. As the constitutive material model, a rate-dependent

viscosity-regularized phenomenological model (JH2-V model) was implemented through

a VUMAT subroutine in ABAQUS software. The FE model was informed and vali-

dated with the data for indirect tension and compression-shear tests under dynamic

rates both quantitatively (i.e., stress-strain histories and lateral strain-axial strain

curves) and qualitatively (i.e., manifestation and accumulation of damage). The val-
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idated model was leveraged to study the effect of the JH2-V model regularization

parameters, mesh sensitivity, and bulking across different stress states. Additionally,

by modeling the compression-shear specimen with different angles, the effect of shear

on the material response was quantitatively investigated through the definition of a

volumetric average damage parameter and shear strain history. Altogether, the out-

comes of this study have implications for the computational design and development

of ceramic-based structures in higher-scale applications (e.g., impact).

2.2 Introduction

Advanced ceramics have a wide range of applications (e.g., protection [64, 65] and

aerospace [9, 66]) owing to their desirable mechanical properties, such as low density

[14, 67], high compressive strength [2, 31], and high hardness [3, 68]. Under loading,

the damage evolution in ceramics is a complex phenomenon involving various spa-

tially and temporally evolving mechanical responses and deformation mechanisms,

particularly at higher strain rates [35, 36]. To optimize the performance of advanced

ceramics, it is important to consider the role of stress-state- and strain-rate-dependent

behavior to better capture their failure phenomena [13, 69]. This study focuses on the

alumina (Al2O3) ceramics due to the cost-benefit ratio relative to other ceramics (e.g.,

boron carbide) [14, 15] to provide a comprehensive investigation of the stress-state-

and strain-rate-dependent behavior of the material through a combined experimental

and numerical approach.

In the literature, the behavior of alumina ceramics has been mainly explored un-

der a uniaxial compressive loading for both quasi-static and dynamic strain rates

[26–29, 70–76]. For example, Lo et al. [27] performed quasi-static and dynamic

uniaxial compression tests to characterize the mechanical response of an AD85 alu-

mina ceramic. They found that variability in the mechanical properties was larger

at quasi-static conditions compared to dynamic, and this is attributable to the ac-

tivation of a higher number of pores at higher loading rates. In another study, the
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dynamic macro-cracking and fragmentation process of alumina under uniaxial com-

pression was studied by Wang et al. [14]. It was found that the compressive strength

of alumina is almost insensitive to the low strain rate regimes, while it is significantly

sensitive to higher strain rates (≥ 250 s−1). In contrast to many experimental studies

exploring the uniaxial compressive behavior of alumina ceramics, limited efforts have

been made to address the dynamic response of the material under tensile [32, 33]

and combined loading conditions [34, 58, 77], where the effects of the stress state and

loading rate on the mechanical properties and fracture mechanisms remain a field of

interest. In this study, we seek to study the indirect tension and compression-shear

response of Al2O3 ceramics to reveal the effect of stress state on failure response of

the material.

To investigate the tensile and combined loading behavior of advanced ceramics,

different methods have been proposed. The Brazilian disk (BD) [33, 59, 78] and

the modified flattened Brazilian disk (FBD) [32, 79] experiments have been used in

multiple studies as a typical indirect tension test to determine the tensile strength of

brittle materials such as ceramics [32, 59] and rocks [80, 81]. To explore the shear-

dominated behavior of brittle solids, hydraulic confinement techniques [82–84] and

inclined specimen methods with a modified split-Hopkinson Pressure Bar (SHPB)

system [85–87] have been employed in the previous studies. In a study by Du et al.

[88], oblique cylindrical rock specimens with varying hydrostatic confining pressures

were tested under different loading rates, and they found that by increasing the spec-

imen inclination angle and the hydrostatic confining pressure, the failure pattern of

the specimens changed from the tensile-dominated failure to shear-dominated failure.

In a separate study by Xu et al. [85], angled rock specimens were used in the SHPB

setup to achieve a combined compression-shear stress state, and it was found that all

the inclined specimens exhibited a prominent shear-dominated failure accompanied

by localized tensile damage. Based on previous studies [33, 59, 86, 87], the FBD and

angled specimen are adopted in the current study to investigate the rate-dependent
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tensile and compression-shear responses of the Al2O3 ceramics.

In addition to the experimental efforts, various constitutive models have been

proposed to capture/describe the mechanical response of ceramic materials to ob-

tain higher spatial and temporal resolutions. These models include phenomenologi-

cal models (e.g., Johnson–Holmquist-I (JH1) [42], Johnson–Holmquist-II (JH2) [43],

Johnson-Holmquist-Beissel (JHB) [44], Simha et al. [45], and Simons et al. [40,

47]), and mechanism-based material models (e.g., models by Rajendran and Grove

[48, 49], Deshpande and Evans [50, 51], and Paliwal and Ramesh [52]). Among the

phenomenological material models, the model developed by Johnson-Holmquist (i.e.,

JH2) [43], as a pressure dependent plasticity model, has been widely used to predict

the response of ceramics under high strain rate loading conditions because of simplic-

ity in implementation and applicability to a wide range of tests [15, 36, 89]. However,

in a study by Simons et al. [47] indicated that damage initiation and propagation

could be affected due to strain localization upon failure which is related to mesh

characteristics in softening plasticity models (e.g., JH2 model). To improve the JH2

material model, Simons et al. [40, 47] proposed a regularized viscosity JH2 model

(JH2-V). In the JH2-V model, the hydrostatic tensile strength was formulated as a

function of the rate of equivalent plastic strain and a viscosity parameter to account

for the strain-rate-dependent spall (hydrostatic tensile) strength of ceramics. This

rate-dependent definition of tensile strength leads to a rate-dependent yield surface

that helps to reduce strain localization [47, 90]. In addition, the fracture strain formu-

lation was revised in the Simons et al. [40, 46] studies by defining pressure-dependent

transition points to better capture the asymmetry in the rate of damage growth under

tension and compression [40].

Motivated by previous efforts, this study investigates the stress-state- and strain-

rate-dependent behavior of alumina ceramics under tensile and combined compression-

shear stress states through an experimentally validated finite element (FE) framework

with the JH2-V model incorporated. Experimentally, the effect of stress state on
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failure response of alumina ceramics is explored by designing and testing angled spec-

imens to induce a compression-shear stress state and FBD specimens to induce a

tensile stress state in the material. The mechanical testing is carried out using a

SHPB setup for dynamic strain rates in conjunction with ultra-high-speed imaging

and digital image correlation (DIC). Computationally, the JH2-V model is imple-

mented in ABAQUS software by using a VUMAT subroutine and is validated with

experimental data. Once validated, the model is exercised to quantitatively analyze

the damage initiation and growth with the presence of shear loading, and providing

guidance for higher scale (e.g., impact events) in terms of element size selection. Ul-

timately, the outcomes of this study provide insights into the role of stress state (e.g.,

the presence of shear) on the failure response of Al2O3 ceramics that is applicable to

the design of ceramic structures in a range of applications (e.g., impact [91, 92], and

aerospace [66, 93]).

2.3 Experimental methodology

In this study, commercially available 98% purity alumina (Al2O3) from CeramTec,

Germany, with a manufacturer-specified density of 3.9 g/cm3, Young’s modulus of 380

GPa, Poisson’s ratio of 0.22, fracture toughness of 3.5 MPa
√
m, bending strength of

260 MPa, and average grain size of ∼ 1.85 µm was studied. For dynamic compression-

shear experiments, cuboidal specimens with nominal dimensions of 3.5 mm × 2.3 mm

× 2.7 mm, and a tilting angle of 5° were used. For indirect tension experiments, the

FBD specimens with a diameter of 8 mm and thickness of 4 mm were fabricated.

Fig. 2.1 (a) and (b) show the dimension and geometry of the specimens. In the FBD

specimens, to facilitate the formation of a central crack and reduce shear strain, the

thickness-to-diameter ratio was set to be 0.5 [32, 94], and two parallel flat ends were

introduced to the specimen to reduce stress concentrations [94, 95]. The FBD samples

used in this numerical study were fabricated based on the geometrical guidelines

provided in the literature [96, 97] to increase the likelihood of the initiation of a

18



central crack and a successful FBD experiment [97]. In addition, a loading angle

(i.e., 2α) is selected to be 20° following Griffith strength theory [98] to allow crack

initiation at the center of the disk, and this loading angle was also used in previous

studies [94, 98].

Fig. 2.1: (a) The geometry and dimensions of the angled (θ = 5°) ceramic specimens
designed to induce a compression-shear stress state in the material, and (b) The ge-
ometry and dimensions of the FBD ceramic specimens with flattened surfaces defined
by 2α =20° designed to induce a tensile stress state in the material.

2.3.1 Material characterization

In the current study, the scanning electron microscopy (SEM) of the polished surface

(mechanically polished down to 0.25 µm) of the as-received CeramTec 98% alumina

ceramic coupled with an energy dispersive x-ray spectroscopy (EDS) was conducted to

characterize the typical microstructure and the elemental composition of the material.

Shown in Fig. 2.2 (a) is an SEM image of the material which is obtained using a Zeiss

Sigma FESEM machine. Fig. 2.2 (b to f) shows the EDS map data which is post-

processed using the Aztec software from Oxford Instruments. As seen, the alumina

ceramic in this study is mainly composed of oxygen (weight and atomic percentages

are 56.86% and 69.05%, respectively) and aluminum (weight and atomic percentage

are 41.75% and 30.06%, respectively) mixed with traces of Mg, Si, and Ca which are
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Fig. 2.2: SEM micrograph examining the microstructural features of the as-received
material and EDS concentration mapping shows the distributions of selected elements.
(a) SEM image of CeramTec alumina with 98 wt.% purity. (b) The distribution and
concentration of O (atomic 69.05%, weight 56.86%) in the SEM image, show that it is
present everywhere except for the dark spots. (c) Distribution and concentration of Al
(atomic 30.6%, weight 41.75%) in the SEM image. (d) Distribution and concentration
of Mg (atomic 0.43%, weight 0.35%). (e) Distribution and concentration of Si (atomic
0.3%, weight 0.43%). (f) Distribution and concentration of Ca (atomic 0.24%, weight
0.51%)

.

the consequence of fabrication process [99].
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2.3.2 Mechanical testing set up

The dynamic indirect tension and compression-shear tests were conducted on a modi-

fied split-Hopkinson pressure bar (SHPB). The diameter of the incident and transmis-

sion bars was 12.7 mm with lengths of 1016 mm and 914 mm, respectively. The bars

were made of hardened maraging steel (Service Steel America C-350) with density,

elastic modulus, yield strength, and Poisson’s ratio of 8080 kg/m3, 200 GPa, 2.68

GPa, and 0.29, respectively. Shown in Fig. 2.3 is a schematic of the SHPB experi-

mental setup. Two impedance-matched Ti-6Al-4V titanium alloy jacketed tungsten

carbide (WC) platens with diameters the same as the bars were attached to the end

of the incident and transmission bar to aid in re-distributing the loads, prevent inden-

tation, and reduce stress concentration on the specimen. This setup has been used

previously, and the results have been published [99, 100].

Oscilloscope

Amplifier

Amplifier Amplifier

Striker

Pulse Shaper WC PlatenStrain Gauge

Incident Bar Transmission Bar

Strain Gauge

Ultra-High-Speed

Camera

Fig. 2.3: The split-Hopkinson Pressure Bar (SHPB) experimental setup.

In the indirect tension experiments, the thicker specimen may lead to a secondary

contact with the loading platens upon fracture, and this may result in the manifesta-

tion of a second peak on the recorded history of stress [32]. To avoid such an effect,

no protection platens were used in the indirect tension tests. It is also worth noting

that in the indirect tension experiments, the specimen was placed between the bars

lubricated with high-pressure grease to reduce the frictional effect during loading,

while in compression-shear tests no grease lubrication was applied to promote suffi-

cient friction for shearing. In this SHPB setup, the data was collected with two strain
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gauges (Micro 184 Measurements CEA- 13–250UN-350) attached to the bars. For the

uniaxial compression-shear experiments, the transmission strain gauge signal, ϵt(t),

was used to calculated the stress-time response σ(t) [101]:

σ(t) =
A0

As

E0ϵt(t), (2.1)

here, A0 (m2) and As (m2) are the cross-sectional areas of the bar, and specimen,

respectively; ϵt(t) is the transmitted strain-time history, and E0 (N/m2) is the elastic

modulus of the bar material. For the indirect tension experiments, the tensile stress

is calculated using the elasticity theory [102]:

σθ = K
2P

πDt
, (2.2)

where P , D, and t are the loading force applied to the specimen, diameter, and

thickness of the disk, respectively. Here, K is a dimension coefficient as a function

of the loading angle (i.e., 2α) of the flattened disk [103]. If 2α= 0° (i.e., conventional

Brazilian disk), K is equal to 1, and if 2α=20°, K is approximated to 0.95 [102, 103].

In the dynamic experiments, pulse shapers were placed in front of the incident bar

to provide a ramped signal, where the ramp pulse shape helps the ceramic specimen

achieve stress equilibrium and constant strain rate during the high strain rate test-

ing, as well as to filter the high-frequency component of the incident pulse [4, 104].

The indirect tension and compression-shear tests were conducted at strain rates rang-

ing from 10 to 170 s−1 and 70 to 800 s−1, respectively, through modifying the pulse

shapers, and striker length. Table 2.1 summarizes the pulse shapers and lengths of

strikers used in this study. To monitor the displacement and strain maps of the spec-

imen during the experiments and to better visualize crack initiation and propagation,

a Shimadzu HPV-X2 ultra-high-speed (UHS) camera images of speckled specimens

coupled with DIC (VIC-2D V6, Correlated Solutions, Irmo, South Carolina, USA).

The DIC analysis process used here follows that used in previous work, and the reader

may refer to [32, 34] for further specific details. The stress-strain curves were obtained
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by combining the average strain (the average strain was calculated by averaging across

the area of interest (AOI) in the DIC analysis) profile with the stress profile generated

from the data recorded by the strain gauge on the transmission bar by using Eq. (5.1)

and Eq. (2.2). Lateral strain-axial strain curves were also generated using the DIC

measurements.

Table 2.1: Pulse shaping characteristics used in dynamic loading (all
dimensions are in mm).

Compression-shear experiments

Strain rate ( s−1) Material Pulse shaper diameter Thickness Striker length

70 to 100 Tin 3.97 1.58 300

300 to 450 Thin HDPE 3.18 1.58 300

450 to 800 Thick HDPE 3.18 2.38 125

Indirect tension experiments

Strain rate ( s−1) Material Pulse shaper diameter Thickness Striker length

10 to 20 Tin 3.97 1.58 300

25 to 40 Thin HDPE 3.97 1.58 300

90 to 170 Paper 3.97 0.5 125

Note. HDPE is the abbreviation for high-density polyethylene.

2.4 Numerical methodology

In this section, the theoretical framework of the JH2-V material model is first outlined,

and the corresponding constants used in this study are given (Table 2.2). Next, the

FE model of the SHPB setup is described to explore the behavior of Al2O3 ceramics

under indirect tension and compression-shear stress states.

In the JH2-V model, as the first modification to the JH2 material model to accom-

modate the strain localization, the hydrostatic tensile strength was formulated as a

function of the rate of equivalent plastic strain (ϵ̇P ) and a viscosity parameter (η).

This strain-rate-dependent definition of tensile strength led to a strain-rate-dependent
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yield function. In the JH2-V model, the strength is defined as an analytical functions

of pressure and other parameters as [43, 47]:

σ∗ = σ∗

i −D
(

σ∗

i − σ∗

f

)

(2.3)

σ∗

i = A
(

P ∗ + T ∗(ϵ̇P )
)N

(2.4)

σ∗

f = B (P ∗)M (2.5)

where σ∗ is the normalized strength of the material, σ∗

i shows the normalized intact

strength, σ∗

f represents the normalized fracture strength, D is the damage variable

with a value between 0 and 1, A and N are intact strength constants, and B and

M are fracture strength constants. Here, σ∗ = σ
σHEL

, P ∗ = P
PHEL

, T ∗ = T
PHEL

, and

ϵ̇∗ = ϵ̇
ϵ̇0

, where σ, σHEL, P , PHEL, T , and ϵ̇P = γ̇ are the equivalent stress, equivalent

stress at the Hugoniot elastic limit (HEL), actual hydrostatic pressure, pressure at

the HEL, maximum tensile hydrostatic pressure tolerated by the material, and rate

of the equivalent plastic strain, respectively.

Then, the hydrostatic tensile pressure T (ϵ̇p) is defined as a mixed linear/logarithmic

formulation [47]:

T (ϵ̇p) = T (λ̇) =

{

T0 + ηλ̇, for λ̇ < λ̇t

Tt(1 + ηλ̇t

Tt
(ln λ̇/λ̇t)), for else

(2.6)

here, η is the viscosity constant, λ̇ represents the rate of the plastic multiplier, T0 is

the reference rate-independent tensile strength parameter, Tt is a transition pressure

(Tt = T0 + ηλ̇t), and λ̇t represents the threshold rate for switching from the linear

equation to logarithmic equation. Simons et al. [40, 46] found that by using a linear

equation, the failure zone size in impact simulations increased rapidly with increasing

loading rate, which is physically unrealistic. The logarithmic formulation is used to

eliminate the rapid increase in the failure zone at high rate loading (i.e., λ̇ ≥ λ̇t).

In addition, in the JH2-V model, the damage starts to accumulate once the yield

function is met as shown in Eq. (2.7). The damage value is calculated based on

incremental equivalent plastic strain accumulation (∆ϵeffp ), as shown in Eq. (2.8):
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∅(σ,D, λ̇) = σq − σHELσ
∗ (2.7)

D =
∑ ∆ϵeffp

ϵfp
(2.8)

where σq is the von Mises stress, and ϵfp is the equivalent fracture plastic strain, which

is defined by the tri-linear equivalent plastic strain formulation [40]:

ϵfp =















ϵmin
p , p < pt
p(σ)−p(t)
p(c)−p(t)

(ϵmax
p − ϵmin

p ) + ϵmin
p , pt < p < pc, and

ϵmax
p , pc < p

(2.9)

here, for pressures below pt and above pc, a fixed minimum failure strain (ϵmin
p ) and

a fixed maximum failure strain (ϵmax
p ) is assumed. For intermediate pressure values,

the fracture strain is defined through linear interpolation. This formulation allows

for independent control of damage rate under tensile and compressive loading [40,

46], which requires data (i.e., pt, pc, ϵ
min
p , and ϵmax

p ) on the transition points from a

brittle to inelastic response of ceramics. Ceramic materials exhibit a brittle failure

behavior under tension, and show inelastic deformation under high confining pressures

[104]. Such inelastic deformation mechanisms have been also observed in brittle solids

under shock compression [105–107]. This new formulation (Eq. (2.9)) allows to better

account for such phenomena.

Lastly, to calculate pressure, a polynomial equation of state (EOS) represented by

the relationship between hydrostatic pressure (P ) and volumetric strain (µ) is defined

as per Eq. (2.10) [43]. As the damage starts to accumulate, bulking manifests as an

incremental pressure (∆P ) added to the EOS that is defined as per Eq. (2.11) [43,

108]. The value of ∆P varies from 0 when D = 0 to ∆P = ∆Pmax when D = 1.

In this study, ∆P is calculated based on the conversion of internal elastic energy to

potential internal energy owing to the decrease in shear and deviator stresses [43]:

P =

{

K1µ + K2µ
2 + K3µ

3 + ∆P, if µ > 0

K1µ, if µ ≤ 0
(2.10)

∆Pt+∆t = −K1µt+∆t +

√

(K1µt+∆t + ∆Pt)
2 + 2µK1∆U (2.11)
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∆U = Ut − Ut+∆t (2.12)

U =
σ2
y

6G
(2.13)

where K1 is the bulk modulus, K2 and K3 represent EOS constants, and µ is the

volumetric strain. The internal elastic energy is shown by U which is related to the

equivalent plastic flow stress σy, the fraction of the elastic energy loss converted to

potential hydrostatic energy is β, and G is the shear modulus. The elastic constants

G and K, Young’s modulus and Poisson’s ratio were measured from the experimental

stress-strain and lateral strain-axial strain curves (see Fig. 2.7), and then G and K

were calculated with the theoretical relations between the elastic constants. The

calibrated constants are the regularization parameters, including η and λ̇t. These

parameters were changed within their feasible range proposed by Simons et al. [40,

47] to obtain the best match with the experimental stress-time curves and the pattern

of damage initiation and propagation observed in ultra-high-speed camera images.

The effect of these parameters is studied in detail in Fig. 2.8 and Fig. 2.9.

Summarized in Table 2.2 are the material constants of Al2O3 ceramic for the JH2-

V model, which are mainly calibrated or obtained from previous studies [40, 109] and

experiments in this current study. The model was implemented into ABAQUS via a

VUMAT subroutine. For more details on the implementation of the JH2-V model,

the reader is referred to 2.8.

2.4.1 Model description

In this study, the FE model was constructed for the entirety of the SHPB system,

including the bars, the loading platens, and the specimens (see Section 2.3). The

time step was set at 400 µs. The general contact algorithm was used where friction-

less surface-to-surface contact was defined between the potential contacting surfaces

of the FBD sample and the platen, given that these interfaces were lubricated in

experiments to avoid inducing complex stress states. The same contact modeling
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Table 2.2: The JH2-V constants used for Al2O3 ceramics.

Parameter Value Unit Source

A 0.93 - [109]

B 0.31 - [109]

N 0.6 - [109]

M 0.6 - [109]

K1 226 GPa Current study

K2 0 GPa [109]

K3 0 GPa [109]

ρ 3900 kg/m3 Current study

G 155 GPa Current study

T 0.2 GPa [40]

HEL 6.25 GPa [40]

PHEL 7.5 GPa [40]

β 1 - [40]

η 0.025 MPa·s Calibrated in the current
study

λ̇t 10000 s−1 Calibrated in the current
study

ϵmax
p 0.496 - [40]

ϵmin
p 1.5.10−4 - [40]

pc 3.02 GPa [40]

pt -0.17 GPa [40]

approach was applied to the compression-shear model, but a coefficient of friction

of 0.06 [14] was considered for the interfaces between the sample and platens as no

lubrication was applied in experiments to induce more tangential force and avoid

surface sliding between the specimen and platens. To apply the load (see Fig. 2.4

(a)), the experimentally measured pressure pulse was applied on the cross-section

of the modeled incident bar where the strain gauge was placed in the experiments.
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Fig. 2.4 (b) shows the pressure pulse that was experimentally recorded through the

strain gauge mounted on the incident bar; this pulse was used as the input to the

model to induce the strain rate in the specimen. Shown in Fig. 2.4 (c) and (d) are the

alignment of the FBD and angled specimens between the modeled bars and the WC

platens, respectively. Upon a mesh convergence study (Fig. 2.13 (b), and (d)), the

specimens were discretized by C3D8R element (continuum three dimensional 8 noded

reduced integration element) with a size of 0.05 mm for angled specimen and 0.12

mm for FBD specimen, resulting in 173880 and 141636 elements, respectively. The

incident bar, transmission bar, and WC platens were also discretized with C3D8R

elements with a size of 1.5 mm, 1.5 mm, and 0.5 mm, leading to 33516, 46360 and

6400 elements, respectively. To reduce the run-time, the models were run on Com-

pute Canada Graham cluster. For each simulation, four nodes (i.e., 128 cores) were

employed and the corresponding computational times are summarized in Table 2.3.

2.5 Results and discussion

In this section, the results on the dynamic behavior of alumina ceramics under indirect

tension and compression-shear loading are outlined for both the experiments and

numerical simulations. As outlined in the previous section, the model predictions are

validated with the experimental results both qualitatively (e.g., failure initiation and

propagation process on the specimen surface) and quantitatively (e.g., stress versus

strain and lateral strain versus axial strain responses of the material). Subsequently,

the model is exercised to study the effect of the regularization parameters of the JH2-V

material model (Section 2.5.2) and bulking phenomena (Section 2.5.3). The validated

model is employed for studying the effect of shear on failure response of Al2O3 ceramics

via quantitative analysis of the damage initiation and growth (Section 2.5.4), and

provide guidance for higher-scale applications (e.g., impact) in terms of element size

selection (Section 2.5.5).

28



(d)

Applied on the 

Incident Bar in the 

Model

(c)

Pressure Pulse

Incident Bar

(a) (b)

WC

Incident 

Bar

Transmitted Bar

Shear-Compression 

Specimen

Incident Bar

Transmitted Bar

FBD Specimen

Fig. 2.4: 3D FE model of the SHPB setup used to simulate indirect tension and
compression-shear experiments. (a) To simplify the model and decrease the run-time,
the incident bar is only modeled between the location of the strain gauge toward the
specimen, and the experimentally recorded stress-time pulse in the incident bar is
applied as a pressure pulse on the cross-section of the modeled incident bar. (b)
The subfigure shows the stress pulse in the incident bar measured through the strain
gauge. The area in the red box is used as the input pressure pulse applied on the
incident bar as shown in part (a). (c) and (d): The configuration of the indirect
tension specimen and compression-shear specimen between the bars.

2.5.1 Experimental and numerical results for the mechani-
cal behavior of Al2O3 ceramics under dynamic indirect
tension and compression-shear loading

The predicted stress-time histories of the alumina ceramics under indirect tension

loading at high strain rates (i.e., ranged from 10 to 102 s−1) compared with the

experimental results are summarized in Fig. 2.5 (a), (b), and (c). It is observed that,

the predicted curves reasonably capture the experimentally measured ones, and the

experimental trend of an increase in tensile strength with increasing strain rate is

also reflected in the numerically predicted curves. Fig. 2.5 (d) shows the comparison

between the predicted damage initiation and propagation (corresponding to numbered

points in the Fig. 2.5 (b)) and the time-resolved images of crack propagation in the
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specimen captured through the ultra-high-speed camera. Experiment-wise (see the

first row of Fig. 2.5 (d)), it is observed that damage accumulates at the corners of

the specimen in contact with the SHPB bars and starts to propagate along the center

of the disk (from point 1 to point 2). At the onset of the peak stress (point 2), an

axial primary crack appears at the center of the specimen, and this is followed by

the initiation of secondary cracks at the edge of the specimen. Upon peak stress

(point 3), multiple primary cracks are observed along the center of the specimen, and

secondary circumferential cracks are generated at the edge of the specimen, and this

failure process leads to an abrupt decrease in load sustaining capacity and catastrophic

failure (point 4). The fracture pattern observed and predicted here has also been

observed in previous studies on ceramic materials [110–112], indicating a valid FBD

experiment. Numerically (see the second row of Fig. 2.5 (d)), the experimental failure

process is reasonably reproduced. The damage first appears at the two interfaces

due to stress concentrations and then starts to accumulate at the central area of

the disk. Next, the element deletion process is triggered in the center-line of the

disk, and this resembles the formation of the primary crack just before the peak

stress. Note that the elements are deleted when the equivalent plastic strain at the

integration points exceeds a critical value of 0.2, and this value has been used in

previous numerical studies on alumina ceramics [89, 113]. The damage growth at

the central area proceeds with the formation of secondary circumferential cracks at

the edges which leads to the rapid decrease in the stress; both are consistent with

experimental results (the first row of Fig. 2.5 (d)).

Similarly, the simulated stress-time histories of the alumina ceramics under compression-

shear stress state at high strain rates (ranged from 102 to 103 s−1) compared with the

experimental results are illustrated in Fig. 2.6 (a), (b), and (c). In Fig. 2.6 (a), (b),

and (c), the predicted shear strains are also compared with shear strains obtained

by the DIC analysis. The experimental curves exhibit a softening regime before the

peak stress, which is resulting from the initiation of axial cracks (see the time-resolved
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Fig. 2.5: The numerical (Num) and experimental (Exp) stress-time history of ce-
ramic specimens under an indirect tension stress state with corresponding time-
resolved images of crack propagation in the specimen captured through the ultra-
high-speed camera. The numbered black points on the stress-time plot are selected
to make a qualitative comparison between the numerical and experimental results.
(a) The experimental and numerical stress-time curves for a strain rate range of 10
to 16 s−1. (b) The experimental (dashed lines) and numerical (solid lines) stress-time
curves for a strain rate range of 28 to 39 s−1. (c) The experimental and numerical
stress-time curves for a strain rate range of 117 to 166 s−1. (d) The visualization
of damage initiation and propagation in indirect tension experiments via ultra-high-
speed camera images compared to those of the numerical simulation. Note that, in
the numerical legend, SDV10 represents the damage parameter of the JH2-V model
(see Eq. (2.8))

image in Fig. 2.6 (d) corresponding to point 2 in Fig. 2.6 (c)) and accumulation of

damage at the corners. Upon reaching peak stress, the stress-bearing capacity sharply

falls due to the abrupt nucleation and growth of multiple axial cracks and their later

coalescing. It is observed that, the predicted curves for the ceramic materials reason-

ably capture the experimental results (Fig. 2.6 (a), (b), and (c)), which shows the the

applicability of the current approach for modeling the alumina ceramics. Showing
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in the first row of Fig. 2.6 (d) are time-resolved high-speed images of the structural

failure captured experimentally by the ultra-high-speed camera, and those of the FE

model corresponding to the black points on Fig. 2.6 (c) are shown in the second row

of Fig. 2.6 (d)). The first figure shows that damage starts to accumulate on the left

side of the specimen (i.e., the contact area with the incident bar) and a longitudinal

crack parallel to the angle of the specimen created at the bottom side of the specimen.

Prior to failure, more damage is accumulated in the contact area with the incident

bar, and the longitudinal crack propagates parallel to the lateral edges (point 2).

Upon failure, more cracks nucleate parallel to the lateral edges from both contact

areas (point 3). Eventually, the interaction and coalescence of cracks together along

the specimen lead to the catastrophic failure of the specimen (point 4).Overall, the

rate-dependent behavior of the material (i.e., the increase in tensile and compres-

sive strength with the increase in rate) is also numerically reflected for both FBD

and compression-shear loading conditions. The model captures this effect due to the

incorporation of the rate-dependent hydrostatic tensile strength of ceramics [32, 47]

(see Eq. (2.6)), and accounting for the effect of inertial confinement [114] implicitly

as a bulking-induced increment in pressure (Eq. (2.11)). The latter is studied in more

detail in the following (see Fig. 2.10).

Lastly, the simulated stress-lateral strain and lateral strain-axial strain history of

the specimen under both indirect tension and compression-shear loading (solid lines)

are compared with the experimental results represented by dashed lines in Fig. 2.7. As

seen in Fig. 2.7 (a), in agreement with the linear elastic response in the experiments,

the numerical curves also linearly increase up to the peak stress, which confirms the

correctness of the developed strain fields in the model. Fig. 2.7 (b) shows that the

collapse in the experimental curves (i.e., after peak stress) follows an upward trend,

which indicates the occurrence of an abrupt failure (i.e., outward expansion) caused

by unstable structural failure under a tensile-dominated stress state [32, 99]. The

numerically predicted lateral strain versus axial strain responses are consistent with
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Fig. 2.6: The numerical (Num) and experimental (Exp) stress-time history of ce-
ramic specimens under a compression-shear stress state with corresponding time-
resolved images of crack propagation in the specimen captured using the ultra-high-
speed camera. The marked points (numbered black points) on the stress-time plot
are selected to make qualitative comparisons between the numerical and experimen-
tal results. (a) The experimental and numerical stress-time curves for a strain rate
range of 77 to 98 s−1. (b) The experimental (dashed lines) and numerical (solid lines)
stress-time curves for a strain rate range of 347 to 392 s−1. (c) The experimental
and numerical stress-time curves for a strain rate range of 706 to 800 s−1. (d) The
visualization of damage initiation and propagation in compression-shear experiments
via ultra-high-speed camera images compared to those of the numerical simulation.
Note that, in the numerical legend, SDV10 represents the damage parameter of the
JH2-V model (see Eq. (2.8))

the measurements in terms of the Poisson’s ratio and the upward trend upon failure.

In addition, Fig. 2.7 (c) shows the experimentally measured stress-axial strain (blue

dashed lines) compared with simulation results (a solid red line) under compression-

shear loading. It is observed that the stress-axial strain curves are nearly-straight lines

and immediately decrease when the curves reach the peak due to catastrophic failure

of the specimens, which is also reflected in simulation results. Shown in Fig. 2.7 (d) is

the experimental data (blue dashed lines) of lateral strain-axial strain responses with

comparison to numerical results (a solid red line), and the good agreement indicates

that the FE model can well predict the material behavior under combined loading.
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Fig. 2.7: The mechanical response of alumina under indirect tension and
compression-shear stress states. (a) Representative numerical (Num) and experi-
mental (Exp) stress-lateral strain responses of the material under indirect tension
loading. (b) The numerically predicted lateral strain (Y direction)-axial strain (X
direction) history compared to the experimental results measured through DIC anal-
ysis. (c) Representative numerical (Num) and experimental (Exp) stress-axial strain
responses of the material under compression-shear loading. (d) The numerically pre-
dicted lateral strain (Y direction)-axial strain (X direction) history compared to the
experimental results measured through DIC analysis.

The presented simulations for FBD and compression-shear loading conditions were

also conducted by using the JH2 material model to provide more insights on the

improvements in predicted results by the JH2-V model. The reader is referred to 2.9

for more details on comparing the JH2 and JH2-V model.

Overall, the reasonable agreement between the numerical and experimental find-

ings, both quantitatively (e.g., stress-strain and axial strain-lateral strain curves) and

qualitatively (e.g., images describing the failure process), demonstrates the appli-
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cability of the current modeling approach to computationally explore the dynamic

behavior of alumina ceramics.

2.5.2 Studying the effect of the JH2-V model regularization
parameters on mechanical behavior of Al2O3 ceramics
under dynamic indirect tension and compression-shear
loading

In the JH2-V model, the appropriate selection of the regularization parameters, in-

cluding η and λ̇t, plays an important role on the objectivity of the predicted results

in terms of the damage propagation in the material. Fig. 2.8 shows how the predicted

stress and damage propagation evolve in the specimen with the variation of the reg-

ularization parameters (i.e., η and λ̇t). The final calibrated values for regularization

parameters in this study are chosen as η=0.025 MPa·s and λ̇t=10000 s−1. First,

Fig. 2.8 (a) and (b) show the predicted stress histories under indirect tension loading

by considering a fixed value of λ̇t=10000 s−1 with different η parameters (Fig. 2.8

(a)), and a fixed value of η=0.025 MPa·s with different values for λ̇t (Fig. 2.8 (b)).

Corresponding damage profiles are shown in Fig. 2.8 (c), (d) and (e) at numbered

strain levels on Fig. 2.8 (a) and (b). As seen in Fig. 2.8 (a), with the increase in the

viscous parameter, the load-bearing capacity converges to the response which corre-

lates with the measured one. It is found that when η=0 (i.e., the regularization is

suppressed), the predicted peak stress is underestimated and damage accumulates at

the corner of the specimen and does not propagate across the specimen (see Fig. 2.8

(c)), which is not in agreement with the experimental observations (Fig. 2.5). In

Fig. 2.8 (b), low values of λ̇t results in an underestimation of the material strength as

the strain-rate-dependent spall strength of the material is not properly accounted for.

Additionally, by choosing higher values for λ̇t (higher values than calibrated data),

the predicted stress-time curves converge together, and the corresponding damage

profile is shown in Fig. 2.8 (d). While damage propagates at the central area of the

disk, the formation of secondary circumferential cracks is not well predicted when
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Fig. 2.8: The effect of the JH2-V model regularization parameters: the viscosity
parameter (η) and the equivalent plastic strain transition parameter (λ̇t), on the
predicted indirect tension response. (a) The effect of the η parameter on the predicted
stress-time history for indirect tension simulations at a strain rate of 30 s−1. (b) The
effect of the λ̇t parameter on the predicted history of stress for indirect tension loading
at a strain rate of 30 s−1. As λ̇t exceeds 10000 s−1, the predicted response remains
unchanged. (c) Predicted damage pattern when η=0 MPa·s and λ̇t=10000 s−1 with
time corresponding to the red numbered points on the subfigure (a). (d) Predicted
damage pattern when η=0.025 MPa·s and λ̇t=100 s−1 with time corresponding to the
red numbered points on the subfigure (b). (e) Predicted damage pattern in indirect
tension simulation with time-resolved numbered points on the stress-time responses
based on the calibrated constants (black points on the subfigures (a), and (b)). Note
that, in the numerical legend, SDV10 represents the damage parameter of the JH2-V
model (see Eq. (2.8))

compared to the one predicted by the calibrated λ̇t (see Fig. 2.8 (e)).

Next, Fig. 2.9 shows the predicted history of stress and damage propagation pattern

in the angled specimen under different variation of regularization parameters. Fig. 2.9

(a) and (b) show the predicted history of stress under compression-shear loading by

considering a fixed value of λ̇t=10000 s−1 with different η parameters (Fig. 2.9 (a)),

and a fixed value of η=0.025 MPa·s with different values for λ̇t. The corresponding

damage profiles are shown in Fig. 2.9 (c), (d) and (e) at numbered strain levels on
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Fig. 2.9 (a) and (b). It is found that when η=0 MPa·s where the regularization is

suppressed, the predicted peak stress is lower than the measured one and damage

accumulates at the center of the specimen (see Fig. 2.9 (c)). As shown in Fig. 2.9

(b), the model underestimates the material strength when choosing low values of λ̇t,

and for higher values of λ̇t the predicted curves converge together. From Fig. 2.9

(d), it is observed that as damage propagates in the specimen, the formation of the

cracks is less accurately predicted in comparison with the predicted one by using the

calibrated λ̇t = 10000 s−1 (Fig. 2.9 (e)).

2.5.3 Studying the effect of bulking on mechanical behavior
of Al2O3 ceramics under dynamic indirect tension and
compression-shear loading

In brittle materials, the failure process is dominated by the initiation and growth of

cracks, which leads to an incremental increase in the porosity volume of the material

[115, 116]. This increase in porosity volume is known as bulking, and bulking plays

an important role in the failure response of ceramics [115], rocks [117], and concretes

[118]. In a study by Simons et al. [46], the effect of bulking is considered through

the calculation of a volumetric plastic strain component based on the Drucker-Prager

plastic potential function. In our developed model in ABAQUS, similar to the original

JH2 model [43], we considered the bulking effect as the induction of an increment

in pressure when damage evolution is triggered under compression (as detailed in

Section 2.4). Fig. 2.10 (a) and (c) shows how bulking may affect the predicted peak

stress in both indirect tension and compression-shear stress states. Bulking occurs in

ceramic materials to accommodate the formation of cracks [115, 116]. As such, when

bulking is not considered, the predicted peak stress is slightly underestimated, and this

is observed in Fig. 2.10 (a) and (c). Fig. 2.10 (b) and (d) draw a comparison between

the predicted damage propagation pattern corresponding to the specified numbered

points on Fig. 2.10 (a) and (c) with the bulking effect and the one predicted when
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Fig. 2.9: The effect of the JH2-V model regularization parameters: the viscosity
parameter (η) and the equivalent plastic strain transition parameter (λ̇t) on the pre-
dicted compression-shear response.(a) The effect of the η parameter on the predicted
stress-time history for compression-shear simulation at a strain rate of 786 s−1. (b)
The effect of the λ̇t parameter on the predicted history of stress for the compression-
shear response at a strain rate of 786 s−1. As λ̇t exceeds 100000 s−1, the predicted
response remains unchanged. (c) Predicted damage pattern with η=0 and λ̇t=10000
s−1 with time corresponding to the red numbered points on subfigure (a). (d) Pre-
dicted damage pattern when η=0.025 MPa·s and λ̇t=100 s−1 with time corresponding
to the red numbered points on the subfigure (b). (e) Predicted damage pattern in
compression-shear simulation with time corresponding to the numbered points on the
stress-time responses based on the calibrated constants (black points on the subfig-
ures (a), and (b)). Note that, in the numerical legend, SDV10 represents the damage
parameter of the JH2-V model (see Eq. (2.8))

the bulking effect is not considered. As shown, the FE model predicts no significant

difference in the material response with respect to the bulking effect for the studied

conditions. The same result has been also reported for alumina ceramics subject to

sphere impact testing [46].
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Fig. 2.10: The effect of incorporating bulking in the JH2-V model on the predicted
results for the dynamic indirect tension (top b) and compression-shear loadings (bot-
tom d). (a) The effect of bulking on the predicted history of stress-time for the indirect
tension test at a strain rate of 30 s−1. (b) The figures show the qualitative history
of damage propagation in the material under indirect tension when the bulking effect
is and is not considered. The comparison is made at the corresponding numbered
points in subfigure (a). The consideration of bulking in the JH2-V model results in
the prediction of secondary cracks initiating from the disk circumference. (c) The
effect of incorporating bulking on the predicted results for the compression-shear test
at a strain rate of 700 s−1. (d) The figures show the qualitative history of damage
propagation in the material under compression-shear loading when the bulking effect
is and is not considered. The comparison is made at the corresponding numbered
points in subfigure (c). Note that, in the numerical legend, SDV10 represents the
damage parameter of the JH2-V model (see Eq. (2.8))

2.5.4 Application of the model to study the effect of shear:
compression-shear specimen with different angles

The presence of shear strain plays an important role during the failure initiation

and propagation in brittle materials [29, 119]. Fig. 2.11 shows the application of

the current model for studying the effect of shear strain on the material response

and damage growth. The implemented modeling framework has been leveraged to
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quantitatively analyze the damage initiation and growth in the material to provide

insight on the role of shear on the mechanical response. Shown in Fig. 2.11 (a) are

the predicted stress-time curves and the corresponding shear strain-time histories for

different angled compression-shear specimens at a fixed strain rate of 780 s−1. It

is observed that, by increasing the angle of the specimens, the induced shear strain

increases while the peak stress follows a descending trend. To quantify the history of

failure initiation and propagation in the material, the damage parameter of the JH2-

V model is volumetrically averaged at each increment of the loading history using

Python scripting. The average volumetric damage is computed as [120]:

Davg =

∑N

i DiVi
∑N

i Vi

(2.14)

where Di and Vi are the JH2-V damage parameter and the volume of each integration

point of the elements (i.e., the denominator of the Eq. (2.14) is the total volume of

the simulated specimen at each increment of loading), respectively. Fig. 2.11 (b)

shows the predicted stress-time histories and the volumetric average damage-time

curves. As seen with the increase in shear strain (i.e., increasing in tilting angles) the

damage initiates earlier in the material, and this contributes to a decrease in the peak

stress. In addition, the maximum magnitude of damage reduces as a function of peak

shear strain. Fig. 2.11 (c), (d), and (e) show a comparison between the numerically

predicted damage propagation patterns in the alumina ceramics with θ = 0°, θ = 5°

and θ = 10° (for the sake of brevity, the angles of θ = 3° and θ = 7° are not shown)

at the strain levels corresponding to the numbered points in black, red, and orange,

respectively, in Fig. 2.11 (a). As shown, by increasing the angle of the specimen and

increasing the effect of shear deformation, damage tends to localize at the corners,

and less damage propagation, and branching are observed.

Fig. 2.12 (a) shows the pattern of shear strain in the compression-shear model with

different angles to provide a better understanding of how the shear strain is spatially

affected. As seen, with the increase in the angle of the compression-shear model, the
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Fig. 2.11: A numerical investigation of the effect of shear on the material behavior by
considering different angles (θ = 0°, 3°, 5°, 7° and 10°) in compression-shear testing.
(a) Comparing the history of stress and shear strain that shows the shear strain
increases with the increase in angle, and this leads to a decrease in the peak stress.
(b) Comparing the stress-time history and volumetric average damage growth. With
the increase in angle, the damage is initiated earlier in the material. (c), (d), and
(e) shows the accumulation of damage in the material at different strains marked on
subfigure (a) under different angles of θ = 0° (black point), θ = 5° (blue point) and
θ = 10° (red point), respectively. As seen, in all cases, damage accumulates at the
corners and then propagates parallel to the specimen angle.

shear strain mainly increases in the central area and the shear strain at the corners is

less affected. Note that Fig. 2.12 (a) corresponds to the time of 20 µs in Fig. 2.11 (a),

when no damage is developed in the models to affect the strain distribution pattern.

To confirm this observation, a p-q diagram is plotted at different locations (labeled

as P1, P2, P3, P4, P5, P6, and P7 in Fig. 2.12 (a)) up to failure on the compression-

shear model with different angles. The slope of the p-q curve reflects the inverse of

the stress triaxiality parameter; the more the stress triaxiality, the less the effect of

shear [121]. Accordingly, the p-q curve with a higher slope represents the presence of

more shear. As seen in Fig. 2.12 (b), with the increase in the angle of the model, the

level of shear increases minimally at the corners represented by P1 and P2 points on
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Fig. 2.12 (a), while the maximum increase occurs at the center represented by P5 (i.e.,

the highest increase in the slope of the p-q curve). This implies that higher-angled

specimens induce more shear deformation in the material locally with a predominant

increase in the central area.

2.5.5 Application of the model for guidance in higher scale
modeling

In real applications such as protection systems against ballistic impact, ceramics ex-

perience mixed-mode stress states that evolve spatially and temporally [122]. For the

efficient use of FE modeling of ceramics at structural scales, minimizing the run-time

by selecting appropriate element sizes is of great importance [108]. In this section,

the current modeling framework is used to provide some guidance on the element

size selection based on the stress-state-dependent mesh sensitivity of the stress-time

results. Fig. 2.13 shows the predicted time history of stress in the material subject to

dynamic compression-shear loading with different angles, namely θ = 0°, θ = 5°, and

θ = 10°, as well as the FBD specimen under indirect tension loading when different

element sizes are selected. As seen in Fig. 2.13 (a), (b), and (c), the stress state

varies from uniaxial compression to shear-dominated with an increase in angle from

θ = 0° to θ = 10°. It is observed that, for all the stress states, with the decrease in

the element size from 0.14 mm (7000 elements) to 0.03 mm (800000 elements), the

slope of the curve remains constant while the peak stress follows a descending trend

towards convergence. In addition, Fig. 2.13 (a), (b), and (c) shows that the mesh

sensitivity is affected by the stress states. Specifically, the maximum sensitivity is

observed under uniaxial compression with a variation of 27% in the peak stress when

going from an element size of 0.03 mm to 0.14 mm, and the minimum sensitivity is

obtained at the angle of θ = 10° as the shear-dominated stress state with a variation

of 14.5% in the peak stress across the same range of element sizes. Also note that

the variation follows a negative correlation with increasing angles (i.e., increasing in
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Fig. 2.12: A numerical investigation of the effect of the angle of the compression-
shear specimen on the spatial distribution pattern of shear strain and its quantity.
(a) The contour of shear strain distribution in the compression-shear model with
different angles (θ = 0°, 5°, and 10°) at a time of 20 µs (see Fig. 2.11 (a)). (b) The
p-q diagram plotted at the labeled locations on the sub-figure (a) up to failure for the
compression-shear model with different angles. Note that, in the numerical legend,
LE represents the shear strain in the X-Y plane.
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shear dominance leads to a decrease in mesh sensitivity). Fig. 2.13 (d) shows that

the predicted results are least affected by the element size for a tension-dominated

stress state. As a result, the model predicts the failure response is insensitive to

element size under tensile loading, and the greatest mesh dependency is introduced

into the predicted failure response when a compression-dominated stress state is in-

duced in the material. This pattern of mesh sensitivity is attributable to how the

regularization method is applied in the JH2-V model, which is also related to why

mesh sensitivity is mitigated in this model when compared to the JH2 model (see

2.9). The tensile strength of the material is increased the most (i.e., maximal reg-

ularization) by the proposed rate dependency model – which is also involved in the

viscosity regularization approach (see Eq. (2.6)) – in the JH2-V model, while the

minimal increase (i.e., minimal regularization) is applied on the strength under high

pressure. As such, under tensile-dominated stress states, the regularization method is

the most influenced, and with the increase in the presence of compression, the effect

of regularization decreases. Accordingly, the minimum mesh sensitivity (∼ 1%) is

observed for FBD simulation results, and the maximum mesh sensitivity (27%) is

observed for uniaxial compression simulation results (i.e., compression-shear sample

with an angle of 0°).

Table 2.3 summarizes different element sizes and the corresponding run-time used

for the simulation of compression-shear specimen with an angle of θ = 5° and the

FBD specimen. For the compression specimen, the peak stress varies 27% from the

coarse mesh to the fine mesh which is notably lower than previous studies with the

JH2 model [108, 123, 124]: this is attributable to the mesh sensitivity mitigation

in the JH2-V model. As the mesh size decreases to 0.05 mm and below, the peak

stress remains almost unaltered while the run-time increases by ∼ 125% from 24 to

54 hours. For the FBD specimen, the peak stress remains almost the same with a

variation of ∼ 1% from coarse mesh to fine mesh, representing less mesh sensitivity

when compared to compression-shear loading. From Table 2.3, as the mesh size

44



Fig. 2.13: The effect of element size on the predicted stress-time history for
compression-shear specimens with different angles (θ = 0°, θ = 5°, and θ = 10°)
and FBD specimen. (a) The predicted history of stress-time for an angle of θ = 0°.
(b) The predicted stress-time curves for an angle of θ = 5°. (c) The stress-time re-
sponse for an angle of θ = 10°. (d) The stress-time response for the FBD specimen.

decreases to 0.12 mm and below the run-time increases by ∼ 476% from 1.3 to 7.5

hours.

As such, to balance between the computational cost and accuracy, an element size

of 0.05 mm and 0.12 mm has been chosen for further simulations of compression-

shear and tension loading in this study, respectively. Based on this outcome, for

the application of the JH2-V model for ceramics at higher scale modellings, a fine

mesh size (∼ 0.05 mm) is recommended for compression-dominated areas while a

coarser mesh size may be applied to shear and tension-dominated areas to balance

the computational cost and accuracy. This outcome helps avoiding the unnecessary
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Table 2.3: Mesh sensitivity analysis for the compression-shear specimen
with an angle of 5° and FBD specimen: A summary of different mesh

sizes, the associated run-time, and the simulated peak stress.

Compression-shear specimen

Mesh size Number of elements Run-time (hours) Peak stress (MPa)

0.03 810810 54 3835

0.04 341088 36 3867

0.05 173880 24 3940

0.06 100890 16 4107

0.08 43384 11 4130

0.1 21735 8 4348

0.12 12673 6 4386

0.14 7600 4.5 4588

Indirect tension (FBD) specimen

Mesh size Number of elements Run-time (hours) Peak stress (MPa)

0.07 687420 7.5 347

0.08 470000 4.5 348

0.1 239360 2.5 348

0.12 141636 1.3 348

0.14 90016 0.86 349

0.16 57500 0.75 350

0.18 39248 0.68 352

use of fine mesh at the relevant parts of the model to be identified based on the

dominant stress state to obtain converged results.

So far, limited efforts have been made to address the effect of the shear strain under

compressive loading in ceramics, where the previous studies were mainly focused on

rocks [85, 87, 88] and glasses [125, 126] subjected to a combined compression-shear

loading by using experimental testing. Additionally, this study provided a founda-

tion to quantitatively analyze the damage accumulation in ceramic materials through
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numerical modeling, which has been mostly studied qualitatively by presenting time-

resolved experimental images [29, 99] or numerical contours [4, 14] in the literature.

Finally, the implemented JH2-V model in this study could be improved to better ac-

count for the stress-state-dependent failure of ceramics by incorporating Lode angle

and stress triaxiality parameters [127, 128], and the asymmetry of damage growth

under tension and compression by defining separate corresponding damage evolution

laws [127, 128]. This facilitates the efficient design of high-performing ceramics that

have tailored mechanical properties [129–132].

2.6 Conclusion

This study explored the behavior of CeramTec ALOTEC 98% alumina (Al2O3) ce-

ramic under dynamic indirect tension and compression-shear loading via FE modeling

with experimental validation. Experimentally, angled specimens were used to gener-

ate a compression-shear stress state in the material, and a tension-dominated stress

state was induced through the FBD specimens. Numerically, the JH2-V model was

implemented in ABAQUS software by using a VUMAT subroutine. The FE model

was validated both quantitatively (i.e., stress-strain and axial strain-lateral strain

responses) and qualitatively (i.e., the manifestation of damage initiation and accu-

mulation), and a reasonable agreement was observed with the experiments. Overall,

the results generated in this study will provide insights on:

1. For both indirect tension and compression-shear loading, the model showed

that the peak stress is slightly underestimated when the effect of bulking is

not considered, and the damage patterns remained almost independent of the

bulking effect. This provides a better understanding of how the dominant stress

state affects the volume increase of the material due to the accumulation of

damage.

2. The pattern of damage propagation under the indirect tension is highly affected

47



by the regularization parameters of the JH2-V model when compared to that

of the compression-shear stress state. Quantitatively, for both stress states,

the predicted stress-time curves converged with increasing the regularization

parameters.

3. A new quantified damage analysis was proposed to provided a better under-

standing of the relationships between damage accumulation and shear defor-

mation in ceramics, which has been qualitatively addressed in previous studies

by presenting time-resolved experimental images. It was found that when more

shear strain (i.e., compression-shear specimen with higher angles) is induced in

the material the damage accumulation triggered earlier which led to a decrease

in the peak stress. In addition, the magnitude of damage decreased with the

increase in shear.

4. The effect of element size was studied under different stress states, including

uniaxial compression, compression-shear, and tension-dominated stress state.

Accordingly, to balance the computational cost and accuracy, for compression-

dominated areas a fine mesh size (∼ 0.05 mm) is recommended, while a coarser

mesh size may be applied to shear and tension-dominated areas of the model

when applied to higher-scale applications of ceramics such as impact.

Altogether, the outcome of this study provided a better understanding of the effect

of stress state and rate of loading on the failure response of alumina ceramics and

the applicability of the current modeling approach to computationally explore the

material behavior.
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2.8 Appendix A: The implementation of the JH2-

V model

In the following, the procedure for the implementation of the JH2-V model by using

a VUMAT subroutine is summarized. Fig. 2.14 shows the flowchart for the imple-

mentation of the material model.

Start of the user subroutine VUMAT

Data transfer from previous increment 

(𝛔𝛔𝐭𝐭, 𝛆𝛆𝐭𝐭,∆𝛆𝛆𝐭𝐭,𝐇𝐇𝐭𝐭 (𝐢𝐢𝐢𝐢𝐭𝐭𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢 𝐯𝐯𝐢𝐢𝐢𝐢𝐢𝐢𝐯𝐯𝐢𝐢𝐢𝐢𝐢𝐢𝐯𝐯),𝐢𝐢𝐢𝐢𝐚𝐚 ∆𝐭𝐭)
𝛔𝛔𝐭𝐭+∆𝐭𝐭𝐭𝐭𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢 = 𝛔𝛔𝐭𝐭 + 𝟐𝟐𝟐𝟐∆𝛆𝛆𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢+ 𝛌𝛌𝛆𝛆𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝛅𝛅𝐢𝐢𝐢𝐢

𝟐𝟐𝐭𝐭+∆𝐭𝐭 =
𝟏𝟏𝐚𝐚𝐢𝐢𝐭𝐭 𝐅𝐅 − 𝟏𝟏𝐏𝐏𝐭𝐭+∆𝐭𝐭 = 𝐊𝐊𝟏𝟏𝟐𝟐𝐭𝐭+∆𝐭𝐭 + 𝐊𝐊𝟐𝟐𝟐𝟐𝐭𝐭+∆𝐭𝐭𝟐𝟐+ 𝐊𝐊𝟑𝟑𝟐𝟐𝐭𝐭+∆𝐭𝐭𝟑𝟑𝐪𝐪𝐭𝐭𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢 =
𝟑𝟑𝟐𝟐𝐒𝐒𝐢𝐢𝐢𝐢𝐒𝐒𝐢𝐢𝐢𝐢

If (𝟐𝟐𝐭𝐭+∆𝐭𝐭 𝐢𝐢𝐢𝐢𝐚𝐚 𝐃𝐃𝐭𝐭>0), then 𝐏𝐏𝐭𝐭+∆𝐭𝐭 =𝐊𝐊𝟏𝟏𝟐𝟐𝐭𝐭+∆𝐭𝐭 + 𝐊𝐊𝟐𝟐𝟐𝟐𝐭𝐭+∆𝐭𝐭𝟐𝟐+ 𝐊𝐊𝟑𝟑𝟐𝟐𝐭𝐭+∆𝐭𝐭𝟑𝟑 + ∆𝐏𝐏𝐭𝐭𝐓𝐓𝐭𝐭+∆𝐭𝐭= 𝐓𝐓𝟎𝟎 + 𝛈𝛈�̇�𝛆𝐭𝐭𝐏𝐏 = 𝐓𝐓𝐋𝐋
If  �̇�𝛆𝐭𝐭𝐏𝐏 ≥ �̇�𝛌𝐭𝐭 then 𝐓𝐓𝐭𝐭+∆𝐭𝐭 = 𝐓𝐓𝐋𝐋(1 + 

𝛈𝛈�̇�𝛌𝐭𝐭𝐓𝐓𝐋𝐋 𝐢𝐢𝐢𝐢(
�̇�𝛆𝐭𝐭𝐏𝐏�̇�𝛌𝐭𝐭)) 

C𝐢𝐢𝐢𝐢𝐚𝐚𝐚𝐚𝐢𝐢𝐢𝐢𝐭𝐭𝐢𝐢𝐚𝐚𝐢𝐢 𝐚𝐚𝐨𝐨 𝛔𝛔𝐢𝐢,𝛔𝛔𝐨𝐨, 𝐢𝐢𝐢𝐢𝐚𝐚 𝛔𝛔∗

𝜙𝜙𝐭𝐭+∆𝐭𝐭 = 𝐪𝐪𝐭𝐭𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢- 𝛔𝛔𝐇𝐇𝐇𝐇𝐋𝐋 𝛔𝛔∗ ≤ 𝟎𝟎
No

Yes

Finding 𝚫𝚫𝛆𝛆𝐩𝐩, �̇�𝜺𝒕𝒕+∆𝒕𝒕𝑷𝑷 ,𝑫𝑫𝒕𝒕+∆𝒕𝒕 by Newton-Raphson 

iterative approach: The deviatoric stress components 

are automatically updated in this step through radial 

return mapping algorithm.

𝐯𝐯𝐢𝐢𝐢𝐢𝐭𝐭+∆𝐭𝐭 = 𝐯𝐯𝐢𝐢𝐢𝐢𝐭𝐭𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢 𝟏𝟏 − 𝟑𝟑𝟑𝟑 𝚫𝚫𝛆𝛆𝐩𝐩𝐪𝐪𝐭𝐭𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢
Calculation of energy loss due to damage (∆𝐔𝐔)∆𝐔𝐔=𝐔𝐔𝐭𝐭 − 𝐔𝐔𝐭𝐭+∆𝐭𝐭, 𝐔𝐔 =

𝛔𝛔𝐲𝐲𝟐𝟐𝟔𝟔𝟑𝟑
Calculation of pressure increment due to bulking (∆𝐏𝐏𝐭𝐭+∆𝐭𝐭)∆𝐏𝐏𝐭𝐭+∆𝐭𝐭= −𝐊𝐊𝟏𝟏𝟐𝟐𝐭𝐭+∆𝐭𝐭 + 𝐊𝐊𝟏𝟏𝟐𝟐𝐭𝐭+∆𝐭𝐭 + ∆𝐏𝐏𝐭𝐭 𝟐𝟐 + 𝟐𝟐𝟐𝟐𝐊𝐊𝟏𝟏∆𝐔𝐔

Updating pressure (if 𝟐𝟐𝐭𝐭+∆𝐭𝐭 > 𝟎𝟎,𝐢𝐢𝐢𝐢𝐚𝐚 𝐃𝐃𝐭𝐭+∆𝐭𝐭 > 𝟎𝟎)𝐏𝐏𝐭𝐭+∆𝐭𝐭 = 𝐊𝐊𝟏𝟏𝟐𝟐𝐭𝐭+∆𝐭𝐭 + 𝐊𝐊𝟐𝟐𝟐𝟐𝐭𝐭+∆𝐭𝐭𝟐𝟐+ 𝐊𝐊𝟑𝟑𝟐𝟐𝐭𝐭+∆𝐭𝐭𝟑𝟑 + ∆𝐏𝐏𝐭𝐭+∆𝐭𝐭

Updating stresses and internal variables 

(𝛔𝛔𝐭𝐭+∆𝐭𝐭, 𝐇𝐇𝐭𝐭+∆𝐭𝐭)𝛔𝛔𝐢𝐢𝐢𝐢𝐭𝐭+∆𝐭𝐭 = 𝛔𝛔𝐢𝐢𝐢𝐢𝐭𝐭𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐢𝐇𝐇𝐭𝐭+∆𝐭𝐭 = 𝐇𝐇𝐭𝐭

Updating stresses (𝛔𝛔𝐭𝐭+∆𝐭𝐭)𝛔𝛔𝐢𝐢𝐢𝐢𝐭𝐭+∆𝐭𝐭 = 𝐯𝐯𝐢𝐢𝐢𝐢𝐭𝐭+∆𝐭𝐭 + 𝐏𝐏𝐭𝐭+∆𝐭𝐭𝛅𝛅𝐢𝐢𝐢𝐢

Start of the user subroutine VUMAT

Fig. 2.14: Flowchart for the implementation of the JH2-V material model via VU-
MAT subroutine in ABAQUS FE solver.

Upon failure (i.e., ϕt+∆t > 0), to update the stress components and internal vari-

ables (e.g., equivalent plastic strain (ϵp), damage parameter (D), and the increment

of pressure due to bulking ∆P ) ,the admissible equivalent plastic strain (∆ϵp) is cal-

culated based on an Euler backward formulation [90] through an iterative Newton-

Raphson scheme. First, the following variables (∆ϵp
(0), and ϵ̇

(0)
p,t+∆t) are calculated by

setting the initial guess (i.e., i = 0) for ∆ϵp to zero:

∆ϵp
(0) = 0 (2.15)

ϵ̇
(0)
p,t+∆t =

∆ϵ
(0)
p

∆t
(2.16)

50



ϕ0 = ϕ(σ
(0)
t+∆t, ϵp,t +∆ϵp

(0), ϵ̇
(0)
p,t+∆t) (2.17)

Next, the iterative Newton-Raphson method is implemented to find ∆ϵp based on

the following loop until convergence is reached (i.e., |ϕ(i+1)|≤ δ, and δ is a threshold

value is set to 10−8 in this study):

1. H i = [De
−1 + ∆ϵp

(i) ∂2ϕ
∂σ2 ]

−1

2. β = (∂ϕ∂σ)TH[∂ϕ∂σ + ∆ϵp
i ∂2ϕ
∂σ∂ϵp

+
∆ϵp

(i)

∆t
∂2ϕ
∂σ∂ϵ̇p

] − ∂ϕ
∂ϵp

− 1
∆t

∂ϕ
∂ϵ̇p

3. ∆ϵ
(i+1)
p = ∆ϵ

(i)
p + ϕ(i)

β

4. σ
(i+1)
t+∆t = σt + De[∆ϵ− ∆ϵ

(i+1)
p

∂ϕ
∂σ ]

5. ϕ(i+1) = ϕ(σ
(i+1)
t+∆t , ϵp,t + ∆ϵ

(i+1)
p , ϵ̇

(i+1)
p,t+∆t)

6. if |ϕ(i+1)| > δ goto 1

else leave the loop and go to the calculation of ∆U (see Fig. 2.14)

where De is the elastic stiffness tensor. Note that the equations in steps 1 to 6 are

taken from Wang et al. [90]. In this study, (∂ϕ

∂σ

T
)H(∂ϕ

∂σ
), ∂ϕ

∂σ∂ϵp
, ∂2ϕ

∂σ∂ϵ̇p
, ∂ϕ

∂ϵp
, and ∂ϕ

∂ϵ̇p
are

derived as Eq. (2.18), Eq. (2.19), Eq. (2.20), Eq. (2.21), and Eq. (2.26), respectively.

(
∂ϕ

∂σ

T

)H(
∂ϕ

∂σ
) = G (2.18)

∂2ϕ

∂σ∂ϵp
= 0 (2.19)

∂2ϕ

∂σ∂ϵ̇p
= 0 (2.20)

∂ϕ

∂ϵp
=

(σi − σf)σHEL

ϵfp
(2.21)

σi = A(
T (ϵ̇p)

PHEL
+

P

PHEL
)n = AQn (2.22)
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Note that the logarithmic formulation for the hydrostatic tensile strength (Eq. (2.6))

must be used when ϵ̇p ≥ λ̇t.

Q =







T0+ηϵ̇p+P
PHEL

, for ϵ̇p < λ̇t

Tt(1+
ηλ̇t
Tt

(ln ϵ̇p/λ̇t))+P

PHEL
, else

(2.23)

∂Q

∂ϵ̇p
=







η
PHEl

, for ϵ̇p < λ̇t

ηλ̇t

PHELϵ̇p
, else

(2.24)

σf = B(
P

PHEL
)m = B(P ∗)m (2.25)

∂ϕ

∂ϵ̇p
= −σHELAQ

n−1∂Q

∂ϵ̇p
[1 −D] (2.26)

D =
∑ ∆ϵeffp

ϵfp
(2.27)

ϵfp =















ϵmin
p , p < pt
p(σ)−p(t)
p(c)−p(t) (ϵ

max
p − ϵmin

p ) + ϵmin
p , pt < p < pc, and

ϵmax
p , pc < p

(2.28)
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2.9 Appendix B: Comparison between the JH2 model

and the JH2-V model

In this study, the simulations for both the FBD and compression-shear conditions

represented in Fig. 2.5 and Fig. 2.6, respectively, were conducted with the JH2 model

available in ABAQUS software as a built-in material model. The constants used for

the JH2 model are exactly the same as the ones used for the JH2-V model represented

in Table 2.2. The JH2 model constants for fracture strain, including d1, and d2

were taken from the literature [14] for alumina ceramics. Fig. 2.15 compares the

predicted results from the JH2 and JH2-V models in terms of stress-time histories

and damage patterns for a coarse to a fine mesh size (see Table 2.3 for more details).

As seen in Fig. 2.15 (a), for the FBD loading condition where the stress state is

tensile dominated, the predicted curves by the JH2 model represent dependency on

the element size, while the ones by the JH2-V model are mesh insensitive. Particularly,

under a tensile-dominated stress state, the damage pattern is significantly affected by

the mesh size in the JH2 model when compared to the JH2-V model. As shown in

Fig. 2.15 (c), for coarse mesh size, the JH2 model damage pattern is localized in the

contact regions and no propagation is caught in the central area, while that of the

JH2-V model reasonably captures the experimentally observed damage propagation

pattern, and this is attributable to the viscosity regularization method incorporated

into the JH2-V model. As shown in Fig. 2.15 (b), the JH2 model predicts more mesh-

sensitive stress-time responses under compression-shear stress states when compared

to the JH2-V model; The peak stress varies by 41% and 27% predicted by the JH2

and JH2-V model, respectively, from the coarse to the fine mesh size. Similar to the

FBD loading conditions, when a coarse mesh is applied to the model, the JH2 model

fails to capture the major features of the damage pattern (e.g., the growth of primary

axial cracks) in compression-shear stress state (see Fig. 2.15 (d)), while the predicted

damage pattern by the JH2-V model is in a better agreement with the experiments.
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Likewise, when the model is discretized by a fine mesh, the JH2 damage pattern and

deletion of elements tend to localize at the corners when compared to that of the JH2-

V model where the damage growth pattern is more consistent with the experiments

(e.g., the growth of an axial crack at the bottom side of the sample). Overall, the

JH2-V model improves on the JH2 model in terms of the dependency of qualitative

and quantitative results on the mesh and stress-state-dependent damage growth due

to the viscosity regularization that leads to a rate-dependent yield surface.

Fig. 2.15: Comparison of the JH2 and JH2-V models for predicting the response
of the alumina ceramics under FBD and compression-shear loading conditions. (a)
The predicted stress-time histories of the simulated FBD sample discretized with
coarse (0.18 mm) and fine (0.12 mm) mesh size subjected to a strain rate of 30
s−1. (b) Comparing the predicted pattern of damage growth by the JH2 and JH2-V
models in the FBD sample. (c) The predicted stress-time histories of the simulated
compression-shear sample discretized with coarse (0.14 mm) and fine (0.05 mm) mesh
size subjected to a strain rate of 786 s−1. (d) Comparing the predicted pattern of
damage growth by the JH2 and JH2-V models in the compression-shear sample. Note
that, in the numerical legend, SDV DAMAGE and SDV10 represent the damage
parameter of the JH2 and JH2-V models, respectively.
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Chapter 3

Strain-rate-dependent behavior of
additively manufactured alumina
ceramics: Characterization and
mechanical testing

Published as Zahra Zaiemyekeh, Haoyang Li, Dan L. Romanyk, James D. Hogan.

“Strain-rate-dependent behavior of additively manufactured alumina ceramics: Char-

acterization and mechanical testing ”, Journal of Materials Research and Technology,

2023, 49, 13878–13895.

3.1 abstract

This study experimentally investigates the mechanical behavior of additively manu-

factured (AM) alumina ceramics by stereolithography technique. The AM alumina

specimens with two different printing orientations (POs) are tested under quasi-static

and dynamic loading rates. The material shows a quasi-static (i.e., a strain rate of

10−3 s−1) compressive strength of 1640.54 ± 99.33 MPa and 1494.25 ± 260.08 MPa

for the PO1 and PO2, respectively, and a dynamic (i.e., a strain rate of 640-730 s−1)

compressive strength of 3077.25 ± 174.07 MPa and 3107.33 ± 97.03 MPa for the

PO1 and PO2, respectively, which are among the highest reported values for AM

alumina due to the higher density and finer grain size. The strain-rate-dependent
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compressive strength of the material is slightly affected by the PO which is alleviated

with the increase in strain rate from quasi-static to dynamic loading conditions. In

contrast, the PO noticeably affects the macro-scale failure pattern. The fractography

analysis shows the dominant contribution of the intergranular failure mechanism and

a combination of intergranular and transgranular mechanisms under quasi-static and

dynamic loading, respectively. The crack speed propagation is found to be 785 ± 174

m/s on average which is ∼ 68% less than that of conventional ones in the literature.

The current AM alumina shows a hardness of 24.45 ± 0.88 GPa which is higher than

that of the majority of other AM alumina. Overall, this study discusses the poten-

tiality of using AM ceramics in engineering fields replacing the conventionally-made

counterparts, and provides implications for designing better-performing AM ceramics.

3.2 Introduction

High hardness, high strength-to-weight ratio, and good thermal and chemical stabil-

ity have made alumina ceramics attractive for use in different industrial sectors (e.g.,

defense [11], health [133], and aerospace [134]) [16, 34]. Conventional manufactur-

ing processes of alumina ceramics (e.g., injection molding [17]) are complex, time-

consuming, and need post-processing (i.e., machining) [18]. As such, additive manu-

facturing (AM) methods are gaining high popularity and progress for the fabrication

of ceramic structures with flexibility in the design of end-user customized geometries

[19, 20, 135]. AM methods are based on using material deposition to fabricate 3D

parts, typically through a layer-by-layer process governed by a computer-based model

[136]. Different AM technologies have been developed for ceramics, including stere-

olithography (SLA) [23], digital light processing (DLP) [137], binder jetting (3DP)

[21], selective laser melting (SLM) [22], fused deposition modeling (FDM) [138] and

selective laser sintering (SLS) [23], and these methods are categorized into powder-

based (e.g., 3DP, and SLS), slurry-based (e.g., SLA, and DLP), and bulk solid-based

(e.g., FDM) techniques based on pre-processed feedstock prior to printing (defined
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by ASTM F42 [139] on AM methods) [22, 23, 140]. Powder-based methods (i.e.,

SLS, and SLM) rely on melting processes that induce residual stresses generated by

thermal gradients under fast laser heating and cooling rates, and these are major

factors contributing to the formation of defects (e.g., microvoids) [22, 140]. Contrar-

ily, slurry-based photopolymerization techniques (i.e., SLA, and DLP) have shown

more promise for the fabrication of ceramic structures due to the achievement of

controllable feature resolution and surface finish [24]. Particularly, SLA has gained

increasing popularity due to its high forming accuracy, high resolution, and high-

quality surface finish [24, 25]. As such, this study focused on the mechanical behavior

of AM alumina ceramics fabricated by SLA method. This method is based on the

deposition of consecutive layers of a photoreactive material, and, in consequence, the

orientation of the printed layer may influence the mechanical behavior of the printed

structure [22, 135].

The wide application of ceramics in extreme conditions (e.g., impact [32, 34, 101,

141], and ballistic protection systems [14, 26, 29]) has motivated many studies on

the stress-state- and strain-rate-dependent mechanical behavior of ceramic materials

[26, 32, 34, 55, 67]. Here, previous studies have primarily focused on conventionally-

made ceramics [14, 26, 27, 29, 32, 34, 55, 67], while very limited efforts have been

made toward investigating the strain-rate-dependent mechanical properties and fail-

ure response of 3D-printed ceramics [31, 142–144]. The purpose and innovation of the

current work are to study the strain-rate-dependent failure behavior of AM alumina

ceramics as future materials that are scarcely addressed in the literature. In one

study, DeVries et al. [31] studied the effect of microstructure on the mechanical prop-

erties of 3D-printed alumina manufactured by pressurized spray deposition (PSD). It

is found that the 3D-printed material showed lower quasi-static and dynamic com-

pressive strength compared with sintered ceramics, while negligible differences are

observed in the Vickers hardness. Typically, the strength of AM materials has been

frequently reported to be lower than those made by conventional approaches due to
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the AM processing-induced microstructural defects and weak grain boundaries [21,

31, 145], and this requires further research on AM ceramics to better understand the

failure behavior and mechanisms of the material to expand their applications [137,

146, 147], and this will be done in the current study.

While AM ceramics enable the design of multifunctional and complex-shaped

structures, further studies are needed to improve their properties compared to their

conventionally-made counterparts. Accordingly, building on the previous studies on

AM alumina ceramics [31, 143], the current study experimentally investigates the

micro-indentation and strain-rate-dependent failure behavior of AM alumina ceram-

ics by SLA under uniaxial compression. The material microstructure is characterized

by using Electron Backscatter Diffraction (EBSD), Scanning Electron Microscopy

(SEM), energy dispersion spectroscopy (EDS), and transmission electron microscopy

(TEM) with EDS. Next, the Vickers hardness is measured and compared with that

of conventionally-made and AM alumina ceramics from previous studies. Addition-

ally, the AM ceramics with two different printing orientations (POs) are tested un-

der quasi-static and dynamic loading conditions by using an MTS 810 machine and

split-Hopkinson Pressure Bar (SHPB) apparatus, where the failure process and full-

field strains are captured by ultra-high-speed imaging and digital image correlation

(DIC). The fracture surfaces are characterized by SEM to reveal the contributing

failure mechanisms. Lastly, the crack propagation speed in the AM alumina ceramics

is measured and compared with that of the conventional ones in the literature. Alto-

gether, the outcomes of this study provide new insights into the mechanical properties

and failure behavior of AM alumina, and these have implications for the design of

better-performing AM ceramics as promising future materials.
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3.3 Experimental methods

3.3.1 Material and characterization

Cuboidal α-Al2O3 ceramic green bodies with nominal dimensions of 3.5 × 2.3 × 2.7

mm3 (Fig. 3.1(a)) are printed through an SLA method in two different directions,

namely PO1 and PO2 by Lithoz, America. In the SLA process, the laser energy and

exposure time of each layer is set to be 30 mW/cm2, and 10 s, respectively. The

printed layer height is 25 µm with a pixel size (DLP XY) of 40 µm. The speci-

mens are printed 1.235 times larger in the X-Y plane and 1.275 times larger in Z to

account for sintering shrinkage at room temperature, and all green bodies are sin-

tered at 1650°C for 2 hours after debinding. The above-mentioned size and shape

are selected for the AM specimens to provide sufficient time for the material to reach

stress equilibrium, as detailed in previous studies [26, 55, 99, 148] and to provide

flat surfaces for applying DIC analysis to measure strain components and observe

failure sequences on specimen surfaces. In this study, SEM (Zeiss Sigma FESEM, 20

kV) equipped with EDS (AZtec software from Oxford Instrument) is performed to

determine the microstructure characterization and obtain the chemical composition

of the polished surface (i.e., 0.25 µm surface finish) of the as-received AM alumina

specimens. Fig. 3.1(b) shows an SEM micrograph of the material, where the hol-

low spots indicate the surface pores likely to be caused by the polishing process.

The SEM-EDS analysis demonstrates the material is comprised of aluminum (atomic

40.51%, wt.% 53.43) and oxygen (atomic 59.38%, wt.% 46.44) mixed with a trace of

Mg (atomic 0.11%, wt.% 0.13) in low quantity. In addition, EBSD analysis (Oxford

INCA, Bruker Quantax, 20 KV) is used to determine grain size distribution and crys-

tallographic orientation of the grains at the surface of the specimens. In the EBSD

inverse pole figure (IPF) for both POs obtained on the X-Y plane in Fig. 3.1(c) and

(d), the darker areas represent surface damage or pores. In addition, the correspond-

ing reduced IPF triangle indicates no preferred crystal orientation. For both POs in
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the X-Y plane, the grain size follows a log-normal distribution as shown in Fig. 3.1(c)

and (d). The average grain size is computed as 2.94 ± 1.94 µm for PO1, and 2.92 ±

1.91 µm for PO2, and these are smaller than the grain sizes reported in the literature

on other AM alumina (e.g., ∼ 12 µm [31], and ∼ 25 µm [149]). In the current work,

the difference between the averaged grain size for the specimens with PO1 and PO2

is less than ∼ 0.68% and this negligible difference might be considered as a variability

induced by the SLA manufacturing method. Additionally, the grain size distribu-

tion was obtained from EBSD analysis, and this was conducted on an area of 100

µm × 100 µm on the specimens. As such, by changing the size and position of this

area or increasing the number of repetitions in measurements, the average grain size

may insignificantly differ from each other for the specimens with different printing

orientations (POs).

To further understand the grain structure and grain boundary morphology, high-

resolution (HR)-TEM (FEI Tecnai TF-20 FEG/TEM, 200kV) is shown in Fig. 3.2(a)

and TEM-EDS is shown in Fig. 3.2(b) are conducted. The TEM specimens taken

from the X-Y plane for both POs are capped with sputtered Ir and e-Pt/I-Pt prior to

milling, and the final lamella thickness is ∼ 100 nm. Fig. 3.2(a) reveals that the grain

boundary (i.e., blue lines) is ∼ 0.79 ± 0.12 nm for PO1 and ∼ 0.78 ± 0.14 for PO2

in width, and these values vary slightly along the boundary due to deviations from

edge-on-orientation caused by grain boundary curvature. Additionally, the grains of

the specimen are tightly bonded, and the grain boundaries are clean and straight. No

evident pores or impurities that may cause scattering of incident light are observed

[150]. From Fig. 3.2(a), well-defined lattices indicate the clear crystalline structure

of the current AM alumina, with the fringe size of the grain (i.e., red lines) measured

to be 0.288 ± 0.021 nm and 0.291 ± 0.025 nm for PO1 and PO2, respectively, and

these values are in agreement with the previous measurements [151, 152]. No grain

boundary amorphous phase is detected between the grains. The composition analysis

of grain boundaries is shown in Fig. 3.2(b), indicating that it is rich in Al and O, and
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Fig. 3.1: Characterization of the AM alumina ceramic: (a) The geometry of the
printed specimens with two different POs. (b) Microstructural characterization
through SEM imaging and EDS analysis. (c,d) EBSD IPF representation of the
PO1 and PO2 polycrystalline structure, obtained on the X-Y plane. (e,f) The grain
size distribution of the material (following a log-normal curve with fit parameters
indicated in legend) is based on the equivalent circle diameter for PO1 and PO2 spec-
imens, respectively.
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Fig. 3.2: Representative HR-TEM, and TEM-EDS analysis of the grain interface of
AM alumina crystalline structures on the X-Z plane: (a) Typical HR-TEM micro-
graphs for PO1 and PO2, respectively. (b) TEM-EDS analysis of the grain boundary
inside the white box shown in the TEM image.

secondary elements including F, Si, Ca, Y, and Zr shown in the magnified diagram.

3.3.2 Mechanical testing set up

Next, the AM alumina ceramics are tested under 10−4 s−1 to 102 s−1 strain rates. The

quasi-static uniaxial compression experiments are performed on a standard servohy-

draulic MTS 810 machine. Various nominal strain rates of 10−4 s−1, 10−3 s−1, and

10−2 s−1 are achieved by using displacement control setting along the long dimension

(3.5mm). To visualize and record the surface deformation process on the specimen,

a high-speed AOS PROMON U750 camera at 3 to 300 frames per second (FPS, its

value is adjusted based on the loading rate) with a full resolution of 1280 × 1024

pixels is used. To capture the strain fields by the DIC technique, random speckle pat-
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terns are sprayed on the surface of the specimens using a fine-tipped airbrush with a

0.15 mm diameter nozzle. A non-repetitive, isotropic, and highly contrasted speckle

pattern is important in DIC analysis [153]. To protect MTS machine platens from

being indented by AM alumina specimens during the loading process, two polished

tungsten carbides (WC) are placed between the loading platens and the specimen.

Additionally, high-pressure grease is used between protection platens and AM speci-

mens to eliminate the friction effect and free lateral motion. The experimental testing

setup is detailed in our previous studies [32, 34, 55]. The dynamic tests are conducted

under 10 s−1 to 102 s−1 strain rates using a modified SHPB setup adapted for testing

brittle materials [154, 155]. The incident bar and transmission bar with a diameter

of 12.7 mm and a length of 1016 mm and 914 mm, respectively, are made of the same

hardened maraging steel (Service Steel America C-350) with density, elastic modu-

lus, yield strength, and Poisson’s ratio of 8080 kg/m3, 200 GPa, 2.68 GPa, and 0.29,

respectively. Different types of pulse shaping configurations are attached in front of

the incident bar to generate a ramped signal under dynamic loading, which allows

the ceramic specimens to achieve the required stress equilibrium and constant strain

rates [101]. In the current experiments, tin, high-density polyethylene (HDPE), and

paper pulse shapers are used to induce a strain rate of 80 to 100 s−1, 260 to 310

s−1, and 640 to 730 s−1 in the specimen, respectively. Two impedance-matched Ti-

6Al-4V titanium alloy jacketed tungsten carbides are placed between the SHPB bars

and specimen interfaces to protect the end of the bars from being indented by the

hard AM ceramics and reduce stress concentration during the testing process. High-

pressure grease is applied between the protection platens and specimen to reduce

frictional effects and minimize lateral force when the specimen experiences deforma-

tion. In the current SHPB device, two strain gauges (Micro 184 Measurements CEA-

13–250UN-350) attached to the bars are used to collect the incident and transmission

strain signal data, where the transmission strain signal (i.e., ϵt(t)) is used to measure

the stress-time response σ(t) [101]:
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σ(t) =
A0

As

E0ϵt(t), (3.1)

where, A0 (m2) and As (m2) are the cross-sectional areas of the bar, and specimen,

respectively, and E0 (N/m2) is the elastic modulus of the bar material. Additionally,

an ultra-high-speed camera (Shimadzu HPV-X2) is used to record the dynamic tests

at 0.5 million to 2 million FPS, and these images are used to capture the full-field

strain maps with the DIC technique. Details on the SHPB apparatus used in this

study are documented in previously published papers by the authors [32, 55, 99].

3.3.3 Digital image correlation analysis

In the current study, experimental testing is combined with the DIC technique cou-

pled with ultra-high-speed imaging to observe the localized deformation mechanisms

activated during loading and allow for measurement of the spatial and temporal his-

tories of strain components (e.g., axial, lateral, and shear strains). In this study,

VIC-2D V6 software from Correlated Solution Inc. (USA) is used for the DIC anal-

ysis, where the first image of each test captured by the cameras is chosen as the

reference image. For quasi-static uniaxial compression tests, the surface of the AM

specimen is discretized with a subset size of 51 × 51 pixels, with a step size of 7

pixels. For analyzing experiments under dynamic loading, the subset size is chosen as

31 × 31 pixels, with a step size of 5 pixels adjusted based on the camera resolution,

speckle size, and the eventual smoothness of the strain profiles. The zero normalized

sum of squared differences (ZNSSD) criterion with the optimized 8-tap interpolation

scheme is utilized in the analysis. In this research, the engineering strain is computed

by DIC analysis, and the slope of the linear portions of the strain-time curves is

taken as the strain rate. The DIC analysis setups are detailed in our previous works

[32, 34]. Fig. 3.3 shows the representative stress and strain histories of a full-surface

global average and six local areas of interest (AOIs) on the specimen surface to verify

the stress equilibrium condition in dynamic experiments. The overlapping of strain

histories across various AOIs on the specimen surface and the corresponding stress
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history indicate developing uniform deformation and reaching good equilibrium in

the specimen [100].

Fig. 3.3: Combined compressive stress and strain curves as a function of time for
AM alumina on the right, and the specimen showing the various DIC areas of interest
(AOI) on the left. The average strain-time response and the stress-time response
overlap with each other, showing that the specimen is experiencing good equilibrium
and uniform deformation. The slope of the strain-time curves is reasonably linear,
indicating a constant strain rate of 675 s−1.

3.3.4 Vickers hardness testing

The Vickers hardness is carried out using a Vickers hardness testing machine (VH1202,

Buehler Wilson, Lake Bluff, Illinois, USA) following the ASTM C1327 standard [156]

by applying a load of 9.81 N (1 kg = HV1) with a dwell time of 10 s on a polished

surface of the specimen. In total, twelve points are measured on each plane of the

specimen (i.e., Y-Z plane, X-Y plane, and X-Z plane showing at Fig. 3.1 (a)) at lo-

cations from one edge to the center. Vickers hardness measurements (in HV) are

converted to GPa for better comparison with previous studies [157–175].

3.4 Results and discussion

In this section, the results on the micro-indentation and strain-rate-dependent be-

havior of AM alumina ceramics under uniaxial compression loading are outlined.
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Section 3.4.1 highlights the hardness of the AM alumina ceramics which is measured

by micro-indentation Vickers test and the strain-rate-dependent uniaxial compressive

strength of the material in comparison with other AM and that of conventionally-

made counterparts in the literature. Following this section, the time history of stress

and strain, and the time-resolved failure evolution of the material under uniaxial

compression experiments are detailed for both quasi-static and dynamic loading in

Section 3.4.2. In Section 3.4.3, for both quasi-static and dynamic loading, SEM im-

ages of the fracture surface of the specimens are presented to better understand the

contribution of intergranular and transgranular failure mechanisms. Lastly, crack

speed measurements are presented in Section 3.4.4 to provide insights into the dif-

ferences in crack propagation in the AM alumina ceramics and conventionally-made

ones in previous studies under dynamic uniaxial compression.

Fig. 3.4: The Vickers hardness measurements of the studied AM alumina ceramics.
(a) The hardness of the current AM alumina materials measured on the different
planes of the specimen (i.e., Y-Z plane, X-Y plane, and X-Z plane shown in Fig. 4.1
(a)) for both POs. (b) Comparison of the hardness of the current AM alumina
ceramics shown in red and blue stars with those of the conventionally-made and
other AM alumina counterparts in the literature.
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3.4.1 Vickers hardness measurements and strain-rate-dependent
compressive strength of AM alumina ceramics

The hardness of the current AM alumina ceramics is measured using the micro-

indentation Vickers test and compared with those of the conventionally-made and

other AM alumina counterparts in the literature. For both POs, Fig. 3.4 (a) shows

the hardness of the current AM ceramics measured on the different planes of the

specimen (i.e., Y-Z plane, X-Y plane, and X-Z plane shown in Fig. 3.4 (a)). The

measured hardness is slightly higher for the specimen with the PO2, and this minor

change in hardness from the PO of the material is consistent with previous studies

[31, 168]. In addition, for both POs, the value of hardness remains almost unaltered

for different planes. The average measured value of hardness for PO1 and PO2 are

23.8 ± 0.9 GPa and 25.1 ± 0.87 GPa, respectively.

To further analyze the hardness of the current AM alumina ceramics, Fig. 3.4

(b) summarizes the hardness of other alumina ceramics from previous studies, where

the gray area and pink area show those of the conventionally-made [157–164] and

additively manufactured [31, 157, 160, 165, 166, 168–176] materials, respectively, in

comparison with the AM ceramics used in this study represented by the red and blue

stars. With regard to the average values, the AM alumina ceramics seem to represent

slightly lower quantities of hardness when compared to the conventionally-made ones,

and this is attributable to the higher porosity, lower density, and structural defects

in the AM specimens [31, 160, 176–178]. The current AM alumina materials show

higher hardness than the AM alumina ceramics in the literature. Based on previous

studies [176, 177], the hardness of ceramic materials mainly depends on the crystalline

structure/microstructure of the material, pores, and grain size.

Accordingly, the higher hardness of the current AM alumina ceramic could be

attributed to finer grain size (i.e., 2.92 µm in our work compared to 11.42 µm in

[176], 9.67 µm in [179], and 7.61 µm in [160]), and higher relative density (i.e., ∼ 98%

in our work compared to 85% in [181], 88% in [182], and 85% in [183]) with smaller
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Table 3.1: Summary of AM Al2O3 characteristics previously studied in the
literature shown in Fig. 3.4(b). Note that all the studies are not included due to the

lack of the reported data.

Manufacturing
method

Grain
size
(µm)

Relative
density
(%)

Porosity
size
(µm)

Hardness
(GPa)

Source

SLA 9.68 97 8 16.5 [179]

PSD 12 94 35 19.2 [31]

SLA 9.6 82 4 11 [176]

SLA 4 97 45 16 [180]

SLA 3.2 95 3 20 [176]

SLA 2 97 5 16 [174]

CODE 0.34 96 2 19.6 [167]

Robocasting 1.4 97 2.5 18.6 [166]

DLP 1.71 83 4 14 [172]

DLP 2.19 92 1 14.5 [172]

SLA 2.94 98 1.3 23.8 Current study-
PO1

SLA 2.92 98 1.3 25.1 Current study-
PO2

Note: CODE is the abbreviation for Ceramic On-Demand Extrusion.
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average pore size (i.e., 1.3 µm in our work compared to 6 µm in [160], 10 µm in [184],

and 45 µm in [180]). In Table 3.1 the available characteristics of the AM alumina in

the literature are summarized which are shown in Fig. 3.4 (b).

In Fig. 3.5(a) the relationship between the compressive strength and strain rate

for the AM alumina is shown. Here, the compressive strength corresponds to the

peak point of the measured stress-time curves where the stress-bearing capacity of

the material starts decreasing rapidly due to the coalescence of multiple axial cracks

resulting in the loss of material integrity. To better analyze the role of PO on the

strain-rate-dependent compressive strength of the material, Table 3.2 and Table 3.3

summarize and compare the average compressive strength (ACS) of both POs under

quasi-static and dynamic rates, respectively, and it shows that the ACS becomes more

independent of the PO with the increase of strain rate from quasi-static to dynamic

loading condition (see the ratio PO2ACS−PO1ACS

PO1ACS
× 100 in Table 3.2 and Table 3.3).

With a maximum difference of 10% (i.e., the strain rate of 10−4 s−1) in ACS under

quasi-static rates, the strain-rate-dependent compressive strength of the AM alumina

seems to present a minor dependency on the PO. Additionally, one may observe no

apparent trend of dependency of the compressive strength on the POs across strain

rates since the ratio presented in Table 3.2 and Table 3.3 shows both positive and

negative values. The fitted curves in Fig. 3.5(a) (i.e., the solid black and red lines)

also show that no specific POs produce higher strength across all strain rates, and

this is likely due to adequate sintering.

Next, Fig. 3.5(b) summarizes the compressive strength of alumina ceramics made

by AM (i.e., the present study and study by DeVries et al. [31]) and conventional

approaches (i.e., AD98 [32], AD98 [27], AD-995 [31], and AD-995 [26], with the

number indicating weight percentage of alumina) across different strain rates. It

is observed that the quasi-static and dynamic compressive strength of current AM

alumina is among the highest ones reported for AM alumina in the literature [31],

but is lower by ∼ 40% and ∼ 25% under quasi-static and dynamic rates, respectively,
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Fig. 3.5: Material testing under uniaxial quasi-static and dynamic compression. (a)
The compressive strength-strain rate of the AM alumina ceramics in this study and
compared to the data in the literature on AM alumina [31]. Linear curve fitting
(Y=aX+b and R2 shows the goodness of fitted curves) is carried out to better show
the trends. (b) A comparison of the rate-dependent compressive strength of AM and
conventionally-made alumina ceramics.

when compared to the conventional counterparts, and this result is consistent with

the study by DeVries et al. [31]. The lower strength of the current AM ceramics

compared to conventional ones is linked with the microstructural defects that cause

local failure (see the time-resolved images in Fig. 3.6 and Fig. 3.7), resulting in the

loss of structural integrity of the specimens [185].

Table 3.2: Average compressive strength (ACS) of AM Al2O3 under quasi-static
loading for both POs shown in Fig. 3.5(a).

Strain rate (s−1) 10−4 10−3 10−2

PO1-ACS (MPa) 1514.25 ± 139.98 1640.54 ± 99.33 1700.31 ± 112.72

PO2-ACS (MPa) 1666.66 ± 237.73 1494.25 ± 260.08 1766.75 ± 235.66

PO2ACS−PO1ACS

PO1ACS
× 100 10% -8.8% 3.9%

While the current AM alumina ceramics show a lower compressive strength com-

pared to the conventional counterparts (see Fig. 3.5), their measured hardness is

comparable with the highest reported quantities for the conventional ones. This be-

havior is likely to be explained by the way that the randomly distributed pores and

microstructural defects contribute to the compressive strength and hardness behavior
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Table 3.3: Average compressive strength (ACS) of AM Al2O3 under dynamic
loading for both POs shown in Fig. 3.5(a).

Strain rate (s−1) 80-100 260-310 640-730

PO1-ACS (MPa) 2181.66 ± 221.18 2430.68 ± 205.43 3077.25 ± 174.07

PO2-ACS (MPa) 2151.67 ± 56.51 2526.52 ± 73.86 3107.33 ± 97.03

PO2ACS−PO1ACS

PO1ACS
× 100 -1.4% 3.9% 0.97%

of the material. Under uniaxial compression loading, the material is loaded to fail

under a global state of deformation, where the weak interface boundaries in addi-

tion to the pores are the sites for the tension-dominated stress concentration and the

initiation/coalescence of failure that governs the strength of the material [159, 160,

163]. In contrast, under the micro-indentation as a non-destructive characterization

method to measure the resistance of the material against deformation, a small surface

area of the specimen with a size of a few microns is locally deformed under the Vickers

indenter, where the microscale failure mechanisms are less likely to be activated [31,

159, 160, 163].

3.4.2 Time-resolved stress, strain, and failure evolution un-
der quasi-static and dynamic uniaxial compression ex-
periments

Fig. 3.6 and Fig. 3.7 show the stress and strain histories coupled with the time-

resolved images of failure and DIC strain contours for quasi-static (Fig. 3.6(a) and

(b)) and dynamic (Fig. 3.7(a) and (b)) rates to better demonstrate the axial (ϵxx)

and lateral (ϵyy) strain evolution associated with the onset of fracture. The image

frame numbers (1-4) correspond to those labeled on the stress-time curve. Upon

reaching equilibrium in the specimen, the stress and strain histories almost linearly

increase up to the peak and then sharply decrease due to the catastrophic failure,

and the strain is not measured since the DIC pattern is lost. As shown in Fig. 3.6

and Fig. 3.7, shear strain holds almost zero which confirms the induction of uniaxial
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compression and no in-plane rotation during the loading process. The still images

on the right side of Fig. 3.6 and Fig. 3.7 show the distribution of axial (ϵxx) and

lateral (ϵyy) strains correlated to the numbered points on the curves. Note that

the DIC pattern is lost at the early stages of quasi-static loading due to localized

failure (see Fig. 3.6(a) at point 2), and this impedes the measurement of a Poisson’s

ratio. Under dynamic rates, the Poisson’s ratio is measured to be 0.24 ± 0.03. In

Fig. 3.6 and Fig. 3.7, the accumulation of strain and failure pattern of the material

is noticeably influenced by the PO, while the quantitative data in terms of stress

and strain histories are not highly affected. For the quasi-static rates (Fig. 3.6(a) and

(b)), before any local failure, the localization of lateral strain as an indicator of tensile

failure progression is observed for both POs, with PO2 being more prominent. Also,

a more diffusive accumulation of axial strain is observed in PO2. Both PO1 and PO2

specimens first undergo local failure (see frame 2 and frame 3 of Fig. 3.6(a) and (b),

respectively) under quasi-static loading likely to be caused by manufacturing-related

microstructural defects (e.g., pores and weak grain boundaries) causing the loss of DIC

correlation. The red areas in the contour of the frame (2)) show a strain localization

zone, which indicates the site for fracture nucleation. After point 3 for both POs,

stress-bearing capacity keeps rising until point 4 at which a global catastrophic failure

occurs from a few dominant cracks propagating through the specimen. As seen in

Fig. 3.6(a), under quasi-static loading, the history of lateral strain (ϵxx) represents

quantities that are close to those of the axial strain (ϵyy), by which the ratio of ϵxx
ϵyy

may not replicate a typical Poisson’s ratio of 0.22 for alumina ceramics. This is

attributable to the local failure of the current AM alumina from the early stages of

loading due to process-induced microstructural defects manifesting as axial cracks at

the macroscale (see the status of the specimen in the time-resolved image for Point

2 in Fig. 3.6(a)). These axial cracks, in consequence, lead to the lateral expansion

of the specimen, thereby increasing the measured lateral strain by the DIC analysis

under quasi-static loading. As such, to avoid any misinterpretation of the measured
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data, the ratio of ϵxx
ϵyy

under quasi-static loading was not reported as Poisson’s ratio

in this study.

Fig. 3.6: The quantitative and qualitative history of stress-time and strain-time
developed under uniaxial compression. (a,b) The AM alumina ceramic under quasi-
static loading at a rate of 0.0001 s−1 for the PO1 and PO2, respectively. The time-
resolved DIC contours show the evolution of axial strain (first row) and lateral strain
(second row) components that correspond to the specified numbered point on the
stress-time curves.

From Fig. 3.7(a) and (b), the PO-dependent failure pattern of the material becomes

more noticeable when compared to quasi-static loading. In the PO1 specimen, pri-

mary axial cracks at the top and bottom of the specimen are initiated, and this causes

softening in the stress-time curve prior to peak stress (see point 2 on Fig. 3.7(a)). Sub-

sequently, the propagation of the axial primary cracks and damage at the corners lead

to a sharp decrease in the stress (points 3 and 4 in Fig. 3.7(a)). In PO2 specimens

shown in Fig. 3.7(b), both axial and lateral strains concentrate at the top corners

(specifically the top left corner, see frames 2 and 3), and failure is initiated in these

areas. Next, after peak stress, a primary axial crack nucleates in the middle where the

lateral strain is accumulated and then the formation of multiple axial cracks causes
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Fig. 3.7: The quantitative and qualitative history of stress-time and strain-time
developed under uniaxial compression. (a,b) The AM alumina ceramic under dynamic
loading at a rate of 690 s−1 for the PO1 and PO2, respectively. The time-resolved
DIC contours show the evolution of axial strain (first row) and lateral strain (second
row) components that correspond to the specified numbered point on the stress-time
curves.
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the catastrophic failure of the specimen. Overall, the PO notably affects the failure

pattern of the AM alumina likely caused by the layer-by-layer printing process, while

minimally affecting the stress and strain time histories. This minor difference in the

quantity of mechanical properties (i.e., compressive strength) of both POs could be

attributed to the layer-by-layer printing process and the resulting orientation of lay-

ers relative to the loading direction, where its effect is manifested in the macroscale

failure pattern shown in Fig. 3.7 and Fig. 3.7. From previous research [186, 187], it

is known that the strength of the layers is higher within the layer than the interfaces

between the layers. In the current work, for the PO1, the layers are along the loading

direction (x direction in Fig. 3.6(a) and Fig. 3.7(a)) but perpendicular to the lateral

tensile strain (see the DIC patterns in Fig. 3.6(a) and Fig. 3.7(a)) that may result in

a lower compressive strength when compared to the specimen with PO2.

3.4.3 Post-mortem fractographic studies

In this sub-section, the failure behaviors (i.e., intergranular fracture, transgranular

fracture, and cleavage) on surfaces of fragments retrieved from both quasi-static and

dynamic uniaxial compression experiments are compared to determine the failure

competition mechanisms. Fig. 3.8(a) and (b) show a magnified view of the fracture

surface of specimens with PO1 and PO2, respectively, under quasi-static loading,

and Fig. 3.8(c) and (d) represent the same for PO1 and PO2, respectively, under

dynamic loading. In Fig. 3.8(a) under quasi-static loading, rough fracture planes

with sharp edges appeared on the fragments, and there are more intergranular cracks

propagated in the PO1 specimen compared to PO2, and this may be related to the

weaker interfacial bonding at the grain boundaries [14, 32].

In Fig. 3.8(b) evidence of transgranular fracture through cleavage in the PO2 spec-

imen is shown. The magnified fracture surfaces indicate that intergranular fracture

is the dominant mechanism for both POs under quasi-static loading. As shown in

Fig. 3.8(c) and (d) for dynamic rates, both intergranular and transgranular cracks,
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Fig. 3.8: SEM micrograph showing the fractography of the AM alumina. (a,b) SEM
images showing the fractography of the material under quasi-static loading for PO1
and PO2, respectively. (c,d) SEM images showing the fractography of the material
under dynamic loading for PO1 and PO2, respectively.
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and micro-crack branching are observable on the fracture surface, and this may act

as another underlying reason for a higher strength when the material is subjected to

dynamic rates [32]. Overall, it is observed that the intergranular failure mechanism

contributes predominantly under quasi-static conditions (Fig. 3.8(a) and (b)), while a

combination of intergranular and transgranular failure mechanisms governs the failure

process of the material under dynamic loading (Fig. 3.8(c) and (d)). This observation

is consistent with the previous studies [14, 32, 188] on alumina across quasi-static and

dynamic loading conditions. Under high strain rates, the material deforms in a short

span of time, thereby inducing a significantly higher level of kinetic energy in the

material [14]. This condition suppresses the strain localization –which mainly occurs

under quasi-static loading– and this allows more nucleation and coalescence of micro-

cracks within the grain boundaries (i.e., transgranular failure mechanism) under high

strain rates [14, 32].

3.4.4 Crack speed measurements

In Fig. 3.9 the measured crack speed propagation in the current AM ceramics com-

pared to those of conventionally-made alumina across different strain rates is demon-

strated. Here, the image on the plots is captured by an ultra-high-speed camera that

indicates the primary cracks by red arrows for which the crack speed is measured.

No quasi-static experiments are considered since the camera is not fast enough to

record the fracture process. The length of the cracks and the selection of the frames

are identified manually, and this may cause uncertainty in crack speed measurement.

To reduce error, ultra-high-speed imaging is conducted with 0.5 to 2 million fps and

different sets of points along the crack tip are measured to obtain the average speed

value for each crack. From Fig. 3.9 (a), the average crack speed of the AM ceramics

increases from 150 ± 104 to 1190 ± 245 m/s for PO1 and 110 ± 116 to 1280 ± 254

m/s for PO2 when the strain rate increases from 80 to 730 s−1. In a study by Ji et

al. [32], an average value of 2.5 ± 1.4 km/s for strain rates between 71 and 1064

77



Fig. 3.9: Plot of strain-rate-dependent average crack speed in AM alumina ceram-
ics under uniaxial compression experiments. The inset image indicates the primary
cracks for which the crack speed is measured. (a) The crack propagation speed in
the specimen is compared with conventionally-made AD98. (b) Comparison of crack
propagation speed in the specimens printed with different orientations. A linear fit
(Y=aX+b and R2 show the goodness of fitted curves) is provided to better compare
the dependency of crack speed on the printing direction.

s−1 is reported for AD98 which is 218% higher than the current AM alumina. The

crack speed in the AM alumina is consistently lower than that of the conventional

alumina across different strain rates, and this is attributed to the larger average pore

size in the AM alumina (∼ 1.3 µm) when compared to the conventional ones (much

less than 1 µm [32, 34]), where the crack speed is related to initial defect size by

v = 0.38c0
(

1 − a0
a

)

[189], where c0 is the speed of sound wave propagation, a is the

current crack length, and a0 is the initial crack size which is the pore size in our

study. In Fig. 3.9(b), a linear fit is applied on the average crack speed for PO1 and

PO2, which shows that the crack speed propagation in the PO2 specimen is slightly

more sensitive to the strain rate. Altogether, the current data sets allow the devel-

opment and validation of computational models for AM ceramics to account for the

rate sensitivity of mechanical properties and damage growth [55, 190].
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3.5 Conclusions

In this study, AM alumina ceramics by stereolithography are characterized and sub-

jected to micro-indentation and compressive loading across quasi-static and dynamic

loading rates (i.e., 10−4 s−1 to 102 s−1). The micro-indentation Vickers hardness ex-

periments show that the hardness of the AM alumina is nearly independent of the

POs, and it also remains almost unaltered when measured on different planes of the

specimen (i.e., Fig. 3.4). The current AM alumina shows a higher hardness compared

to the other AM alumina ceramics and this is attributable to a higher relative density,

smaller pore size, and a finer grain size. The material shows quasi-static and dynamic

strength that is among the highest ones reported for AM alumina in the literature, but

it is ∼ 40% and ∼ 25% lower than that of the conventionally-made alumina in the lit-

erature under quasi-static and dynamic rates, respectively (i.e., Fig. 3.5). This may

be attributable to manufacturing-induced microstructural defects (i.e., weak grain

boundaries and porosity) that cause local failure resulting in loss of structural in-

tegrity of the specimens. The PO is found to slightly affect the strain-rate-dependent

compressive strength (i.e., 10% and 3.9% as the maximum under quasi-static and

dynamic loading regimes, respectively) of the material while remarkably influencing

the failure pattern at the macroscale likely caused by the layer-by-layer printing pro-

cess (i.e., Fig. 3.6, and Fig. 3.7). For both the POs, the fractography shows that the

intergranular failure is the dominant mechanism under quasi-static rates, while both

the intergranular and transgranular mechanisms in combination govern the failure

of the material under dynamic loading (i.e., Fig. 3.8). This transition in the contri-

bution of failure mechanisms might be attributable to a significantly higher level of

kinetic energy in the material under dynamic loading that suppresses the localization

of strain, thus allowing more nucleation and coalescence of micro-cracks within the

grain boundaries (i.e., transgranular failure mechanism) under high strain rates. The

crack speed propagation in the AM alumina is found to be less than that of conven-

79



tional counterparts (i.e., Fig. 3.9) possibly due to a smaller pore size in the current

AM ceramics. Altogether, this study provides a better understanding of the behav-

ior of AM alumina ceramics that pave the way for the design of AM ceramics with

mechanical properties comparable to conventionally-made counterparts. Addition-

ally, this research generates valuable data sets that are applicable to the development

and validation of computational models for AM ceramics [55, 190] to accelerate the

process of material design and optimization [29, 190].
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Chapter 4

Understanding the effect of
microstructure on the failure
behavior of additively
manufactured Al2O3 ceramics: 3D
micromechanical modeling
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4.1 Abstract

Additively manufactured (AM) ceramics are gaining popularity due to improved flex-

ibility in the design of customized structures. Microstructure-based finite element

(FE) models were developed to study the strain-rate-dependent failure behavior of

AM Al2O3 ceramics under uniaxial compression. Upon validation with experimental

data, the model was leveraged to quantify the history of intergranular and transgran-

ular failure mechanisms across microstructures. It was revealed that the intergranular

mechanism plays a key role in the material strength across strain rates. Crystallo-

graphic orientations were found to remarkably decrease the material strength due
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to the earlier initiation and faster growth of the intergranular mechanism. The in-

crease in porosity was found to amplify the transgranular mechanism resulting from

a higher number of pores acting as crack nucleation sites, decreasing the material

strength regardless of strain rate. The model reflected the existence of a threshold

for grain boundary strength, beyond which further enhancements yield marginal im-

provements in material strength. Additionally, the effect of grain size on the initiation

and evolution of failure mechanisms was studied and the corresponding limitations

of the model were discussed. The current work correlates the microstructure of the

material to its macroscale response through micromechanical models, informing the

design of better-performing AM Al2O3 ceramics.

4.2 Introduction

Additively manufactured (AM) Al2O3 ceramics have gained popularity in various

industries (e.g., defense [11], biomedical [191], and aerospace [134]) as they offer

flexibility in design and manufacturing of complex shape end-use components with

satisfactory mechanical properties (e.g., high strength [101], hardness [192], and wear

resistance [67]). Different AM methods, including binder jetting [193], stereolithog-

raphy (SLA) [194], and selective laser sintering (SLS) [22] technologies have been

developed, where the SLA technique offers high surface accuracy and relatively fast

construction speed to fabricate ceramic components [30]. The development and design

of better-performing AM ceramic materials with tailored properties (e.g., strength),

and microstructures (e.g., porosity) requires a foundational understanding of the in-

terplay between microstructural failure mechanisms that govern the behavior of the

material at the structural scale [195–197]. To date, limited efforts [55, 198] have been

made to explore the microstructure-property-performance relationships of AM ceram-

ics and address the evolution/competition of failure mechanisms toward advancing

the design of optimized ceramic-based structures. Accordingly, this study focuses on

developing experimentally validated micromechanical models to provide insights into

82



the correlation between the microstructure and mechanical behavior of AM alumina

ceramics fabricated by the SLA method.

Previous studies have primarily sought to experimentally explore the mechanical

response and failure behavior related to the microstructure (e.g., grain size [199,

200], pores [201, 202], and impurity distributions [203, 204]) of conventionally made

ceramics under different loading rates [14, 32, 34], while very limited efforts have

been focused on AM ceramics. For example, Koch et al. [99] found that the greater

strain rate sensitivity and higher crack speed of AD-995 alumina compared with AD-

85 are related to the smaller grain size, larger pore sizes, and higher impurities of

AD-85. In another study by Ji et al. [32], it was reported that the smaller average

grain size of AD-98 alumina is potentially a factor contributing to the relatively

higher strength in comparison with other alumina ceramics (e.g., AD-85 [99], and

AD-995 [205]). The effect of grain and porosity size on the ballistic performance of

ceramic materials [206, 207] and the strength of brittle polycrystallines [208, 209]

has also been investigated previously, where it was determined that the finer the

grain/porosity size, the higher the strength of ceramic materials [30, 32, 210]. In

addition to the microstructural characteristics, the microscale failure mechanisms,

namely intergranular and transgranular failure mechanisms, were studied by post-

mortem scanning electron microscopy (SEM) imaging analysis. For conventionally

made AD-98 alumina, the work by Ji et al. [32] revealed that intergranular fracture

was more likely to appear under quasi-static loading and transgranular fracture under

dynamic loading. The same observation was also reported by Zaiemyekeh et al. [30]

and Wang et al. [14]. Among the limited studies on AM ceramics [30, 31, 143, 211],

in the work by Zaiemyekeh et al. [30] on AM alumina fabricated by the SLA method,

the material showed higher hardness in comparison with other AM counterparts [31,

160, 169, 176] due to smaller grain and porosity sizes, and a higher relative density.

In addition, the dominant contribution of the intergranular failure mechanism and a

combination of intergranular and transgranular mechanisms under quasi-static and
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dynamic loading, respectively, were reported, and this is in agreement with the study

by DeVries et al.[31]. While previous experimental efforts [30, 176, 177] provided

insights into the role of microstructural features on the mechanical properties of AM

ceramics, there is still a gap in our knowledge of microstructure-dependent initiation,

interaction, and evolution of failure mechanisms and their correlation with macroscale

mechanical performance of these emerging AM ceramic materials.

Microstructure-based FE approaches implemented by the concept of RVE modeling

have shown a great potential for unraveling the role of microstructural characteristics

on the failure behavior of materials; these include particulate reinforced composites

[212], fiber-reinforced polymeric composites [213], cementitious composites/concretes

[214], and polycrystalline metals [215], to name a few. While the failure behavior of

ceramics at a structural scale is extensively studied in the literature [14, 36, 55], RVE-

based FE models are scarcely leveraged to explore the initiation and growth of failure

in the material at the microstructural level [216–218]. For example, Falco et al. [216]

developed Representative volume elements (RVEs) accounting for the polycrystalline

microstructure of conventionally made alumina ceramics to numerically study the

effect of microstructural variability on the mechanical properties of the material.

Additionally, in the work by Falco et al. [216], the failure behavior of the material as

a function of microstructural defects in the form of voids was explored. To the best of

our knowledge, no effort has been made to study the microscale failure behavior of AM

alumina ceramics incorporating the experimentally informed porous polycrystalline

microstructure of the material under both quasi-static and dynamic loading while

accounting for both intergranular and transgranular mechanisms; this is the focus of

the current paper.

Building on the previous studies [216, 217], the current work developed an experi-

mentally validated microstructure-based computational model in which RVEs of the

AM alumina ceramics are generated in the Neper software informed by the microstruc-

tural characteristics, including grain size distribution and grain orientations from the
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electron backscattered diffraction (EBSD) analysis, and porosity features determined

by X-Ray Microscopy (XRM) examination to unravel the strain-rate-dependent evo-

lution/competition of failure mechanisms when different microstructural variables are

considered. The alumina grains are constitutively modeled by a viscosity-regularized

form of the Johnson–Holmquist-II (JH2) material model (i.e., JH2-V [55]) imple-

mented via a VUMAT subroutine in Abaqus/Explicit FE solver and the interfaces

between the grains are modeled by a bi-linear cohesive law implemented through a

surface-based CZM approach [219]. First, the developed model was validated by ex-

perimental results for both quasi-static (10−3 s−1) and dynamic (690 s−1) rates. Once

validated, the model is exercised to quantify the growth of the transgranular and in-

tergranular mechanisms in terms of the fraction of fully damaged elements and fully

debonded interfacial nodes, respectively. Next, the model was leveraged to identify

the relationship between microstructural features (e.g., grain Eulerian orientation,

porosity, and interfacial properties) and the macroscale response of the materials.

Overall, the current microstructure-based FE models provide better insight into

discovering the links between the microstructure, microscale failure mechanisms, and

macroscale behavior (e.g., strength) of AM ceramics under different strain rates which

inform on the accelerated design and development of next-generation AM ceramics

with higher performance for dynamic applications [30, 56]. Design-wise, the developed

model could be leveraged to tailor the microstructure of the material to optimally

withstand loading conditions specific to a desired application. In addition, aided

by the prediction of the growth history of failure mechanisms, the current model

informs on the critical microstructural features across strain rates, which could guide

the design process of AM ceramic components by controlling or manipulating them

to achieve enhanced mechanical performance. Lastly, as a dataset generator, the

developed micromechanical framework lays the foundation for establishing cross-scale

constitutive models by machine learning approaches [220] that guide the design of

advanced AM ceramic components with tailored micro- and macro-structures.
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4.3 Methodology

The experimental methods including AM alumina specimen fabrication and microstruc-

tural characterization needed to inform the model are briefly discussed in Section 4.3.1.

The reader is referred to previously published work by the authors [30] for more de-

tails on the experimental approaches. Next, in Section 4.3.2, the generation process

of RVEs by Neper informed by microstructural features (e.g., grain size distribution,

grain Eulerian angles, and porosity characteristics) is first outlined, and then the FE

model including boundary and loading conditions is described. Lastly, the theoretical

framework, including the JH2-V constitutive material model, and the bi-linear CZM

model with the corresponding constants used in this study are given.

4.3.1 Experimental methods: Material and characterization

In the current study, α-Al2O3 ceramics were additively manufactured through the SLA

method by Lithoz, America. The samples were printed into cuboids with dimensions

of 2.3 mm × 2.7 mm × 3.5 mm, as shown in Fig. 4.1(a). The dimensions described

above were chosen for the specimens to provide enough time for the material to

achieve stress equilibrium under testing, as outlined in previous investigations [30,

34, 99]. In the SLA method, the laser energy and exposure duration for each layer

were established at 30 mW/cm2 and 10 s, respectively. The layer thickness during

printing was 25 µm, with a pixel size (DLP XY) of 40 µm. Following debinding, all

green bodies underwent a sintering process at 1650°C for 2 hours.

The AM Al2O3 ceramics were tested under quasi-static (10−3 s−1) and dynamic

(690 s−1) strain rates. Quasi-static uniaxial compression tests were conducted using a

conventional servohydraulic MTS 810 machine, applying displacement control settings

along the longer dimension (i.e., 3.5 mm as shown in Fig. 1(a)). A high-speed AOS

PROMON U750 camera was employed to observe the surface deformation of the

specimen. The camera operated at 50 frames per second (FPS), concerning the
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Fig. 4.1: Fabrication and characterization of the AM alumina ceramic: (a) AM
alumina samples studied in the current work. (b) EBSD map of the AM alumina,
showing the grain size scatter and crystallographic orientations. (c) The histogram
distribution of the equivalent circle diameter of the grains in the AM alumina. The
particle size distribution follows a log-normal curve with mean and standard devi-
ation values of 0.91 µm and 0.55 µm, respectively, that was used to generate the
microstructure-informed RVEs by Neper software. (d) The histogram distribution
of the relative frequency of pores acquired using XRM. The inserted figure is a 3D
render of the reconstructed XRM scanned volume with pores color-coded.

loading rate. To protect the MTS machine platens from indentation caused by the

AM Al2O3 specimens, two polished tungsten carbide (WC) plates were interposed

between the loading platens and the specimen. Additionally, high-pressure grease

was applied between the protective plates and the AM Al2O3 specimens to mitigate
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friction and allow unrestricted lateral movement. The dynamic tests were conducted

using a modified SHPB setup adapted for testing brittle materials [154, 155] with

an incident bar and a transmission bar with a diameter of 12.7 mm and a length of

1016 mm and 914 mm, respectively, which are made of the same hardened maraging

steel (Service Steel America C-350) with density, elastic modulus, yield strength, and

Poisson’s ratio of 8080 kg/m3, 200 GPa, 2.68 GPa, and 0.29. To protect the end

of the bars from being indented by the hard AM Al2O3 ceramics and to minimize

stress concentration during testing, two impedance-matched Ti-6Al-4V titanium alloy

jacketed tungsten carbides were placed between the interfaces of the SHPB bars and

specimens. High-pressure grease was employed between the protective platens and

the specimen to mitigate frictional effects and decrease lateral force during specimen

deformation. The SHBP testing setup was equipped with an ultra-high-speed camera

(Shimadzu HPV-X2) to record the dynamic tests at a rate of 2 million FPS. In this

SHPB apparatus, two strain gauges (Micro 184 Measurements CEA-13–250UN-350)

are attached to the bars to gather incident and transmission strain signal data. The

transmission strain signal (ϵt(t)) was employed to determine the stress-time response

of the material [101]:

σ(t) =
A0

As

E0ϵt(t), (4.1)

where, A0 (m2) and As (m2) represent the cross-sectional areas of the bar and spec-

imen, respectively, and E0 (N/m2) denotes the elastic modulus of the bar material

[32, 55, 99]. The experimentally captured stress-time histories were used to quan-

titatively validate the micromechanical model. The experimental testing setups are

more detailed in our previously published research work [30, 34, 99]. As shown in

Fig. 4.1(b), the grain size distribution and crystallographic orientations were char-

acterized by the EBSD analysis (Oxford INCA, Bruker Quantax, 20 KV) to be fed

into the micromechanical model. Accordingly, from Fig. 4.1(c), the grain size follows

a log-normal distribution with a mean value of 0.91 µm and a standard deviation of
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0.55 µm – the average grain size was computed as 2.94 µm. Additionally, to estimate

the pores in the as-received AM alumina, XRM analysis was conducted, where scans

were performed using a ZEISS Xradia Versa 620 machine with an X-ray voltage of

100 kV at 14.02 W for a total of 1601 projections, with a resolution of 0.5275 µm

per voxel. After scanning, image processing software (Dragonfly Pro 2.0) was used

for the 3D reconstruction of the AM alumina. Fig. 4.1(d) represents the histogram

of the relative frequency of the volume of pores in the material from the XRM ex-

amination. It is observed that the pores are evenly distributed throughout the AM

ceramic with a log-normal size distribution with an average of 0.07 µm and a standard

deviation of 0.1 µm – the average pore size was computed as 1.3 µm. The data was

used to incorporate porosity in the RVE model which will be further discussed in the

Section 4.3.3.

4.3.2 Numerical methods: RVE generation and loading con-
ditions

The polycrystalline microstructure of the AM alumina was reproduced by Neper soft-

ware using the Voronoi tessellation algorithm [221] where the log-normal grain size

distribution by the EBSD analysis (see Fig. 4.1(c)) was used as the input. Here, the

effect of printing orientation [30] was not considered in the micromechanical models

since no reflection of such effect (i.e., microscale phenomena/features in direct as-

sociation with the layer-by-layer printing process) was observed in the EBSD maps

and SEM images of the material, particularly concerning the 25 µm length size of

the RVE models. As shown in Fig. 4.2(a), the polycrystalline-based geometry was

imported into the Abaqus/CAE environment to incorporate the porosity and grain

orientations measured by the XRM and EBSD analysis, respectively. Regarding the

shape of the voids in the EBSD maps (see Fig. 4.1(b)) and the XRM reconstruction

(see Fig. 4.1(d)), the voids were simplified as spheres in the RVE model. Note that the

shape and orientation of pores are likely to influence the initiation and propagation of
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Fig. 4.2: RVE model reconstruction: (a) The polycrystalline model of the material is
first generated based on the grain size distribution in Neper software. Next, spherical-
shaped pores with a log-normal size distribution with an average of 0.07 µm and a
standard deviation of 0.1 µm are generated to reach a volume fraction of 2.5%. The
porous polycrystalline RVE is then produced by the Boolean operation in Abaqus/-
CAE. (b) The histogram of the Euler angles obtained from the EBSD analysis used
as inputs for assigning grain orientations in Abaqus/CAE. (c) The mixed-kinematic
boundary condition is applied to the RVE by defining equations between the reference
points and the surfaces.

damage in the material [222] due to the variation in local stress concentrations around

the pores and the interaction between adjacent pores [223]. Since the current work is

focused on the overall strain rate-dependent failure behavior of the material, the role

of different pore morphologies is not investigated in this study. A Python script was

developed, by which randomly distributed spheres with a randomly assigned equiva-

lent diameter based on the pore size distribution in Fig. 4.1(d) were generated (see

the white spheres in Fig. 4.2(a)) to reach a void volume fraction (VVF) of ∼ 2.5% in
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accordance with the XRM analysis. Next, the porous polycrystalline RVE of the AM

alumina was produced through a Boolean operation by which the spheres were cut

from the original geometries by Neper software, as shown in Fig. 4.2(a). The pores

were allowed to cross the grain boundaries as the same phenomenon is observed in

the EBSD maps (see black spots in Fig. 4.1(b)). Here, an RVE size of 25 µm was

selected as was found to meet the convergence condition of stress-time response, and

this is later discussed in Section 4.4. Fig. 4.2(b) shows the distribution of the mea-

sured Euler angles (ϕ1,ϕ,ϕ2) that were incorporated into the RVE model. To assign

the grain orientations, the three Eulerian angles (ϕ1,ϕ,ϕ2) captured from the EBSD

analysis (see Fig. 4.2(b)) are defined as a n × 3 matrix, where n is the number of sets

of Eulerian angles. Next, by having n sets of the three Eulerian angles, n number of

local coordinate systems is defined that are oriented with respect to the global coordi-

nate system (XYZ), as shown in Fig. 4.2(c). Subsequently, each grain (∼ 300 grains)

is randomly attributed to one of the n local coordinate systems, based on which the

elastic stiffness tensor (Dijkl, see Eq. (4.3)) of the grain is defined. The process of

incorporating crystallographic orientations in the RVE models was automated by a

Python script, as detailed in the Algorithm (i.e., Fig. 4.3).

The RVEs were loaded under uniaxial compression using an Abaqus/Explicit FE

solver and a mixed static-kinematic boundary condition [217]. As shown in Fig. 4.2(c),

the lateral boundary surfaces were free to deform while the top and bottom surfaces

were coupled to the reference points, namely RP-1 and RP-2, respectively, for the

Y-direction degree of freedom (DOF). X-direction and Z-direction DOFs of these two

surfaces remained free to allow lateral expansion. Here, the RP-1 was used to apply

the compressive load on the RVE in the form of a displacement inducing a nominal

axial strain of 1.5% considering the fracture strain of the material, while the RP-2

was restricted in the Y direction. To prevent rigid body motion, two corners of the

bottom face denoted by P-1 and P-2 were restricted as shown by the equations noted

in Fig. 4.2(c). Here, to induce the experimentally measured strain rate, the loading
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Fig. 4.3: Incorporation of the grain orientations into the RVE model.
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time was defined as (Time = ϵ
ϵ̇(rate of loading)

) while considering a strain of 1.5%. To

reduce the computational cost for all the simulated strain rates, a fixed mass-scaling

parameter was applied to the RVE model to increase the stable time increment to

be in the order of 10−8 s to avoid artificial effects as a strain-rate-dependent consti-

tutive model (i.e., the JH2-V model) was used here [55, 217]. For the quasi-static

loading with the Abaqus/Explicit FE solver, the ratio of the kinetic energy to the

internal energy of the model is typically recommended to be less than 10% in the

literature [224–226]. In our simulations, this ratio of the RVE model was monitored

to be below 5% throughout the course of quasi-static loading up to the failure point

with the applied mass scaling parameter. Note that this ratio increases upon failure

due to the brittle fracture and rapid propagation of damage in the model. Regard-

ing the complex modeled microstructure with porosity, the RVE was discretized by

tetrahedron-shaped C3D4 elements with a mesh size of 0.35 µm following a mesh con-

vergence study (see Fig. 4.5(c) and (d) and Fig. 4.13). The Digital Research Alliance

of Canada clusters were used to run the micromechanical models by parallel comput-

ing using 64 cores that led to a runtime of ∼ 24 hours and ∼ 8 hours for quasi-static

and dynamic loading, respectively, for the models with the converged element size of

0.35 µm.

4.3.3 Theoretical framework

In this section, the theoretical framework of the constitutive models to account for

the transgranular and intergranular failure mechanisms in the micromechanical model

by the JH2-V model and the CZM approach, respectively, is outlined. The JH2-V

model was implemented by a VUMAT subroutine in Abaqus/Explicit FE solver.

The JH2-V material model

The JH2-V model was originally proposed by Simons et al. [40, 47] as a modified

version of the widely used softening plasticity JH2 model that is commonly used
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for ceramic materials [42]. In the JH2-V model, the spall strength of the material

(T( ˙ϵP )) is linked to the rate of the equivalent plastic strain ( ˙ϵP ) through a viscosity

parameter (η) and this leads to a strain rate-dependent yield function that allows

mesh regularization in addition to capturing the strain rate-dependent behavior of

the ceramic material. Additionally, the original formulation of the fracture strain

in the JH-2 model is revised in the JH2-V model to be a function of the hydrostatic

pressure (P(σ)) to better account for the asymmetry in damage growth rate in ceramic

materials under tension and compression. In the current work, the original JH2-V

model was modified to account for the EBSD-based Eulerian angles (ϕ1,ϕ,ϕ2) that

are geometrically assigned to the grains in the model. To do so, the elastic stress

components are calculated by the generalized Hooke’s law for linear elastic anisotropic

materials:

σij = Dijklϵkl, (4.2)

Dijkl =
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(4.3)

where σij, ϵkl, and Dijkl denotes the elastic stress tensor, elastic strain tensor, and

elastic stiffness matrix of each grain, respectively. Here, the elastic stress components

in Eq. (4.2) are calculated in the local coordinate system of the grain by which the

elastic stiffness tensor (Dijkl) is spatially oriented, hence accounting for the crystallo-

graphic texture of the material. The components of Dijkl for Al2O3 are taken from the

work by Falco et al. [216] – the unit is in GPa. In the JH2-V model, the normalized

strength of the brittle material is defined as an analytical function of the hydrostatic

pressure, spall strength, and an accumulative scalar damage parameter as:
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σ∗ = σ∗

i −D
(

σ∗

i − σ∗

f

)

, (4.4)

σ∗

i = A
(

p∗ + T ∗( ˙̄ϵp)
)N

, and (4.5)

σ∗

f = B (p∗)M , (4.6)

where σ∗

i , σ∗

f , and D represent the normalized intact strength, the normalized frac-

tured strength, and the accumulated damage, respectively. 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 (i.e., the spall strength), respec-

tively, and pHEL is the pressure at the HEL. A, B, M , and N are empirical constants

to be calibrated for the material. The spall strength of the material (T( ˙ϵP )) is regu-

larized as a function of the equivalent plastic strain rate ( ˙̄ϵp) and this results in a rate

dependent yield surface in the JH2-V model (see Eq. (4.8)). In the JH2-V model, T

is correlated to ˙̄ϵp as:

T (ϵ̇p) = T (λ̇) =

{

T0 + ηλ̇, for λ̇ < λ̇t

Tt(1 + ηλ̇t

Tt
(ln λ̇/λ̇t)), for else

(4.7)

where T0, η, and ˙̄ϵTp represent the reference spall strength; the viscosity parameters,

and the transitional equivalent plastic strain rate, respectively. The ˙̄ϵTp is leveraged

to automatically adjust the size of the failure zone at higher strain rates. When the

yield surface of the JH2-V model (Φ
(

σ,D, ˙̄ϵp
)

) 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
∗, (4.8)

σq =

√

3

2
(σij − σkkδij)(σij − σkkδij), (4.9)

Ḋ =
˙̄ϵp

ϵ̄fp (p)
, and (4.10)
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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

(4.11)

where σq is the von Mises stress calculated based on the orientation-dependent elastic

stress tensor of the grain (see Eq. (4.2)), ϵ̄fp is the equivalent plastic strain at fail-

ure; ϵ̄min
p , ϵ̄max

p , pt, and pc are the constants to define the transitional behavior of the

ceramic material from a brittle to a ductile mode with the increase in hydrostatic pres-

sure [47] – these parameters are experimentally determined, involving spall [15] and

plate impact [227] tests. In this study, these constants are taken from the literature

on Al2O3 ceramics. When failure is triggered in the material (i.e., Φ
(

σ,D, ˙̄ϵp
)

> 0,

see Eq. (4.8)), an iterative Newton-Raphson algorithm [55] is used to update σq, and

internal variables (i.e., ˙̄ϵp, D, and ∆P) via an Euler-backward integration scheme [90].

A summary of the iterative algorithm for updating the stress components and internal

variables upon the initiation of failure is given in the Algorithm (i.e., Fig. 4.4).

Fig. 4.4: The Newton-Raphson iterative algorithm used for the JH2-V model.

To account for the bulking effect [43] after damage initiation, the hydrostatic pres-
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sure in the material is related to the volumetric strain (µ) via a polynomial equation

of state as:

p =

{

K1µ + K2µ
2 + K3µ

3 + ∆p, if µ > 0 ,

K1µ if µ ≤ 0
(4.12)

∆pt+∆t = −K1µt+∆t +

√

(K1µt+∆t + ∆Pt)
2 + 2βK1∆U, (4.13)

∆U = Ut − Ut+∆t, and (4.14)

U =
σ2
y

6G
, (4.15)

where K1, K2, and K3 are the bulk modulus, and the material constants, respectively.

U , σy, and G denote the internal energy, the flow stress, and the shear modulus, re-

spectively. ∆p represents the bulking-induced increment of pressure when damage

progression is triggered (i.e., D > 0) that is calculated based on the conversion of

elastic energy to potential hydrostatic energy (see Eq. (4.13)), where β determines

the fraction of conversion. Table 4.1 summarizes the constants of the JH2-V model

assigned to the grains of the AM Al2O3 micromechanical model in this study. These

quantities are selected from the literature on Al2O3 ceramics. Note that the pa-

rameters accounting for the strain rate-dependent behavior, including η, and ˙̄ϵTp are

required to be tuned as material constants. Here, the corresponding values are se-

lected from the previous studies on Al2O3 ceramics [40, 55]. More details on the

effect of these parameters on the failure behavior of ceramics are available in previous

studies by Zaiemyekeh et al. [55] and Simons et al. [40]. To capture the transgranular

failure mechanism, an equivalent plastic strain (ϵ̄p) ≥ 20% at the integration points

of elements [55, 217, 225] 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 model (CZM)

In this study, the surface-based CZM approach with a bi-linear traction-separation

law was employed to model the grain boundaries and capture the intergranular failure
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Table 4.1: The JH2-V model constants used for the AM Al2O3 ceramic in this
study. Note that the value of density (i.e., ρ) is measured in the current study.

Parameter Value Unit Source

A 0.93 - [109]

B 0.31 - [109]

N 0.6 - [109]

M 0.6 - [109]

K1 226 GPa [55]

K2 0 GPa [109]

K3 0 GPa [109]

ρ 3800 kg/m3 —–

T0 0.2 GPa [40]

HEL 6.25 GPa [40]

PHEL 7.5 GPa [40]

β 1 - [40]

η 25×10−6 GPa·s [55]

λ̇t 10000 s−1 [55]

ϵmax
p 0.496 - [40]

ϵmin
p 1.5×10−4 - [40]

pc 3.02 GPa [40]

pt -0.17 GPa [40]

mechanism; the surface-based method was selected due to a lower computational cost

when compared to the element-based CZM approach. Here, the interfacial failure is

triggered when a quadratic function of the tractions acting on the grain interfaces is

met as [228]:
(⟨tn⟩

t0n

)2

+

(

ts
t0s

)2

+

(

tt
t0t

)2

= 1, (4.16)

where tn, ts, and tt represent the normal and in-plane components of the traction

vector on the interfaces, respectively. The corresponding interfacial strength is de-

noted by t0n, t0s, and t0t , respectively. Upon the satisfaction of the failure criterion (see
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Eq. (4.16)) at interfacial nodes, the traction components begin to linearly deteriorate

based on a scalar damage parameter (D):

ti = (1 −D) t∗i , i ∈ [n, s, t] , (4.17)

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

(4.18)

δmax
m =

√

⟨δ2n⟩ + δ2s + δ2t , (4.19)

where t∗i represent the undamaged traction components, which are calculated based

on the elastic traction-separation law. The effective separation at the onset of debond-

ing and complete failure is denoted by δ0m and δfm, respectively. δmax
m is the effective

separation at the interfacial nodal points that are calculated based on the Euclidean

norm of the relative separation components (see Eq. (4.19)). Note that to simplify the

model and avoid adding additional numerical constants to be calibrated, the CZM in

the current work does not explicitly account for strain rate-sensitive behavior of grain

boundaries that is likely to be caused by grain boundary sliding mechanisms [229],

dislocation motions [230], and amorphous/glassy phases at the interfaces [231]. Ad-

ditionally, a strain rate-dependent CZM [232] may require experimental data on the

rate-sensitive response of the grain boundaries which is not available in the literature

on AM Al2O3 ceramics, to the best of the author’s knowledge. Table 4.2 summarizes

the CZM constants used for modeling the grain boundaries of the AM Al2O3 in the

current work. Here, the CZM constants are calibrated based on a trial-and-error pro-

cess to achieve the best match with the experimental stress-time histories under both

quasi-static and dynamic loading while considering the experimental measurements

on the grain boundary properties of Al2O3 ceramics in the literature [216, 233]. The

effect of the grain boundary properties by the CZM approach are also discussed in

detail in Section 4.4.5 in the following. It is worth noting that a frictionless CZM

approach is taken in the current work, which is also employed in previous studies on
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Table 4.2: The CZM constants used for the AM Al2O3 ceramic in this study. Note
that these values are calibrated in the current study.

Parameter Value Unit

Knn, Kss, Ktt 2E5 GPa mm−1

t0n, t0s, t
0
t 2 GPa

δfm 45×10−6 mm

polycrystalline modeling of Al2O3 ceramics [216]. The effect of friction between the

grains on the failure behavior of polycrystalline ceramics is numerically well-studied

in the literature [234, 235].

4.4 Results and discussion

In this section, first, the effect of the geometric parameters, including the RVE length

size, element size, and randomness of RVE generation on the predicted stress-time

history was investigated under both quasi-static and dynamic strain rates in Sec-

tion 4.4.1. In Section 4.4.2, the developed micromechanical model was validated with

the experimental results in terms of stress-time histories (i.e., quantitative valida-

tion) and microscale failure mechanisms observed in post-mortem SEM images (i.e.,

qualitative validation). Here, for the first time in the literature, the intergranular

and transgranular failure mechanisms were quantified by using the model to inform

on the initiation and evolution of failure in the AM material. Upon validation, the

micromechanical model was exercised to study the effect of grain crystallographic

orientations on the material failure behavior, and this is described in Section 4.4.3.

Next, the model was further extended to inform on the effect of porosity (i.e., VVF)

and grain boundary properties on the strain-rate-dependent failure progression in the

material in Section 4.4.4 and Section 4.4.5, respectively. Lastly, in Section 4.4.6, the

model was employed to investigate the correlation between the grain size and the

failure behavior of the AM Al2O3.
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Fig. 4.5: The effect of the RVE size and element size on the predicted stress–time
response of the AM alumina under quasi-static and dynamic uniaxial compression.
(a, b) The effect of the RVE length size on the predicted response under quasi-static
and dynamic loading, respectively. An RVE size of 25 µm was selected for further
studies. (c, d) The effect of the element size on the predicted stress-time response
under quasi-static and dynamic loading, respectively, with the RVE size of 25 µm. (e,
f) The effect of RVE realizations on the predicted stress-time response under quasi-
static and dynamic loading, respectively, with the RVE size of 25 µm. Note that
repeated experimental results (five specimens for each loading rate) are shown as the
shaded areas on the sub-figures.
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4.4.1 The effect of the geometric parameters on the model
predictions

The variation in the model prediction of the strain-rate-dependent stress–time his-

tory of AM Al2O3 was explored based on the RVE length size, mesh size, and random

RVE realizations. Fig. 4.5(a) and (b) show the predicted stress-time curves using an

RVE size of 20 µm, 25 µm, and 30 µm under quasi-static and dynamic compression,

respectively. Note that the data from the repeated experiments are presented by the

shadow areas. With the increase in RVE length size, the peak stress and softening

rate of the stress-time history are mainly affected likely due to a slower growth rate

of the failure mechanisms in RVEs with a smaller length size. As the RVE size in-

creased from 25 µm to 30 µm, the predicted stress-time responses merged under both

quasi-static and dynamic loading. Accordingly, we selected the RVE size of 25 µm

due to a lower computational cost compared to 30 µm-long RVE for further studies.

This selected size results in a ratio of RVE length to the average grain size of more

than 5, which demonstrates an acceptable statistical representation of the material

microstructure [236, 237]. Shown in Fig. 4.5(c) and (d) is the variation in the pre-

dicted stress-time curves with the change in mesh size from 0.75 µm to 0.2 µm under

quasi-static and dynamic loading, respectively. Concerning the converging pattern of

stress-time curves and the corresponding runtime presented in the Appendix. A, a

mesh size of 0.35 µm was selected to make a balance between the computational cost

and model results (i.e., predicting an element size-independent stress-time history).

The effect of micromechanical model variability on the prediction of stress-time re-

sponse is shown in Fig. 4.5(e) and (f) under quasi-static and dynamic compression,

respectively. Here, three random realizations, namely RVE-1, RVE-2, and RVE-3 are

generated with the same grain size/porosity size distributions, VVF, and length size;

the major difference is associated with the spatial distribution of grains and their

crystallographic orientations that are randomly assigned. As seen, the stress-time

histories of the random RVEs negligibly differ in terms of the peak stress (i.e., quasi-
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static loading (see Fig. 4.5(e))) and post-peak softening regime (i.e., dynamic loading

(see Fig. 4.5(f))), and this demonstrates the reliability of the current micromechani-

cal model for further studies on the correlations between the microstructural features

and macroscale response of the AM Al2O3.

4.4.2 Experimental validation and quantification of the fail-
ure mechanisms

The micromechanical model was validated by the experimental data on the material

under quasi-static (i.e., ϵ̇ = 10−3 s−1) and dynamic (i.e., ϵ̇ = 690 s−1) uniaxial com-

pression. Fig. 4.7 (a) and (b) compare the numerical stress-time history with that of

the experiments (i.e., the shaded areas representing the outcomes from repeated tests

five times) under quasi-static and dynamic loading, respectively. At the early stages

of loading, the macroscale experimental stress-time curves increase non-linearly due

to either the closure of pre-existing defects/microcracks [238] or the establishment

of equilibrium conditions for specimen deformation. Subsequently, (i.e., after ∼ 15

s and ∼ 5 µs under quasi-static and dynamic loading, respectively), the experimen-

tal curves start following a linear trend, as expected from Al2O3 as a linear elastic

material. As such, an effect is absent in the microscale simulations, the numerical

curves increase linearly from the beginning. Accordingly, the numerical stress-time

histories are shifted from the origin along the time axis to provide a more realistic

comparison with the experiments. The micromechanical model reproduces a stress

rate (i.e., the slope of the stress-time history upon equilibrium) that agrees with that

of the experiments across strain rates. Additionally, the predicted peak stress and

softening behavior are consistent with those experimentally captured under different

strain rates.

Next, the validated RVE model was leveraged for the quantification of the growth

history of failure mechanisms in the AM Al2O3. The transgranular mechanism (TGM)

is quantified based on the fraction of fully damaged elements (i.e., D = 1 (see
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Eq. (4.10)) and ϵ̄p ≥ 0.2 [55, 225] at the integration points), and the intergranu-

lar mechanisms (IGM) is quantified based on the fraction of fully debonded nodes

(i.e., D = 1 (see Eq. (4.18))) at the grain boundaries as:

TGM =

∑Vd

k=1 Vk
∑Vt

k=1 Vk

, and (4.20)

IGM =

∑Nd

k=1 Nk
∑Nt

k=1 Nk

, (4.21)

where Vd and Vt are the number of fully damaged elements and the total number

of elements, respectively; Nd and Nt are the number of fully debonded nodes and

the total number of interfacial nodes, respectively. A Python script was developed

to calculate the above-mentioned fractions for the TGM and IGM over the course of

loading (e.g., see the curves in red and blue in Fig. 4.7 (a) and (b)). The developed

script is detailed in the Algorithm (i.e., Fig. 4.6).

From Fig. 4.7 (a) and (b), regardless of the strain rate, the quantification frame-

work shows that the intergranular mechanism grows exponentially and at a higher

rate compared to the transgranular mechanism, playing a key role in the strength

of the material. Under dynamic loading, as shown in Fig. 4.7 (b), the transgranu-

lar mechanism grows at a slower rate compared to the quasi-static condition (e.g.,

comparing the magnitude of transgranular mechanism at a stress level of ∼ 1800

MPa that corresponds to the quasi-static peak stress) and this results in a higher

strength in comparison with the quasi-static condition (see Fig. 4.7 (a)). The model

captures such an effect due to the incorporation of the strain-rate-dependent spall

strength of the material using the viscosity parameter (see Eq. (4.7)). Addition-

ally, the intergranular mechanism is saturated under dynamic loading upon reaching

the peak point, which is attributable to the increasing growth of damage within the

grains by the transgranular mechanism, relaxing the load being transferred through

the boundaries. Fig. 4.7(c) shows the time-resolved images of the evolution of failure

mechanisms by the micromechanical model corresponding to the lettered points in
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Fig. 4.6: Quantification of the growth history of failure mechanisms by the model.
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Fig. 4.7: Quantitative validation of the micromechanical model with the experimen-
tal stress-time histories and quantification of the failure mechanisms by the validated
model: (a) Quasi-static loading at a strain rate of 10−3s−1, (b) Dynamic loading at a
strain rate of 690 s−1. (c) Time-resolved images of the evolution of failure mechanisms
in the material by the model corresponding to the lettered points on the stress-time
curves. IGM and TGM refer to the intergranular and transgranular mechanisms,
respectively.

Fig. 4.7(a) and (b). At point A before the peak stress, the intergranular mechanism

is nucleated dispersedly under both quasi-static and dynamic loading. With the in-
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crease in load, it coalesces into a localized ∼ 45° plane under quasi-static loading (see

the last row in Fig. 4.7(c) at point C) while it grows with a distributed pattern under

dynamic loading. This is likely attributable to the reverberation of stress waves under

dynamic loading that induce tension-dominated stress states at the grain boundaries

[217], thereby decreasing the localization of the failure pattern. In addition, the mi-

cromechanical model shows that the transgranular mechanism is activated either at

the grain boundaries or primarily around the pores (see the areas in red Fig. 4.7(c)

under the transgranular mechanism column) due to the stress concentration.

As the load increases (i.e., at Point B and Point C), preceded by the intergranular

mechanism, the transgranular mechanism propagates in the material, which acceler-

ates the loss of stress-bearing capacity. Similar to the intergranular mechanism, the

transgranular mechanism emerges with a localized pattern under quasi-static loading

when compared to the diffusive pattern under dynamic loading, and this localization

of failure contributes to the sharp fall of stress-bearing capacity under quasi-static

compression.

According to the post-mortem fractography analysis shown in Fig. 4.8, the size

of fragments is smaller under quasi-static loading when compared to those of the

dynamic loading which represents the localization effect under quasi-static loading,

and this is consistent with the numerical visualization of failure mechanisms (see

Fig. 4.7(c)). The high-magnification SEM images demonstrate the presence of both

intergranular (i.e., non-smooth areas showing the grain interfaces) and transgranular

(i.e., the flat areas showing the cleavage facets and river-like patterns) mechanisms

across strain rates, where the former is noticeable under high strain rate loading which

agrees with that of the micromechanical model predictions shown in Fig. 4.7(b) and

(c). Additionally, regardless of the strain rate, pores annotated by the yellow arrows

are frequently observed on the fracture surfaces. Correspondingly, as shown in the

time-resolved images in Fig. 4.7(c), the model also confirms that pores act as the sites

for the nucleation of damage and crack propagation in the AM Al2O3 ceramic.
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Fig. 4.8: Low- and high-magnification SEM imaging of the AM Al2O3 after being
tested under strain-rate-dependent uniaxial compression showing the presence of fail-
ure mechanisms and pores on the fracture surfaces.

4.4.3 The effect of crystallographic orientations on the fail-
ure behavior

The validated micromechanical model was leveraged to inform on the role of grain

crystallographic orientations on the failure behavior of the material across strain

rates. Fig. 4.9 (a) and (b) compares the stress-time history and the quantified evolu-

tion of failure mechanisms of the material involving the crystallographic orientations
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Fig. 4.9: The effect of grain crystallographic orientations on the failure behavior of
the material in terms of the stress-time histories and the quantified evolution of failure
mechanisms under (a) quasi-static loading, and (b) dynamic loading. (c) The effect
of grain orientations on the spatial contour of axial stress and distribution of failure
mechanisms corresponding to the time point specified by letter A on the stress-time
curves. IGM and TGM refer to the intergranular and transgranular mechanisms,
respectively.

obtained from the EBSD analysis and those of the isotropic condition (i.e, no ran-

dom orientations are assigned and the anisotropic elastic stiffness tensor in Eq. (4.3)

downgrades to an isotropic elastic stiffness tensor). Here, the EBSD-captured Eu-

lerian orientations were initially assigned to the RVE model by different random

assignments (see Algorithm (??)), which resulted in no apparent differences in the

predicted stress-time and failure mechanisms histories. Accordingly, only one set of

the stress-time histories and profiles of IGM and TGM is reported for the model with

the EBSD orientations in Fig. 4.9 (a) and (b). The existence of grain orientations

increases the growth rate of the intergranular mechanism under both quasi-static and
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dynamic loading which accelerates the loss of material integrity, and this promotes an

earlier initiation and faster growth of the transgranular mechanism. Consequently,

the earlier activation and the higher evolution rate of the failure mechanisms induced

by the crystallographic orientations result in lower strength of the AM Al2O3, as

shown in Fig. 4.9 (a) and (b) under quasi-static and dynamic loading, respectively.

The quasi-static strength of the material seems to be more noticeably affected by the

grain orientations when compared to that of the dynamic loading, and this is likely

caused by a higher increase in the magnitude of failure mechanisms under quasi-static

loading owing to the localization effect. Fig. 4.9(c) shows the effect of grain orienta-

tions on the axial (i.e., parallel to the loading direction) stress contour, and the spatial

distribution of failure mechanisms at the time point lettered by A. In the model with

the grain orientations from the EBSD analysis, the axial stress distribution pattern

becomes highly heterogeneous, inducing a mismatch between the stress state of grains

at the boundaries, which results in the earlier activation of the intergranular mecha-

nism as quantitatively represented in Fig. 4.9(a) and (b). This numerical outcome is

in agreement with previous studies [239] on the effect of grain boundary misorienta-

tion angles, lowering the grain boundary strength due to the mismatch between the

atoms on either side of the boundaries. In our study, however, the grain boundary

strength values (i.e., t0n, t0s, and t0t ) are constant and not explicitly a function of the

misorientation angles. Here, the effect of grain boundary misorientations are captured

through the incorporation of the Eulerian angles of grains that manifest themselves

as stress state mismatches at the interfaces (see Fig. 4.9(c) and Supplementary Video

S1) which are reflected into the calculation of traction components tn, ts, and tt (see

Eq. (4.16)) and relative displacements δn, δs, δt (see Eq. (4.19)) in the CZM ap-

proach. Supplementary Video S1 shows the failure progression in the material under

quasi-static compression in terms of the consideration of the grain crystallographic

orientations.
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Fig. 4.10: The effect of VVF on the stress-time response and the evolution of failure
mechanisms of the AM Al2O3 material under (a) quasi-static loading, and (b) dynamic
loading by the micromechanical model. (c) Time-resolved images of the evolution
of intergranular and transgranular failure mechanisms of the material with different
VVFs corresponding to the peak stress shown in Fig. 4.10(a) and (b). IGM and TGM
refer to the intergranular and transgranular mechanisms, respectively.

4.4.4 The effect of porosity on the failure behavior

The validated micromechanical model was leveraged to study the role of porosity (i.e.,

VVF) in the failure behavior of the AM Al2O3 ceramic. Fig. 4.10(a) and (b) show the

effect of porosity on the stress-time response and history of failure mechanisms under

quasi-static and dynamic loading, respectively, by varying the VVF from 0% (i.e., a

pore-free microstructure) to 10%. The maximum bound of 10% was selected based

on the frequently reported values on VVF in AM Al2O3 ceramics [30, 181, 182]. The

slope of the stress-time response decreases with the increase in VVF and this is related
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to the increase in the compliance of the material with a higher porosity. Under quasi-

static compression, the increase in VVF affects the transgranular mechanism through

an earlier activation and a higher growth rate, as shown in Fig. 4.10(a), leading to a

lower strength of the material. The growth profile of the intergranular mechanism,

however, is marginally altered with the variation in VVF under quasi-static loading.

As shown in Fig. 4.10(c), a higher VVF corresponds to a higher number of pores in

the microstructure that act as the nucleation sites for the transgranular mechanism

(e.g., comparing the transgranular damage spatial distribution in the microstruc-

ture with 0% VVF with that of the 10% VVF), thereby a more noticeable shift in

the history of transgranular mechanism in comparison with that of the intergranu-

lar mechanism with the rise in porosity. This porosity-induced bias in affecting the

growth history of the failure mechanisms more pronounced under quasi-static loading

when compared with dynamic loading, which is likely due to the localization effect

and the absence of the strain rate-strengthening effect (see Eq. (4.7)) – e.g., the trans-

granular mechanism precedes the intergranular mechanism under quasi-static loading

when VVF increases to 10% (see Fig. 4.10(a)). Under dynamic loading, with the

rise in VVF, the transgranular mechanism growth rate is amplified while that of the

intergranular mechanism decreases. The latter is attributable to the VVF-induced ac-

celerated growth rate of the transgranular mechanism that correspondingly dampens

the growth of failure at the grain interfaces (i.e., the intergranular mechanism) due

to the deterioration of microstructural integrity as a result of damage propagation

within the grain boundaries (see Fig. 4.10(c)). The Supplementary Video S2 draws a

comparison between the evolution of failure in the material with 10% VVF with that

of the one with 0% VVF. Similar to the quasi-static loading, the higher growth rate

of the transgranular mechanism promotes a lower dynamic compressive strength in

the AM Al2O3 with higher porosity in addition to increasing the post-peak softening

rate, as shown in Fig. 4.10(b).
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4.4.5 The effect of grain boundary properties on the failure
behavior

In this section, the validated micromechanical model was employed to explore the

effect of grain boundary properties – represented by the concept of the CZM – on the

history of failure mechanisms and the stress-time response of the material. To do so,

as shown in Fig. 4.11(a), the interfacial properties were varied in terms of the strength

of the grain boundaries (i.e., t0i in Eq. (4.16)) annotated by Case 1, and the effective

separation at complete failure (i.e., δfm in Eq. (4.19)) of the interface annotated by

Case 2. As shown in Fig. 4.11(b) for Case 1, under quasi-static loading, with the

increase in strength of grain boundaries from 1 GPa to 2 GPa, the intergranular

mechanism is initiated later and grows slower, which consequently delays the initiation

and growth of the transgranular mechanism, leading to the increase in the material

strength.

As the strength of grain boundaries rises from 2 GPa to 3 GPa, however, the

material strength is slightly enhanced. This suggests the existence of a threshold

for the grain boundary strength, beyond which the material strength is marginally

improved due to the propagation of damage within the grains by the transgranular

mechanism. Note that these current values of the strength of grain boundaries are

realistic considering the experimental measurements on conventionally made Al2O3

ceramics [216, 233].

The same trend of behavior with the increase in interfacial strength is also pre-

dicted by the micromechanical model when the strain rate increases to the dynamic

regime, as shown in Fig. 4.11(c) for Case 1. Concerning Case 2, with the increase in

effective separation at complete failure from 10 nm (i.e., an elastic-brittle response)

to 22 nm, the material strength increases under both quasi-static and dynamic load-

ing as shown in Fig. 4.11(b) and (c), respectively, due to the deaccelerated growth

of the intergranular failure mechanism that subsequently dampens that of the trans-

granular mechanism. However, with the further increase in effective separation at
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Fig. 4.11: The effect of interfacial properties on the stress-time response and the
evolution of failure mechanisms of the AM Al2O3 material. (a) The variations con-
sidered in the interfacial properties in terms of the grain boundary strength (i.e.,
Case 1) and the effective separation at the complete failure of the interface (i.e., Case
2). (b) Quasi-static loading, and (c) Dynamic loading. IGM and TGM refer to the
intergranular and transgranular mechanisms, respectively.

complete failure (i.e., from 22 nm to 45 nm), the strength of the material remains

unaltered across strain rates, while only the softening rate of the dynamic stress-time

response decreases due to the growth of the transgranular mechanism with a lower

rate (see Case 2 in Fig. 4.11(c)). Such an effect is not manifested in the quasi-static

stress-time response (see Case 2 in Fig. 4.11(b)), where the corresponding curves are

overlapped) likely due to the absence of the strain rate-strengthening effect. Similar
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to the grain boundary strength represented by Case 1, the model shows the existence

of a threshold for the fracture toughness of grain boundaries – which was represented

by the effective separation at complete failure – beyond which the material failure

behavior is slightly affected. Eventually, comparing the strain-rate-dependent stress-

time histories from Case 1 with those of Case 2, the model shows that the strength

of grain boundaries plays a more important role than the fracture toughness of grain

boundaries in improving the mechanical behavior (e.g., strength) of the AM Al2O3

ceramics.

4.4.6 The effect of grain size on the failure behavior

The micromechanical model is further extended to study the effect of grain size on the

mechanical behavior of the material under uniaxial compression within this section.

To do so, polycrystalline RVEs with an average grain size of 6 µm and 10 µm were

reconstructed, incorporating a VVF of 2.5% similar to the RVE of the AM Al2O3 that

is fabricated and tested in the current study. To be consistent with the outcomes of

the original 25 µm-long RVE with an average grain size of ∼ 3 µm (see Fig. 4.1 (b)

and (c)), the new RVEs with the average grain size of 6 µm and 10 µm were generated

with a length size of 80 µm, leading to a minimum RVE length size to average grain

size of 8, as discussed in Section 4.4.1. These average grain sizes were selected based

on the reported values in previous studies on AM Al2O3 ceramics [30, 176, 179].

Note that the grain size distribution in the new 80 µm-long RVEs follows the

experimentally obtained log-normal pattern (see Fig. 4.1(c)).

As shown in Fig. 4.12(a) and (b) for quasi-static and dynamic loading, respec-

tively, the model predicts the reduction in the slope of the stress-time response from

the early stages of loading with the decrease in average grain size. This is likely

caused by the higher number of interfaces in the RVE with a smaller grain size that

induces more deformability/compliance in the model. Regardless of the strain rate, a

smaller average grain size is predicted to amplify the intergranular mechanism while
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Fig. 4.12: The micromechanical model prediction of the effect of grain size on the
stress-time response and growth history of the failure mechanisms of the AM Al2O3

ceramic under (a) Quasi-static uniaxial compression, and (b) Dynamic uniaxial com-
pression. IGM and TGM refer to the intergranular and transgranular mechanisms,
respectively.

delaying the initiation and dampening the growth rate of the transgranular mech-

anism; such effects are more pronounced under dynamic loading. The former (i.e.,

the amplification of the intergranular mechanism) is attributable to the increase in

the propensity of interfacial failure in the polycrystalline microstructure with a finer

grain size due to the higher number of interfaces while keeping the grain boundary

properties unaltered in the model. Regarding the latter (i.e., dampening the trans-

granular mechanism), a polycrystalline microstructure model with a finer grain size

is comprised of a higher number of grains, and correspondingly a higher number of

grain boundaries, which increases the damage tolerance of the material by hindering
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the coalescence and propagation of transgranular cracks across a higher number of

grains and grain boundaries. Accordingly, the growth of transgranular mechanism

with a higher rate within the microstructural model with a coarser grain size results

in a sharper (i.e., under dynamic loading)/sooner (i.e., under quasi-static loading) fall

of stress-bearing capacity after the peak stress when compared to that of the model

with a finer grain size, as shown in Fig. 4.12(a) and (b). Additionally, the qualitative

images draw a comparison between the spatial distribution of failure mechanisms in

the RVEs with the average grain size of 6 µm and 10 µm at the time point lettered by

A corresponding to the peak stress of the model with coarser average grain size. As

seen, at the same time point, the transgranular mechanism is propagated across the

microstructure with an average grain size of 10 µm while it is localized around the

pores/interfaces in the RVE with an average grain size of 6 µm under both quasi-static

and dynamic loading.

The experimentally measured strength of ceramic materials is shown to typically

increase with the decrease in grain size in previous studies [208, 240] – which is analyt-

ically expressed by the Hall-Petch relationship [241] for polycrystalline ceramics and

metals. The current micromechanical model, however, shows limitations by not repli-

cating such a relationship; the model shows no dependency of compressive strength

on the average grain size as shown in Fig. 4.12(a) and (b). This limitation of the

model may stem from the following origins: (a) Manufacturing-wise, the grain size

and void/defect volume fraction in microstructure are intertwined parameters [30],

meaning that VVF is likely to be changed with the variation in grain size, and this

effect is neglected in the current model by considering a constant VVF of 2.5% owing

to the lack of data. (b) A polycrystalline microstructure with a finer grain size may

result in grain boundaries with a higher strength due to decreasing the length size of

the grain boundaries as the primary crack initiation sites (i.e., the Griffith law that

relates the fracture energy to the square root of flaw size [242]), while size-dependent

interfacial properties are not incorporated into the model. This observation suggests
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the incorporation of size-dependent mechanical properties [243] or length-scale regu-

larization parameters [244] to enhance the predictability of micromechanical models

in future studies.

4.5 Conclusions

The current study developed a 3D microstructure-based model for investigating the

failure behavior of AM Al2O3 ceramics under quasi-static and dynamic uniaxial com-

pression. Polycrystalline RVEs of the material were generated where the grain size

distribution, porosity, and crystallographic orientations obtained from the SEM and

EBSD analysis were used as the inputs. A strain-rate-dependent constitutive model

was implemented by using a VUMAT subroutine in the Abaqus/FE solver to account

for the transgranular mechanism, and the grain boundaries were modeled by a bi-

linear CZM approach to capture the intergranular mechanism. The micromechanical

model was validated by the experimental stress-time histories and failure mechanisms

observed in post-mortem fractography analysis. The key findings of the current study

are outlined as:

• The quantification of the growth history of failure mechanisms revealed that the

intergranular mechanism plays a key role in determining the material strength

across different strain rates.

• The model showed that the growth of the transgranular mechanism at a lower

rate under high strain rates leads to the higher strength of the material under

dynamic loading conditions.

• The grain crystallographic orientations promote an earlier initiation and faster

growth of the intergranular mechanism that subsequently amplifies the growth

of the transgranular mechanism, causing a decrease in the material strength.

• The increase in VVF was found to markedly amplify the transgranular mech-
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anism due to a higher number of pores acting as the crack nucleation sites,

decreasing the material strength under both quasi-static and dynamic loading.

• The model informed on the thresholds for grain boundary strength and fracture

toughness, beyond which the material strength experienced marginal enhance-

ments due to the growth of the transgranular mechanism.

• The model showed limitations in capturing the experimentally observed increase

in strength with finer grain size, suggesting the incorporation of size-dependent

mechanical properties or length-scale regularization parameters to advance the

model for future studies.

Overall, the current work provides a better understanding of the relationships be-

tween the microstructure (i.e., microstructural features, including grain orientations,

VVF, and interfacial properties) and the macroscale mechanical behavior (i.e., ma-

terial strength and failure progression) of the material that paves the way for the

design of AM Al2O3 ceramics with higher mechanical performance tailored to specific

applications.
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4.7 Appendix: Mesh convergence study

Fig. 4.13 summarizes the mesh convergence analysis in terms of the number of ele-

ments associated with each mesh size, and the corresponding computational cost in

hours. All the simulations were run on the Graham cluster of the Digital Research

Alliance of Canada using 64 cores (2 x Intel E5-2683 v4 Broadwell @ 2.1GHz). As

seen, when the mesh size exceeds 0.35 µm, the runtime significantly increases for both
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quasi-static and dynamic loading, while the predicted stress-time response remains

almost unaltered, as shown in Fig. 4.5(c) and (d). Accordingly, an element size of

0.35 µm was selected for further investigations in the current study.

Fig. 4.13: A summary of the mesh convergence study that involves the element
size, the number of elements, and the corresponding computational runtime under
quasi-static and dynamic loading. The corresponding predicted stress-time responses
are presented in Fig. 5.3(c) and (d).
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Chapter 5

On the role of stress state in the
failure behavior of alumina
ceramics via stereolithography:
Quasi-static and dynamic loading

Submitted as Zahra Zaiemyekeh, Mohammad Rezasefat, Yogesh Kumar, Saman

Sayahlatifi, Jie Zheng, Haoyang Li, Dan L. Romanyk, James D. Hogan. “On the

role of stress state in the failure behavior of alumina ceramics via stereolithography:

Quasi-static and dynamic loading”, Submitted for peer review publication in Ceramics

International, 2024.

5.1 Abstract

This study investigates strain-rate- and stress-state-dependent failure behavior of ad-

ditively manufactured (AM) alumina (Al2O3) ceramics fabricated by the stereolithog-

raphy (SLA) technique printed in three different orientations. Mechanical testing was

carried out under a combined shear-compression and indirect tension stress state using

angled specimens and flattened Brazilian Disk (FBD) specimens, respectively, across

quasi-static and dynamic strain rates. Ultra-high-speed imaging combined with dig-

ital image correlation (DIC) was employed to observe the time-evolving strain field

and failure sequence of AM alumina ceramic throughout experiments. It was found
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that when the printing orientation (PO) is perpendicular to the loading direction the

material shows a higher strength under both stress states, likely due to the layer-by-

layer printing process and how the corresponding processing-induced microstructural

defects contribute to the damage propagation. Additionally, the results revealed that

with the increase in shear strain, the peak stress decreases due to the earlier damage

initiation. The fractography analysis showed a higher presence of the intergranu-

lar mechanism under quasi-static loading, while a combination of intergranular and

transgranular mechanisms was noted under dynamic loading. This study comprehen-

sively informs on the mechanical performance of AM Al2O3 ceramics across different

stress states and strain rates, which is rarely investigated in the literature, provid-

ing implications for model development and design of AM ceramic structures with a

tailored mechanical performance.

5.2 Introduction

Given their favorable mechanical properties (e.g., the high strength-to-weight ratio

[245], and high hardness [67]), advanced ceramics are widely used in different indus-

trial sectors (e.g., defense [246], aerospace [134], and health applications [133]), where

the material is subjected to complex loading conditions, such as extreme pressure (e.g.,

shock [7]), high strain rate loading [8], and high temperatures [9]. The conventional

manufacturing processes of ceramics (e.g., hot pressing [247], and casting [164]) are

time-consuming and may require post-sintering processes such as machining [18]. Re-

cently, additive manufacturing (AM) methods such as stereolithography (SLA) [146],

selective laser sintering (SLS) [22], fused deposition ceramics (FDC) [138] and binder

jet 3D printing (BJ3DP) [248] have emerged as popular manufacturing methods due

to their ability to fabricate ceramic structures with high resolution, and high dimen-

sional accuracy with a relatively fine surface finish [249], as well as reduction of raw

material usage [24]. Among different AM methods, the SLA technique is widely used

due to the advantages of flexibility in the design of customized geometries, and ac-
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curacy [18]. This technique is based on the process of photopolymerization, in which

a liquid resin is converted into a solid polymer under light irradiation [250]. The so-

lidification process is repeated in a layer-by-layer pattern to produce a 3D geometry,

and this (i.e., orientation of the printed layer) may influence the macro-scale failure

pattern and the quantitative response (e.g., rate-dependent strength) of the mate-

rial [30, 31, 186]. The focus of the current study is on investigating the strain-rate-

and stress-state-dependent mechanical behavior and failure response of AM alumina

(Al2O3) ceramics manufactured via SLA methods printed in three different printing

orientations (POs).

The mechanical properties of ceramic materials, including hardness and strength

increase with the increase in strain rate, making ceramics an ideal material for in-

corporating into different structures under a wide variety of stress states [26, 201].

As such, the use of ceramics in application requires a thorough understanding of the

strain-rate- and stress-state-dependent behavior of the materials [55, 146, 147], par-

ticularly for ceramics manufactured by AM methods as emerging materials used for

complex geometries [146]. To date, the strain-rate-dependent behavior of convention-

ally made alumina ceramics has been widely investigated under uniaxial compression

and indirect tension stress states [26, 27, 29, 32, 34], while limited efforts have been

made toward exploring the rate-dependent mechanical behavior of AM ceramics under

compression [30, 31]. For instance, DeVries et al. [31] explored the quasi-static and

dynamic mechanical properties of AM alumina manufactured through a pressurized

spray deposition process and compared them with those of traditionally manufac-

tured alumina (i.e., AD-995). The AM alumina exhibited a lower quasi-static and

dynamic compressive strength due to stress-concentrating porosity that weakened

the AM structure, and negligible differences in Vickers hardness when compared to

conventionally made alumina ceramics. The same results on Vickers hardness by

DeVries et al. [31] were also reported in a separate study by Mariani et al. [144].

In another study by Zaiemyekeh et al. [30] on AM alumina, the PO was found to
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minimally affect the strength-strain rate behavior while influencing the macroscale

failure pattern. To the best of our knowledge, no studies have sought to investigate

the mechanical response and evolution of failure mechanisms of AM ceramics under

different stress states (i.e., indirect tension, and a combined shear-compression) across

different loading rates, which is the main focus of this paper.

In previous studies on brittle materials, different methods have been proposed

to investigate their tensile and combined loading behaviors [32, 34, 59, 84]. The

Brazilian disk (BD) [59, 77] and Flatted Brazilian disk (FBD) [32, 79] geometries are

commonly employed as indirect tension tests to explore the tensile strength of such

materials. In Ji et al. [32], the tensile behavior of CeramTec Alotec 98% alumina

was assessed by testing FBD specimens at various strain rates, showing that the

peak strength of the material in indirect tension is at least 10 times lower than in

compression, and this is attributable to the fundamental physics of the initiation

and competition of cracks. In the literature, hydraulic confinement techniques [83,

84] and angled specimen methods [85, 87] have been mainly employed to study the

shear-compression behavior of brittle solids. Recently, in a study by Zheng et al. [34],

the mechanical response of conventionally made CeramTec ALOTEC 98% alumina

under a combined shear-compression stress state was studied using angled specimens

(cuboidal specimen with tilting angles between parallel ends of 5°). The strength

of the material was found to be lower under the combined shear-compression than

compression alone, which is consistent with a published work by Karanjgaokar et al.

[251]. In a separate study by Zaiemyekeh et al. [55], it was numerically shown that

the presence of shear deformation in angled specimens leads to the earlier activation

of damage accumulation, resulting in a lower strength compared to that of uniaxial

compression.

Motivated by the limited previous experimental efforts on AM ceramics [30, 31,

143], which primarily focus on the compressive response of the material, this study

aims to probe the microstructural characteristics and mechanical behavior of AM alu-
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mina ceramics under a wide range of strain rates (i.e., 10−4 s−1 to 102 s−1) and stress

states (i.e., indirect tension and shear-compression). The micromechanical features

of the material (e.g., material composition, grain size distribution, and porosity) were

characterized through scanning electron microscopy (SEM) equipped with energy dis-

persion spectroscopy (EDS), electron backscattered diffraction (EBSD), and X-Ray

Microscopy (XRM). Following material characterization, the stress-state-dependent

behavior of the material was investigated by designing FBD (indirect tension) spec-

imens, and angled specimens for indirect tension, and combined shear-compression

stress states, respectively. The specimens are loaded across quasi-static and dynamic

rates where ultra-high-speed imaging combined with digital image correlation (DIC)

analysis is employed to capture the in-situ failure process and full-field strain measure-

ments. The outcomes of this study for AM alumina are mainly compared with those

of the conventionally made AD-98 from the literature [32, 34, 55, 251] in terms of

mechanical properties. For the first time in the literature, the outcomes of this study

provide insights into the strain-rate- and stress-state-dependent mechanical response

and failure behavior of AM alumina ceramics, which has implications for the design

and improvement of this novel AM material. Additionally, the datasets provided

in this study are foundational for developing and validating microstructure-informed

numerical models [190, 217, 252] to be used for establishing microstructure-property-

performance relationships applicable to material optimization.

5.3 Experimental methodology

The material used in this study was α-Al2O3 ceramic from Lithoz, America, printed

via an SLA technique in three different directions (i.e., PO1, PO2, and PO3) as

shown in Fig. 5.1. During the SLA process, the laser energy and exposure time for

each layer were set to 30 mW/cm2 and 10 s, respectively. Each printed layer has a

height of 25 µm, with a pixel size (DLP XY) of 40 µm. To accommodate sintering

shrinkage at room temperature, the specimens were printed 1.235 times larger in the
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X–Y plane and 1.275 times larger in the Z direction. Following debinding, all green

bodies undergo sintering at 1650°C for 2 hours. To induce a shear-compression stress

state in the material, cuboidal specimens with nominal dimensions of 3.5 × 2.7 × 2.3

mm3, and tilting angles of 12° and 25° were designed (see Fig. 5.1(a), and (b)). The

selection of these sizes aims to provide the material with sufficient time to reach stress

equilibrium, as discussed in the literature [26, 32, 34, 55]. The choice of a cuboidal

shape facilitates DIC analysis on the surface of the specimen during testing to measure

strain components and observe the deformation mechanisms activated during loading,

which provide insights into the transitional behavior between intact, damaged, and

fragmented states of the material. To promote a tension-dominated stress state in

the material, the FBD specimens with a diameter of 8 mm and thickness of 4 mm

were fabricated following geometries from the literature [32, 94, 98]. Fig. 5.1(c) shows

the dimensions and geometry of the FBD (indirect tension) specimen. In the FBD

specimens, two parallel flat ends were incorporated at the disk edge to minimize

stress concentrations [94, 103], and a thickness-to-diameter ratio of 0.5 was selected

to facilitate the formation of a central crack [32, 94]. Additionally, a loading angle

of 20° was chosen in accordance with Griffith’s strength theory [98], facilitating crack

initiation at the center of the disk. This loading angle has also been employed in

previously published papers [94, 95].

5.3.1 Material characterization

Material characterization was conducted using SEM (Zeiss Sigma FESEM, 20 kV)

equipped with EDS (AZtec software from Oxford Instrument) and EBSD (Oxford

INCA, Bruker Quantax, 20 KV) to characterize the microstructure, obtain chemical

composition, as well as determine grain size distribution and crystallographic orienta-

tion of the grain, respectively, on the polished surface (i.e., 0.25 µm surface finish) of

the as-received AM alumina specimens. Shown in Fig. 5.2(a) is an SEM micrograph

of the surface of the specimen with hollow spots indicating surface pores likely result-
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Fig. 5.1: Geometry of AM alumina specimens designed and fabricated for testing
the material under different stress states. (a) shear-compression specimen with an
angle of 12° for the combined effect of shear and compression. (b) Shear-compression
specimen with an angle of 25° for the combined effect of shear and compression. (c)
Flattened Brazilian disk (FBD) for inducing tension-dominated failure. Note that
the printing orientations (POs) are shown on the coordinate system.

ing from the polishing process. Additionally, in Fig. 5.2(a) the SEM-EDS analysis

demonstrates that the material is primarily composed of aluminum (wt.% 53.43) and

oxygen (wt.% 46.44) mixed with a trace of Mg (wt.% 0.13). To further analyze the

microstructure of the material and characterize the defects (e.g., pores and impuri-

ties) in the AM alumina specimens, XRM analysis was applied. XRM scans were

conducted using a ZEISS Xradia Versa 620 machine, utilizing an X-ray voltage of 100

kV, power of 14.02 W, and a resolution of 0.5275 × 0.5275 × 0.5275 µm3 per voxel.

Subsequently, image processing software (Dragonfly Pro 2.0) was employed for the

3D reconstruction of the AM alumina. Fig. 5.2(b) represents the histogram of the

relative frequency of the pore volume in the material, as observed through XRM ex-

amination. The analysis reveals that the pores are uniformly distributed throughout

the AM ceramic with a log-normal size distribution with an average of 0.07 µm and a

standard deviation of 0.1 µm – the average pore size was computed as 1.3 µm. Next,

in Fig. 5.2(c), (d), and (e), the EBSD inverse pole figure (IPF) for all POs obtained
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on the X–Y plane was shown. The darker areas within the IPF demonstrate surface

damage or pores. The reduced IPF triangle corresponding to these areas indicates

the absence of any preferred crystal orientation. As shown in Fig. 5.2(c), (d), and (e),

the grain size distribution for all POs follows a log-normal distribution. The average

grain size was calculated as 2.94 ±1.94 µm for PO1, 2.92 ±1.91 µm for PO2, and

2.9 ±1.9 µm for PO3. These values are smaller than the grain sizes reported in the

previously published paper on other AM alumina (e.g., ∼9.68 µm [179], ∼12 µm [31],

and ∼25 µm [149]).

5.3.2 Mechanical testing setup

To explore the effect of strain rate and stress state on mechanical behavior and failure

response of AM alumina ceramic, specimens were tested under a variety of strain

rates (10−4 s−1 to 102 s−1) and stress states (i.e., shear-compression, and tensile)

using a material testing system (MTS) 810 machine and split-Hopkinson Pressure Bar

(SHPB) apparatus coupled with high-speed imaging and DIC to monitor the strain

maps and failure sequence of the specimen during the experiments. The description of

these setups is detailed in previously published papers by the authors [30, 32, 34, 55].

Before testing, random speckle patterns were sprayed on the surface of the specimens

using an airbrush with a 0.15 mm diameter nozzle to facilitate DIC analysis. The

reader may refer to [26, 30, 34] for further details on the DIC setup. Experiments at

each strain rate were conducted at least five times to show repeatability.

Quasi-static experiments

Quasi-static experiments were performed using a standard servohydraulic MTS 810

machine, with the force history being recorded by a 100 kN load cell. Two nominal

strain rates of ∼ 10−4 s−1 and ∼ 10−3 s−1 were obtained using the displacement con-

trol setting. A high-speed AOS PROMON U750 camera monitored the macroscopic

deformation process on the specimen with a full resolution of 1280 × 1024 pixels,
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Fig. 5.2: Microstructural characterization of the AM alumina with different printing
orientations (POs). (a) SEM image of the material showing the micro-structural
features of the AM alumina and EDS images showing the chemical composition of the
printed material. (b) Histogram distribution showing the relative frequency of pores
and impurities acquired using X-ray microscopy. The inserted figure is a 3D render
of the reconstructed X-ray microscopy scanned volume with pores and impurities
color-coded. (c-e) EBSD analysis is represented by inverse pole figures (IPFs) for the
material with PO1, PO2, and PO3, respectively, along the corresponding grain size
distribution on the bottom row.

recording at 5 to 50 frames per second (FPS, its value is adjusted based on the load-

ing rate). During quasi-static loading, to prevent the MTS machine platens from
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indentation caused by AM alumina specimens and fragments during the loading pro-

cess, polished tungsten carbide (WC) platens were placed between the specimen and

the loading platens. For FBD specimens, high-pressure grease was used between the

specimen and surfaces of the WC platen to mitigate the frictional effect and enable

lateral motion [32, 55]. Conversely, for the shear-compression specimens, no grease

was applied to induce tangential force via friction, ensuring that no surface sliding

occurred between the specimen and platens [34, 85].

Dynamic experiments

Dynamic indirect tension and compression–shear experiments were carried out on an

SHPB system comprising a projectile, an incident bar, a transmitted bar, and a data

acquisition system (HBM Gen 3i at 20 MHz). The incident and transmission bars had

a diameter of 12.7 mm and lengths of 1016 mm and 914 mm, respectively. Made from

hardened maraging steel (Service Steel America C-350), the bars possessed a density,

elastic modulus, yield strength, and Poisson’s ratio of 8080 kg/m3, 200 GPa, 2.68

GPa, and 0.29, respectively. At the interfaces between the bars and the specimens,

two impedance-matched platens manufactured from Ti–6Al–4V titanium alloy jack-

eted tungsten carbide with diameters the same as the bars were attached, aiming to

protect the ends of the bars from indentation and minimize stress concentration dur-

ing the loading procedure. Note that, in the indirect tension experiments, a thicker

specimen may make secondary contact with the loading platens upon fracture, which

may cause a secondary peak to appear in the recorded stress history [32, 55]. As

such, no protective platens were employed in the indirect tension tests. Similar to

the quasi-static tests, no grease was used for shear-compression specimens to induce

adequate friction for shearing [55]. However, in the indirect tension experiments, the

specimen was placed between the bars lubricated with high-pressure grease to mini-

mize the frictional effect [34]. For dynamic experiments, an ultra-high-speed camera

(Shimadzu HPV-X2) was used to record the dynamic tests at 0.5 million to 1 mil-
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lion FPS, and these images are used to capture the full-field strain maps with the

DIC technique. Additionally, an ultra-bright LED ring light was employed to ensure

sufficient lighting, enhancing imaging quality and facilitating DIC analysis. Different

pulse shaping configurations are attached in front of the incident bar to produce near

triangular pulses under dynamic loading. This setup enables the ceramic specimens to

achieve the necessary stress equilibrium and minimize stress pulse oscillation resulting

from dispersion effects [26, 100, 104]. To achieve dynamic strain rates spanning from

∼ 80 to 100 s−1, ∼ 250 to 300 s−1, and ∼ 640 to 730 −1 in shear-compression exper-

iments, tin, high-density polyethylene (HDPE), and paper pulse shapers were used,

respectively. In indirect tension tests, strain rates between ∼ 25 to 40 s−1 were ob-

tained by using tin pulse shapers, strain rates between ∼ 87 to 110 s−1 were achieved

with HDPE pulse shapers, and strain rates between ∼ 150 to 202 s−1 were reached

using paper pulse shapers. These pulse shapers have been used in previous studies

by the authors [26, 34, 55]. In the current SHPB setup, two strain gauges (Micro

184 Measurements CEA- 13-250UN-350) attached to the bars were used to collect

the incident and transmission strain signal data. The transmission strain signal (i.e.,

ϵt(t)) was used to measure the stress-time response σ(t) [101]:

σ(t) =
A0

As

E0ϵt(t) (5.1)

where, A0 (m2) and As (m2) denote the cross-sectional areas of the bar, and specimen,

respectively, and E0 (N/m2) represents the elastic modulus of the bar material. To

compare the uniaxial compression results (investigated in the previously published

work by the author [30], and [34]) and the compression–shear results (obtained in

the current study and the study by Karanjgaokar et al. [251]) across the range of

strain rates, the equivalent stress and equivalent strain rate, which are expressed as

Eq. (5.2), and Eq. (5.3), respectively, are used:

σe =

√

1

2
[(σx − σy)2 + (σy − σz)2 + (σz − σx)2 + 6(τ 2xy + τ 2xz + τ 2yz)] (5.2)
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ϵ̇e =

√

1

2(1 + ν)2
[(ϵ̇x − ϵ̇y)2 + (ϵ̇y − ϵ̇z)2 + (ϵ̇z − ϵ̇x)2 + 6(ϵ̇2xy + ϵ̇2xz + ϵ̇2yz)] (5.3)

For the indirect tension experiments, the tensile stress is calculated using the elas-

ticity theory [102]:

σθ = K
2P

πDt
(5.4)

where P , D, and t are the loading force applied to the specimen, diameter, and

thickness of the disk, respectively. Here, K is a dimension coefficient as a function

of the loading angle (i.e., 2α) of the flattened disk [103]. If 2α = 0° (i.e., coventional

Brazilian disk), K is equal to 1, and if 2α = 20°, K is approximated to 0.95 [102,

103].

5.3.3 Digital image correlation analysis

The methodology for DIC analysis utilized in this research aligns with previous stud-

ies [30, 32, 34]. The study employed VIC-2D V6 software from Correlated Solutions

Inc. (USA) for the DIC analysis, selecting the first captured image by the cameras as

the reference image. For quasi-static tests, the AM specimen surface was divided into

subsets of 51 × 51 pixels with a step size of 7 pixels. Dynamic rate experiments used

subsets of 27 × 27 pixels with a step size of 5 pixels, adjusted based on camera resolu-

tion, speckle size, and desired smoothness of strain profiles. The DIC analysis applied

the zero-normalized sum of squared differences (ZNSSD) criterion with an optimized

8-tap interpolation scheme. Engineering strain was calculated through DIC analysis,

where the slope of linear sections in strain-time curves determined the strain rate.

Fig. 5.3(a) shows the stress and strain histories across a full-surface global average

and six local areas of interest (AOIs) on the shear-compression specimen, confirming

stress equilibrium during dynamic experiments. The overlapping strain histories from

different AOIs, along with the corresponding stress curve, indicated uniform deforma-

tion and good equilibrium within the specimen [100]. To verify the reliability of the
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indirect tension experiments, Fig. 5.3(b) illustrates the typical displacement curves

for both the upper and lower halves of the FBD specimen overtime during an SHPB

experiment. Additionally, the figure shows full-field displacement contours obtained

through DIC analysis at six specific time points, corresponding to the labeled points

1-6 on the displacement curves. Initially, the displacement curves for both halves of

the specimen gradually increase over time, followed by a sharp rise near point 4. This

point corresponds to the rapid propagation of an axial surface crack at the center of

the specimen, creating two distinct semicircular regions separated by a boundary line

along the diametrical loading direction. The displacement field displays a symmetric

pattern, resulting in an average displacement of approximately 0 along the central line

of the specimen, indicating the occurrence of a near-symmetric tensile mode failure

and good equilibrium—both of which are desirable in indirect tension experiments

[32, 78].

5.4 Results and discussion

The behavior of AM alumina ceramics under varying strain rates (i.e., 10−4 s−1 to 102

s−1) and stress states (i.e., shear-compression and indirect tension), in comparison to

other AM alumina and traditionally manufactured alumina ceramics, is discussed in

Section 5.4.1 and Section 5.4.2. Additionally, the time-resolved images of the speci-

mens covered by the DIC contour during both shear-compression and indirect tension

tests are presented to show the initial crack evolution, fracture process, and the evolu-

tion of full-field strains. Lastly, in Section 5.4.3, SEM images of the fracture surfaces

from the shear-compression and indirect tension experiments were shown under both

quasi-static and dynamic loading, to inform on the contribution of intergranular and

transgranular failure mechanisms.

133



Fig. 5.3: Demonstrating the reliability of the shear-compression and indirect tension
experiments. (a) Combined stress and strain curves as a function of time for AM
alumina on the right, and shear-compression specimen showing the various DIC areas
of interest (AOI) on the left. The average strain-time and stress-time responses
overlap, showing that the specimen is experiencing good equilibrium and uniform
deformation. The slope of the strain-time curves is reasonably linear, indicating a
constant strain rate of 675 s−1. (b) A plot of displacement of the upper and lower half
of AM alumina FBD specimen as a function of time during a dynamic experiment at
a strain rate of 60 s−1. The symmetric displacement curves and DIC contour indicate
good stress equilibrium and failure during the loading process.
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5.4.1 Strain-rate dependent shear-compression experiments

In Fig. 5.4 the equivalent strength of AM alumina specimens with tilting angles of 12°,

and 25 °across equivalent strain rates was summarized, respectively, in comparison

with other AM alumina [34, 251] and those of conventionally made counterparts in

the literature [30, 31]. Here, for simplifying the comparison, each subfigure primarily

focuses on one specific angle (the first one is for 12°and the second one is for 25°),

represented by a solid data point, while transparent data points represent the data

related to the second angle. It was found that the equivalent strength of alumina

ceramic increases with strain rate, with a significant rise in strength at higher strain

rates, which is also observable in the study by DeVries et al. [31] and Zaiemyekeh et

al. [30].

At higher strain rates, the AM alumina materials demonstrated comparable strength

to conventional alumina, particularly those with PO3, which is likely due to the print-

ing layer direction being perpendicular to the loading direction. The increase in the

angle induces a larger shear strain in the material which results in the earlier initi-

ation of damage [34, 55, 251], thereby lowering the peak strength. The PO affects

the strength of AM alumina across different strain rates: I- PO3 provides the highest

strength, especially at 12°, and high strain rates, making it the most effective ori-

entation. II- PO2 offers moderate to high strength, with better performance than

PO1 at both 12° and 25° angles. III- PO1 results in the lowest strength values, in-

dicating it is the least favorable orientation for applications requiring high strength.

To better analyze the role of PO on the strain-rate-dependent equivalent strength

of the material, Table 5.1 and Table 5.2 summarize the average equivalent strength

(AES) of all POs under quasi-static and dynamic rates for the shear angles of 12°

and 25°, respectively. As seen in Fig. 5.4, the quasi-static and dynamic compressive

strength of current AM alumina is lower compared with those of DeVries et al. [31]

and Zaiemyekeh et al. [30], where cuboidal AM alumina specimens (i.e., a specimen
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with a tilting angle of 0°) were used to induce uniaxial compression stress state in

the material. This outcome is attributable to inducing a combined shear-compression

stress state in the current AM alumina ceramic angled specimens, resulting in the

earlier initiation of shear failure in the material [34, 55]. AM alumina ceramics have

lower strength when compared to their conventional counterparts, and this result is

Fig. 5.4: Comparing the strain rate-dependent equivalent strength of the AM alu-
mina with different POs with other AM alumina ceramics and those of the con-
ventionally made counterparts in the previous studies under compression and shear-
compression loading.
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consistent with the study by DeVries et al. [31] and Zaiemyekeh et al. [30]. The

lower strength of the current AM ceramics compared to conventional ones is likely to

be caused by the printing-induced microstructural defects that lead to local failure,

as evidenced by the time-resolved images in Fig. 5.5, Fig. 5.6, Fig. 5.8, and Fig. 5.9,

resulting in the loss of structural integrity of the specimens in the earlier stages of

loading [185].

Table 5.1: Average equivalent strength (AES) of AM Al2O3 specimen with shear
angle of 12° under quasi-static and dynamic loading for all POs shown in Fig. 5.4.

Quasi-static loading

Strain rate (s−1) 10−4 10−3

PO1-AES (MPa) 879 ± 366.4 1094 ± 140.4

PO2-AES (MPa) 884 ± 126.4 1055 ± 266.3

PO3-AES (MPa) 966 ± 173.2 1167 ± 235.7

Dynamic loading

Strain rate (s−1) 70-100 250-360 700-815

PO1-AES (MPa) 1692 ± 139.2 2031 ± 276.5 2469 ± 43.6

PO2-AES (MPa) 1760 ± 45.9 2047 ± 363.7 2510 ± 254.5

PO3-AES (MPa) 1890 ± 230 2189 ± 114.3 2721 ± 401.3

Shown in Fig. 5.5, and Fig. 5.6 are the AM alumina response under quasi-static

(i.e., 10−4 s−1) and dynamic (102 s−1) shear-compression loading, respectively, with

the tilting angle of 25°. The figure includes the temporal stress and strain responses

and ultra-high-speed camera images covered by DIC contours to better demonstrate

the strain evolution. The image frame numbers (1-4) corresponded to the numbered

points on the stress-time curve. As shown in Fig. 5.5, and Fig. 5.6(a), (b), and (c),

upon reaching equilibrium in the specimen, the stress and strain histories increased

linearly, and upon reaching the peak point, the stress-time curve sharply decreased

due to the catastrophic failure which is governed by the and growth and coalescence
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Table 5.2: Average equivalent strength (AES) of AM Al2O3 specimen with shear
angle of 25° under quasi-static and dynamic loading for all POs shown in Fig. 5.4.

Quasi-static loading

Strain rate (s−1) 10−4 10−3

PO1-AES (MPa) 473 ± 263.1 576 ± 24.3

PO2-AES (MPa) 488 ± 24 603 ± 233.9

PO3-AES (MPa) 537 ± 136.2 738 ± 223.7

Dynamic loading

Strain rate (s−1) 70-100 250-360 700-815

PO1-AES (MPa) 944 ± 167.8 1298 ± 166.5 1705 ± 97.6

PO2-AES (MPa) 1004 ± 318.8 1352 ± 178.4 1752 ± 202.2

PO3-AES (MPa) 1075 ± 315.7 1382 ± 314.6 1879 ± 507.4

of multiple axial cracks. Note that the DIC pattern was lost at the early stages of

quasi-static and dynamic loading due to localized failure. From the DIC patterns, one

may observe that the accumulation of strain and failure pattern of the material was

noticeably influenced by the PO, while the quantitative data in terms of stress and

strain histories were not highly affected for PO1 and PO2. As shown in Fig. 5.5(a),

(b), and (c), PO1 and PO2 exhibited similar stress responses but with slight variations

in peak stress and timing. The PO3 showed the highest strength, likely attributable

to the direction of layering deposition perpendicular to the loading direction and the

resultant microstructural flaws contributing to the failure initiation and growth. In

addition, from previous research [186, 187, 253], it is known that the strength is higher

within the material as compared to the interface between print layers. Fig. 5.5(d)

shows the qualitative evolution of the lateral (ϵxx) and shear (ϵxy) strains for PO1,

PO2, and PO3, respectively. From the early stages of loading, lateral tensile strain

(i.e., the red areas on the contour) primarily developed in the specimen for all the

POs, particularly with PO2 and PO3, which contributed to the earlier failure of the

138



material. In addition, a more diffusive accumulation of shear strain (purple areas)

was observed in PO2 and PO3. All specimens first underwent local failure (see frame

1 and frame 2 of Fig. 5.5(d), respectively) under quasi-static loading likely to be

caused by manufacturing-related microstructural defects (e.g., pores and weak grain

boundaries) causing the loss of DIC correlation. Upon point 2, for all the POs, stress-

bearing capacity kept rising until point 3, when a global catastrophic failure occurred

caused by a few dominant cracks propagating through the specimen. As seen in

Fig. 5.5(a), (b), and (c), under quasi-static loading, the ratio of ϵx
ϵy

may not reflect the

typical Poisson’s ratio of ∼ 0.22 for alumina ceramic materials. This is likely to be

caused by the local failure of the current AM alumina from the early stages of loading,

manifesting as axial cracks at the macroscale, which consequently lead to the lateral

expansion of the specimen, thereby increasing the lateral strain under quasi-static

loading. To avoid any misinterpretation of the measured data, the ratio of ϵx
ϵy

under

quasi-static was not reported as Poisson’s ratio in this study. Overall, the comparison

revealed that the PO3 shows a higher strength and a different failure pattern at the

macro scale (see the point 3 status in Fig. 5.5(d)) under quasi-static loading when

compared to the PO1 and PO2, indicating the effect of printing direction under low

strain rates.

Under dynamic loading, as shown in Fig. 5.6(a), (b), and (c), the stress-bearing

capacity increased linearly almost up to the peak point where damage is initiated at

the corners and center of the specimens and axial cracks emerge. From Fig. 5.6(d), the

PO-dependent failure pattern of the material is more noticeable under quasi-static

loading when compared to dynamic loading. In the specimen with PO1, primary

axial cracks at the center of the specimen were initiated, and this caused softening in

the stress-time curve prior to peak stress (see point 2 on Fig. 5.6(d)). Subsequently,

the propagation of the axial primary cracks and damage at the center led to a sharp

decrease in the stress (points 3 and 4 in Fig. 5.6(d)). In the specimen with PO2,

shown in Fig. 5.6(d), the lateral and shear strains were concentrated at the center
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Fig. 5.5: Stress-time history of the shear-compression specimen with the angle of
25° under quasi-static loading (i.e., 10−4 s−1) along with time-resolved images of
failure progression in the material. (a) AM alumina with PO1. (b) AM alumina
with PO2. (c) AM alumina with PO3. (d) The time-resolved DIC contours show the
evolution of axial strain (first column) and shear strain (second column) components
that correspond to the specified numbered point on the stress-time curves.
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Fig. 5.6: Stress-time history of the shear-compression specimen with the angle of
25° under dynamic loading (i.e., 102 s−1) along with time-resolved images of failure
progression in the material. (a) AM alumina with PO1. (b) AM alumina with
PO2. (c) AM alumina with PO3. (d) The time-resolved DIC contours show the
evolution of axial strain (first column) and shear strain (second column) components
that correspond to the specified numbered point on the stress-time curves.
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and top corner, where failure was initiated. Next, the primary axial crack nucleated

in the lower corner after peak stress, and damage accumulated at the top left corner

where the shear strain accumulated. Subsequently, the formation of multiple axial

cracks caused the catastrophic failure of the specimen. As seen for the specimen with

PO3, lateral strain and shear strain were diffused at the top corner and center of the

specimen, resulting in crack nucleation and propagation in these areas of the specimen.

Overall, the PO was found to affect the mechanical response of the AM alumina

in terms of the strength and failure pattern, particularly the failure pattern under

quasi-static loading due to a more pronounced effect of microstructural defect-induced

localization of failure under low-rate loading. This is likely due to the layer-by-layer

printing process, which may induce defects across length scales contributing differently

to the failure behavior of the material with respect to the global loading direction.

For brevity, the corresponding outcomes of the shear-compression specimens with 12°

were not presented here as similar trends as those of 25° specimen were captured.

Fig. 5.7: Tensile strength of the material across strain rates and comparison with
conventionally made counterparts. (a) Scatter plot of the strain rate-dependent tensile
strength of the AM alumina with different printing orientations by the FBD specimen.
(b) Comparing the average tensile strength of the AM alumina with those of the
conventionally made alumina materials in the literature across strain rates.
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Table 5.3: Average tensile strength (ATS) of AM Al2O3 specimen under
quasi-static and dynamic loading for all POs shown in Fig. 5.7.

Quasi-static loading

Strain rate (s−1) 10−4 10−3

PO1-ATS (MPa) 125 ± 16 148 ± 43

PO2-ATS (MPa) 170 ± 28 174 ± 15

PO3-ATS (MPa) 279 ± 56 293 ± 66

Dynamic loading

Strain rate (s−1) 25-40 87-110 150-202

PO1-ATS (MPa) 308 ± 46 209 ± 48 240 ± 36

PO2-ATS (MPa) 273 ± 79 166 ± 33 223± 55

PO3-ATS (MPa) 357 ± 50 326 ± 68 413 ± 32

5.4.2 Strain-rate dependent indirect tension experiments

The tensile strength of the current AM alumina ceramics with different POs is shown

in Fig. 5.7(a), which was calculated by using Eq. (5.4). It was found that the PO

also affects the tensile strength of the AM alumina material, with PO3 being the

most favorable orientation for achieving higher tensile strength, especially at higher

strain rates, and PO1 as the weakest and with the largest variability, particularly

at lower strain rates. The layer-by-layer printing process of the AM method and

the corresponding orientation of the layer defects relative to the loading direction

likely caused these PO-dependent outcomes, as evidenced by the macroscale failure

patterns observed in Fig. 5.8 and Fig. 5.9. To further investigate the tensile strength

of AM alumina ceramics, Fig. 5.7(b) presents a summary of the tensile strength of

conventionally manufactured alumina ceramics from previous studies [32, 59, 254],

compared with the AM ceramics in this research. From Fig. 5.7(b), the AM alumina

materials show tensile strengths that are comparable to conventionally made ceramics

at high strain rates, and this is likely to be caused by the high strain rate strengthen
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effect by which microstructural defects (e.g., voids and micro-cracks) are hindered to

grow and coalesce due to the short duration of the loading process [201, 255]. This

outcome suggests that AM alumina can be a viable alternative for high-strain-rate

applications. For clarity, Table 5.3 lists the average tensile strength (ATS) of the

material.

Fig. 5.8 and Fig. 5.9 show the indirect tension stress and strain histories coupled

with the ultra-high-speed camera images analyzed by the DIC analysis used to inform

on the time-evolved failure of the material in a tensile stress state under quasi-static

and dynamic loading, respectively. The image frame numbers (1–3) correspond to the

numbered points on the stress-time curve. The lateral strain contours are overlaid

on the time-resolved images on the Fig. 5.8(d) and Fig. 5.9(d) in order to show the

initial crack evolution and fracture process in the material due to tension. As shown

in Fig. 5.8 and Fig. 5.9(a), (b), and (c), the shear strain (ϵxy) is near zero for all the

POs, confirming negligible in-plane rotation in the specimen during loading and a

reasonable accuracy for measuring tensile strength.

For the specimen with PO1 under quasi-static loading (see Fig. 5.8(d)), the first

frame showed the specimen surface before the appearance of the first axial crack,

with a near-uniform lateral strain distribution across the specimen surface. In the

next frame, the tensile lateral strain was localized at the center of the specimen

(indicated by the red area), identifying the location of crack initiation. As the load

increased further to point 3, an axial crack propagated in this strain concentration

region at the center of the specimen. Upon exceeding point 3, the central axial crack

propagated, eventually causing catastrophic failure. Such failure pattern is frequently

observed in previous studies on conventional alumina ceramics [32, 55]. Regarding

the specimen with PO2 under quasi-static loading (see Fig. 5.8(d)), the lateral tensile

strain accumulated adjacent to the loading platen on the left rather than the center,

which eventually led to a different failure pattern compared to the PO1. In the

specimen with PO3, the lateral tensile strain evolution followed a pattern similar to
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Fig. 5.8: Stress-time history of the FBD specimen under quasi-static loading (i.e.,
10−4 s−1) along with time-resolved images of failure progression in the material that
corresponds to the specified numbered point on the stress-time curves. (a) AM alu-
mina with PO1. (b) AM alumina with PO2. (c) AM alumina with PO3. (d) The
time-resolved DIC contours show the evolution of lateral strain (i.e., ϵxx) component
that corresponds to the specified numbered point on the stress-time curves.

145



the PO1, while leading to multiple axial cracks in the central region resulting in the

abrupt decrease in the stress-bearing capacity of the material after point 3.

Under dynamic indirect tension testing represented in Fig. 5.9, the stress history

almost linearly grew upon equilibrium (i.e., after ∼ 40 µs) up to the peak point, and

then sharply decreased due to the brittle failure governed by tension. For all the

POs, it was observed that damage accumulates at the central region of the specimen,

indicating less variation in the pattern of failure when compared to that of the quasi-

static loading (see Fig. 5.8(d)). At the onset of the peak stress (point 2), an axial

primary crack appeared at the center of the specimen, where the lateral tensile strain

is expected to be at its maximum, followed by the emergence of secondary cracks

near the primary cracks when reaching point 3. In the softening regime (point 3 and

point 4), multiple primary cracks were observed along the center of the specimen, and

secondary circumferential cracks formed at the edge of the specimen.

5.4.3 Post-mortem fractographic studies

Post-mortem fractography analysis on shear-compression specimen

Fig. 5.10 shows the SEM images of fracture surfaces of the AM alumina under quasi-

static and dynamic loading with shear-compression specimens with an angle of 25°

with different POs. Comparing the outcomes in Fig. 5.10 across the strain rates,

for all the POs, it was observed that intergranular fracture reflected by the uneven

surfaces and sharp edges (see red arrows) is the governing failure mechanism under

quasi-static loading with a combined shear-compression stress state. The key role

of intergranular mechanism in the compressive failure behavior of alumina ceram-

ics under quasi-static rates is also reported in literature [14, 30–32]. Note that the

occurrence of intergranular fracture is likely related to the relatively weak interfa-

cial strength at the grain boundaries [14, 30, 31]. Fig. 5.10(b), (d), and (f) show

the fracture surfaces under dynamic shear-compression conditions, based on which a

combination of intergranular and transgranular fractures was observed to govern the
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Fig. 5.9: Stress-time history of the FBD specimen under dynamic loading (i.e., 102

s−1) along with time-resolved images of failure progression in the material that cor-
responds to the specified numbered point on the stress-time curves. (a) AM alumina
with PO1. (b) AM alumina with PO2. (c) AM alumina with PO3. (d) The time-
resolved DIC contours show the evolution of lateral strain (i.e., ϵyy) component that
corresponds to the specified numbered point on the stress-time curves.
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Fig. 5.10: SEM micrograph showing the fractography of the AM alumina under
shear-compression loading. (a, c, e) SEM images showing the fractography of the
material under quasi-static loading for PO1, PO2, and PO3, respectively. (b, d, f)
SEM images showing the fractography of the material under dynamic loading for
PO1, PO2, and PO3, respectively.
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failure of the material, and this is associated with higher energy absorption and a

higher level of kinetic energy in the material under dynamic loading that suppresses

the localization of strain, thus allowing more nucleation and coalescence of micro-

cracks within the grain boundaries (i.e., transgranular failure mechanism) under high

strain rates [14, 30]. Here, the transgranular mechanism was identified by the cleavage

facets shown by the blue arrows. Accordingly, one may observe a higher presence of

the transgranular fracture in the PO3 specimen across strain rates, which is likely to

be one of the contributors to the higher strength of the material with PO3 compared

to the other POs. Overall, the relative roughness of the captured fracture surfaces

suggested that the intergranular fracture was likely the dominant failure mechanism

under quasi-static shear-compression loading, while a combination of intergranular

and transgranular failure mechanisms governs the failure process of the material un-

der dynamic loading.

Post-mortem fractographic analysis on FBD (indirect tension) specimen

Fig. 5.11 presents fracture surfaces captured from the fragments from the quasi-static

and dynamic indirect tension experiments. Similar to compression-shear loading, un-

der quasi-static loading, the intergranular fracture was observed to be the dominant

failure mechanism under indirect tension across all the POs. Note that transgranular

fracture was observed with a higher presence on the fracture surfaces of the PO3

under quasi-static loading, and this is consistent with the higher tensile strength of

the material with this PO (see Fig. 5.7(a)). With the increase in strain rate to dy-

namic regimes (see Fig. 5.11(b,d,f,)) the transgranular mechanism is more frequently

observed on the fracture surface when compared to those of the quasi-static loading.

Additionally, a greater number of microcracks was observed on the fracture surface

of the dynamically loaded specimens, particularly with PO3. This is likely in associa-

tion with less localization of damage in the specimen with PO3, which in consequence

contributes to a higher strength compared to the other POs (see Fig. 5.7(a)) under
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Fig. 5.11: SEM micrograph showing the fractography of the AM alumina under in-
direct tension loading. (a, c, e) SEM images showing the fractography of the material
under quasi-static loading for PO1, PO2, and PO3, respectively. (b, d, f) SEM images
showing the fractography of the material under dynamic loading for PO1, PO2, and
PO3, respectively.
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high strain rate loading.

5.5 Conclusion

This study explored the effect of strain rate (i.e., 10−4 s−1 to 102 s−1) and stress

state (i.e., shear-compression and indirect tension) on the failure behavior of AM

alumina ceramics manufactured by the SLA method with three different PO. To

induce shear-compression and indirect tension stress states in the material, angled

specimens (i.e. cuboidal specimens with tilting angles between parallel ends of 12°

and 25°) and FBD specimens were designed, respectively. The PO was found to af-

fect the strain-rate-dependent strength and the failure pattern of the material at the

macroscale, which was likely to be caused by the layer-by-layer printing process and

the resultant defects across length scales contributing differently to failure initiation

and propagation in the material. For both stress states, the macroscale failure pat-

tern showed higher dependency on PO under quasi-static loading likely due to the

higher effect of localization of failure under low-strain-rate loading. The AM alumina

ceramics with PO3 (i.e., PO perpendicular to the loading direction) demonstrated

comparable strength to conventional alumina under dynamic loading, underscoring

the importance of optimizing print orientation to enhance the performance of AM

ceramics structures for high strain-rate applications. The equivalent strength of AM

alumina materials decreased with the increase in shear angle from 12° to 25°, which

is attributable to the increase in shear, resulting in the earlier initiation and growth

of damage in the material. Regardless of the stress state, the fractography analysis

showed the dominant contribution of the intergranular mechanism to the failure of

the AM ceramic under quasi-static loading. Under dynamic loading, a combination of

intergranular and transgranular mechanisms were observed on the post-mortem SEM

images. In addition, under both stress states, the transgranular mechanism was more

frequently observed on the fracture surfaces of the specimens with PO3, underlying

the higher strength of the material with PO3 compared to other POs. Overall, for
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the first time, this study provides a comprehensive understanding of how strain rate

and stress state affect the failure behavior of AM alumina ceramics. The findings

have implications for designing high-performing AM ceramic structures required for

environments including high strain-rate loading, such as aerospace (e.g., engine com-

ponents [53]) and defense (e.g., protection systems [54]) industries. Additionally, this

research generates valuable data sets applicable to the development and validation

of computational models for AM ceramics [55, 190, 219] to accelerate the process of

material design and optimization [55, 190].
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Chapter 6

Conclusions & Future Work

6.1 Conclusions

This thesis comprehensively investigated the mechanical properties and failure behav-

ior of CM and AM alumina ceramics across different stress states and strain rates by

combining experimental testing and multiscale simulations. The microstructure of the

materials was experimentally characterized using EBSD, SEM, TEM, and XRM to

capture the grain size distribution, grain crystallographic orientations, and porosity.

Next, the CM and AM alumina ceramics were tested under different stress states (i.e.,

compression, shear-compression, and tension) and strain rates (i.e., 10−4 s−1 to 102

s−1), where ultra-high-speed imaging was combined with the DIC analysis to capture

the failure progression process and time-evolving full-field strains. The experimen-

tal quantitative measurements (i.e., stress versus strain histories, and lateral strain

versus axial strain histograms) and qualitative observations (i.e., the initiation and

propagation of cracks captured by the ultra-high-speed imaging and post-mortem

fractography analysis) were used to validate the FE models. Computationally, a

rate-dependent viscosity regularized version of the phenomenological JH-2 material

model (i.e., JH2-V) was implemented by using a VUMAT subroutine in ABAQUS

software, to better account for the strain-rate- and stress-state-dependent behavior

of the material compared to the well-known JH2 model. Upon validation, the de-

veloped FE models at the macroscale were leveraged for investigating the effect of
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bulking, regularization parameters of the JH2-V model, quantitative analysis of the

damage initiation and growth in the material, and stress-state-dependent mesh sensi-

tivity analysis for guiding higher scale modeling (e.g., impact events [91, 92]). Next,

informed by the microstructural characterization outcome (e.g., grain size distribu-

tion by the EBSD and porosity by XRM analysis), polycrystalline-based RVEs were

generated by Neper software and then imported into Abaqus FE solver, where the

grain crystallographic orientations by the EBSD analysis were incorporated into the

model. To account for the transgranular failure mechanisms, the JH2-V model was

further enhanced to include the crystallographic orientations and assigned to grains.

The intergranular failure mechanism was accounted for by implementing the CZM

approach at the grain boundaries. Upon validation with the experimental data, the

developed micromechanical model was leveraged to provide insights into the evolu-

tion/competition of failure mechanisms and unravel the effect of microstructure (e.g.,

grain size and interfacial properties) on the macroscale behavior of the material (e.g.,

strength).

Building on the limited previous studies [30, 31], this thesis combines experimental

testing and multiscale simulations to inform on the dependency of the failure behav-

ior/mechanical properties of advanced alumina ceramics on stress state and strain

rates. This thesis achieves its objectives in the form of three peer-reviewed papers

(Chapter 2, Chapter 3, Chapter 4) and one submitted for peer review (Chapter 5).

The key outcomes from this thesis are summarized below for further emphasis:

• The AM ceramic materials show compressive quasi-static and dynamic strength

that is among the highest ones reported for AM alumina in the literature, but it

is ∼ 40% and ∼ 25% lower than that of the conventionally-made alumina on av-

erage in the literature under quasi-static and dynamic rates, respectively. This

may be attributable to manufacturing-induced microstructural defects (i.e.,

weak grain boundaries and porosity) that cause local failure resulting in loss
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of structural integrity of the specimens.

• It was found that when the PO of AM specimens was perpendicular to the load-

ing direction the material showed a higher strain-rate-dependent strength un-

der shear-compression, and tension stress states, likely due to the layer-by-layer

printing effect and how the corresponding processing-induced microstructural

defects across length scales contributed to the damage propagation. Addition-

ally, the PO was found to influence the failure pattern at the macroscale.

• Regardless of the stress state, the fractography analysis showed the dominant

contribution of the intergranular mechanism to the failure of the AM ceramic

under quasi-static loading. Under dynamic loading, a combination of inter-

granular and transgranular mechanisms was observed in the post-mortem SEM

images. In addition, under all the investigated stress states, the transgranu-

lar mechanism was more frequently observed on the fracture surfaces of the

specimens with PO3, underlying the higher strength of the material with PO3

compared to other POs.

• The crack speed propagation in the AM alumina is found to be less than that

of conventional counterparts possibly due to a smaller pore size in the current

AM ceramics. The micro-indentation Vickers hardness experiments show that

the hardness of the AM alumina is independent of the POs, and it also remains

almost unaltered when measured on different planes of the specimen. The cur-

rent AM alumina shows a higher hardness compared to the other AM alumina

ceramics in the literature and this is attributable to a higher relative density,

smaller pore size, and a finer grain size.

• The proposed quantification analysis provided a better understanding of the

relationship between damage accumulation and shear deformation in ceramics

at the macroscale, which is challenging to access through experimental mechan-
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ics due to the brittle failure. The quantified framework showed that damage

initiates earlier in the material with the increase in shear, and this contributes

to a decrease in the strength. Additionally, by increasing the angle of the

compression-shear specimen and increasing the effect of shear deformation, the

maximum magnitude of damage reduces, indicating less damage tolerance in

the material when shear dominates.

• To reduce the computational cost of simulations of ceramics at the structural

scale with the JH2-V model, we conducted a stress-state-dependent mesh sen-

sitivity analysis. As such, the maximum mesh sensitivity is observed under the

uniaxial compression with a variation of ∼ 27% in the predicted strength from

fine to coarse mesh size. The lowest sensitivity is observed at a shear-dominated

(variation of ∼ 14%) and tensile-dominated (variation of ∼ 1%) stress state, re-

spectively. Accordingly, to balance the computational cost and accuracy, for

compression-dominated areas, a fine mesh size is recommended, while a coarser

mesh size may be applied to shear and tension-dominated areas of the model

when applied to higher-scale applications of ceramics such as impact events.

These outcomes reflect new guidelines that could be applied to the modeling of

ceramics in higher-scale applications.

• The developed 3D microstructure-informed finite element (FE) model based

on the grain size distribution, porosity, and crystallographic orientations was

leveraged to quantify the history of failure mechanisms to uncover the initiation

and growth of the intergranular and transgranular mechanisms in AM alumina,

implying the key role of the intergranular mechanism in the strength of the

material across strain rates. The model showed that the higher strength of the

material under dynamic loading is facilitated by the growth of transgranular

mechanisms at a lower rate under high-strain-rate loading.

• The micromechanical model showed that the grain crystallographic orientations
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promote an earlier initiation and faster growth of the intergranular mechanism

due to the stress mismatch at the grain boundaries, and this subsequently ampli-

fies the growth of transgranular mechanisms, causing a decrease in the material

strength. With the increase in porosity, the transgranular mechanism was found

to be markedly amplified due to the presence of a higher number of pores in

the microstructure acting as the crack nucleation sites, decreasing the material

strength across strain rates. The model also suggests the existence of a thresh-

old for both the grain boundary strength and fracture toughness, beyond which

the strength of the material is marginally enhanced due to the growth of the

transgranular mechanism.

6.2 Future Work

While this study has provided a better understanding of the failure behavior of ad-

vanced alumina ceramics across stress states and strain rates, there remain several

research thrusts to be built on the current work, which will eventually expand the

practical applications of alumina ceramic structures fabricated by advanced additive

manufacturing. Accordingly, based on this thesis, the following research directions

are recommended:

• Investigating the process-microstructure-property-performance relationships of

AM alumina ceramics by designing different SLA processing parameters (e.g.,

variables of the sintering process, printing layer thickness, etc) proceeded with

experimental characterization and testing. The outcomes of such experimental

research could be further leveraged for developing ML models that understand

the process-microstructure-property-performance links of the material to accel-

erate the design process of AM ceramic structures.

• Designing novel specimen geometries enabling the understanding of the AM

alumina ceramic mechanical properties and failure behavior under stress states
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that are not explored yet, including pure shear and biaxial tension/compression.

The outcomes will allow us to feed further and validate the micromechanical

models and enable the development of constitutive models that more accurately

capture the mechanical behavior of AM ceramic materials.

• Developing 2D polycrystalline-based models from the current 3D FE modeling

framework is essential for generating datasets encompassing various stress states

and strain rates. Reducing the current micromechanical model from 3D to 2D

is necessary due to the high computational cost associated with the 3D RVE

model and also being compatible with the experimental input data in terms

of the EBSD maps. These generated datasets will be crucial for training and

validating neural networks, such as conventional neural networks [256], which

will be utilized as surrogate models for establishing microstructure-property-

performance relationships. The significance of such ML-based surrogate models

lies in their ability to serve as non-destructive testing tools, enabling real-time

prediction of material mechanical performance (i.e., strength) based on mi-

crostructural characterization outcomes from EBSD images, including grain size

distribution and porosity.
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