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In this research, the fracture behavior of 3 mol% yttria-stabilized tetragonal zirconia
polycrystals (3Y-TZP) dental ceramics is investigated. The focus is on the tetragonal (t) to
monoclinic (m) phase transformation using ABAQUS and bond-based peridynamics. We
conducted two-dimensional simulations of a single grain undergoing uniform dilational
expansion within a homogeneous m-phase environment. The effects of transformation time,
biaxial stress, and strains on fracture were analyzed. It was found that increasing stress in
the surrounding t-phase elevated the elastic strain energy associated with the
transformation. By varying stress from -1.1 GPa to 400 MPa, elastic strain energy started to
decrease from 3.41, 3.32, 3.11, and 2.85 p] at fracture strain values of So= 0.00711, 0.00553,
0.00395, and 0.00237, respectively. These correspond to reductions of 83%, 87%, 90%, and
96%. In addition, damage fractions increased from 0.001, 0.002, 0.003, and 0.004 to 0.005,
0.011, 0.022, and 0.058, respectively. This demonstrates the significant impact of applied
stress on the fracture mechanics of 3Y-TZP. Moreover, increasing the elemental parameter
So from 0.00237 to 0.00711 in the simulations corresponds to a considerable decrease in
defect density, resulting in a substantial increase in the total energy required for material
division from 0.25 to 2.2 J/m2.

© 2026 The Author(s). Mechanics of Advanced Composite Structures published by Semnan University Press.
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1. Introduction

optimizing techniques such as ultrasonic
vibration-assisted machining, laser machining,

Zirconia (ZrOz) has excellent properties,
making it a popular choice for various
applications. However, machining this material
presents significant challenges due to its inherent
hardness, brittleness, and susceptibility to
fracture [1]. Achieving high-precision, damage-
free holes necessitates careful consideration of
machining parameters, tool selection, and
strategies to mitigate thermal and mechanical
stresses [2]. Previous research has focused on
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and abrasive waterjet cutting. These methods
aim to enhance material removal rates, reduce
surface roughness, and minimize the formation of
cracks and residual stresses, ultimately
improving the functional performance of ZrO:
ceramic components [3-5].

ZrOz ceramics, particularly 3 mol% yttria-
stabilized tetragonal zirconia polycrystals (3Y-
TZP), are widely used in dental restorations due
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to their excellent biocompatibility, strength, and
aesthetic properties [6, 7]. The performance of
3Y-TZP is intrinsically linked to the tetragonal (t)
to monoclinic (m) phase transformation (t —» m),
a phenomenon that can be influenced by factors

such as stress state, temperature, and
environmental conditions [8]. While this
transformation can provide “transformation

toughening” by slowing crack propagation [9], it
can also lead to degradation and crack formation,
particularly in moist environments [10].
Computational modeling 1is crucial in
understanding the complex interplay of factors
governing the t — m transformation and its
impact on fracture. While finite element method
(FEM) and extended finite element method
(XFEM) offer alternatives to experimental
fracture testing by simulating crack propagation
and predicting brittle fracture, FEM’s mesh
dependency and XFEM'’s reliance on accurate
crack tip determination present significant
limitations [6, 7]. However, this limits their
ability to fully predict the material’s response
under realistic service conditions. Peridynamics
(PD), a non-local continuum theory introduced
by Silling [11], offers advantages over traditional
finite element methods for simulating crack
initiation and propagation. Macek and Silling [12]
proposed the implementation of PD in ABAQUS.
Huang et al. [13] expanded the implementation
method of bond-based PD in ABAQUS. Bie et al.
[14] explored the dual implementation of brittle
fracture using the PD method in ABAQUS.
Beckmann et al. [15] examined the sensitivity of
mesh and timestep in fracture analysis due to
thermal strains, utilizing PD implemented in
ABAQUS. PD models have been developed for
various materials, including crystalline and
polycrystalline structures. De Meo et al. [16] and
Zhang et al. [17] demonstrated PD capture of
granular fracture; however, more sophisticated
grain boundary representations are needed for
improved intergranular failure prediction.

This study aims to enhance the
understanding of fracture and damage induced
by single-grain phase transformation in 3Y-TZP
dental ceramics. To overcome the limitations of
traditional finite element methods in simulating
fracture, we employ bond-based PD in ABAQUS.
By focusing on the interactions between material
points during the t —» m transformation, this
research will: 1) investigate the influence of
transformation time, biaxial stress, and applied
strain on fracture; 2) quantify the relationship
between these factors and the resulting elastic
strain energy and damage accumulation; and 3)
provide insights into the failure mechanisms of
3Y-TZP under phase transformation conditions.
This approach, leveraging PD’s ability to model
crack initiation and propagation without
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predefined crack paths, will contribute to a more
comprehensive understanding of fracture
behavior in 3Y-TZP, ultimately aiding in the
design of more durable and reliable dental
restorations.

2. PD Details

In this study, the dynamic processes of
metamorphosis and fracture in 3Y-TZP are
modeled by integrating the bond-based PD
method into ABAQUS version 2020. This
approach builds upon the methodology proposed
by Beckmann et al. [15] and further refined by
Huang et al. [13] within the ABAQUS framework.
A comprehensive  explanation of the
implementation of the bond-based PD method in
ABAQUS can be found in Huang et al. [13]. The
following sub-sections will delve into various
aspects of the study, including the simulation
setup in ABAQUS, a comparison of PD and FE
methods, the systematic process for integrating
PD simulations within ABAQUS, boundary
conditions, and the externally applied loading
conditions.

2.1.Simulation Setup in ABAQUS

This approach utilizes the explicit version of
PD, which represents the material as a collection
of material points linked together through a
system of truss components. Each node carries a
mass element, and the material’s volume is
defined by the spacing between these points,
calculated based on the material’s density. Forces
are transmitted between nodes within a specific
horizon (h), which is a circular or spherical region
surrounding each node. The size of this horizon,
determined to be three lattice or material point
spaces, was found to provide accurate results
while maintaining reasonable computational
efficiency.

To ensure the correct bulk material elastic
response, the truss elements carrying the force
needed to be calibrated. Truss elements, which
represent the connections between individual
material points (nodes) in the PD model, were
calibrated to accurately reflect the material’s
elastic behavior. To match the elastic modulus of
3Y-TZP, which is 210 GPa [18], the stiffness of the
individual truss elements was carefully adjusted
through a series of simulations. In the bond-
based 2D simulation of PD, akin to a method
based on pair potentials at the level of individual
atoms, the Poisson’s ratio was set at 0.3 [6]. This
approach is analogous to how interactions
between atoms are modeled in molecular
dynamics simulations, where forces depend on
the distance between atoms. A mesh comprised
of square FE was connected to the PD mesh to
determine strain components €11, €22, and €12 for
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the network of truss elements. Since the
continuum elements themselves do not
contribute to the stress calculations, they were
assigned a negligible elastic modulus, E =1 Pa, to
ensure that the truss elements accurately
represented the force transmission.

In the implemented bond-based PD approach,
the material mass is concentrated at individual
nodes, while the density of the truss elements
connecting these nodes is intentionally set to a
very low value of 5.5 x 10-10 g/cm3. This ensures
that the total mass of the material is accurately
represented by the point masses assigned to the
nodes, resulting in a bulk density equivalent to
that of 3Y-TZP, specifically 6.1 g/cm3 [19].
Damage is introduced into the PD model by
applying a critical level of mechanical strain to
the truss elements in the external region, leading
to crack formation when this critical strain is
exceeded. The critical fracture strain (So) is
determined by the strain energy release rate,
defined by Silling et al. [20], and calculated using
equation 1, which quantifies the energy needed to
create new surfaces based on the Griffith
criterion:

_ |57G,
5=\ "onE (1)
where h represents the horizon distance, and Go
denotes the total energy per unit crack surface
required for the complete separation of two
material halves, as discussed in the work by Kilic
and Madenci [21]. The variable So is a key focus
of investigation in this context. In this research,
simulations were conducted with four values of
So0: 0.00711, 0.00553, 0.00395, and 0.00237. The
selected parameters are determined based on
stress-strain tailored for 3Y-TZP dental ceramic.

After a truss element reaches the So and fails,
its elastic modulus becomes negligible, which is
E =1 Pa. A fracture model based on zero-order
kinetics was utilized, indicating that once So is
attained, the truss stiffness is reduced without
any additional strain [22, 23].

In bond-based PD, damage is typically
modeled using a scalar damage variable d. d,
which ranges from 0 (undamaged) to 1
(completely damaged). The bond force between
two material points is modified based on the
damage state, which can be expressed in equation
2 [24]:

f=0=d)f} (2)

where f; is the actual bond force, f;® is the bond
force in the undamaged state, and d is the
damage variable. The evolution of the damage
variable d is often governed by a damage
evolution law, which can be based on stress
thresholds or strain energy release rates. A
common approach is to define the damage in
equation 3:
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d 1

~=7(0-0)H(e-0) 3)
where T is a characteristic time scale, o is the
current stress, oc is the critical stress threshold,
and H is the Heaviside step function. This
formulation allows for the gradual introduction
of damage as the material experiences loading
beyond its elastic limit. However, the lack of
detailed explanation regarding the selection of
parameters and the specific criteria for damage
initiation and propagation may lead to
inconsistencies in modeling fracture behavior.
The damage equations used in this work are
detailed in Huang et al. [13].

The study verified PD in the ABAQUS FE
framework using a 2D plate under plane strain
conditions with a circular cutout under uniaxial
tensile stress. Elastic stress concentration slightly
exceeded 3, with both PD and FE simulations
meshing the hole accurately. PD applied load and
boundary conditions, creating two levels within
the dental material to eliminate surface effects,
achieved by transforming a FE grid into a phase-
field mesh and introducing a hole. The
implementation details for PD and FE, including
dimensions, properties, and simulation
parameters for the 3Y-TZP simulation, are
outlined in Table 1.

Table 1. PD and FE details for 3Y-TZP simulation

Parameter PD FE
3Y-TZP width 1m 1m
Density of 3Y-TZP 6.1 g/cm3 6.1 g/cm3
[19] [19]
External applied load 2x104Pa 2x104Pa
Central grain radius 6x107 m 6x107 m
Horizon radius 3x107m 3x107 m
Material point spacing 1x10-7m 1x107 m
Pressure (atm) 1 1
Poisson’s ratio 0.3 0.3

Elastic modulus 210 GPa [18] 210 GPa[18]

Temperature (°C) 27 °C 27°C

Number of elements 3480 2880

Figure 1 illustrates a flowchart outlining the
step-by-step process for implementing PD
simulations using ABAQUS, as applied in this
study. The investigation omits the impact of
anisotropy in dental ceramics to enhance and
streamline the analysis. Simulations were
conducted with four different So values to ensure
the accuracy of the average values.
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Definition dental ceramic properties (density, elastic modulus) and model geometry (2D)

y

Creating the geometric model of the structure and defining the dimensions and shape

v

Choosing an mesh size, horizon determination, and element type

A

4

Setting up boundary conditions and applying external loads

l

Implementation of PD formulation

A

A

Specifying the time increment and total simulation time for PD analysis

\ 4

Adjusting parameters as necessary to improve accuracy/ iterate the
process multiple times

Evaluation and ensuring convergence and stability of results

Fig. 1. Flowchart outlining the systematic procedure for implementing peridynamics simulations within the ABAQUS framework

Symmetry boundary conditions were applied
to mitigate artificial edge effects in 3Y-TZP,
restricting displacement perpendicular to certain
edges while allowing displacement parallel to
them. Used ABAQUS FE simulation for nodal
displacement calculation, which was applied to
specific nodes to induce compressive and tensile
stress conditions.

This method ensures a uniform stress
distribution across the model. The phase
transformation was simplified as a dilatational
volumetric expansion, modeled by magnifying a
central group of truss elements based on
hydrostatic strain calculations. Deformations
were imposed only on the truss mesh, not the
continuum mesh, which is linked to the truss
mesh for strain mapping purposes.

These detailed simulation and modeling
approaches provide a comprehensive framework
for studying 3Y-TZP dental ceramics fracture
under  transformation-induced conditions,
offering insights into crack formation and
propagation in dental materials.
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The simulation setup, as depicted in Figure 2,
features a single 3Y-TZP grain surrounded by a
homogeneous layer. The model incorporates a
combination of continuum elements with
reduced integration positioned beneath a lattice
of truss elements, representing the PD mesh. The
simulation covers a 25x10-12 m? surface area,
with a central grain radius of 6x10-7 m. As
detailed in Table 1, the material point spacing is
1x10-7 m, establishing a horizon radius of 3x10-7
m. Initial parametric investigations determined
the maximum feasible model size relative to the
central grain, considering available
computational resources. Unlike traditional
methods that rely on strain, PD formulation uses
a different approach. It represents the 3D model
with a finite thickness determined by the size of
the material points.

In Figure 3, the central grain volume is
depicted for both PD and FE simulations, under
conditions identical to those in Figure 2. Table 1
indicates that a unit grain width of 1m is being
considered.
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Fig. 2. a) Full model; b) truss element mesh

Fig. 3. Central grain volume in PD and FE simulations for 3Y-TZP

2.2.Boundary  Conditions and  Stress
Application
Figure 4 illustrates the application of

symmetry boundary conditions to the initial four-
node rows at the bottom and left boundaries of
the simulation. The determined displacements
were subsequently utilized to shift four rows of
nodes positioned along the remaining edges of
the simulation, causing the nodes to move in a
direction perpendicular to the edge faces. To
create a uniform stress state throughout the
simulation, one edge is immobilized while the
opposite edge is subjected to displacement. This
method induces a consistent stress distribution
across the model.

Subsequently, symmetry boundary
conditions are implemented to restrict
movement perpendicular to each edge after
applying the nodal displacements. These
conditions restrict the displacement of the
vertical edges while allowing displacement of the
parallel edges.

The arrangement of these boundary
conditions is detailed in Figure 4, depicting a
single transforming grain within a denser dental
ceramic.

Additional quantitative characteristics are
under the same conditions as detailed in Table 1
and Figures 2 and 3.
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lP

Fig. 4. Imposing boundary conditions and loads (P) on a
single grain within a homogeneous phase environment

2.3.Tetragonal-to-Monoclinic Transition

In a prior examination utilizing FE analysis, a
variety of transformation possibilities were
explored, resulting in an expansion in volume of
around 6% and a shear strain of approximately
16%, aligning with figures documented in
existing literature sources [25-29]. While the
specific effects of anisotropic material properties
and variant selection are not the primary focus
here, to streamline the analysis, the phase
transformation is simplified as an increase in
volume.
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The method utilizes the strain, computed
using the strain tensors outlined in the study by
Platt et al. [30] for oxidation of ZrO: alloys and
expressed in Eq. 4. ¢ - m transformation is
simulated as a dilatational growth/volumetric
expansion by amplifying a central group of truss
elements, as illustrated in Figure 2. The central
truss members elongate by 0.02 due to the
hydrostatic strain and the strain tensors derived
[30]. Itis important to note that expansion strains
are specifically applied to the truss mesh and not
to the continuum mesh. Expansion strains apply
only to the truss mesh, according to Eq. 4:

00013 0 008125] [0.2 0 0
=0 02647 0 [=[0 002 0 (4)
008125 0 0.02924] [0 0 0

& (100)6/(100)m

The maximum rate is constrained by the sonic
velocity in 3Y-TZP, a relationship detailed in
equation 5 [31]:

G, [ 83000
CZ?\/p::7\15‘68><IO’° ()
where c; represents the sonic velocity in 3Y-TZP,
G stands for the shear modulus for 3Y-TZP, and
pz denotes the density of 3Y-TZP. These values
were obtained for polycrystalline material,

assuming comparability to single-crystal 3Y-
TZP ceramic.

The sonic velocity in bulk 3Y-TZP is calculated
to be approximately 3.96 x 106 mm/s, as reported
in the work of Moradkhani et al. [32]. Assuming
grain transformation initiates from the center
and spreads outward, the maximum time
required for complete transformation of the grain
is estimated by dividing the grain radius
(~ 0.5 x 10-3 mm) by the sonic velocity in 3Y-TZP,
resulting in a total transformation duration of 1.5
x 10-10 s, While defining the phase transformation
rate as equivalent to the sonic velocity poses
experimental challenges, some researchers
suggest that this transformation may be
approximately 1/3 of the sonic velocity [33, 34].

To incorporate this feature into the PD
simulation, a progressive increase in truss
element length was implemented, reaching a
maximum value during the transformation
period, simulating the isotropic expansion of the
t grain. This expansion was uniformly applied to
all truss elements in the central area.

The simulation explored various
transformation time durations ranging from
5x 1011 s to 3.4 x 109 s in the parametric study,
with a total simulation runtime of 2 x 10-8 s to
capture any subsequent damage post-phase
transformation. A stable time increment of 1 x 10-
12 s was determined using the von Neumann
stability criterion.
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As a tetragonal 3Y-TZP grain transitions into
the m-phase, a shift occurs in the energy content
related to the grain. This alteration can be
precisely defined by the equation 6:

A W = AIJStmin + AC;C + AUSW'ﬁW (6)

where AW signifies the alteration in overall free
energy, AUstrain denotes the adjustment in elastic
strain energy, AGc indicates the alteration in
chemical energy balance as the transformation
evolves from aless stable parent phase to a more
stable product phase, and AUsurface represents
the variation in surface energy encompassing
boundaries between phases and surfaces of
cracks. Ustrain and Usurface are positive when
chemical energy is negative. The transformation
proceeds only if the total free energy change is
negative, consistent with previous research [22,
30].

3. Results and Discussion

3.1. Elastic Strain Energy of Transformation

Strain mappings were imposed on the
truss mesh in the simulation, using data from
the continuum element mesh. Figure 5
illustrates the state of strain (£11, £22) on the
interconnected mesh enveloping the single
grain transforming its core in 3Y-TZP
ceramic, without external stress applied, and
no fractures observed in neighboring truss
elements.

I

]

__A]

Strain E11 & E22
151

0080 i l =
0074 | |

=

Fig. 5. Components identified by the FE mesh in 3Y-TZP
ceramic without stress (a) €11, (b) €22

[___BRSERS

Analyzing the interaction between the solid
material and the truss model, specifically within
the transforming grain, allows for a precise
determination of the change in U due to the phase
transformation. The strain components for each
continuum element were computed by
subtracting the recorded strain  post-
transformation from the strain that would have
occurred under unconstrained expansion.
Subsequently, the U of an individual element can
be calculated based on these considerations,
particularly within a plane strain formulation,
according to equation 7:

vG

U, =A| (g, +&,,°
SU (( 11 22)172‘}

+(& 12 + 5222)G + 2G(‘9122)j (7)
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The strain components €11, €22, and €12
represent the strain components, where G is the
shear modulus and A denotes the area of the
single grain after t - m transformation. This
approach is akin to the Eshelby [35], often
employed for calculating the elastic field related
to an ellipsoid inclusion.

Figure 6 presents a comparison of elastic
strain energy. The comparison is between values
obtained from a conventional ABAQUS FE
simulation (computed using FE strains) and
those derived from strains in the PD model. Each
data point in the plot corresponds to an
individual simulation without fractures.

6 T T T T
5 e (a) FE Strain
i e (b) PD Simulations
.‘.-‘, o () ABAQUS Strains
o~ af &
— o, &
& Y T8
8 ... ."
% il . @ ':. ®eoo
) » e %00
o... oo ®eocese
< 2} ®e e,
®ee,
Ce LN J 3
1

—?200 -1000 -800 -600 -400 -200 0 200 400 600

Applied Stress (MPa)

Fig. 6. Energies related to the strain transformation in the
grain under applied stress from ABAQUS, Black points
(a): FE strain results, Red points, (b): strains in PD
simulations results, Green points
(c): ABAQUS strain results

The strains in the PD simulations are defined
using a continuum mesh with negligible mass and
stiffness, anchored to the load-bearing truss
element PD network.

The calculated FE of strain energy closely
aligns with those from ABAQUS, validating the
application of the equation. Strain energy from
PD simulations exhibits a similar trend to FE
simulations, albeit with an overall reduction of
about 13% attributed to the truss elements of
lower density expanding along the interface.

Figure 7 overlays the central truss elements to
the continuum elements, showing a discrepancy
in the number of truss elements expanding at the
edge compared to the center.
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Fig. 7. Overlay of central truss elements on central
continuum elements

Figure 8 illustrates the variation for various
transformation times in the U of the transformed
grain, using So = 0.00237 and without any applied
stress. Each data point represents a distinct
simulation, showing a significant drop in
transformation U below a threshold of
approximately 0.4 x 109 s.

0.9

0.8

0.7

AUstrain (p J )

0.6

05

0.4 L . L L L
0.0 0.2 0.4 0.6 0.8 1.0 12 14 9
10~

Transformation Time (s)

Fig. 8. Influence of transformation time on elastic strain
energy change

Figure 9 illustrates simulations for
transformation in 2 x 101 and 2 x 10° s,
highlighting the fractured truss elements and the
load bearing in red and blue, respectively. A
decrease in transformation time results in more
truss elements becoming fractured. Further
exploration of the So under varied applied
stresses for a transformation time of 2 x 10-10 s
yielded inconsistent results, leading to the
adoption of 2 x 10° s for the following
simulations.
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Fig. 9. Fracture profiles at varying transformation times
and So = 0.00237, without applied stress,
a)2x101sandb)2x10°s

Figure 10 displays elastic strain energy
(AUstrain) for different applied biaxial stress levels
during a 2 x 10 s transformation in various So
states. The data includes the So for simulations
without fractures, denoted as “No Fx.” The link
between the So and applied stress closely follows
a linear trend when fracture is disallowed,
particularly under predominantly compressive
stress. The impact of So becomes increasingly
notable as the applied stress shifts towards
tensile stress, deviating from linearity at lower
compressive stress levels. As depicted in Figure
10, by adjusting the stress values within the
range of -1.1 GPa to 400 MPa over a time span of
2 x 109s, and considering fracture strain values
of So= 0.00711, 0.00553, 0.00395, and 0.00237,
the corresponding elastic strain energy
decreased from 3.41, 3.32, 3.11, and 2.85 p] to
0.61, 0.44, 0.32, and 0.1 p], respectively.
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.
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Fig. 10. Exploring elastic strain energy fluctuations under
diverse bi-axial stress scenarios in 2 x 109 s

Figure 11 presents this study’s average elastic
strain energy results (black line), compared with
experimental data from the literature for 3Y-TZP.
For this purpose, elastic strain energy density is
calculated by equation 8 [23]:

1
U==0o¢eV
3 8)

where o is stress, € is strain, and Vis volume. For
linear elastic materials, this can also be
expressed by equation 9:

34

2

U=y (9)

where E is the elastic modulus, leading to strain
energy per unit volume as expressed by
equation 10:

"“E (10)

Figure 11 compares the average strain energy
ranges calculated via ABAQUS in this study
(black line) with ranges derived from the
experimental data of previous studies (using Egs.
8-10). Specifically, applying Eq. 10 to the results
of Diaz et al. [36] (E =199 + 4 GPa, 0 = 1071 + 99
MPa) yielded a strain energy range of 2.37-3.44
pJ (red points). Similarly, calculations based on
Vladislavova et al. [37] (E =200 + 3 GPa, 0 =1000
+ 6 MPa) yielded 1.46-2.16 p] (blue points), and
calculations based on Moradkhani et al. [6, 32] (E
=215+ 7 GPa, 0 =312 + 7 MPa) yielded 0.88-1.13
pJ (green points). The results of the current study
deviate significantly from predictions assuming
linear elasticity.
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Fig. 11. Average elastic strain energy results of this study,
juxtaposed with theoretical data from
the literature for 3Y-TZP

3.2.Damage

In the PD simulations, the damage fraction
was determined by calculating the proportion of
fractured truss elements surrounding the central
grain, providing an overall measure of damage
for each simulation. In Figure 12, the relationship
between damage fraction and applied stress is
shown for a transformation time of 2 x 109 s,
revealing a more pronounced impact from bi-
axial tensile stress compared to bi-axial
compressive stress, similar to the So trends. The
relationship between So and the level of damage
in the layer surrounding the central grain is
evident from a comparison of Figs 10 and 12.
Increased fracture reduces the constraint on the
transformed grain, resulting in a decrease in U,
which is consistent with the findings of Platt et al.
[22]. As can be seen in Figure 12, by adjusting the
stress values within the range of -1.1 GPa to 400
MPa over a time span of 2 x 10 s, and
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considering fracture strain values of So= 0.00711,
0.00553, 0.00395, and 0.00237, the
corresponding damage fraction increased from
0.001, 0.002, 0.003 and 0.004 to 0.005, 0.011,
0.022, and 0.058, respectively.
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Fig. 12. Relationship between damage fraction and applied
stress in truss elements in 2 x 109 s

Figure 13 shows the maximum principal
strain in the transformed grain and fractured
truss elements in the homogeneous monoclinic
matrix area. This highlights a correlation
between regions of high strain in the central grain
and areas of significant damage in the external
layer. A comparison of Figures 4 and 13 reveals
that the principal strain within the tetragonal
deformed grain propagates into the surrounding
homogeneous monoclinic matrix and damages it.
The connection between the damage fraction and
the So is not absolute, as illustrated by
simulations with similar Sos but differing damage
fractions. This discrepancy suggests that beyond
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a specific point, further fracture causes minimal
impact to the transforming grain.
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Fig. 13. Maximum principal strain of a central grain onto
fractured truss elements near the homogeneous area

Figure 14 presents a range of patterns of
fractures for various applied stresses and Sos,
offering a depiction of the damage observed in
Figure 12 and insights into the damage
mechanisms. Notably, at a stress level of -1.1 GPa,
damage manifests as failed truss elements rather
than distinct cracks, exerting a substantial
influence on the transformation U despite a low
damage fraction. The application of tensile stress
in two directions aims to replicate the area in
front of a crack tip in 3Y-TZP dental applications.
Here, crack formation near the external region
interface is linked to a reduction in external layer
protection.  Phase  transformation-induced
fracture, often linked to nano-pore formation
along grain boundaries, can weaken the fracture
strength near a transforming grain. While the t -
m phase transformation in 3Y-TZP can impede
crack propagation [19, 32], it also contributes to
issues like crack micro-branching and hydro-
thermal degradation.
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Fig. 14. Analyzing fracture behavior in 3Y-TZP across different applied stresses and Sos

3.3.Elemental and Superficial Energies

In the context of the simulations, So values of
0.00711, 0.00553, 0.00395, and 0.00237 can be
used in Eq. 1 to calculate Go, representing the total
energy needed to divide a material into two parts.
These Sos correspond to Go values of 0.25, 0.68,
1.32, and 2.2 J/m? according to Eq. 1. Notably, Go
primarily reflects the difference in energy density
between crack faces and the energy levels of
current interfaces and surfaces, including defects
and grain boundaries, rather than serving as a
direct surface energy density measure. Crack and
imperfection density and dimensions impact the
fracture resistance of a material.

In the PD simulation context, adjustments to
incorporate increased defect density involve
reducing So and concurrently Go. Studies have
highlighted non-negligible interfacial energies
for monoclinic 3Y-TZP, with coherent and partial
interfacial energy densities reported. The
literature presents varying numerical values
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representing the density of free surface energy of
monoclinic/tetragonal 3Y-TZP, reflecting the
complexity of these properties [22, 38].

Simulations with higher So and corresponding
Go values indicate microstructures characterized
by minimal defects and grain boundaries in the
surrounding region, aligning more closely with
observations from certain experimental studies
[22]. Equations have been proposed to describe
Acc concerning temperature, indicating that
transformation processes may occur
independently of applied loads or fracture
behaviors under certain conditions [39].

The introduction of oxygen vacancies,
through doping such as Al203 or oxidation
processes, can significantly alter Acc, potentially
influencing phase transformation outcomes.
These findings underscore the significance of
factors affecting chemical free energy changes in
determining phase transformation behaviors in
3Y-TZP dental ceramics.
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4. Future Perspectives

This study utilized a bond-based PD approach
within ABAQUS to simulate the tetragonal-to-
monoclinic phase transformation and its
influence on fracture in 3Y-TZP dental ceramics.
While this 2D simulation provided valuable
insights into the effects of stress and
transformation time, it inherently simplifies the
complex behavior of the material. Specifically, the
2D limitation neglects out-of-plane expansion,
assumes isotropy, and omits shear components,

potentially  affecting the accuracy and
applicability of the results to real-world
scenarios.

Future research should prioritize addressing
these limitations through the implementation of
three-dimensional PD simulations. Incorporating
shear components in these 3D models will allow
for a more comprehensive understanding of the
phase transformation process and its impact on
fracture initiation and propagation. Furthermore,
given the observed reduced incidence of phase
transformation-induced fractures in 3Y-TZP
compared to ZrO2z ceramics, future investigations
should directly examine the roles of compressive
stress and varying phase fractions in mitigating
fracture. These studies could explore the
interplay between applied stress,
transformation-induced elastic strain energy,
and damage accumulation, building upon the
relationships identified in this work.

Finally, the influence of common additives
such as Al203, Ca0, MgO, CeOz, and Er203 on the
fracture behavior of 3Y-TZP warrants further
investigation. These additives can significantly
alter the material's microstructure and introduce
anisotropy, requiring advanced modeling
techniques to accurately capture their effects.
Future studies should focus on characterizing the
anisotropic properties of these modified 3Y-TZP
ceramics and incorporating these properties into
PD simulations to predict their performance
under complex loading conditions. This will
ultimately contribute to the development of more
durable and reliable dental ceramic materials.

5. Conclusions

This study investigated the fracture behavior
of 3 mol% yttria-stabilized tetragonal zirconia
polycrystals (3Y-TZP) dental ceramics, focusing
on the tetragonal (t) to monoclinic (m) phase
transformation using ABAQUS and bond-based
peridynamics. Two-dimensional simulations
were conducted to analyze the effects of
transformation time, biaxial stress, and strains on
fracture within a single grain undergoing uniform
dilational expansion. The following conclusions
can be drawn from this study:
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e Increasing stress in the surrounding t-phase
significantly elevates the elastic strain
energy associated with the transformation.
Specifically, by varying stress from -1.1 GPa
to 400 MPa, the elastic strain energy at
fracture decreased from 3.41 pJ to 2.85 pJ at
fracture strain values of So= 0.00711 and
0.00237, respectively, representing a 16%
reduction in elastic strain energy.

e Applied stress has a substantial impact on
damage accumulation during phase
transformation. Damage fractions increased
from 0.001 and 0.004 at -1.1 GPa,
respectively, to 0.005 and 0.058 at 400 MPa,
demonstrating a significant increase in
damage accumulation due to applied stress.

e The simulations demonstrate a direct
correlation  between  the elemental
parameter So (0.00237 to 0.00711) and the
total energy Go (0.25 to 2.2 ]/m2) needed for
material division, reflecting the impact of
defect density on fracture resistance. Lower
So/Go values indicate higher defect densities,
while higher values suggest fewer defects.
Ultimately, these parameters influence phase
transformation behaviors in 3Y-TZP dental
ceramics.

e The 2D simulations suggest that the
application of compressive stress and control
of phase fraction are important factors in
mitigating phase transformation-induced
fracture in 3Y-TZP. This implies that
optimizing these parameters could lead to
the development of more robust dental
ceramic materials.
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