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ABSTRACT: Thet' phase of yttria-stabilized zirconia (t'-YSZ) is the most extensively used top coat material in thermal
barrier coatings (TBCs). Its relatively high fracture toughness is among the most important factors that enable t'-
YSZ to stand out from other candidate ceramics. Unveiling the toughening mechanisms of t'-YSZ is conducive to the
development of next-generation top-coat materials. In this paper, a coupled phase field model is proposed to study
crack growth and domain evolution in polycrystalline t'-YSZ. Two distinct polycrystal microstructures are considered
to investigate the impact of the initial domain structure on the toughening behavior. In Polycrystal I, each grain consists
of a single domain of the t' phase. In Polycrystal II, the c-t' phase transformation gives rise to a twinned domain
configuration. A unified phase field model is proposed to simulate the coupled process of crack propagation and
domain evolution within both polycrystals. The localized toughening effect resulting from domain switching on crack
advancement is characterized using the energy dissipation rate. Numerical findings reveal that the interplay between
fracturing and domain evolution causes the crack to follow tortuous paths in both types of polycrystals, potentially
enhancing the overall fracture toughness. The domain reorientation enhances the local crack growth resistance in both
materials, though the domain evolution characteristics are distinctly different. The effects of domain evolution and the
polycrystal microstructure on the crack growth behavior and the local toughening effect are systematically discussed.
The findings reported in this paper offer valuable insights into the fracture toughening mechanisms of t'-YSZ ceramics.
The phase field approach developed in the paper provides a powerful numerical framework for evaluating the fracture
toughness of ferroelastic materials.
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1 Introduction

Yttria-stabilized zirconia containing 6-8 wt% Y,0s (YSZ) serves as the dominant surface coating
material for thermal barrier coating systems. This material gains widespread application owing to its
superior comprehensive properties, including outstanding low heat conduction performance, high oxygen
permeability, and favorable coefficient of thermal expansion [1-5]. Although several candidate oxides exhibit
lower thermal conductivity, YSZ coatings demonstrate superior resistance to thermal cycling degradation,
which is attributed to their relatively higher fracture toughness [6-8]. The exceptional fracture toughness
of YSZ stems from its inherent ferroelastic toughening mechanism, triggered by stress-driven domain
reorientation in the vicinity of crack tips. Numerous research endeavors in recent years have focused on
developing advanced thermal barrier coating materials with reduced thermal conductivity and elevated
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temperature tolerance [1-5]. Nevertheless, ferroelastic domain switching remains a critical mechanism to
achieve high fracture toughness in newly synthesized oxides [9,10]. A comprehensive understanding of the
microstructural effect on ferroelastic toughening is therefore essential for the rational design of advanced
top-coat materials.

The as-deposited YSZ top coat exists in the metastable tetragonal (t') phase. In contrast to the
equilibrium tetragonal phase (t phase), the t'-phase exhibits a higher yttria content and reduced tetrag-
onality. Under high-temperature working conditions, the conventional toughening behavior induced by
tetragonal-monoclinic (t-m) phase transition becomes thermodynamically inhibited [11,12]. In addition,
the t-m transformation is associated with severe shear strain and volumetric expansion, which can induce
microcracking within the top coat [13]. Thus, the t-m phase transformation is generally considered to be
detrimental to the integrity of TBCs. The exceptional fracture toughness of t'-YSZ coatings comes from its
special ferroelastic deformation-induced toughening behavior [14,15]. The tetragonal prime phase of YSZ has
three variants with orthogonal spatial orientations. Under mechanical loads, the t’ variants may experience
reorientation to accommodate deformation. The domain reorientation (or domain switching) is displacive
and is accompanied by eigenstrains. Domain switching (DS) occurring around the crack tip can produce
a crack growth shielding effect. DS of t'-YSZ under mechanical loads has been experimentally confirmed
by numerous researchers. To name a few, Chan et al. [16] and Srinivasan et al. [17] discovered domain
reorientation in compression tests of polydomain YSZ samples. Mercer et al. [14] identified the nucleation
of new domains in the wake of indentation cracks in polycrystalline YSZ with mono domain structure.
It was inferred that the toughening of the indentation cracks was controlled via new domain formation
rather than the migration of original domain boundaries. Bolon and Gentleman [18] observed ferroelastic
switching in 18-mol% ceria-stabilized zirconia by using polarized confocal Raman spectroscopy. Domain
rearrangement behavior is detected both inside and around indentation cracks. Li et al. [19,20] observed
domain reorientation in YSZ thin films with indentation tests. Masuda et al. [21] investigated the orientation-
related ferroelastic response and plastic deformation characteristics of t'-phase zirconia pseudosingle crystals
with nanodomain microstructures consisting of three different t’ variants. The switching of the domains
was monitored with electron microscopy. Luo et al. [22] experimentally identified the ferroelastic domain
switching behavior and the associated toughening mechanism in yttrium tantalate-zirconia oxide. Carbogno
et al. [23] and Chen et al. [24] validated the ferroelastic structural reorientation mechanism of tetragonal
zirconia with density functional theory.

Although the DS behavior of YSZ has been experimentally and theoretically validated, quantitative
studies on its toughening effect on crack growth are rarely reported in the literature, especially when the
microstructural effects are considered. Actually, the test specimens used in the aforementioned experimental
studies possess different domain structures. For example, the tests carried out by Baither et al. [25] and
Masuda et al. [21] were based on polydomain single crystals. The polydomain structure manifests as the
consequence of the c-t' phase transformation. By contrast, Mercer et al. [14] conducted indentation tests on
single-domain polycrystalline YSZ, where each grain possesses only one YSZ domain. Accordingly, it is of
great significance to explore how diverse domain configurations affect the ferroelastic toughening perfor-

mance.

As a mesoscale approach, the phase field (PF) method is widely recognized for its robustness in
characterizing microstructure evolution in solid materials, including phase transformation, ferroelectric
domain switching, dislocation slip, and crack propagation [26-29]. It is noted that ferroelectric domain
switching and its toughening effect have been intensively studied with the PF approach [30-33]. The PF
model for ferroelectric domain switching usually adopts the polarization vectors as the order parameters [34-
36]. The free energy functional is constructed based on the Landau-Ginzburg-Devonshire theory [34-36].
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However, the cubic, tetragonal (including the t’ phase), and monoclinic phases of YSZ are all non-polar. Thus,
the traditional PF model for ferroelectric domain switching is ill-suited for characterizing DS in YSZ.

Recently, Pi et al. [37] and Li et al. [20] developed a PF model for DS in YSZ single crystals. With the
above PF model, Pi et al. [38] studied the evolution of the t’ variants around a static crack tip. Bhattacharya
and Asle Zaeem [39,40] employed PF modelling to study domain nucleation and the kinetics of domain
switching with consideration of back-switching. Zhou et al. [41] proposed a thermodynamically consistent
phase-field theory incorporating strain gradient elasticity and interfacial effects to investigate micro- and
nano-scale ferroelastic variant switching in t'-YSZ. This PF model is utilized to analyze domain nucleation
and evolution behaviors at pre-existing crack tips in single-phase t'-YSZ. Li and Li [42] constructed a phase-
field framework to explore domain morphological evolution and mechanical behaviors of polycrystalline
t'-YSZ subjected to external loads. The domain evolution around a prefabricated crack tip was also studied.
These studies predominantly focused on the nucleation and evolution of domains within stress fields.
However, none of the aforementioned studies have explored the toughening effect induced by domain
switching on crack propagation.

Actually, the PF method can simulate phase transformation, domain switching, and fracture in a unified
framework [33,34]. Zhao et al. [43] integrated the phase-field method for tetragonal-monoclinic phase
transition with phase-field fracture theory to probe crack propagation characteristics in tetragonal zirconia.
Afterwards, this coupled phase-field framework was further expanded to analyze transformation-triggered
microcracking behaviors within polycrystalline tetragonal zirconia materials [13]. Jafarzadeh et al. [44]
developed a phase-field method for analyzing nanoscale coupling of fracture and phase transformation.
Moshkelgosha and Mamivand [45,46] combined the PF model for tetragonal-monoclinic phase transfor-
mation with the variational PF theory for fracture to study the fracture of single crystal and polycrystal
tetragonal zirconia. The perturbation of the crack propagation path by the transformed phase was fully
discussed. Based on a similar approach, Borzabadi Farahani et al. [47] studied crack nucleation and growth in
martensitic phase transformation materials. Lotfolahpour et al. [48] proposed a modified PF model to study
the interaction between phase transformation and crack propagation in superelastic shape memory ceramics.
The PF model was extended to include the plastic slip mechanism and was applied to study the orientation-
dependent deformation and failure of micropillar shape memory ceramics [49]. The above studies focused on
the interaction mechanisms between martensitic phase transformation and crack propagation. Sun etal. [50]
constructed a phase-field model to investigate ferroelastic toughening of single-domain monocrystalline
t'-YSZ. They introduced the energy dissipation rate (EDR) for the first time to quantify the toughening
mechanism derived from domain switching. Subsequently, Xiong et al. [51,52] employed this method to
explore the toughening characteristics of shape memory alloys.

In this paper, the ferroelastic toughening behavior of polycrystal t'-YSZ is investigated by employing the
PF approach developed in our previous study [53]. The impact of the initial domain structure on the toughen-
ing effect is discussed through a comparative analysis of two distinct polycrystals. In polycrystal I, each grain
is characterized by a single t'-phase domain. In contrast, polycrystal II exhibits a polydomain microstructure,
which forms as the product of the cubic to tetragonal prime phase transformation. The evolution of the
domain structure in the two polycrystals is simulated using a unified phase field model. Subsequently,
the phase-field model describing domain switching is coupled with phase-field fracture theories [54,55] to
analyze crack propagation features in polycrystalline t'-YSZ. The ferroelastic toughening effect exerted by
domain switching on local crack expansion is quantitatively evaluated via energy dissipation rate calculation.
Moreover, comprehensive discussions are carried out to clarify how initial domain configurations affect crack
growth characteristics and the ferroelastic toughening effect.



4 Comput Model Eng Sci. 2026;147(3):6

2 Theoretical Foundation

This part elaborates on the theoretical foundation of the phase-field model for domain switching (DS).
Afterwards, the coupling scheme between this domain-switching phase-field model and phase-field fracture
theory is elaborated in detail.

2.1 PF Model of Domain Switching for Polycrystalline { -YSZ

To simplify the analysis, this study employs the two-dimensional (2D) plane strain assumption. For the
2D case, the tetragonal prime phase possesses two variants, which are oriented perpendicularly to each other.
The two variants are represented by # = £1 respectively, where the a-axis of variant I (# = —1) is along the
horizontal direction and that of variant II (# = 1) is along the vertical direction. The unstable cubic phase
corresponds to # = 0 in the PF model. In order to investigate the microstructure effect on the ferroelastic
toughening, two polycrystal microstructures are considered.

In polycrystal I, every grain constitutes an individual domain of the t’ phase. In polycrystal II, the c-t’
phase transformation gives rise to a polydomain structure, where the orthogonal variants form twins to
relieve the deformation energy. It should be mentioned that twinned t’ variants have been identified in air
plasma-sprayed (APS) coatings [15]. However, the formation of twinned microstructure is not prevalent in
APS coatings. Thus, the two polycrystal microstructures mentioned above can co-exist in APS coatings in
certain circumstances.

The domain switching behavior in two polycrystals is described with a unified model. The system energy
consists of the elastic strain energy, the chemical energy, and the gradient energy [56,57]:

F=Fy +Fop + Fy. (1)

The chemical energy density is written as [50,53]:
fen(n) =Gy (n* =217 +1). 2)

The variation of chemical energy density vs. order parameter (OP) is shown in Fig. 1. The two minimum
points at 7 = £1 are corresponding to the two variants of the t' phase, respectively. The maximum point at
1 = 01is corresponding to the cubic phase. In polycrystal I, at the onset, each grain is exclusively populated by
one of the two t’ variants. Domain switching can take place if the driving force overcomes the energy barrier
Gyp. Polycrystal II commences in the cubic phase. Under rapid cooling, the a phase transformation occurs,
accompanied by the simultaneous formation of t’ twins. DS may occur under external loading, manifested as
the migration of domain boundaries. The critical stress for DS is correlated with the value of G;,. As elaborated
in our earlier research [53], the predicted coercive stress for domain switching is about 400 MPa when Gy, is
3 x10°J/m?, which is close to the experimental result [25]. Gy, is set at 3 x 10° J/m? in the following studies.

The gradient energy density and complete elastic energy density are expressed as [57]:

B
fgr (n) = E|V’7|2’ (3)
1 el el
fer (n,0) = 2 Ciski€ijEkr (4)
with

1
51‘]' :8,']'—8:7:E(u,’)]‘+l/lj,,')—€?j, (5)
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where f8 is the gradient energy coefficient; ¢;; is the total strain; ef]l represents the elastic strain; ¢;; denotes
the eigenstrain for DS, which is dependent on the crystal orientation. For polycrystal t'-YSZ, the eigenstrain
can be written as [50,53]:

e/j= Rix (6) Rt (0) €71 (6)
where 0 is the orientation angle of the a-axis; R;; (0) denotes the rotation matrix [57]:

cos@ sinf ] . )

[R;; (0)] = [—sine cos 0

¢;) represents the eigenstrain when the a-axis is along the horizontal direction. For the mono domain
t’ phase, the eigenstrain for domain reorientation from variant I to variant II is written as [53]:

% s 0
[ei?] = [f) _es]- (®)

W
I

Chemical free energy f.,/G,
N
T

0 . ] . ] . ]
-1 0 1

Order parameter #

Figure 1: The chemical energy density [53].

Here, ¢, = (c — a) /a, where a and ¢ denote the lattice parameters of the tetragonal prime phase.
According to Sun et al. [50], & takes 0.0232 in this study. As variants I and II are represented by # = —1 and
1 = 1 respectively, Eq. (8) can be modified as:

[SZ?]ZI:(W"‘L)&/Z _(,1+O1)ss/2 . (9)

For t'-YSZ with polydomain structure, the eigenstrain is calculated by designating the cubic phase as
the reference state. ¢} can be written as:
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w07 _ | nEs/2 0
[8ij]_|: 0 _,785/2} (10)

Combing Eqs. (6), (9) and (10), we have:

1
el == (uj;+u;;)—(n+1)¢; (single domain)
j % ] , (11)
l . .
HE 3 (wij+uj;) ne;;  (multi domain)
with

)= e[t 2| . 1)

where [R (60)] is the rotation matrix.

In the PF modelling, the OP 7 usually experiences numeric overflow, i.e., its value may exceed the
expected range [-1, 1]. Fang et al. [53] showed that this problem can be resolved by using the truncation
function pw (-) in COMSOL. It is noted that Rajendran et al. [58] used a similar approach to simulate
martensitic transformation. Eq. (11) is thus written as [53]:

1
sf]l = (uij+uji) - [pw(n) +1] &j; (single domain)
(13)
1
Sle]l =2 (wij+uji)-pw(n) ¢;; (multi domain)
with
-1 (x<-1)
pw (x) =<x (—1 <x< 1) (14)
1 (x>1)
The truncation function is smoothed below to enhance numerical stability [53]:
0 (x<-1)
M: 1 (-l<x<1) (15)
X 0 (x21)

2.2 PF Model Coupling Fracture and Domain Switching

In t-YSZ, the high stress around crack tips triggers domain switching, further affecting fracture
characteristics. To simulate this coupled physical behavior, a phase-field coupling model is established by
integrating the domain switching phase-field method and variational fracture theory. The total energy of this
model is defined as [53-55]:

¢ 1o
~Fo+ Pyt [ ve(ne9)do+ [ G2+l vgR)do- [ bouda- [ touds, 16
F Fh+Fg+qu/(;1£¢) * (21+2|V¢| Sbu o b (16)
where ¢ is the crack phase field; I denotes the length scale parameter of the crack phase; G, represents
the intrinsic fracture toughness. The third component stands for degraded elastic strain energy, while the
fourth corresponds to fracture energy. The final two terms denote work induced by body force and surface

force separately.
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The degraded elastic energy density is expressed as [53]:

1 1
Ve (e1,9) = 28 (8) Cieljett = [(1- ) (1= )" + £] Cojureifefl, (17)

where g (¢) is the degradation function; C;jx; denotes the fourth-order elastic tensor; & is a dimensionless
parameter with small values, which is introduced to improve the numerical stability. We assume & = 1076 in
the numerical studies.

The governing equations of the phase fields can be derived with the Ginzburg-Landau theory [56,57]:

SF
on (r, 1)

-1 (18)

. G, '
¢+M[T¢—G61Aq)+g (9) 1//8] =0, (19)

where L and M are the mobility parameters; A is the Laplacian operator. Eq. (19) contains a viscous term,
which is helpful to improve the numerical stability [59,60].

The elastic strain energy should be decomposed to properly characterize the crack propagation path

[61-63]. Here, we adopt the energy decomposition method proposed by Amor et al. [62]. Only the tensile
and deviatoric parts of the strain energy are effective for the evolution of the crack phase field:

ve(er9) = S (i (o)) g ()| 2 for ()] + e (eoet)) | (200
K, 2
Y= 7<tr(sd))++‘u(£g:sg). (20b)

In Eq. (20), sf)l denotes the deviatoric part of the elastic strain; p represents the shear modulus; K,
stands for the n-dimensional bulk modulus and (x), = (x + [x]) /2.

The irreversible condition for the evolution of the crack phase field is enforced by introducing an
auxiliary history field [59,60]:

H(x,t) = SIEIE(?)t(] V.. (21)

The history field H (x, t) satisfies the Kuhn-Tucker conditions for loading and unloading [59]:
vi-H<0,H>0,H(y;-H)=0. (22)
Replacing v, with H (x, t) in Eq. (19), the evolution equation of the crack phase field is written as:

¢+M[%¢—GCZA¢+h'((p)H] =0. (23)

The equilibrium equation is solved simultaneously to obtain the displacement and stress fields:
V-0=0, (24)
where the Cauchy stress is given by:

o - aals = K for (7)) T+ g () [Ko {tr (1)) T+ 2ue5)]. (25)
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Eqgs. (18), (23), and (24) are implemented in Comsol Multiphysics and solved iteratively. The staggered
solution strategy is adopted to solve the multi-physical governing equations.

3 Results and Discussions

As shown in Fig. 2, a square plate with dimension 10 um x 10 um containing an edge crack of length
5.4 um is considered. The crack tip is surrounded with a polycrystal region with dimension 5 pm x 6 um.
Outside of the polycrystal region, the material is assumed to be linearly elastic and nontransformable. The
polycrystal structure is generated by a Voronoi script, which consists of 49 grains with an average grain size
of 1 pum. The grain boundaries (GBs) are 20 nm in thickness and are inert with respect to domain evolution.
The inert grain boundary model is adopted to characterize the inhibitory effect of grain boundaries on
domain switching. Nevertheless, grain boundaries are still allowed to undergo deformation and fracture.
The elastic modulus of the grain boundary zone is assumed to be slightly lower than that of the bulk grains.
This assumption is based on the fact that atoms at grain boundaries typically exist in a disordered state with
high energy, which inherently weakens the mechanical response of the grain boundary region. The grain
orientations are randomly distributed in the range [-45°,45°], as shown in Fig. 2b.

X, 10 pm |
1 o
1 Elastic zone ¢
< 1 o
u 7N 7 - 7\ 'y o
N N\ ./ |
T |Berroelastic z one || O
0 S| o
S L P
T <\—/\/'” Pk
! S o
A <
u ~l/ - />,7 ’\/\/ e}
. ¢/ v [O
— O
l S pm o
\: o
X

(a) (b)

Figure 2: The numerical model: (a) The geometry of the model and the boundary conditions; (b) The grain orientation
of each grain.

The growth of the edge crack and the accompanying domain structure evolution are simulated with
the PF model introduced in the previous section. We assume that the crack propagates forward in a quasi-
static manner. The mobility parameters are set as L = 2000 m®/J/sand M = 0.5m/]/s, respectively. A tearing
displacement load u* is exerted at the left side of the model to drive the crack growth. The right side of the
model is hinged. The model parameters and material constants are listed in Table 1. The PF model presented
in Section 2 is solved with the finite element method. The region through which the crack propagates is
meshed with a refined finite element grid, where the smallest resolved mesh size is 5 nm.

Table 1: The material constants and parameters.

Symbol Value Unit
L 2000 m?/]/s
M 0.5 m/J/s

(Continued)
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Table 1 (continued)

Symbol Value Unit
G, 6.784 J/m?
G 3.0 x 10° J/m?

I3 1.0 x107° 1

l 20 x 1077 m

B 0.5x107° J/m

E 202 GPa
EGB 161.6 GPa

v 0.22 1

& 0.0232 1

3.1 Crack Growth in Polycrystal I

In this section, the crack growth behavior in polycrystal I is studied. For polycrystal I, each grain is
composed of a mono domain of the t' phase. We assume that the material is initially composed of the
domain represented by # = —1. Under external loading, the initial domain can switch to the orthogonal
tetragonal domain represented by # = 1. Firstly, the crack growth behavior under a monotonically increasing
displacement load is studied. The displacement load is initially applied at a rate of 100 nm/us until u* =
50 nm. After that, the displacement load increases at alower rate (5 nm/ps) to improve the numerical stability.
The crack growth and the domain structure evolution are shown in Fig. 3.

In Fig. 3 and the subsequent colored figures, the color bar denotes the value of the order parameter 7,
while the curved white lines represent the crack profile. As depicted in Fig. 3a,b, as the load increases, the
new t' domain represented by # = 1 starts to nucleate at the crack tip. The new domain grows to the adjacent
grains with the increase of the load and the advancement of the crack tip. Besides the crack tip, the new
domain can also nucleate at the grain boundary or at the triple junction of grains, as shown in Fig. 3e-h. The
overall domain pattern is influenced by the geometry and orientations of the grains near the crack tip. Fig. 3e,f
show that a portion of the nucleated new domain switches back to the original variant with the advancement
of the crack tip. The back-switching of the ferroelastic domain was recently studied by Bhattacharya and
Asle Zaeem [40]. However, most of the nucleated new domains are still retained in the material and left in
the wake of the growing crack. With the increase in the load and the forward movement of the crack tip,
the proportion of the new domain keeps growing. Meanwhile, the nucleated new domains deflect the crack
growth path. The crack path thus becomes tortuous with the extension of the crack tip.

1 1
08 08
0.6 0.6
0.4 0.4
0.2 02
0 0
02 0.2
0.4 0.4
06 0.6
08 08
1 1
(a) (b)

Figure 3: (Continued)
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(©) d

(® (h)

Figure 3: Crack growth and domain switching in polycrystal I: (a) t =0ps an »* =0nm; (b) + =0.3pus and u* =
30nm; (c) t =0.35ps andu* =35nm;(d) t =0.5us andu® =50nm;(e) t =6us andu™ =77.5nm;(f) t =7us and
=82.5nm; (g) t =8us and u* =87.5nm; (h) t =9.6 us and u* = 95.5nm.

presents the impact of DS on the crack growth path. shows the tortuous crack path
disturbed by the nucleated new domains. If we intentionally ignore DS, the crack growth path is depicted
in . shows that the crack propagates nearly straight forward when DS is switched off. The

minor fluctuations in the growth path are attributed to the difference in the elastic moduli between the grain
boundaries and the grain interiors. As a tortuous crack growth path facilitates more energy dissipation, crack
deflection is usually regarded as a fracture toughening mechanism [64,65]. Thus, suggests that DS in
t'-YSZ can induce a fracture toughening effect by deflecting the crack growth path.

The domain reorientation activated around the crack tip is associated with eigenstrains, which yield a
toughening effect on crack propagation [35,36]. Domain switching-induced toughening can be quantitatively
evaluated by computing energy dissipation rate (EDR) [50,53,66,67], which is defined as the energy
consumed per each crack growth length. In this work, the toughening effect characterized by the EDR is
termed as the local toughening effect, which is differentiated from the toughening effect associated with
crack deflection.
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(a) (b)
Figure 4: Comparison of the crack growth paths in Polycrystal I with consideration DS (a) or ignoring DS (b).

The EDR is calculated with the following formula [50,53]:

D = lim
ds—0

U -6W AU - AW
(__) ~ AU AW (26)

Os As

where As denotes the increment of the crack length; AW and AU denote the increment of the external work
and the elastic energy at each crack growth step, respectively. The elastic energy and the external work are
calculated with the following formula [50,53]:

U= fﬂw(e,qﬁ)dﬂ, (27)

W:fb~ud9+f t-uds. (28)
Q 0Q

An incremental tensile displacement load is applied to the numerical model to facilitate the calculation
of the EDR. The displacement load increases monotonically until u* = uy. After that, the displacement load
increases incrementally. At each increment step, the load is held constant for a period of time so that the
domain structure can reach the equilibrium state. At each step, the new crack tip is identified by setting
¢ = 0.5. The crack growth length is then calculated with respect to the new crack tip. A small load increment
is adopted in the simulation process so that the crack only propagates forward for a very short distance at
each increment step. The increments of the elastic deformation energy and the external work are calculated
at each load step. The EDR is then calculated based on FEq. (26). For crack growth in polycrystal I, the initial
load u and the load increment Au are 75 and 0.2 nm, respectively. The initial load is applied at a rate of
75mm/s and is hold constant for 2 ps. In the following incremental steps, the incremental load is applied
at a rate of 0.4 mm/s and is hold constant for 1.5 us. The evolution process of the domain pattern is similar
to that presented in Fig. 3. Due to the strong nonlinearity of the multi-physical coupling problem and the
small load increment, the computational cost is very high. The EDR is thus only calculated for a limited crack
growth length to ensure the computational cost remains within tolerable limits. EDR vs. crack growth length
is illustrated in Fig. 5, while corresponding domain morphologies are presented in Fig. 6.
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For the PF fracture approach, the effective intrinsic fracture toughness is influenced by the mesh size
and the regulation parameter [55]. According to the discussions by Bourdin et al. [55], the effective fracture
toughness is estimated as G, (1 + h/21), where h is the mesh size and [ is the regulation parameter. In this
study, [ is 20 nm and h is about 5 nm along the crack propagation path. Thus the effective intrinsic fracture
toughness is about 7.6 N/m. In Fig. 5, the effective intrinsic fracture toughness is denoted by the horizontal
line for comparison.

In Fig. 5, the predicted EDRs exhibit numerical oscillations as they are calculated at discrete load
steps. Fig. 5 indicates that the average EDR exceeds the inherent fracture toughness at the initial crack
propagation stage, proving domain reorientation produces a notable toughening impact. This effect is closely
associated with new domain nucleation near crack tips (Fig. 3a—¢). However, starting from point A;, the
EDR decreases and even falls below the intrinsic fracture toughness between points A, and A;. The domain
corresponding patterns are shown in Fig. 6a—c, respectively. A comparison of these figures clearly shows
that back-switching of the nucleated new domain occurs, which accounts for the decline in EDR from point
A, to point A;. Comparing with Fig. 6¢, a new domain reorientation nucleus can be observed below the
crack in Fig. 6d, which can reasonably explain the increase of the EDR from point A; to point A4 shown
in Fig. 5. Similarly, the back-switching of the new domain observed in Fig. 6e and the expansion of the
domain reorientation zone in Fig. 6f account for the decline and increase of the EDR from point A4 to point
Ag in Fig. 5, respectively. Fig. 5 also shows that the crack growth rate undergoes abrupt changes at distinct
load steps, which is attributed to the complex interaction between crack growth and domain evolution.
Especially, from point As to point As, the load increment is only 0.2 nm, but the crack length and domain
pattern exhibit a great difference, as shown in Fig. 6e,f. The results depicted in Figs. 5 and 6 clearly indicate
that the domain structure evolution distinctly influences the growth path, growth rate and local growth
resistance of the crack. Due to the strong nonlinearity of the multi-physical coupling problem and the small
load increment, the computational cost is extremely high when calculating the EDR. Consequently, only a
limited crack growth length is simulated. Fig. 5 demonstrates that DS induces an overall toughening effect
on crack growth.
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Figure 5: The EDR for crack growth in polycrystal I with consideration of DS.
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Back-switching

Back-switching

(e)

Figure 6: The domain patterns corresponding to different crack growth stages: (a) ¢; = 864.4nm; (b) ¢; = 932.5nm;
(c) ¢; =1080.0 nm; (d) ¢; = 1131.7 nm; (e) ¢; = 1434.3 nm; (f) ¢; = 2060.1 nm. (a—f) corresponds to points A;—Ag marked
in , respectively.

It should be noted that the predicted EDR reflects the local toughening effect induced by domain
switching, which may be lower than the experimentally measured macroscopic fracture toughness of YSZ.
The actual microstructures of t'-YSZ coatings are far more complex, containing inherent internal defects
such as interfaces, micropores, and microcracks. The evolution of these microdefects dissipates additional
energy and acts as an extra toughening mechanism.

Furthermore, energy dissipation mechanisms, including plastic slip, are not considered in the current
work. In addition, only two tetragonal variants, rather than three, are adopted in the present model.
Introducing the above factors helps align calculated EDR with experimental toughness values, which will be
explored in subsequent work.
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For the purpose of comparison, the crack growth is simulated by ignoring DS in , where the initial
load u is adjusted to 65 nm and the load increment remains unchanged. As shown in , the predicted
EDR is nearly identical to the effective intrinsic toughness. This is reasonable as the crack propagates in a
linearly elastic material when DS is ignored. For the crack growth stage considered, the crack grows nearly
straight forward. Only slight oscillations can be observed in the crack growth path, which is consistent with
the phenomenon observed in the monotonic loading case ( ).

" T T T T T T T T T T

o
T

—u— ignoring domain switching

Energy dissipation rate D (N/m)
o]
T

5 1 1 1 1 1
900 1000 1100 1200 1300 1400 1500

Crack propagation length (nm)
(a) (b)

Figure 7: The EDR and crack growth path for crack growth in polycrystal I when ignoring DS: (a) The EDR; (b) The
crack growth path.

Comparing with , it is observed that the crack propagates a greater distance under the same
displacement load when domain evolution is ignored. This means the material has become more compliant
by considering domain reorientation. This phenomenon represents another manifestation of the toughening
effect induced by DS.

3.2 Crack Growth in Polycrystal 11

In this section, the crack growth in polydomain t'-YSZ (polycrystal II) is studied. The initial polycrystal
structure and the orientations of the grains are the same as those described in . For polydomain t'-
YSZ, the initial polydomain structure results from the c-t' phase transformation. The c-t' transformation
is modeled via the aforementioned phase-field approach, starting from the cubic phase (1 = 0). When
simulating the c-t' phase transformation, the evolution of the crack phase field is turned off by setting
M =0 and the energy barrier is temporarily increased to 6.8 x 10°J/m? to facilitate the completion of
the transformation. In atmospheric plasma-sprayed (APS) coatings, the c-t’ transformation occurs during
rapid cooling [1]. Energy barrier temporary growth corresponds to molten-phase deposition. Random
perturbation serves as phase transformation trigger. The remaining parameters are presented in

The c-t’ phase transformation process is presented in . It can be observed that the material starts
from the perturbed cubic phase. The cubic phase transforms to the t' phase. The phase transformation
leads to a twinned tetragonal microstructure, which is beneficial to accommodate the shear transformation
strain. Recently, Petrich et al. [68] proposed a stochastic model to describe the herringbone microstructures
in tetragonal zirconia, which form when an initial single cubic crystal cools from high temperatures.
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The influence of crystallographic domain morphology on the fracture behavior will be explored in our

follow-up research.
1
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Figure 8: The c-t’ phase transformation process: (a) t = 0 ps; (b) t = 40 us; (c) ¢ = 60 ps; (d) t = 80 ps; (e) ¢ = 100 ps; (f)
t =200 ps.

After the c-t' phase transformation, the value of G, is adjusted back to 3.0 x 10°J/m’ to maintain
consistency with that of the mono domain case. The mobility parameter is set to M = 0.5 m/]J/s to activate the
evolution of the crack phase field. The mobility parameter for the order parameter # keeps unchanged. Firstly,
the crack growth under a monotonically increasing displacement load is considered. The displacement load
increases with the rate 87.5nm/us until #* = 70 nm. After that, u* increases with a slower rate (5nm/ps) to

improve the numerical stability. The crack growth path and the evolution of the domain structure are shown
in Fig. 9.
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Figure 9: Crack growth in polycrystal IT under monotonic loading: (a) t = Ous, u* = 0nm; (b) t = 2.8 ps, ™ = 80 nm;
(c)t=4.8us, u" =90nm; (d) t =6.8us, u* =100nm; (e) t = 8.8 us, u* = 110nm; (f) £ = 9.8 s, u* =115nm.

Fig. 9 shows that as the load increases, the domain boundaries start to migrate, resulting in domain
merging. As the crack propagates forward, most of the domain boundaries diminish in the crack tip region.
Back-switching is only observed in some local regions in the wake of the crack. The back-switching is due to
the change of the stress state with the advancement of the crack tip. However, back-switching is not observed
in most of the grains left behind the crack tip. In Fig. 91, the grains around the crack have been predominantly
occupied by mono domains. A comparison of Fig. 9a,f clearly shows that massive DS has occurred in the
polycrystal. In the meantime, DS perturbs the stress field around the crack tip, leading to crack deflection

and resulting in a tortuous crack growth path. Fig. 10 shows a complex interaction mechanism between the
crack growth and DS.
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Figure 10: Crack growth in polycrystal IT under monotonic loading with DS ignored: (a) t = 0 ps, 4* = 0nm; (b) f =
3ps, u* =53nm; (c) £ =8ps, u* =78nm; (d) t =12.9 ps, u* =102.5nm.

A comparative study on crack growth in polycrystal IT with ignoring DS is presented in Fig. 10. Since the
domain evolution has been switched off, the initial twinned domain morphology stays unchanged with crack
advances. Nevertheless, internal stress within twin domains can locally alter crack propagation trajectory, as
shown in Fig. 10b,d. A comparison of Figs. 9b and 10b reveals that the initiation displacement load of crack
growth is significantly larger when considering DS. A similar trend is observed during the crack growth
stage. This implies that the material is more compliant with considering DS. Notably, analogous conclusions
have been drawn for crack growth in polycrystal I. Fig. 11 compares crack propagation trajectories. Tortuous
paths appear regardless of domain switching consideration, indicating that domain switching and twin

domain internal stress both induce crack deflection. However, the crack growth paths for these two cases are
obviously different.
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-

(a) (b)

Figure 11: A comparison of the crack growth paths in Polycrystal II: (a) Considering DS; (b) Ignoring DS.

Next, crack growth under incremental loading is simulated for the purpose of calculating the EDR.
Again, a comparative study is conducted by ignoring DS. For the case with consideration of DS, the initial
load 14 and the incremental load Au are 102 and 0.5 nm, respectively. The initial load is applied at a rate of
34 nm/ps and then held constant for 2 us. After that, the incremental load is applied sequentially at a rate
of Inm/us and then held constant for 2 ps at each step. The crack growth and domain structure evolution
are similar to those shown in . For the case with ignorance of DS, the initial load is applied at a rate of
61.5nm/ps until 4y = 61.5nm and then held constant for 1 ps. The incremental load Au = 0.5nm is applied
at a rate of 1nm/ps and held constant for 0.5 s at each load step. The crack growth and domain structure

evolution are similar to those shown in . To reduce computational costs arising from the high expense
of the incremental loading case, only a limited crack growth length has been simulated for both scenarios.
The EDRs are calculated using and plotted against the crack growth length in
14}
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Figure 12: The EDR for crack growth in polycrystal II.
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Fig. 12 indicates that with DS taken into account, the predicted EDR is markedly greater than the
effective inherent fracture toughness, demonstrating that DS produces local toughening during crack
propagation. By comparison, when DS is excluded, EDR stays marginally higher than the inherent fracture
toughness throughout most crack growth processes. Given that the EDR values are obtained via numerical
calculation at separate load steps and are susceptible to numerical deviations, the internal stress field of the
original twin domain structure exerts barely noticeable impacts on local crack growth resistance for the
studied crack growth stage.

Fig. 12 also shows that the crack growth rate changes abruptly at specific points. For the load step starting
from point B, the crack growth length is distinctly larger, and the EDR increases dramatically. For the
load steps between point B, and point Bs, the crack growth lengths are very small, and the EDR fluctuates
dramatically. The crack topology and the domain pattern for the marked points are shown in Fig. 13. As
illustrated in Fig. 13a,b, for the load step between point B, and point B, the crack exhibits unstable growth.
The crack growth length is distinctly larger compared with the other load steps, although the load increment
is tiny. The domain pattern corresponding to B, also differs greatly from that corresponding to B;. For the
crack growth stage between B, (corresponding to Fig. 13b) and B; (corresponding to Fig. 13¢), the crack
tip is approaching the grain boundary. The orientations of the two neighboring grains (-2° and 33°) differ
substantially. The obstruction of the grain boundary to the crack growth may account for the low crack
growth rate and the resulting fluctuations in the EDR. The increase of EDR at point C is attributed to a similar
mechanism, i.e., the complex stress state around the grain boundary has retarded crack growth (Fig. 13d).

The comparative studies presented in Sections 3.1 and 3.2 yield critical insights. First, it can be observed
that the intricate initial multi-domain structure in Polycrystal II exerts merely trivial influences on local
crack propagation resistance when its evolution is restrained. Nevertheless, as shown in Fig. 10b,d, the
internal stress field of the multidomain structure can still trigger local deflection of the crack propagation
path. It should be mentioned that the anisotropy of the elastic constants and the fracture toughness was
not considered in this study. Incorporating these factors is anticipated to enhance the distinguishability of
the initial twinned poly-domain patterns influence on crack growth paths. Secondly, the domain evolution
during crack growth exhibits distinct characteristics in Polycrystal I and Polycrystal II. In mono-domain
t'-YSZ, intense stress concentration at the crack tip induces domain reorientation in the tip vicinity. The
concurrent evolution of domain structure and crack propagation forms a tortuous crack path. Due to
the complex interplay between crack propagation and domain structure, the crack growth rate fluctuates
sharply. Domain reorientation induces a local toughening effect on crack growth, which can be effectively
characterized using the concept of energy dissipation rate. In poly-domain t'-YSZ, domain evolution
primarily occurs via domain boundary migration. As the crack tip advances, domain merging ensues.
Though the internal stress field of the original multi-domain structure imposes little effect on the local crack
propagation resistance, domain boundary migration yields remarkable local toughening for crack extension.
Thirdly, local toughening closely relates to domain evolution near the crack tip. Domain reverse switching
and the presence of grain boundaries markedly affect the crack growth rate and fracture resistance. For both
polycrystal structures investigated in this study, domain switching improves material compliance.
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Figure 13: Domain patterns at typical load steps: (a) ¢; = 961.5nm; (b) ¢; =1367.8 nm; (¢) ¢; =1375.9nm; (d) ¢; =
1385.0 nm. (a-d) Correspond to points By, B;, Bs, and C; marked in Fig. 12, respectively.

The findings presented in this study provide critical insights into the fracture and ferroelastic toughening
mechanisms of polycrystalline thermal barrier coatings (TBCs) with diverse initial microstructures. More-
over, the phase-field model developed in this work and the proposed methodology for characterizing crack
growth resistance through the energy dissipation rate concept establish a robust framework for evaluating the
fracture properties of TBCs at the mesoscale. In our future work, the actual microstructural morphology of
TBCs will be reconstructed based on electron backscatter diffraction(EBSD) characterization. The proposed
PF model will be further extended to evaluate the fracture toughness of real TBC specimens. In addition,
plastic slip is not incorporated in the current simulations. Under high stress concentration, local plastic
deformation tends to occur. The interaction between plastic slip and grain boundaries can change crack
propagation paths and induce additional toughening effects. Such mechanisms will be integrated into our

subsequent research.
4 Conclusions

This work systematically investigates the fracture behaviors of single-domain and multi-domain t'-
YSZ polycrystals via the phase-field approach. A unified phase-field model is established to describe the
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coupled evolution of domain structure and crack propagation. The numerical results show that the coupled
evolution of crack phase and domain structure leads to tortuous crack growth paths in both polycrystals.
Besides inducing crack deflection, crack-tip stress-driven domain reorientation enhances crack growth
resistance in both materials, despite distinct domain evolution characteristics. Comparative analyses with
domain switching neglected case clearly demonstrate that the toughening effect originates from domain
reorientation, instead of the internal stress field of the initial domain structure. As the crack tip advances,
back-switching of the domain structure emerges locally in the crack wake zone. The back-switching of the
domain structure and the grain boundaries greatly affect the crack growth rate and the fracture resistance.
These findings provide critical insights into the fracture toughening mechanisms of polycrystalline t'-YSZ.
It is worth noting that this study only focuses on 2D simulations. In future research, the proposed PF model
will be extended to investigate three-dimensional crack propagation, and more realistic microstructures of
thermal barrier coatings will be taken into account.
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