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ABSTRACT

The evaluation of the R-curve behavior of ceramics, which is characterized by an increase in crack resistance with crack
propagation, is crucial for advancing their implementation in engineering applications that require high reliability. In this study, we
investigated the applicability of a finite element analysis (FEA) approach that implements a continuum damage model embedded
with a cohesive-zone relationship to predict crack occurrence and the subsequent increase in crack resistance (toughness) of
ceramics. Specifically, by employing a compliance-based method, the R-curve behavior was systematically examined under a
bending load to assess the impacts of fracture stress and toughness on diverse chevron-notched specimens. The output critical
stress intensity factors were found to increase with the crack length, eventually converging nearly to the input fracture toughness.
Subsequently, the stable crack growth behavior obtained from the FEA and experiment under a three-point bending test of
high-purity alumina was compared. A consistent result was confirmed in the force-displacement relationships. Furthermore,
the R-curve behavior of the target material could be indirectly evaluated using the present approach. The results support the
effectiveness of the present approach, highlighting the quantitative assessment of not only crack initiation but also R-curve
behavior under arbitrary boundary conditions.

such as aerospace, energy generation, automotive, and electronics
[5-11]. However, to ensure reliability and safety in sophisti-
cated engineering applications, comprehensively investigating
the fracture behavior of ceramics is crucial. This investigation

1 | Introduction

Ceramics have recently garnered attention for structural applica-
tions owing to their exceptional mechanical properties, including

lightness, thermal resistance, and high specific strength [1-4].
These properties, coupled with their resistance to wear and
corrosion, make ceramics ideal for a wide range of applications,

is key to optimizing the microstructure and shape of ceramics
to enhance their fracture resistance and achieve controlled
stable crack growth [12-14]. This is important, as rapid and

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.

© 2025 The Author(s). International Journal of Ceramic Engineering & Science published by Wiley Periodicals LLC on behalf of American Ceramic Society.

International Journal of Ceramic Engineering & Science, 2025; 7:€70025
https://doi.org/10.1002/ces2.70025

1of14


https://doi.org/10.1002/ces2.70025
https://orcid.org/0009-0009-2212-2205
https://orcid.org/0009-0007-4552-7251
https://orcid.org/0000-0003-1539-9264
https://orcid.org/0000-0003-3450-6774
mailto:s-ozaki@ynu.ac.jp
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ces2.70025
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fces2.70025&domain=pdf&date_stamp=2025-09-17

catastrophic crack growth can result in sudden failure, which
decreases the reliability and integrity of ceramic structural
components [15, 16].

Fracture toughness, especially the R-curve behavior, which is
characterized by an increase in crack resistance with crack
propagation, is important for assessing the resistance of ceramics
to the crack growth rate. Although the fracture toughness offers
a single-value measure of this resistance, the R-curve provides a
more dynamic and comprehensive perspective; it illustrates the
evolution of the fracture resistance with increasing crack length
[17]. Toughening mechanisms, such as crack deflection, crack
bridging, and interlocking, contribute to the enhancement of
fracture resistance, resulting in a rising-type R-curve [18]. Becher
et al. [19, 20] investigated these mechanisms and the improve-
ments in the fracture toughness of alumina- and mullite-based
ceramics.

Although previous experimental approaches explored the micro
mechanisms responsible for toughening, they often lacked a
detailed analysis of the R-curve behavior. Despite the significance
of the R-curve analysis, studying these behaviors in ceramics
presents several challenges, including the need for precise exper-
imental techniques to measure the stress intensity factor (SIF)
and accurately track the crack growth. Advances in experimental
methods, such as digital image correlation (DIC) and in situ
mechanical testing, have simplified the study of R-curve behavior,
as demonstrated by Grutzik et al. [21]. They analyzed the R-curve
behavior in glass- and Si;N,-based ceramics under four-point
bending (4PB) test conditions.

However, many early attempts have primarily focused on improv-
ing fracture stress and toughness by optimizing microstruc-
tural features, manufacturing techniques, and testing methods.
To evaluate the R-curve behavior and promote the applica-
tion of ceramics, integrating the experimental and numerical
approaches is essential. Finite element analysis (FEA) approach
is one of the leading candidates of simulation methods for
assessing not only crack initiation but also following the crack
growth under arbitrary boundary conditions. Furthermore, FEA
enables a detailed analysis of stress distribution and SIF with
crack growth through the fractured surface and ahead of the
crack tips. Thus, it provides a deeper insight into the fracture
process, which is difficult to achieve experimentally alone,
especially in complex geometries. In addition, FEA facilitates
the evaluation of stable crack growth and enables the explo-
ration of the influence of the diverse conditions on the R-curve
behavior.

In this study, the effectiveness of the FEA approach to predict
crack occurrence, followed by an increase in the crack resistance
(toughness) of ceramics, was investigated. In the FEA approach, a
continuum damage model with an embedded cohesive-zone rela-
tionship was implemented [22]. Specifically, the R-curve behavior
of diverse chevron-notched specimens subjected to bending
loads was examined, which was designed to induce stable crack
growth. First, R-curve analyses for various fracture properties,
specimen geometries, and test conditions were systematically
performed using the compliance-based method. Subsequently,
the experimental results of three-point bending (3PB) tests using
chevron-notched alumina ceramics were compared with the FEA
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FIGURE 1 | Typical stress-strain relationship in the isotropic consti-
tutive damage model [23-25]. The fracture stress is assumed to decrease
exponentially with the crack growth.

simulations. Then, using the FEA results corresponding to the
experiment, we investigated the feasibility of the approach to
examine the R-curve behavior in detail, even with systems in
which experimental measurements related to stable crack growth
behavior are difficult.

2 | Continuum Damage Model

An isotropic damage model based on fracture mechanics [22] was
adopted to analyze the R-curve behavior of brittle ceramics. The
stress—strain relationship between the Cauchy stress tensor o and
infinitesimal strain tensor € can be written as follows:

c=(1-D)c:eg, (1)

where c and D represent the fourth-order elastic modulus tensor
and damage variable, respectively. The damage variable D ranges
from O to 1, indicating the degree of damage, with O corresponding
to the undamaged state and 1 corresponding to the perfectly
fractured state, as shown in Figure 1 [23-25].

To describe the damage process in brittle materials, the cohesive
force-crack opening relationship (Equation 2) was incorporated
into the damage model:

o = o, exp <—g—;w> , 2

where o is the cohesive force per unit area, o, is the local fracture
stress, G; is the fracture energy, and w is the crack opening
displacement. Equation (2) can be rearranged in the same form as
Equation (1) [22]. Thus, the damage variable D can be expressed
as follows:

D) =1- % exp {—Ugf’° (i — xo)} , 3)
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FIGURE 2 | FEA model for 3PB and 4PB test: (a) generalized view of dimensions and constraint conditions; (b) dimensions and constraint

conditions from the right side view of (a); (c) a close-up view around the chevron notch area. Here, the model is symmetric in the z-direction. As shown

in the close-up view around the damaged part in the notch tip, the crack propagates through the center Part (III), as indicated by the red elements.

where h, the characteristic length (i.e., the length in the crack
opening direction of the unit element used in the FEA) [26]. x
is the damage history variable, which is the internal variable of
the damage variable and corresponds to the maximum equivalent
strain in loading history. As this study was focused on Mode
I fracture behavior of ceramics, the local fracture stress o, (the
fracture criterion) was evaluated on the basis of the maximum
principal stress. Further, the equivalent strain when the maxi-
mum principal stress reaches the local fracture stress was adopted
for x, [23-25].

3 | FEA of R-Curve Behavior
3.1 | FEA Model

The FEA of the R-curve behavior and stable crack growth was
performed using chevron-notched specimen models, following
the American Society for Testing and Materials (ASTM) standard
[27]. The commercial software package LS-DYNA [28] was used
in the FEA, and the damage model was implemented using the
user subroutine umatXX. FEA was performed using the dynamic
explicit method and mass scaling. In this study, the applicability
of FEA based on the continuum damage model to the R-curve
behavior of ceramics was examined under various geometries and
loading conditions, as well as the material properties of chevron-
notched specimens. The FEA models used for the bending test
analyses are shown in Figure 2 and their dimensions are listed in

Table 1. Here, according to the ASTM standard, configurations A,
D, and B were used for the 4PB and 3PB tests, respectively. The
bending tests were performed by applying forced displacements
and constraint conditions to specific nodes, as shown in Figure 2a.
Figure 2b shows a cross-sectional view of the notched area in the
x-positive direction (Figure 2a). The model was halved using the
x-y plane shown (Figure 2a) as the symmetry plane to reduce the
computational cost.

The FEA model consisted of three parts: Part (I), the smooth part;
Part (II), the lower side of the notch; and Part (III), the lower
center of the notch. Although the same Young’s modulus and
Poisson’s ratio were input for all parts, the linear elastic model
was applied as the material model in Parts (I) and (II). This is
because fracture did not occur at these locations owing to the
stress concentration at the notch tip. The damage model was
applied to Part (III). Figure 2c shows the area around the notch
tip viewed from the positive z-direction (Figure 2a). Tied contacts
were used as the nodal coordinates did not overlap at the interface
between Parts (I) and (II) [28]. In addition, the notch tip was
modeled with a curvature formed assuming drilling machining,
which enabled the behavior of stable crack growth from the center
of the notch tip to be reproduced in the experiments (Section 5).
To reproduce a stable crack growth in FEA, the element size,
particularly in the crack propagation zone, is important. In this
study, the most focused was Part (III) with the damage model,
featuring a unit element size of 5.95 um (=h.). The mesh sizes in
Parts (I)-(IIT) were different, as shown in Figure 2.
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TABLE 1 | Specimen and test geometries of three-point bending (3PB) and four-point bending (4PB) tests.

Configuration B [mm] W [mm]

a, [mm] S; [mm] S, [mm]

ASTM A 3.2 4.2
ASTM B 6.4 6.4
ASTM D 3.2 4.2

0.87 20 40
2.54 0 20, 30, 40
1.47 20 40

Abbreviation: ASTM, American Society for Testing and Materials.

TABLE 2 | Basic material properties of alumina ceramic (AS999).

Young’s modulus Poisson’s ratio Density

E[GPa] v[-] p [kg/m’]
380 0.24 3950

The basic material properties of the alumina-based ceramics are
listed in Table 2. Two variations of fracture properties, local
fracture stress o, and fracture toughness K., were prescribed
as follows: Type (i) o, = 890 MPa with K;. = 4.0, 8.0, and
12.0 MPa m®3; and Type (ii) o, = 450 MPa with K;- = 3.0, 6.0,
and 9.0 MPa m®°. These properties were approximately identical
to those of alumina reinforced with silicon carbide particles,
alumina reinforced with silicon carbide whiskers, nacre-like alu-
mina with silicon carbide whiskers, pure alumina, and nacre-like
alumina [29-32].

3.2 | Evaluation of R-Curve Behavior

In this study, a compliance-based method was adopted to evaluate
the R-curve behavior of ceramics. The R-curve represents the
SIF obtained as a function of crack length in the stable fracture
process of a notched specimen [33]. The critical SIF before
full fracture is termed as the Mode I fracture toughness, K¢
[34]. Here, the fracture toughness can be determined using the
maximum value of the bending load, geometric condition of the
specimen, crack size, and rate of change of the dimensionless
compliance with the crack length, without information on the
R-curve [35]. The SIF for mode I, K;, under the plane strain
condition is expressed as follows [34, 36]:

EG,
K =1/ —L 4
I 1—’)}2, ()

where E is the Young’s modulus, v is the Poisson’s ratio, and G; is
the energy release rate. When a bending load p is applied in the
3PB or 4PB test on a chevron-notched specimen (Figure 3a), the
energy release rate for the chevron crack (Figure 3b) is given by
[36]

p*dc

1= 2b da’ (5)

where b is the crack-tip width, C is the compliance, and a is the
crack length. On the basis of the geometry of the chevron notch
(Figure 3b), the crack-tip width b is given by

a-—a,

b= B, (6)

a; —a
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FIGURE 3 | Schematic of chevron-notched specimen in analysis: (a)
3PB and 4PB test model; (b) cross-sectional shape of test specimen. 3PB,
three-point bending; 4PB, four-point bending.

where B is the specimen width, a, is the pre-crack length to the
tip, and a; is the pre-crack length at the edge. Therefore, K; can
be written by arranging Equations (4-6) as follows:

__» [la—ad
BYW 2a-a, da’

where W is the thickness of a specimen, C’ (=CBE/(1 — 1?)) is the
dimensionless compliance, and a (=a/W) is the dimensionless
crack length. In the FEA, the crack length is the sum of the
element lengths in the direction of crack growth, where the
element damage variable D > 0.05.

K; ™

4 | FEA Results of R-Curve Behavior

We investigated the R-curve behavior of ceramics by inducing a
>3-mm-length crack through the chevron notch part by utilizing
the prescribed fracture properties. Furthermore, the occurrence
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Three-point bending test, o, = 890 MPa
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FIGURE 4 | FEA results from fracture toughness Kjc [MPa m%?] variation under the 3PB test for ASTM B specimens: (a) change in dimensionless

compliance with dimensionless crack length; (b) change in reaction force with dimensionless crack length; (c) change in reaction force with

dimensionless compliance; (d) change in reaction force with change in dimensionless factor. Here, the outer span length (S,) is 20, 30, and 40 mm,

and fracture stress (o) of 890 MPa is maintained constant for all cases.

of stable crack growth during the fracture process of ceramics
using FEA was evaluated.

4.1 | Chevron-Notched ASTM Model for 3PB Test

Figure 4 shows the FEA results obtained by 3PB tests (outer
span lengths S, = 20, 30, and 40 mm) following the ASTM
B configuration (Table 1). Here, the input fracture properties
were of Type (i). Figure 4a shows the relationship between
the dimensionless compliance and dimensionless crack length.
Regardless of the fracture toughness values, the dimension-
less compliance increased in the same manner as the crack
length, leading to similar crack growth. The obtained behavior
resembled the reported experimental results for coarse-grained
alumina obtained by adopting several test approaches [37,
38]. Conversely, the compliance depends on the outer span
length S,, influenced by the effective stress concentration area.

This consistency suggests the validity of the fracture behaviors
obtained by FEA and calculated using the compliance-based
method.

Furthermore, the change in the reaction force with the dimen-
sionless crack length indicated that the force increased gradually
with the crack growth and even decreased progressively after
the crack reached a certain region in the chevron notch area,
as shown in Figure 4b. This is because the material no longer
showed resistance to crack growth as the crack growth rate
increased. Notably, the higher the fracture toughness value and
the smaller the outer span length, the larger the peak reaction
force, which was confirmed to induce almost the same level of
crack length. Figure 4c,d illustrates the changing tendencies of
different peak reaction forces with respect to the changes in the
dimensionless compliance and dimensionless factor, respectively.
Here, the dimensionless factor is denoted as the ratio between
the increments of dimensionless compliance and dimensionless
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Three-point bending test, o, = 890 MPa
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FIGURE 5 | FEA results from fracture toughness Kjc [MPa m®?]
variation under the 3PB test for ASTM B specimens: (a) comparison
of force-CMOD and crack growth length-CMOD relationships; (b)
comparison of R-curves. Here, the outer span length (S,) is 20, 30, and
40 mm, and fracture stress (o;) of 890 MPa is maintained constant for all
cases. CMOD, crack mouth opening displacement.

crack length (=AC’/Aa). The reaction force initially increased
with dimensionless compliance and thereafter decreased in a
likely exponential manner, following almost the same line when
the fracture toughness was the same, even when the outer span
length was varied.

Figure 5a shows the variations in the reaction force and crack
growth length with respect to the crack mouth opening displace-
ment (CMOD; Figure 2c). Even after crack initiation, the force
increased gradually up to a peak with the CMOD and decreased
stably after the peak force as the crack growth rate increased
gradually. As the crack initiation force of ceramics is dominated
by the local fracture stress [39], cracks initiate at the same
CMOD and reaction force, even for a different fracture toughness.

Three-point bending test, g, = 450 MPa
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30 | O O] O
6.0 A A A

9.0 O 0|0

Open : Crack growth length

. o
250 [ Closed: Fo:cg "ag o

Force [N]
g

Crack growth length [mm]

O CLa
0 2 4 6 8 100 12 14
(b) CMOD [um]
14 :
ot Pre-crack

1 2 3 4 5 6 7
Crack length [mm]

Stress intensity factor [MPa m?-]

FIGURE 6 | FEA results from fracture toughness K;c [MPa m®?]
variation under the 3PB test for ASTM B specimens: (a) comparison of
force—CMOD and crack growth length—CMOD; (b) comparison of R-
curves. Here, the outer span length (S, ) is 20, 30, and 40 mm, and fracture
stress (oy) of 450 MPa has been kept fixed for all cases. CMOD, crack
mouth opening displacement.

Furthermore, the crack initiation force depending on the test
condition was estimated to be 44, 29, and 21 N for outer span
lengths of 20, 30, and 40 mm, respectively. However, the crack
growth rate is significantly influenced by the fracture toughness;
the higher the fracture toughness, the smaller the crack growth
length with respect to the CMOD. Furthermore, the crack growth
rate was identical regardless of the outer span length when the
input fracture toughness was the same. These fracture behaviors
are reflected in the R-curve (Figure 5b). Initially, the SIF increased
with the crack growth and converged to almost the same values as
the respective input fracture toughness after the crack reached a
certain length in the chevron notch. Mesh size discretization may
cause a slight discrepancy between the input fracture toughness
value and the output SIF from the FEA.
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Three-point bending test, o, = 890 MPa
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FIGURE 7 | FEA results from fracture toughness Kjc [MPa m®?]
variation under 4PB test: (a) comparison of force-CMOD and crack
growth length-CMOD relationships; (b) comparison of R-curves. Here,
the inner span length (S;) and the outer span length (S,) are 20 and
40 mm, respectively, and the fracture stress (o;) of 890 MPa is maintained
constant for all cases. CMOD, crack mouth opening displacement.

The shapes and slopes of the R-curve obtained by FEA were
significantly dependent on the input fracture energy G; calculated
from the fracture toughness Kj. and basic material proper-
ties (Table 2). This trend was experimentally demonstrated by
considering several grades of ceramics [40-43]. Therefore, the
effects of the fracture properties on the fracture and R-curve
behavior (Figure 6) were investigated. The effect of the variation
in fracture properties (i and ii) can be illustrated by comparing
Figures 5a and 6a. The crack initiation force, peak reaction
force, and crack growth behavior were significantly dependent
on the input fracture properties. The crack initiation forces
were estimated to be 24, 15, and 11 N for outer span lengths
of 20, 30, and 40 mm, respectively, for fracture property type
(ii) (Figure 6a).

Output SIFs converged and nearly equalized to input values at
K¢ = 3.0 and 6.0 MPa m°®* (Figure 6b). These two behaviors
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FIGURE 8 | FEA results from fracture toughness Kjc [MPa m®?]
variation under 4PB test: (a) comparison of force-CMOD and crack
growth length-CMOD relationships; (b) comparison of R-curves. Here,
the inner span length (S;) and the outer span length (S, ) is 20 and 40 mm,
respectively, and the fracture stress (o;) of 450 MPa is maintained constant
for all cases. ASTM, American Society for Testing and Materials; CMOD,
crack mouth opening displacement.

appeared as flat-type R-curves, similar to those reported by Bleise
and Steinbrech [44], who adopted coarse-grained alumina to
experimentally produce long cracks. In contrast, the output SIF
did not converge and was slightly higher than the input value
at K;c = 9.0 MPa m®°. This behavior can be treated as a rising-
type R-curve [41, 45, 46], which was experimentally observed in
highly toughened bioinspired nacre-like alumina [31] and silicon
nitride [45], the fracture stress and toughness values of which
were measured to be almost identical to the values input into
FEA. These findings highlight the effectiveness of the present
FEA approach for analyzing the fracture and R-curve behaviors
of ceramics.

In situ experimental observations, including crack deflection,
crack branching, bridging, microcracking, and delamination,
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were conducted in the single-edge notched bending test, which
caused the rising-type R-curve behavior. This phenomenon was
also observed by many researchers when investigating improve-
ments in the mechanical properties of different ceramic-based
brittle materials [47-53]. Therefore, the causes of the rising-type
behavior in FEA indirectly reflected the effects of the experi-
mental toughening mechanisms, that is, crack deflection, crack
branching, bridging, microcracking, and delamination. These
toughening mechanisms significantly affect crucial fracture
parameters, such as reactive force and dimensionless compliance,
under variations in fracture properties. Hence, the integration
of the changes in the fracture parameters and their substitution
into Equation (7) reflect the flat and rising-type R-curve behaviors
according to the fracture properties.

4.2 | Chevron-Notched ASTM Model for 4PB Test

The fracture and R-curve behaviors using the fracture properties
(1) and (ii) under the 4PB test adopting configurations A and
D (Table 1) were evaluated to examine the occurrence of stable
crack growth. The only distinction between these configurations
was the pre-crack length, whereas the other geometries and
constraint conditions were identical to those shown in Figure 2.
Figure 7 shows the relationships of force and crack growth length
with the CMOD and the corresponding R-curve behavior for
both configurations A and D for fracture property type (i). The
difference in the pre-crack length between the configurations
caused variations in the crack initiation force, peak force, and
crack growth length, as shown in Figure 7a. The crack initiation
force was estimated to be 15 and 11 N for configurations A and
D, respectively. In addition, the slopes of the force and CMOD
curves changed owing to the difference in the stress concentration
area through the chevron notch. The peak force induced in
configuration A (shorter pre-crack length) was estimated to be
higher than that in configuration D (longer pre-crack length)
to generate the same level of CMOD. Furthermore, the changes
in the crack growth length with the CMOD of configuration A
were greater than those of configuration D. To investigate the
convergence and coherency, these results were reflected in the R-
curve behavior (Figure 7b). The SIFs increased with increasing
crack length and converged when the crack reached a certain
length into the chevron notch. Type (i) fracture properties output
a flat R-curve behavior [44] from both configurations under the
4PB test conditions.

The impacts of the fracture properties (Types (i) and (ii)) are
shown in Figures 7 and 8 for both configurations. Collectively,
these results correspond to stable crack growth in the stable
fracture process of ceramics, which is similar to the stable crack
growth and corresponding R-curve behavior of the ZrB,/SiC
ceramic composite reported by Lugovy et al. [54] at room
temperature using the V-notched specimens in the 4PB test.

4.3 | Comparison of R-Curve Behaviors Between
3PB and 4PB Tests

Figure 9 illustrates the changes in SIF with the crack growth
length between the 3PB test (ASTM B) and 4PB test (ASTM A and
D) under fracture property type (i). Noteworthy, the relationships

Three-point bending test, o, = 890 MPa

S| 20 | 30 | 40 |[ASTMA|ASTM D
IC

40 | O | O | O] © v
80 | A | A | A O v
12.0 O | O | O & \ 4

Stress intensity factor [MPa m®?]

1 2 3 4
Crack growth length [mm]

FIGURE 9 | Comparison of R-curve behaviors between 3PB and 4PB
tests adopting fracture properties type (i). Here, the fracture toughness Kjc
[MPa m®>] was varied, whereas the fracture stress (c;) of 890 MPa was
maintained constant for all cases. ASTM, American Society for Testing
and Materials.

between SIF and crack growth length were independent of speci-
men geometries and test conditions, indicating a similar trend of
stress distribution over the fractured surface and ahead of crack
tip. Furthermore, this type of independence was also observed
for fracture property type (ii) (Figure 10). However, a slight
deviation was observed in the 4PB tests at K;c = 9.0 MPa m®?,
probably owing to the difference in specimen geometries and
random stress—toughness trade-off (Figure 10). Moreover, in this
case, the peaks of the SIF corresponding to the maximum crack
growth length were approximately identical for the specimen
geometries. The SIF was quantified with the crack growth length,
depending on the nature of the fracture toughness of the ceramics
(Figures 9 and 10). These results highlight the effectiveness of
the proposed FEA approach for evaluating the fracture initiation
and subsequent R-curve behavior of ceramics under diverse test
conditions that induce stable crack growth.

5 | Comparison Between FEA and Experiment
5.1 | Experiment

High-purity alumina AS999 (Ferrotec Material Technologies
Corporation, Japan) was used in the experiment. It should

8 of 14

International Journal of Ceramic Engineering & Science, 2025

858017 SUOWWIOD A1) 8|qeot[dde 8y A peuienob ae e YO ‘8sn JO SNl 10} Ariq1T8UIUO A8]IM UO (SUORIPUOD-PUR-SLULIBY/LI0O A 1M AeIq 1 U1 |UO//Sdny) SUORIPUOD pue Swe 1 8y} 885 *[6202/60/c2] U0 Ariq1T8UlUO A8]IA 104 8misul [euolieN AQ G200/ 2S89/200T 0T/I0PAW00" A8 | Afe.d 1[ulUO'SIIURIS0//:SaY WOJ4 pepeojumod 'S 'S202 ‘022€8.52



Three-point bending test, o, = 450 MPa

S
P 20 | 30 | 40
O

ASTM A|ASTM D

o] O v
A O v
]

O>10
>

9.0 O o v
N )
Y
ASTM B
14
12 |
10

Stress intensity factor [MPa m°]

Crack growth length [mm)]

FIGURE 10 | Comparison of R-curve behaviors between 3PB and
4PB tests adopting fracture properties type (i). Here, the fracture tough-
ness Kjc [MPam®>] was varied, whereas the fracture stress (o) of 450 MPa
was maintained constant for all cases. ASTM, American Society for
Testing and Materials.

be noted that the distribution of the local relative density of
AS999 is narrow, with an average value of approximately 0.98
[32]. Hence, the microstructure of AS999 is standard dense
alumina and cannot be a variable in the crack propagation in
chevron-notched specimens. The specimen for the 3PB test was
fabricated and machined by duplicating the ASTM B geometries
(Table 1); however, the geometry deviated slightly from the
standard owing to machining accuracy issues. Figure 11a,b shows
close-up views around the chevron notch area (an enlarged view
of “C” in Figure 12b) and the fractured surface of ASTM B
specimen, respectively. A 3PB test for the ASTM B specimen
under S, = 40 mm was conducted.

Figure 12a,b shows the experimental apparatus and specimen
setup, respectively. The experimental setup comprised a bending
testing machine (AG-X plus, 10 kN, Shimadzu Corporation,
Japan), a digital microscope (VHX-6000, Keyence Corporation,
Japan), and two microphones. Two microphones were attached
to both ends of the specimen with rubber bands to fix them
(Figure 12b). The sounds detected by the microphones were
amplified by a preamplifier and analyzed for acoustic emis-
sion (AE) using continuous-wave memory [55], which was the
original AE analysis equipment. To evaluate the stable crack

W= 6.36 mm

FIGURE 11 | ASTM B specimen model for 3PB test experiment
showing (a) a close-up view around the chevron notch, an enlarged view
of “C” in Figure 12b; (b) the fractured surface.

FIGURE 12 | Experimental setup for 3PB test: (a) overall view with
bending testing machine, digital microscope with monitor, and AE device
with monitor; (b) setting of the experimental specimen, an enlarged view
of “B” in (a).
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growth, a single-3PB test was performed at a crosshead speed
of 0.001 mm/min at room temperature. In addition, the pre-
crack area (Figure 11) was photographed at 15 s intervals, the
shortest interval possible with the equipment function using a
digital microscope. The images were used to measure the CMOD
using DIC analysis software (VIC-2D, Laser Measurement Co.
Ltd., Japan).

5.2 | Results and Discussion

Directly evaluating the R-curve behavior from the results of the
3PB tests using the ASTM B specimen is impossible owing to the
invisibility of crack growth under the above experimental setup.
Therefore, using the FEA results corresponding to the specimen
used in the experiment with fracture properties of AS999, we
attempted to evaluate the evolution of SIF with crack growth.
Then, the occurrence of stable crack growth was determined. The
geometry of the specimen in the FEA reproduced that shown in
Figure 11.

As mentioned previously, in the present FEA approach, two frac-
ture parameters (local fracture stress, o,, and fracture toughness,
Kj¢) are crucial to analyze the fracture and R-curve behavior of
ceramics. For the comparison, o, = 544 MPa and K. = 3.4, 3.5,
and 3.7 MPa m®> of AS999 were used. Here, as the bulk strength
of ceramics showed scatter, AE analysis was used to detect the
force at the crack initiation of the target specimen during the 3PB
test, and the local fracture stress o, was determined in an inverse
analytical manner. The K; values were obtained from single-edge
notched beam (SENB) tests conducted on 20 specimens of the
same lot material. Ten specimens were tested at a span length of
30 mm, and the remaining 10 specimens were tested at 18 mm.
The three levels of measured fracture toughness values, K;c = 3.4,
3.5,and 3.7 MPa m®?, correspond to the lower, average, and upper
limits, respectively.

First, a comparison with the experimental results is discussed.
Figure 13a illustrates the force-CMOD relationship for the ASTM
B specimen at S, = 40 mm. The peak force from the FEA using
the upper and lower K;- was slightly higher and lower than that
of the experiment, respectively; the average K;. showed better
agreement with the experiment. More importantly, under these
test conditions, even after crack initiation, the force increased
gradually with the CMOD. Furthermore, after the peak, the
force decreased stably with the CMOD, indicating stable crack
growth. Interestingly, in both the FEA and experiment, after
crack initiation and peak force, the changes in the reaction force
with the CMOD were progressive and stable. This confirmed a
stable crack growth under this test condition. The present FEA
approach using the continuum damage model confirmed that
the fracture behavior after the peak force could be appropriately
predicted.

Additionally, Figure 13b shows the variation in crack growth
length with the CMOD obtained from the FEA results. Even after
crack initiation and peak force, the crack growth length with
the CMOD increased progressively and stably. This confirmed a
stable crack growth under the test conditions. The crack growth
was observed to increase up to CMOD =12 um and reached a
length of ~3.5 mm into the chevron notch.

Three-point bending test, o, = 544 MPa
ASTM B, §, =40 mm

FEA 4 @ K. =3.5MPam’ (Average)
® K =3.4MPam’S (Lower)

(@)

@ Experiment
(N=1)

Force [N]

10 i
0 | . .
0 4 16 8 10 12
(b) CMOD [pum]
4.0

2

ol
h o W

—
S W

0.5

Crack growth length [mm)]
o]
S

12
CMOD [um]

FIGURE 13 | Comparison between experimental and FEA results
using the ASTM B specimen under outer span length, S, = 40 mm:
(a) force-CMOD relationships; (b) CMOD-crack growth length relation-
ships. Here, FEAs were conducted by maintaining the fracture stress
constant at o; = 544 MPa with the variation of fracture toughness (lower
limit, average, and upper limit). ASTM, American Society for Testing and
Materials; CMOD, crack mouth opening displacement.

Figure 14 shows the R-curve behavior of AS999 obtained from
FEA and the compliance-based method. The results revealed
that the SIF increased with the crack growth and eventually
converged to approximately the same values as the respective
input fracture toughness after the crack reached a certain length
in the chevron notch. In addition to this result, the consistency
of the force-CMOD relationship (Figure 13a) supported the
effectiveness of the present FEA approach for evaluating the
R-curve behavior of ceramics. Therefore, the detailed R-curve
behavior can be evaluated simultaneously using experimental
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Three-point bending test, o, = 544 MPa
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FIGURE 14 | Variation in stress intensity factor with crack growth
length using the ASTM B specimen under outer span length, S, = 40 mm.
Here, FEAs were conducted by maintaining the fracture stress constant at
o =544 MPa and varying the fracture toughness (lower limit, average, and
upper limit). ASTM, American Society for Testing and Materials.

and FEA results, even with experimental systems in which crack
propagation cannot be measured owing to certain limitations.
Furthermore, as the R-curve behavior almost converged to
input fracture toughness values, the experimental crack growth
behavior was also reasonably estimated using the FEA approach
(Figure 13b).

One of the features of FEA is the visualization of the stress and
strain fields and the distribution of the state variables. Figure 15
shows the contour plots of the maximum principal stress and
damage variable D at Part (III) (Figure 2c) corresponding to
the three crack growth processes during the 3PB test with an
average K. Figure 15a-c corresponds to crack growth lengths
of approximately 0.5, 1.5, and 2.5 mm, respectively ((i), (ii),
and (iii) in Figures 13 and 14). The figure confirms that the
crack gradually propagated from the tip of the chevron notch
at the center of the specimen in the width direction to the
bottom side. High maximum principal stresses were constantly
applied at the crack tip, and the change in damage variable D
corresponded to it, resulting in the reproduction of stable crack
growth.

Hence, the present FEA approach overcomes the limitation of
measuring the crack growth in ASTM chevron-notched speci-
mens. Furthermore, by fitting the fracture parameters required
for FEA analysis, it can be connected not only to the evaluation
of fracture behaviors but also to the feasibility study of stable
crack growth of the same ceramics under arbitrary boundary
conditions. Another application involves evaluating the perfor-
mance of self-healing ceramics. For example, when evaluating
the repeated healing performance of self-healing ceramics, intro-
ducing millimeter-sized cracks stably and repeatedly is necessary.
Osada et al. [39] experimentally analyzed bone-like MAX-phase
self-healing ceramics using a wedge-splitting test. In such cases,
the FEA approach can be applied to the feasibility of stable crack

Symmetry plane

Maximum principal stress :
0 [MPa]
-

i Damage variable
350: 0 -] 1
- oo e

FIGURE 15 | Contour plots of the maximum principal stress and
damage variable D at Part (III) in Figure 2c corresponding to three crack
growth processes during the 3PB test with average Kjc. (a)-(c) correspond
to crack growth lengths of approximately 0.5, 1.5, and 2.5 mm, respectively
((i), (ii), and (iii) in Figures 13 and 14).

growth and to evaluate the strength and toughness recovery after
repeated cracking and healing.

6 | Conclusion
In this study, an FEA approach for the fracture and R-curve

behavior of ceramics was investigated using a continuum dam-
age model embedded with a cohesive-zone relationship. The
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FEA of bending tests for chevron-notched specimens under
various fracture properties and test geometries was conducted.
Different boundary conditions resulted in different reaction force
responses. However, for the same fracture toughness, the crack
growth behavior (R-curves) was consistent regardless of the
test conditions, and the output SIF of mode I converged to
the input fracture toughness values as the cracks propagated.
Furthermore, the 3PB test results for the chevron-notched AS999
specimens were compared with the FEA results. The overall
agreement revealed that the force-CMOD-crack growth length
relationships under diverse test conditions can be predicted by
fitting the required fracture parameters, even with systems in
which experimental measurements related to the R-curve and
stable crack growth behavior are difficult.

It is important to note that the present damage model was
formulated on the basis of cohesive zone embedded modeling,
combined with a regularization technique applied to the stress-
strain curve. As a result, the model’s response during crack
propagation within a single element is independent of the FEA
mesh density. However, the damage initiation criterion is based
on the maximum principal stress, which is sensitive to mesh
density in regions of the stress concentration. Consequently,
similar to conventional FEA, the influence of stress concentration
on damage initiation exhibits slight dependence on crack length.
We believe that if an FEA model is prepared to accurately capture
stress gradients consistent with experimental results, the present
analysis approach can reasonably simulate crack progression,
regardless of mesh density and boundary conditions.

Collectively, the systematic investigation, including the compar-
ison between FEA and experiment, supported the effectiveness
of the present approach for evaluating the fracture and R-curve
behavior of ceramics under arbitrary boundary conditions. By
using the present FEA approach combined with the experiment,
we can evaluate the R-curve behavior in detail, even with systems
in which experimental measurements related to stable crack
growth behavior are difficult. Furthermore, the present FEA
approach can also be applied to feasibility studies on stable crack
growth in actual components to ensure reliability under service
conditions.
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