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Abstract

Peridynamics is a nonlocal reformulation of the classical continuum mechanics using integro-differential equations. Since the
integro-differential equations used in peridynamics are valid in both continuous and discontinuous models, the theory is suitable
for predicting progressive damages. In this study, fatigue crack growth in a ceramic material and its porous media is predicted by
using the peridynamic model for fatigue cracking. First, the fatigue crack propagation in compact specimen of a non-porous ceramic
material is considered. The predicted fatigue crack growth rate is compared with experimental results. Next, the fatigue crack
growths in ceramic material with different porosity levels are investigated. The fatigue crack growth rate of porous materials is
compared with the non-porous material to analyse the effects of porosity on fatigue crack growth. A linear relation between the
relative change of fatigue crack growth rate, stress intensity factor range and porosity level is obtained by using linear regression
analysis.

© 2023 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of ICSID 2021 Organizers

Keywords: Fatigue crack growth; Ceramic; Porosity; Porous media; Peridynamics

* Corresponding author. Tel.: +44-141-548-4979.
E-mail address: selda.oterkus@strath.ac.uk, nguyen-tien-cong@strath.ac.uk

2452-3216 © 2023 The Authors. Published by ELSEVIER B.V.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-ne-nd/4.0)
Peer-review under responsibility of ICSID 2021 Organizers

10.1016/j.prostr.2023.06.014


http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2023.06.014&domain=pdf

Cong Tien Nguyen et al. / Procedia Structural Integrity 46 (2023) 80-86 81

1. Introduction

Ceramic materials often have high hardness, high melting point, low mass density. Therefore, they can be used in
many applications for high temperature environments. Moreover, since ceramics are resistant to abrasion and have
high chemical resistance, its applications for corrosive environments such as ceramic water filtration and purification
membranes in wastewater treatment processes are growing in popularity. Ceramics also can enable a wider range of
clean-in-place options such as using harsh chemicals or high pressure from two directions. Additionally, the ceramic
membranes can be specified to highly complex geometries and tight tolerances, facilitating more flexible designs that
make filtration modules more energy efficient.

Under cyclic loading conditions such as vibrations or cyclic thermal loads, ceramic materials can experience fatigue
damages which are often high cycle fatigue phenomena with zero ductility. To predict fatigue crack propagation,
traditional numerical methods such as the finite element method or various modified versions of finite element method
need to use additional criteria to predict crack growth speed and direction. By contrast, peridynamics is a reformulation
of classical continuum mechanics by using integro-differential equations (Silling, 2000). Since the integro-differential
equations used in peridynamics are valid in both continuous and discontinuous models, the theory is suitable for
predicting progressive damages even for crack branching and multiple cracks phenomena (Madenci and Oterkus,
2014).

For high cycle fatigue damage prediction, Silling and Askari (2014) developed a peridynamic model for fatigue
cracking based on the cyclic bond strain range. This peridynamic fatigue model was applied and validated by Zhang
et al. (2016) and Jung and Seok (2017). Later, Nguyen et al. (2021) further extended the capability of the peridynamic
fatigue model by considering effects of overloads and underloads. The authors modified peridynamic fatigue equations
by introducing the retardation factor based on modified Wheeler models. Nguyen et al. (2020) also developed an
energy-based peridynamic fatigue model using cyclic bond energy release rate range.

In this study, fatigue crack growth in a ceramic material and its porous media is predicted by using the peridynamic
fatigue model developed by Silling and Askari (2014). First, a brief review of the peridynamic fatigue model is given
in Section 2. In Section 3, fatigue crack propagation in compact specimens of a Magnesia-Partially-Stabilized Zirconia
ceramic material is predicted and compared with experimental results. Moreover, fatigue crack growths on the ceramic
material with different porosity levels are also predicted and compared with the fatigue crack growth on non-porous
material. Finally, a conclusion is given in Section 4.

2. Peridynamic fatigue model

In peridynamics, a material point has interactions with its family members which are the surrounding material
points located within a distance, §. The finite distance & is called the horizon size. The interaction between two
material points is called a bond. The equation of motion for one material point in peridynamics can be expressed in

either the integro-differential or discrete equations as (Silling and Askari, 2005, Madenci and Oterkus, 2014)

p@it(x,t) = [, p(x' —x,)(tW —ux' —xt) -t (@—u,x—x,t))dV '+ b(x,t) (la)
or
. N
Paita = Xk ¥aom (L — tw) Vo) + bay (1b)
where p and ii represent the mass density and acceleration, and b represents the external body force density. The
parameter Ny represents the number of family members of the material point k. The term V) is the volume of the

material point j which is a family member of the material point k. The term t;(;y denotes the force density that the
material point j exerts on the material point k and t ;) corresponds to the force density that material point k exerts
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on the material point j. The parameter 1) determines whether the interaction is intact or broken and it can be
defined as (Silling and Askari, 2005)

__ (1 if an intact interaction exists,
Yoo Xy — Xy t) = {0 otherwise. 2

Since the equations of motion given in Eq. (1) does not include partial derivatives, these equations exist in both
continuous and discontinuous models. Therefore, peridynamics is well suitable for predictions of progressive
damages. In peridynamics, the damage index, ¢ is used to represent the local damages on the structure. This damage
index is the ratio of broken interactions to the total number of interactions within the horizon of a material point, which
can be represented as (Silling and Askari, 2005)

N
2190 () =0 V()
VG

P(xgyt) =1— : 3)

In peridynamic fatigue model (Silling and Askari, 2014), each interaction (bond) has a remaining life, 1. A bond
with the remaining life of 0 < A < 1 is considered as intact. Meanwhile, a bond with the remaining life of 1 = 0 is
considered as broken. The peridynamic fatigue model (Silling and Askari, 2014) includes equations for fatigue crack
initiation (phase I) and fatigue crack growth (phase II). The fatigue equation for phase I is based on the € — N curve.
Meanwhile, the fatigue equation for phase II is based on the Paris’ law. The fatigue equation for phase II can be
represented as

o _ Ny _ -1 o "2 .
ooy = LAwg = Aaoo) ~ A2(€<k)(j)) with 4, > 0,m; > 0 (4a)

with

W) [N ) | L)
e = |5t = stoon] = st =R (4b)

where Agg( D) and e((,g)( j represent the fatigue life and cyclic bond strain range of this interaction at Nt* cycle. The

parameters s((,gtj)) and s((,iv)zj)) are bond stretches corresponding to maximum loading and minimum loading at N"

cycle, respectively. The parameters A, and m, are fatigue parameters for phase II. These parameters can be calibrated
from experimental results (Silling and Askari, 2014). The parameter R in Eq. (4b) represents the loading ratio.

Beyond phase II (the fatigue crack growth phase), structures can experience rapid crack growth (phase III) which
can be predicted by using the traditional peridynamic model (Silling and Askari, 2005, Madenci and Oterkus, 2014).
Therefore, the interaction state of a bond can be defined as

) _

Aoy S0 or Saygy 2sc = Yoy =0 )
) _

Aoy >0 and sayy <sc = Py =1

where s, represents the critical bond stretch (Silling and Askari, 2005, Madenci and Oterkus, 2014).
3. Numerical results

In this section, first, the fatigue crack growth on a single edge-notch ceramic plate subjected to cyclic loading is
predicted in Section 3.1. Next, the fatigue crack growths for ceramic plates with different porosity levels are predicted
in Section 3.2. Finally, the fatigue crack growth for ceramic plates with variable porosity levels are predicted in Section
3.3. In all sections, the horizon size of § = 3.015Ax is used in peridynamic simulations (Madenci and Oterkus, 2016).
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3.1. Fatigue crack growth on isotropic ceramic material

In this section, the fatigue crack growth on a single edge-notch ceramic plate subjected to cyclic loading is
investigated as shown in Fig. 1. The dimensions of the plate are shown in Fig. 1(a) and the peridynamic discretized
model with a mesh size of Ax = W /120 is shown in Fig. 1(b). The thickness of the plate is 3 mm and the initial crack
length is q,, = 10.2 mm. The plate is made of Magnesia-Partially-Stabilized Zirconia Ceramic with the elastic
modulus of E = 2 X 10! N/m? and Poisson’s ratio of v = 0.23 (Dauskarat et al., 1990). The plate is subjected to
cyclic loading with a load range of AP = 240 N and a load ratio of R = 0.1 .

In peridynamics, two material points located at (L, Ax/2) and (L,, —Ax/2), shown in pink in Fig. 1(b), are fixed
to avoid rigid body motions. To apply loading conditions, material points located inside the cut-outs, shown in cyan
in Fig. 1(b), are assumed as rigid with the elastic modulus of E,;;; = 200E. Meanwhile, the load Py, = AP /(1 —
R) is applied to the material points located at the centers of the cut-outs as shown in red in Fig. 1(b). The fatigue
parameter m, is chosen as m, = 21 (Dauskarat et al., 1990), meanwhile the calibrated value for parameter 4, is

obtained as 4, = 7.5 x 1084,
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Fig. 1. A single edge-notch plate (a) geometry (dimensions are in mm), (b): PD discretized model (dimensions are in m)
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Fig. 2 shows the fatigue crack propagation on the plate predicted by the peridynamic fatigue model. Fig. 2(a) shows
the damage on the plate at the first loading cycle where the crack length is 0.0102 m. After 4.249 X 10° cycles, the
crack length is ¢ = 0.019 m as shown in Fig. 2(b). Fig. 3 shows the crack growth ¢ — N and dq/dN — AK curves
predicted by using peridynamic fatigue model. As shown in Fig. 3(b), the predicted dq/dN — AK curve agree very
well with the experimental result provided by Dauskarat et al. (1990).
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Fig. 2. Fatigue damage evolution at (a) the first cycle when g = 0.0102 m, (b) 4.249 X 10° cycles when g ~ 0.019 m (displacements are
magnified by 1000 for deformed configurations)
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Fig. 3. Predicted fatigue crack growth (a) g — N curve (b) dq/dN — AK curve

3.2. Fatigue crack growth on porous ceramic material

In this section, fatigue crack growth on the porous ceramic material is investigated. Specifically, the plate
considered in section 3.1 is assumed to have different porosity levels as shown in Fig. 4. In discretized peridynamic
model, the local porosity level for a material point is defined as

b0 (X0, Ya) = 0.9¢0 + 0.2000 X 1y (X0, V) With 0 < 7 (xiy, Yao)) < 1 (6)

where ¢ (X(k),Y(k)) is the local porosity at material point k, ¢, is the average porosity level of the plate,
Tk (X(k), y(k)) is the random coefficient depending on location of material point k. The porosity level of each material
point is represented by the reduction of its volume as

V(k) = VO X d)(k)(x(k)'y(k)) with VO = hAXAy (7)

where V|, represents the original volume of each material point in the discretized peridynamic model, Ax and Ay
represent mesh sizes in x and y directions, respectively. The parameter h represents thickness of the plate.

As shown in Fig. 4, the ceramic plate is investigated in four different cases with the average porosity levels of
¢y = 0.05, 0.075, 0.1 and 0.125. By using the definition in Eq. (6), the minimum and maximum porosity levels on
the plate are 0.9¢, and 1.1¢,, respectively. Specifically, the porosity level on the plate in case 1 as shown in Fig. 4(a)
varies from 0.045 to 0.055. Similarly, the porosity level on the plate in cases 2, 3, 4 as shown in Fig. 4(b-d) varies in
the ranges 0.0675 =+ 0.0825, 0.09 =+ 0.11, 0.1125 =+ 0.1375, respectively.

Fig. 5 shows the predicted crack growth ¢ — N and dq/dN — AK curves for plate with different porosity levels.
As can be observed from Fig. 5(a), with the average porosity levels of ¢, = 0.05,0.075, 0.1 and 0.125, the fatigue
life Ny of the plate is reduced approximately 97%, 99.14%, 99.77% and 99.93%, respectively. As can be observed
from Fig. 5(b), because of porosities, the fatigue crack growth rates on the plate with porosities are significantly higher
than fatigue crack growth rate on the non-porous plate. Specifically, the fatigue crack growth rate depends on the
porosity level and the stress intensity factor. Therefore, to understand the relationship between the porosity level,
stress intensity factor range and the fatigue crack growth rate on the plate, the relative change of logarithm of fatigue
crack growth rate is defined as

4 (g,4K) = [log (Z—; (¢,A1<)) ~log (Z—; (¢ = O,AK))]/log (2—1‘; b = O,AK)) ®)



Cong Tien Nguyen et al. / Procedia Structural Integrity 46 (2023) 80-86

where d—q(¢, AK) is relative change of logarithm of fatigue crack growth rate,

dN

growth rate at stress intensity factor range of AK of plate with porosity level ¢, :—; (¢ = 0,AK) is the fatigue crack

growth rate at stress intensity factor range of AK of non-porous plate.
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Fig. 5. Predicted fatigue crack growth (a) ¢ — N curves (b) dq/dN — AK curves for porous ceramic plates
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By conducting a regression analysis, a linear relationship between dq/dN, ¢ and AK is obtained with maximum
error less than 6% as

Z::’(qb,AK) = 2.65579452¢) + 0.76395914K — 0.1414579 ©)

4. Conclusion

In this study, fatigue crack growth in a ceramic material with different porosity levels is predicted by using the
peridynamic fatigue model. The predicted fatigue crack growth rate of non-porous ceramic material agrees very well
with experimental results. The influence of porosities on fatigue crack rate is also predicted. It is found that with
porosity level of 0.05, the fatigue life of material is reduced 97%. Meanwhile, with porosity level of 0.125, the fatigue
life of material is reduced 99.93%. Moreover, a linear relation between the relative change of fatigue crack growth
rate, stress intensity factor range and porosity level is obtained by using linear regression analysis with the maximum
error less than 6%.
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