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THE DYNAMIC TENSILE BEHAVIOR OF A ZrB2-SiC CERAMIC was investigated via split
Hopkinson pressure bar tests and a bond-based peridynamic model. The experimen-
tal results showed that the peak dynamic splitting tensile stress increased linearly
with the strain rate. The dynamic tensile stress history and fracture pattern exhib-
ited a significant strain-rate dependence. In simulation, the strain-rate dependent on
the critical energy release rate was introduced to predict the dynamic tensile be-
havior of the ZrB2-SiC ceramic. The numerical results were in good agreement with
the experimental results, verifying the applicability of the peridynamic model. The
maximum error of the peak dynamic splitting tensile stress between the experimental
and numerical results was no greater than 6%. Moreover, the effect of the strain rate
on the fracture patterns of the ZrB2-SiC ceramic composite can be well predicted
by the peridynamics method. The ZrB2-SiC composite specimen split into two large
fragments with additional small fragments under dynamic splitting tension. With the
increase of strain rate, the main crack propagation and branching led to a larger
fracture region in the middle of the specimen.
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1. Introduction

ULTRA-HIGH-TEMPERATURE CERAMICS (UHTCs) are appropriate for applica-
tion in aircraft fuselages, aircraft wing leading edges, and engine blades, owing
to their excellent oxidation resistance and high melting point [1-3]. In recent
decades, some researchers have focused on the structural design of ZrBo-based
ceramics, such as laminated ZrBs-SiC ceramics [4], double-layer ZrBg-based cera-
mic coatings [5], UHTC corrugated panels [6], and functionally graded ZrB»-20SiC
ceramics [7], to improve their thermal and mechanical properties. Moreover,
many researchers have made great efforts to investigate high-temperature me-
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chanical properties [8-10], the thermal shock resistance [11-14|, and the oxi-
dation resistance [15-17| of UHTCs. It is noted that increasing attention has
been paid to the strain-rate dependence and the nonlinear dynamic mechanical
behavior of ceramic materials [18-20]. Indeed, the mechanical behavior of ZrBs-
based UHTCs exhibits significant strain-rate dependence under dynamic loading
using split Hopkinson pressure bar (SHPB) experiments, including the dynamic
strength, nonlinear stress-strain relationship, and fracture modes [21-24|. More-
over, to fully understand the dynamic behavior, a simulation approach was used
to predict the dynamic mechanical behavior of ceramics using mechanical mod-
els and numerical methods. WANG et al. |25] developed a full-scale model using
the ABAQUS finite element software to predict the dynamic stress distribution
and damage evolution of alumina ceramics. LI et al. [26] conducted numerical
simulations to characterize the dynamic compression of A95 ceramic materi-
als at high strain rates. CHANG et al. [27] used the JH-2 model to simulate
the impact compression of the A95 ceramic plate. HUANG et al. [23] predicted
the dynamic tension of ZrBs-SiC ceramic using the modified JH-2 constitutive
model. However, traditional numerical methods, such as finite element methods,
are based on the local theory and limited by the singularity of the crack tip,
which means that it is difficult to simulate the dynamic failure crack propaga-
tion of brittle materials without presetting the propagation direction and path
of cracks.

The peridynamics theory, owing to its spontaneous nature of crack forma-
tion, has unique advantages in analyzing the initiation and propagation of cracks
[28, 29], especially the failure behavior when subjected to impact loading [30-32].
The peridynamics model has been successfully applied to simulate dynamic crack
propagation and branching, as well as fracture mechanisms [33-37|. J1A et al. [38]
first simulated the wave propagation via SHPB with the peridynamics model,
but they ignored the wave dispersion analysis and the impact failure of speci-
mens. GU et al. [39] found that the numerical dispersion in one dimension can be
effectively reduced in the improved prototype microelastic brittle (PMB) model
and simulated the failure pattern of a concrete Brazilian disc in via SHPB. How-
ever, the model generated a rectangular wave and the results were not verified
by experiments. Al et al. [40] investigated the dynamic fracture properties and
crack propagation of rock under different SHPB impact loading rates. Therefore,
the validity of both method and model needs to be verified with experimental
data of materials.

In this study, the dynamic splitting tension of the ZrBs-SiC ceramic was in-
vestigated via SHPB experiments and the discontinuous Galerkin (DG) formu-
lated the peridynamic model. The basic theory of bond-based peridynamics was
introduced, and the numerical model and modeling method were described. The
peak dynamic splitting tensile stress, tensile stress history, and fracture mode of
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the ZrBo-SiC ceramic were investigated by experimental and numerical meth-
ods. A comparison between experimental and numerical results was discussed at
different strain rates to show the validity of the peridynamics model.

2. Experimental procedure

The dynamic splitting tensile test was used to measure the tension behavior of
a ZrBs-SiC composite under impact loadings. To conduct the dynamic splitting
tests of the ZrBo-SiC composite, the Split Hopkinson Pressure Bar (SHPB) im-
pact system, which located in the Northwestern Polytechnical University, China,
was utilized. The experimental system has three major subsystems: dynamic im-
pact loading system, bars and waveform collection system. In particular, a high-
frame and high-resolution camera were employed to record impact videos. The
type of high-precision resistance strain gauge used in the tests is BF120-3AA,
and its resistance and the sensitivity factor is 119 Q and 2.19 respectively. The
strain gauge was affixed to the specimen with 502 glue.

The schematic diagram of the SHPB system in the splitting tension experi-
ments is shown in Fig. 1.
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Fi1a. 1. Schematic diagram of the splitting tension test in the SHPB system.

The incident and transmitted bar was 1200 mm in length and 19 mm in di-
ameter with the density of 7850 kg/m?, Young’s modulus of 190 GPa and Pois-
son’s ratio of 0.3. The ZrBo-SiC specimen was held between the incident and
transmitted bar, and a strain gauge was mounted at the center of the specimen
to record the strain along the tension direction. A wave signal was captured by
strain gauges on the incident and transmitted bar. Based on the one-dimensional
stress wave theory, the dynamic forces on the interface between the incident bar
and the sample (P), as well as the interface between the transmitted bar and
the sample (P2), can be calculated by the incident, reflected, and transmitted
strain €;(t), e,(t), and &(t) [41]:
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(2.1) Pi(t) = AB[ei(t) + =, (t)],  Pa(t) = ABe,(t),
_ Pi(t) + Pa(t)
AR,

The dynamic splitting tensile stress of the ZrB,-SiC ceramic specimen under
impact loading can be expressed as

(2.2) P(t)

2P(t)
DB’
where P(t) is the load force, D is the diameter of the specimen, and B is the thick-

ness of the specimen. When the load force P(t) reaches the maximum value Ppax,
the corresponding splitting tensile stress reaches the peak stress of the specimen.

(2.3) osr(t) =

3. Theory and model
3.1. Bond-based peridynamics theory and model

The peridynamics was developed by Silling as a nonlocal theory under the
framework of continuum mechanics [28]. In the peridynamics theory, one material
point interacts with other material points within the infinite range § called the
horizon The interaction between material points is described by solving spatial
integral equations rather than the partial differential equations in traditional
finite element methods. The equation of motion for the bond-based peridynamics
model is given as [29]

(3.1) pii(z, £) = / F(0.€) Vi + b, 1),

Hy

where p is the mass density, i is the acceleration at time ¢, and b is the body
force density of the material point x. As shown in Fig. 2, H, is the neighborhood
of material point z, which is defined as

Hy(z,0)={2' e R: ||z’ —z|| < 0};

¢ is introduced to denote the relative position between material point x and
' as &€ = x — 2/, Accordingly, the relative displacement 7 is defined as n =
u(x’,t) — u(x,t), where u(x,t) and u(z’,t) are the displacement of the material
point x and a, respectively; f(n,&) is called the pairwise force or bond force,
and it is determined by the displacement of two points.

The function of pairwise force for prototype microelastic brittle (PMB) ma-
terials was proposed by Silling and Askari as follows [29]:

ow(n,§)
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Fic. 2. Schematic diagram of the pairwise interaction of peridynamic bonds.

where w(n, &) denotes the strain energy per unit volume of a PMB bond. In
linear isotropic cases, Poisson’s ratio of PMB material is limited to 1/4 in three-
dimensional (3D) problems and the value of the micropotential w(n, ) depends
on the deformation of a bond [28]:

082
(33 win,€) = “EL

where c is the elastic stiffness of a bond called the microelastic modulus, and s is
the bond stretch ratio calculated by

_ I+ &l — Nl
€]l

The limitation of the stretch of a bond is called the critical stretch Sy, which
is the failure criterion of the bond-based model. It has been said that a bond
breaks when the stretch reaches the critical value sg, and a crack propagates when
all of the bonds crossing the path are broken. The critical stretch is related to
a measurable fracture mechanics quantity: the critical energy release rate G..
The relation between G, and sy in 3D problems is given as

(3-4) s(1,€)

mesgo®
10

To define the connection state of each bond a scalar history-dependent function p
is given as

(3.5) G, =

0, s> sp.

(3.6) pu(n,&,t) = {1’ o= 00

Taking the bond-break into consideration, the bond force is calculated by

n+§
ln+&l

(3.7) f(n,8) = es(n, §)p(n, &, t)
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The damage of a material point can be defined as the following equation:

Ju, Ve

The bond-based peridynamics model has been applied to simulate various
damage and failure problems of concrete [39], rock-like [40, 41|, and composite
materials [42-44|. Therefore, the effectiveness and feasibility of the bond-based
peridynamics method have been verified in these above studies. However, in this
method, it is challenging to identify the applications of boundary conditions.
Fortunately, a peridynamics governing equation of the discontinuous Galerkin
method, exhibiting advantages of FEM in mesh and boundary condition enforce-
ment, has been presented to investigate some quasi-static and dynamic problems
in several studies [45-47].

The bond-based peridynamics governing equation formulated by the DG
method is

(3.8) bz t) =1

ng
(3.9) > pNB(29) AV
g=1
ng ng'
=3 (X filn(a?, 2%, €0, 29) AV ) NE (29) AV
g=1 ¢'=1

+ Z:il bi(z9)NB (29)AVY,
where ng denotes the total number of Gaussian points ¢ in the domain, and
ng' is the total neighbor Gaussian points 29 of Gaussian points 29, and N7 is
the FEM shape function.

Furthermore, REN et al. [48] utilized the equivalent strain energy to establish
the relation between the microelastic modulus and the critical bond stretch. The
relation between the elastic modulusE and microelastic modulus C'; is derived as

1
(3.10) 3E =) 5 Call€llAVe,
3

where microelastic modulus C,, is a distributive quantity depending on the lo-
cation of a point x and is calculated by

_ 0 1 = X
(311) o= Cx\/ (<Cos<e> sin(@)? " (sin(0)sin(9))? <cos(¢>>2>’

where CV is estimated by Eq. (3.10), and 6 and ¢ are the spherical coordinates,
respectively.
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3.2. Numerical model

The bond-based peridynamic model implemented in Ls-DYNA is conducted
in the FEM framework with the discontinuous Galerkin theory. *SECTION
SOLID PERI is used to define the peridynamic section keyword. ELFORM= 48
is set as the element formulation number of the bond-based peridynamics model.
*MAT ELASTIC_ PERI is another keyword used to define an elastic mechan-
ical behavior for brittle materials. Density, elastic modulus and fracture energy
release rate are the main parameters that should be defined in this keyword.
Comparing with the regular FEM mesh, peridynamic mesh uses discontinuous
mesh. The elements do not share nodes like the regular FEM mesh, and each
element has its own nodes index. As shown in Fig. 3, the discontinuous elements
can be obtained from the regular FEM mesh by detaching nodes in Ls-Prepost.

- 1
=0

(a) Discontinuous Galerkin finite element

(b) Diagram of Brazil disk specimen element

Fic. 3. Schematic view of element type in Ls-dyna.

A Brazil disk splitting specimen made of ZrBs-SiC ceramic and the SHPB
device was modeled using the finite element software Ls-dyna. The length and
diameter of the incident bar and transmitted bar were 1200mm and 19 mm,
respectively, which were in the same size in the experiments. The elastic consti-
tutive model *MAT ELASTIC was used to describe the properties of the steel
bar. Moreover, to effectively output the incident wave and transmitted wave sig-
nal, as well as to reduce the computing time, two bars were meshed into a total
of 25200 hexahedral elements. A sine wave, which was fitted by the experimental
stress waves under different strain rates as shown in Fig. 4, was loaded on the end
of the incident bar to ensure that the loading conditions of the simulation were
consistent with those in the tests. The keyword *CONTACT AUTOMATIC _
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F1G. 4. The stress waves loaded on the incident bar.

SURFACE TO SURFACE was selected to simulate the interaction between the
steel bars and ceramic specimens.

In Ls-dyna, bond-based Peridynamics theory was implemented under the DG
framework. The nodes of each element are disconnected so that cracks initiate
along the elemental contact surfaces when bonds break rather than via element
deletion. In the simulation, the Brazil disk specimen made of the ZrB»-SiC ce-
ramic was discretized with 120000 elements in a mesh type of ELFORM48, and
the horizon radius § was determined by the diagonal length of each element [,
(6 = 1.011).

The parameters of the ZrBs-SiC ceramic specimen in the numerical simula-
tion are listed in Table 1.

TaBLE 1. The parameters of specimen in the numerical simulation.

Diameter [mm] | Thickness [mm] | p [kg/m®] | E [GPa]
10 5 4750 500

In simulation, the energy release rate is an important parameter to control
the progress of crack propagation in brittle materials. Damage and cracking
occur when the sum of the work to break all the bonds within a region exceeds
a critical amount, which is known as the critical energy release rate. For brittle
fracturing, the critical energy release rate G, can be derived from linear elastic
fracture mechanics as follows [49]:

Kio(1 - %)

(3.12) G = I )

where K¢ is the fracture toughness of the material.
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It is noted that an obvious strain-dependent tensile and compressive behavior
of ZrBs-based ceramics has been pointed out in existing studies [22-24|. More-
over, some studies have illustrated that dynamic fracture toughness of brittle
materials increase with an increasing loading rate [49, 50]. Therefore, in the
present study, the critical energy release rate G, is considered to have a cor-
relation with the strain rate in the dynamic tensile behavior of the ZrBo-SiC
ceramics. To illustrate the strain rate dependence on the energy release rate, the
expression of dynamic critical energy release rate Gg4.(¢) can be written as

(3.13) Gac(é) = Kip(é) - (1 - v?)/E.

4. Results and discussion
4.1. Experimental results

In the splitting tensile tests, the tension direction was perpendicular to the
loading direction. The strain rate of the specimen was calculated by the slope of
the strain-time curve from the data recorded by the strain gauge at the center
of the specimen, as shown in Fig. 5.
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F1c. 5. The strain rate calculated by the strain-time curve at 53.61s7 1.

In this study, SHPB impact experiments of the ZrB,-SiC specimen were
conducted with the strain rate ranging from 13.48 to 53.61s~'. Wave signals
were recorded by the strain gauges on the incident and transmitted bar, and the
incident, reflected, and transmitted waves at the strain rate of 53.61s~! were
extracted, as shown in Fig. 6.

It can be seen that the stress equilibrium was met in the dynamic splitting
tensile test. However, a sudden increase in signal appeared in the reflected wave
due to the failure and the sudden loss of load-bearing capacity of the specimen.
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Fic. 6. Incident, reflected, and transmitted waves at the strain rate of 53.61s7".

Figure 7 summarizes the peak splitting tensile stress of the ZrBo-SiC com-
posite over the strain rate of 13.48 to 53.61s~'. As shown in Fig. 8, the peak
splitting tensile stress of the ZrBs-SiC ceramic was 230.85 MPa at 13.48s~!,
while that at 53.61s~! was 498.14 MPa. It can be seen from the test results that
the tensile properties of ZrB,-SiC composites have a correlation with the strain
rate. Moreover, a linear relationship between the peak splitting tensile stress
and strain rate was observed, which evidently showed the dependence of peak
splitting tensile stress on the strain rate. The material exhibits an obvious strain
rate effect that its ability to withstand ultimate load increases with the increase
of the strain rate. The main reason is that with the increase of the impact gas

£ ®  Experimental results
S 5501 = = Fitting curve

o a7 0,=6.24£+153.388

10 20 30 40 50 60
Strain rate[ s™1]

Fi1c. 7. Peak splitting tensile stress of ZrBs-SiC ceramics under different strain rates.
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FiG. 8. Strain-rate dependent critical energy release rate.

pressure, the impact load increases. The micro-cracks inside the sample have no
time to crack and expand, and the deformation seriously lags behind the stress,
causing the increase of the dynamic tensile strength.

4.2. Numerical results

The finite element model and bond-based peridynamics model were presented
using the Ls-dyna software. The effect of a strain rate on the fracture behavior
of the ZrB»-SiC ceramic was considered in the present simulation. The quasi-
static fracture toughness of the ZrBs-SiC composite was located in the range
from 4.40 to 4.96 MPa - m'/? [51-55]. The average value 4.68 MPa - m'/? was
used to calculate the quasi-static critical energy release rate (43.80J/m?) in
Eq. (3.12). On that basis, a strain-rate dependent dynamic critical energy release
rate Gg.(¢) was utilized to predict the dynamic tensile behavior of the ZrBs-SiC
ceramic. The value of the dynamic critical energy release rate in Fig. 8 was
the key parameter affecting the simulation results. The value of this strain-rate
dependent critical energy release rate in simulation was determined by comparing
the stress curves of experimental and numerical results under different strain
rates. The correlation between the dynamic critical energy release rate Gg.(¢)
and the strain rate € in this work is listed in Fig. 8. A clear linear increase in the
critical energy release rate with strain rate was found, and this linear correlation
validated our consideration of the strain-rate dependence on the energy release
rate. The equation was fitted as follows

(4.1) G g0 (€) = 27.13¢ + 43.80.
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F1c. 9. Splitting tensile stress-time curves between the peridynamics simulation and
experiment under different strain rates.

The dynamic splitting tensile stress history from simulation under different strain
rates is listed in Fig. 9.

The Ls-prepost software was used to output the strain wave of the incident
and transmitted bars, and the splitting tensile stress of the specimen was calcu-
lated using Eq. (2.3). From Fig. 9, the peak splitting tensile stress and stress-time
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curve from the peridynamics simulation were approximately consistent with the
experimental tests. The comparison results exhibited a good consistency between
the numerical and experimental data. This indicated that the bond-based DG
formulated peridynamic model can well predict the strain-rate dependent tensile
behavior of the ZrBs-SiC ceramic.

As shown in Fig. 10, the predicted peak dynamic splitting tensile stress was
consistent with the experimental values. Comparing the simulated results with
the experimental results, the maximum error between the experimental and nu-
merical peak stress recorded in Table 2 is no more than 6%.
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F1c. 10. Comparison of peak splitting tensile stress between experiment and simulation.

TABLE 2. The comparison of the peak splitting tensile stress between experiment and

simulation.

Strain rate [s™'] pe];]l)«:(zt‘iigsnseill\t/lalia] peaks l;:;it([%&l)a] Error rate [%)]
13.48 230.85 226.29 1.98
17.91 281.81 272.80 3.2
24.47 267.48 266.72 0.28
29.96 357.65 340.10 4.90
30.45 361.34 341.96 5.36
35.17 382.16 372.96 2.41
45.17 410.25 407.64 0.64
53.61 498.14 503.83 1.14

The peak dynamic splitting tensile stress increased linearly with increasing
strain rate. In this study, the dependence of the critical energy release rate was
utilized in the simulation, which caused the numerical results to exhibit strong
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consistency with the experimental data. Therefore, the dependence of fracture
behavior on strain rate needs to be considered in the simulation of dynamic me-
chanical behavior. Comparing the splitting stress history and the peak splitting
tensile stress verified the applicability of the peridynamic model to predict the
dynamic splitting tensile behavior of the ZrB,-SiC composite.

In this study, the fracture process under different strain rates was obtained to
fully understand the dynamic behavior and failure mechanism of the ZrBs-SiC
ceramic. As shown in Fig. 11, comparing the failure patterns from peridynamics
simulation with experimental results, a good agreement was observed at strain
rates of 13.48, 17.91, and 24.47s~!. The ZrB,-SiC specimen was broken into two
large fragments with additional small fragments. The main fracture region was
located in the middle part of the ZrBo-SiC specimen, and a main crack prop-
agated along the loading direction. Additionally, it was found that the damage
along the loading direction became more serious with the increase of strain rate.

Small fragments

Fic. 11. Dynamic fracturing patterns of the ZrB,-SiC specimen at strain rates of
(a) 13.48s71, (b) 17.91s7%, (c) 24.47s7L.

Figure 12 shows the crack propagation process of the ZrBo-SiC specimen at
the strain rate of 13.48 s~1. It can be found that, when the impact pulse reached
the interface between the ZrBo-SiC specimen and incident bar, the damage firstly
appeared at the specimen contact ends. Owing to the tensile strength of ceramic
being much lower than its compressive strength, a slight damage and fracture
occurred at both ends of the specimen, which caused the initiation and propaga-
tion of the main crack along the loading direction. Therefore, Fig. 12 shows that
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F1c. 12. Failure process of the ZrB,-SiC ceramic disk at a strain rate of 13.48s71.

the fracture started near the contact ends of the specimen, and a crack initiated
from the contact end and moved along the loading direction. Then, the crack
at two contact ends converged to penetrate the specimen. Under the splitting
tension condition, the tensile stress perpendicular to the direction of the stress
wave caused the generation and propagation of a main crack, which resulted
in a model-I fracture of the ceramic specimen. Moreover, the width of the nu-
cleation of the crack increased under dynamic impact loading with increasing
time, which made the specimen split into two main parts with additional, small
fragments.

In the present study, the peridynamic model was applied to predict the dy-
namic fracture process of a ZrBs-SiC ceramic specimen under splitting tension.
Figure 13 shows the dynamic splitting tensile fracture process of the ZrBs-SiC
specimen via peridynamic simulation at strain rates of 29.96, 35.17, 45.17, and
53.61s7!. An effective plastic strain was introduced to evaluate the damage of
the specimen, and the fracture region increased with the strain rate, as seen in
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Fic. 13. Dynamic tensile fracturing pattern of the ZrB»-SiC specimen at different strain
rates: (a) 29.96s57 %, (b) 35.17s7%, (c) 45.17s ", (d) 53.61s .

Fig. 13. Moreover, it was obvious that the initiation and propagation of the cen-
tral main crack parallel to the loading direction was the main fracture pattern
of the ZrBs-SiC ceramic specimen. Furthermore, compared with the fracture
process at a strain rate of 13.48s~!, more branching cracks were generated in
the tensile region of the specimen at relatively high strain rates. As the strain
rate increased, more branching cracks generated from both ends of the specimen
and propagated to the center along the loading direction. This fracture pattern
caused the ZrBs-SiC specimen to break into two main fragments with additional
small fragments. With the increase of strain rate, the fracture region increased,
and more crack nucleation appeared in the splitting specimen. The peridynamic
simulation results evidently suggested the effect of strain rate on the fracture
process of the ZrBs-SiC ceramic under dynamic splitting tension. Therefore,
more cracks could consume more energy at higher strain rates, which led to the
increase in splitting tensile stress. This was consistent with the conclusion that
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peak dynamic splitting tensile stress rose with an increasing strain rate. Overall,
the strain-rate dependent dynamic splitting tensile behavior of ZrBo-SiC ceramic
can be well predicted using the bond-based peridynamics model. The simulation
results of tensile stress-time trends, dynamic splitting tensile stress, and dynamic
fracture pattern exhibited good accordance with the experimental results.

5. Conclusion

In this study, the dynamic splitting test via the SHPB device and the DG
formulated peridynamic model were applied to investigate the dynamic splitting
tensile behavior of ZrBo-SiC ceramic. The effects of strain rate on peak split-
ting tensile stress and the fracture pattern were understood through experimental
and numerical results. The main conclusions are summarized as follows:

(1) ZrB2-SiC ceramic exhibited a significant strain-rate dependence under
dynamic splitting tension from 13.48 to 53.61s~'. A comparison between the
experimental and numerical results demonstrated that the peridynamic model
can well predict the tensile stress-time history and peak splitting tensile stress
of the ZrBy-SiC ceramic.

(2) In simulation, the critical energy release rate was utilized to determine
the critical bond stretch sg. The strain-rate dependent critical energy release
rate G4.(¢) was introduced in the peridynamic model. When the critical energy
release rate linearly increased with a strain rate, the numerical result of split-
ting tensile stress showed good accordance with the experimental results of the
ZrBo-SiC ceramic.

(3) The fracture pattern and process of the ZrBs-SiC ceramic composite can
be well predicted by the DG formulated peridynamic model. A crack started from
the contact end and propagated near the center of the specimen along the load-
ing direction. With the increase of the strain rate, the main crack propagation
and branching led to a larger fracture region. The ZrBs-SiC ceramic specimen
split into two large fragments with additional, small fragments under dynamic
splitting tension.
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