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Abstract
This paper presents characterization and evaluation of a silicon nitride plate subjected
to repeated impact by a small but hard particle at velocity in a range from 80 to 160 m/s.
It specifically focuses on damage patterns in relation to repeated impacts. In addition,
the paper also provides a finite element analysis in conjunction with the Tuler-Butcher
damage model that is employed to study the formation of the damages during the mul-
tiple impact events. The results of the analysis using a very fine mesh indicated that
during the contact of the projectile and the plate, the area beneath the contact surface is
mainly governed by a compressive stress state. However, a small-adjacent area encir-
cled the compressed region was in a high tensile stress state. The largest tensile stress
in the area instantly occurred after the projectile touched the ceramic within a time
significantly shorter than the time required for the maximum contact. Majority of the
ring cracks observed in the experiments occurred in this area. Furthermore, the ring
cracks grew upon further application of impact. Finally, the analysis indicated that the
growth of the ring crack led to formation of the spall or the cone crack.

Key words : Ceramics, Brittle Fracture, Damage Mechanics, Fracture Mechanics, Im-
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1. Introduction

Ceramic materials have been widely used as a protective material in many engineering
applications. For examples: in the hybrid armor system, the ceramic that sandwiched with
a composite plate is used to destroy the tip of a coming projectile, to distribute the load de-
livered by the projectile to a large area such that the load can be efficiently be sustained by
the composite, and to stop the projectile(1), (2). In a system of the gas turbine, the ceramic is
used to protect the turbine blade from being exposed to high temperature and to improve the
wearability against impact with high speed particles(3). In those systems, ceramic material
becomes a material of choice because their high compressive strength and low density(4).

Because of their importance, a number of studies has been addressed to the response of
the ceramic materials subjected to quasi-static and high strain rate loading conditions. Those
studies concluded that the ceramic materials behaves elastic when the confining pressure is
low, but they behaves ductile when the confining pressure is high. The material is also ductile
as marked with existing significant plastic flow when it is subjected to an extremely high
loading rate(5). If the magnitude of the compressive wave exceeds the material Hugoniot
elastic limit (HEL), damage begins to accumulate through formation of cracks; however, the
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material strength increases as the pressure increasing even beyond the HEL. Accumulation of
the cracks may lead to the spalling and also may form a major crack that propagates within the
material at a speed of the elastic wave velocity and lead to major conoid fragments or splitting
of the tested specimen into some major pieces(2), (4), (6), (7).

However, the existing publications seems to overlook a fact that the ceramic material,
for an example in a protecting a turbine blade, is often damaged by repeated impact of small
but hard particles. Therefore, this study brings attention into such a problem, and specifically,
focuses on the formation and evolution of damages in a ceramic material when the material is
repeatedly impacted.

2. Experimental Setup and Results

2.1. Experimental Apparatus
A gas gun system as schematically shown in Fig. 1 was used in introducing damages

to the ceramic material. The main components of the system consist of the projectile, the
reservoir, the hollow cylindrical barrel, and the velocity measurement system. The projectile
was placed at the end of the barrel, and helium gas that compressed in the reservoir was
released at a controlled pressure to accelerate the projectile in the barrel to the other end
where the specimen was placed nearby. The gas gun system allows us to easily produce the
repeated impact loading at a controlled velocity.

Fig. 1 Experimental setup

The specimen was a silicon nitride, Si3N4, block having dimension of 30 × 30 × 5 mm.
This particular material has relatively good shock resistance in comparison to other ceramics.
Table 1 shows the physical and mechanical properties of the specimen.

Table 1 The physical and mechanical properties of the specimen.

Properties Value Unit
Density 3,200 kg/m3

Porosity 0.1 %
Bending strength 880.0 MPa
Fracture toughness 6.0 MPa

√
m

Young’s modulus 290.0 GPa
Poisson’s ratio 0.28
Hardness 92 HRA

The specimen was placed on a 15 mm thick steel plate, and its circumferential was con-
strained by a rubber.
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The repeated impact loading was generated by impacting 2 mm diameter sphere projec-
tiles made of stainless steel SUS304 material having a density of 8, 000 kg/m3, a mass of
30 × 10−3 kg, Young’s modulus of 200 GPa, and Poisson’s ratio of 0.3. At a fixed projec-
tile velocity, the specimen was repeatedly impacted, and the damage on its impacted surface
was observed. After certain number of impacts, the damage within the ceramic was also ob-
served by using the scanning electron microscope (SEM). The pressure in the reservoir was
controlled such that the projectile reached the ceramic at velocities of 80, 100, 120, 140, and
160 m/s.

2.2. Experimental Results
Prior the experiment, the specimens front surface, where the impact would be applied,

and the their cross-section surface were observed using SEM for the existing flaws. Dela-
grave(8), cited by Ref. (9), suggests that the flaw distribution in a ceramic can alter its ballistic
performance considerably. Since the ballistic performance is directly related to the damage
formation; therefore, the flaw distribution affects the damage formation. The observation
found that the largest diameter of the flaw on the specimen front surface is 4 μm. Figures 2
and 3 shows the SEM figures of the specimen front and cross-section surfaces.

Fig. 2 The front surface of the non impacted specimen.

Fig. 3 The cross-section surface of the non impacted specimen.

After the observation of the existing flaws, the specimens were installed to the gas gun
system; then, they were repeatedly impacted with a sphere steel ball; and then, the front
surfaces were observed for every 20 impacts.

For the impact velocities of 80–120 m/s, a number of figures, two of them are reproduced
in Figs. 4 and 5, obtained by SEM show that the specimens were intact without any significant
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Fig. 4 Surface of the specimen after 3600 impacts at velocity 80 m/s.

Fig. 5 Surface of the specimen after 3600 impacts at velocity 120 m/s.

damages even after 3600 impacts. However, the largest diameter of the flaws on the surface
of those specimens grew to 19, 23, and 26 μm for impact velocities of 80, 100, and 120 m/s,
respectively.

For the impact velocity of 140 m/s, concentric cracks occurred on the front surface.
Those cracks are clearly shown in Fig. 6 and 7. In Fig. 6, a major concentric crack seems
connecting the surface defects or flaws on the specimen front surface. Figure 7 shows that
those concentric cracks are localized within an annulus with an inner radius of 0.08 mm and
an outer radius of 0.16 mm; significantly smaller than the impactor radius of 1 mm. At this
impact velocity, the annulus was severely damaged after 480 impact. Figure 8 shows two large
spalls on the annulus have been removed.

The cone cracks with an angle of about 45 degrees and a maximum length about 200 μm
were observed in a specimen subjected to 500 impacts at 140 m/s velocity. The cone cracks
are shown in Fig. 11.

For the impact velocity of 160 m/s, 60 impacts have produced significant number of
concentric cracks, and at 220 impacts, a large spall was removed from the specimen front
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Fig. 6 Surface of the specimen after 400 impacts at velocity 140 m/s.

Fig. 7 Surface of the specimen after 560 impacts at velocity 140 m/s.

surface.

3. Numerical Analysis

The experimental results, presented in Sec. 2.2, has shown that the failure on this particu-
lar ceramic in the present loading conditions started from the formation of tiny cracks. Those
tiny cracks localized and gradually grew. Upon further application of the impact loads, those
tiny cracks formed spalls, and some cracks led to formation of the cone cracks. This dam-
age development is similar to those occurred in quasi-brittle materials such as concrete where
the failure started from the formation of cracks, and the propagation of the newly formed
cracks or the existing defects as observed in Ref. (10). To study development and formation
of those damages, a number of finite element analysis was performed by means a commercial
finite element package LS-DYNA v. 971. In this section, the detail finite element analysis is
described, and the analysis results are provided.
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Fig. 8 Surface of the specimen after 1060 impact at velocity of 140 m/s.

Fig. 9 Surface of the specimen after 1120 impact at velocity of 140 m/s.

Fig. 10 Surface of the specimen after 1160 impact at velocity of 140 m/s.

3.1. The Finite Element Model Mesh
The finite element mesh model of the sphere impactor and the ceramic plate are depicted

in Fig. 12. The model consists of 12625 nodes and 22730 linear-axisymmetric elements.
Those nodes on the bottom of the ceramic plate were constrained in movement in the thick-
ness direction. This is due to the fact that in the experiments, the ceramic plate was firmly
pressed against a thick steel plate. Furthermore, the experiments have shown that the damages
occurred in a small area within a radius of 0.2 mm, and a depth of 0.2 mm. Hence, in the
model, a very fine mesh was employed to an area of size 0.5 × 0.5 mm2 or more than twice
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Fig. 11 Surface of the specimen cross-section after 500 impacts at velocity of 140 m/s.

Fig. 12 The axisymmetric finite element model of the sphere and the specimen.

Fig. 13 The finite element model mesh of the damaged area. Unit is mm

larger than the damaged area as show in Fig. 13. The area was meshed using the triangle
elements with an side length of 5× 10−3 mm. Such a mesh allows a crack to propagate almost
isotropically(11). Therefore, the above model is reasonably accurate to capture the damage
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formation in the macroscopic scale.
The interaction between the sphere and the plate is crucial in this study because the ob-

served damages occurred and concentrated in this area. It is extremely important to simulate
the interaction accurately. Therefore, the penalty method that allows us to manually adjust
the penalty stiffness, a non-dimensional parameter, is employed to prevent the sphere pene-
trating the ceramic surface. In LS-DYNA version 971, the method has been implemented in
the *CONTACT 2D AUTOMATIC SINGLE SURFACE card. In implementing the method,
the stiffness was carefully adjusted such that the interaction is smooth, and the sphere and
ceramic surfaces closely interact to each other during impact. As results, for the optimum
contact stiffness of 1.0×10+20, the sphere can be fully restrained from penetrating the ceramic
surface as shown in Fig. 14. The right panel in the figure shows that during the impact, the

Fig. 14 Left panel: the maximum contact area between the sphere and the plate
occurred at 6.4 μs. Right panel: vertical displacements of Node 1 on the
sphere and Node 420 on the plate. The damage is firstly initiated at a time
marked by •.

both sphere and plate interact closely although highly fluctuating. Furthermore, a comparison
to the experimental data shows, depicted in Fig. 15, concludes that the model successfully
reproduces the impact phenomena.

Fig. 15 The size of the plastic deformation on the projectile at various impact
velocities.

3.2. The Ceramic Damage Models
The second crucial aspect involved in the present numerical study is selection of the ma-

terial damage model. A number of models that suitable for the brittle materials has been pro-
posed(2), (5), (12) – (21), and following, we evaluate three prominent material models for modeling
ceramic damages. They are the modified Tuler-Butcher brittle damage model, the Johnson-
Holmquist material model, and the brittle damage model.

The first material model evaluated in this work is the modified Tuler-Butcher brittle dam-
age model(15), (22), and is one that provided a reasonable good result with respect to the present
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experimental data. In this material model, the damage occurs when the maximum principal
stress, σ1, is greater than the material intact strength, σ0:

∫ t

0
[max(0, σ1 − σ0)]2 dt ≥ Kf . (1)

As shown in Eq. (1), the damage is initiated not only when the stress is higher than the intact
strength but also when the measure of the total accumulated damage, Kf , is exceeded. For the
present work, those data are obtained from the elastic impact analysis where the impact speed
is set to 120 m/s. At this velocity, the experiment has shown the ceramic was intact during the
test.

The Johnson-Holmquist (JH) material model has been widely used in studying the re-
sponse and damage evolution of ceramic materials at an extremely high strain rate. Those
studies showed that the model accurately predicts the mechanical responses of a number of
ceramic materials. Reference (18), for an example, utilized the model to study impact of a long
rod against a silicon carbide, and showed that the prediction is in a good agreement with the
experimental data. In addition, References (17) and (19) showed that the JH material model
satisfactorily estimated the elastic responses of the boron-carbide and silicon-carbide plates.
And finally, Reference (5) demonstrated that the model successfully simulated fragmentation
of an alumina ceramic sandwiched with a rubber and a glass/epoxy composite. Because the
material model has been widely adopted, currently the model can be found in many finite
element and finite volumes codes such as AUTODYN(18), LS-DYNA(2), CTH and EPIC.

The Johnson-Holmquist material assumes that the material strength, von Misses equiva-
lent stress, can be written as a power-law function of hydrostatic pressure(13), (16), (17), (19):

σ∗i = A(P∗ + T ∗)N(1 +C ln ε̇∗) for D = 1, and (2)

σ∗f = B(P∗)M(1 +C ln ε̇∗) for D = 0, (3)

where A, B, C, M, and N are material constants, and D is a scalar damage parameter defined
over the range 0 ≤ D ≤ 1. The variables σ∗i and σ∗f are the normalized intact and fracture
strengths of material, respectively. Those stresses are dimensionless by normalizing them to
the equivalent stress at the Hugoniot elastic limit (HEL):

σ∗ =
σ

σHEL
. (4)

The pressure, P∗, and the maximum hydrostatic tension, T ∗, are normalized to the pressure at
HEL, PHEL:

P∗ =
P

PHEL
. (5)

Although this particular material has shown a good performance for a single-hypervelocity
impact case, but it did not accurately predict occurrence of damages in the repeated-impact
case. In the repeated impact case, the initiated damage by this particular material model was
surrounded by a compressive stress state due to the plastic deformation that occurred upon the
application of the previous impact; therefore, the subsequent impact did not able to propagate
the damage further.

The last material model was proposed by Govindjee et. al.(14), which is an isotropic
elastic-plastic material and has been implemented in LS-DYNA as *MAT ORIENTED CRACK.
This material model assumes that the yielding occurs at

φ = J2 −
σ2
y

3
,

where J2 is the second stress invariant, and σy is the yield strength, which is a function of the
effective plastic strain, εp

e f f , and the plastic hardening modulus, Ep:

σy = σ0 + Epε
p
e f f .
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The oriented crack fracture model is based on a maximum principal stress criterion such that
the element fails when the maximum principal stress exceeds the input fracture stress, σ f , and
the element fails on a plane perpendicular to the direction of the maximum principal stress(21).
However, this particular material model currently is available for the solid element only.

3.3. Simulation Results
Two most relevant simulation results of the present work are presented and discussed in

this section. They are the history of the first principal stress, Fig. 16, and the damage evolution
due the repeated impact, Fig. 17, at the impact velocity of 140 m/s.

The history, Fig. 16, suggests that the highest first principal stress occurred at 0.285 μs,
which is significantly shorter than the contact duration of 6.4 μs. During the time, the ceramic
was mainly in the compressive stress state, but a small concentric area in the surface of the
ceramic was in tension. Until the time of 0.120 μs, the figure clearly shown that the front
of the stress wave propagates concentrically. The points where the maximum stress occurred
gradually shift away from the axis. After this time, the location of the maximum first principal
stress is difficult to be predicted.

The complex stress state after 0.120 μs is likely due to the complex interaction between
the sphere and the ceramic, as shown in Fig. 14, rather than the reflected waves within the
ceramic. The reflected stress wave in the ceramic itself requires longer time to return to the
specimen impacted surface; for instance, the longitudinal waves require about 1.0 μs to reach
the specimen impacted surface. The numerical analysis seems to indicate that the high stress
state at 0.285 μs is mainly governed by the interaction of the sphere and the ceramic.

Figure 17 shows that initially the cracks propagated in parallel, and then the stress state
on the subsequent impact altered the direction of one of the crack, which finally led to the spall
fracture. In the present model, when the specimen was impacted eight times, the cone crack
has reached a length of 200 μm; meanwhile, in the experiment, 500 impacts were required.
However, when the cone crack reached this length, further impacts did not extend the crack
any longer in both experiment and simulation. In the simulation, the length of the element size
and the total accumulative damages parameter, Kf , fully control the size of the crack exten-
sion. Therefore, those parameters should be refined, at a cost of increasing the computation
time, to fully reproduce the experimental results

4. Summary and Conclusions

This research on characteristics of a silicon nitride plate has provided an insight of the
damage formation on the plate due to the repeated impact against a small but hard particle.
Current finding suggests that the ring cracks occurred within a very short time after the pro-
jectile touched the ceramic, significantly shorter than the time to the reach maximum contact
area. Further application of impacts grew the cracks, which finally led to spalls or a cone
crack. However, it is still extremely difficult to accurately quantify the growth of the cracks
and their relation to the impactor frequency and velocity.
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