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Abstract: A macroscopic constitutive model is presented herein for ceramic materials subjected to
dynamic loadings by closely following a previous study on concrete. The equation of state is described by a
polynomial equation and the strength model takes into account various effects such as pressure hardening,
Lode angle, strain rate, shear damage and tensile softening. In particular, the strength surface of ceramic
materials is characterized by a new function which levels out at very high pressures and strain rate effect is
taken into account by dynamic increase factor (DIF) which excludes inertial effect. The present model is
verified against some available experimental data for ceramic materials in terms of pressure-volumetric
response, quasi-static strength surface and strain rate effect. The model is further verified against the data for
triaxial test by single element simulation approach and the test data for depth of penetration in AD99.5/RHA
struck by tungsten alloy penetrators. Furthermore, comparisons are also made between numerical results of
the present model and the JH-2 model. It is demonstrated that the present model can be employed to describe
the mechanical behavior of ceramic materials under different loading conditions with reasonable confidence
and is advantageous over the existing model.

Keywords: ceramic material; constitutive model; stain rate effect; triaxial test; JH-2 model; single
element simulation approach
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Ceramic materials have been increasingly used in armors, personal armor system, aeronautic engineering and
vehicle engineering due to its excellent ballistic performance. An understanding of the response and failure of
ceramic materials under impact loading is of great significance for the design and assessment of military hardware
and protective structures.

As ballistic tests are expensive to perform and time consuming, numerical simulations have been widely
employed in the design and optimization of ceramic armors. However, the accuracy of numerical simulations
depends on the dynamic constitutive model for ceramic materials to a large extent. To this end, many models have
been put forward!'"*!. Fahrenthold!"! proposed a continuum damage model for fracture of brittle solids under
dynamic loading in which Weibull strength distribution was employed to account for the effects of flaw size
distribution on the damage accumulation rate. The model was used to compute the depth of penetration in a steel

plate impacted by a sphere of alumina without being applied to simulate the behavior of ceramic armors subjected
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to projectile impact. Rajendran” modeled the impact behavior of AD85 ceramic under multiaxial loading by
assuming an existing distribution of micro-cracks and employing a criterion for crack growth based on theories of
dynamic fracture mechanics. The strength of the intact material was rate dependent, and the inelastic deformation
was modeled using an elastic-plastic cracking rule. The model predictions were found to be in good agreement
with the test data obtained from plate impact tests. The most widely used constitutive model for ceramic materials
in many commercial codes is the Johnson-Holmquist model (JH-2)"!. The model employs two strength surfaces to
describe the pressure-dependent compressive strength of the intact and failed materials, respectively. However, in
the model strain rate effect is described by the same form of function adopted in the constitutive models for metals
and concrete materials, which has been found to be inconsistent with the dynamic mechanical behavior in recent
studies” '?l. Furthermore, tensile softening cannot be accurately predicted, and no differentiation was made
between the effects of strain rate and inertia (containment).

The main objective of this paper is to establish a macroscopic dynamic constitutive model for ceramic
materials by closely following the previous work on concrete” and on the basis of the experimental observations
for some ceramic materials. Various equations of the constitutive model are given and compared with some
available experimental data for ceramic materials in terms of pressure-volumetric response, quasi-static strength
surface and strain rate effect. Furthermore, the model is also verified against the data for triaxial test by single

element simulation approach.

1 A Macroscopic Constitutive Model for Ceramics

A dynamic macroscopic constitutive model for ceramic materials is developed in the following sections
based on the computational constitutive model for concrete subjected to dynamic loadings” with some
modifications being made. There are two points which should be highlighted here, namely, (1) the pressure-
volumetric response is described by polynomial equation and the phase transition (e.g. AIN ceramics) as the
pressure increases to a certain value is considered; (2) a hyperbolic tangent function is employed to describe the
pressure dependent shear strength surfaces of ceramic materials which level out at very high pressures.

1.1 Equation of State

Ceramics are complex granular materials, which contain a large number of micro cracks and voids just as
concrete material. On the one hand, it has been observed experimentally that the volumetric strains of AL,O, and
SiC increase with increasing pressure!*'® and the equation of state for this category of ceramic materials can be

expressed as polynomial equation, viz.

{p:K]ﬂ-FKz/JZ"'K:;/JS (1)

u=V/V-1=p/py—1
where p is pressure; u is volumetric strain; K, K,, K are bulk moduli for ceramic material; py =1/V,andp=1/V
indicate initial and current densities of ceramic material, respectively. On the other hand, the pressure-volumetric
response of AIN has been observed experimentally to be quite different'”'”) and a phase transformation occurs
from wurtzite structure to salt structure as pressure reaches a critical value. Thus, the equation of state for such
ceramics as AIN can be written in the following form, namely
Kpu+ Kop® + Kspr? M < fer
P =19Pe Het SUS Heo 2)
Kiu—p)+ Ks(u—p' 7 + Ke(u—p'y > e
where p, represents a constant pressure at which phase transformation occurs; K,, K, K, are bulk moduli for
ceramic material after the phase transformation; u’ is an offset in volumetric strain due to phase transformation; g,

and y, are volumetric strains at the beginning and end of phase transformation, respectively. For 4 < 0, ceramic
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material is under tension condition. Thus, one obtains
p=Kpu 3)
1.2 Strength Model

On the basis of the previous studies on concrete”'"!

and the experimental observations for ceramic
materials!"”-** 24 it is suggested that the strength surface of ceramic materials can be cast into the following form,
ie.

3(p+fr,e) p<0

Y = [3fut+ (foe = 3£10) X3P/ foc] (O,€) 0<p<f/3 “)

[fee + Bf tanh (p/f! = foc/ Bf))] 7 (B,0)  p>fo/3
in which Y is shear strength; f.. = f/y.n. and f, = fiy7, are respective dynamic strengths of ceramic materials in
uniaxial compression and tension, which take account of shear damage in the form of damage shape functions (1)

and strain rate effects by dynamic increase factor (DIF); B is an empirical constant; r (6, e) represents Lode effect.
9-10]

The dynamic increase factor in compression (#,) can be obtained by the following equation” ', viz.
Jea fi
Ye="7=W-D4 +1 (%)
o R

where f,, and f! are the dynamic and static uniaxial compressive strength, respectively, f; is the static uniaxial

tensile strength, and ¢, represents the dynamic increase factor in tension which is expressed as follows

_fa_[(Fa_ s
A

in which f,, is the dynamic uniaxial tensile strength, parameters W, F,,, W, and S are constants to be determined

+ 1} W, (6)

experimentally, & is the strain rate, &, is the reference strain rate usually taken to be £&=1.0s ",

The multi-axial tests of ceramics show that the effective strain at maximum load (&) increases almost
linearly with increasing pressure. Furthermore, these tests also show ceramic compressive strength has no
significant influence on this behavior. According to Eq.(18) in Ref.[9], the failure strain of ceramic is written as

RET N A )" 7
’+S(fc_3) (80) @)

where &;is the failure strain of ceramic material, &,is the strain corresponding to the maximum compressive

P & 0.02 1
& = —m(—) = —0.006 5max
/lm &o /lm

strength, A,, is the shear damage at which strength reaches its maximum value under compression, and A; is an
empirical constant.
The residual strength of the crushed ceramics is still high under the confining pressure. The residual strength
surface for ceramic materials can be obtained from Eq.(4) by setting f;, = 0 and f;, = f! x r, namely
3pxr(6,e) O<p<fixr/3
, , p_fxr
[ xXr+Bf! tanh(zl - 37 )

where r is a constant, f x r represents the residual strength of concrete under quasi-static uniaxial compression.

Y=

xXr(6,e) p>fixr/3 ®)

Meanwhile, the initial yield strength of concrete under quasi-static uniaxial compression is defined as f7 % /.

2 Verification of the Newly-Developed Constitutive Model

The present model is verified against some available experimental data in terms of pressure-volumetric
response, quasi-static strength surface and strain rate effect.

Values of various parameters in equation of state can be determined by hydrostatic compression experiment
and they are listed in Table 1. For Al,O, and SiC ceramic materials, the relationship between pressure and

volumetric strain (Eq.(1)) can be rewritten as

044201-3
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p=1.815x10"1+1.208 x 1012 —2.991 x 102 )

and, for AIN ceramic material, the relationship between pressure and volumetric strain (Eq.(2)) can be recast into

the following form

1.815x 10"+ 1.208 x 102> = 2.991 x 1022 11 <0.067
p=11.668x10" 0.067<u<0330  (10)
1.819% 10" (1 — 0.250) + 3.556 x 10" (1 — 0.250)> — 2.830 x 10" (1 — 0.250)’ 1> 0.330

Table 1 Values of parameters for BeO in the present model

Equation of state parameters Constitutive model parameters
K,/GPa K,/GPa K,/GPa p/(kgm™) F, W, w, S
181.5 1207.9 —2991 3030 3 3.8 2 1.25

Constitutive model parameters

J¢/GPa f/GPa B G/GPa Ay A i r
1.5 0.15 1.2 125 0.3 7.5 0.8 0.3
Fig.1 shows comparison of the present model
m AIN, Xia, e al.l"¥) e ALO;, Sato, et all"¥
predictions (Eq.(9) and Eq.(10)) with the experimental 70 [a AIN, Ueno, er L.t % SiC, Bassett, et al.l)
. # AIN, Rosenberg, ez al! —Eq. (1) /
data for AL,O, and SiC"* ' and for AIN'""""!. It can be 60 s ALO, Bridgman. er B o )
Al,Os, Hart, et al.l'} /
seen from Fig.1 that good agreement is obtained. 501" e o
Fig.2(a) and Fig.2(b) show comparisons between A0 ) a
the present model predictions (Eq.(4) with B = 1.4 for 30 //"/
B,C and BeO and Eq.(9) with B = 1.7 for Al,O; and 200 e - O
cl> c) 2> e
AIN) and the test data'®> " for the strength surfaces. 10 o e p)

The strength surfaces of AL,O, and AIN obtained from 0 o1 02 03 0a 05

the JH-2 model™ are also shown in Fig.2(b). It is clear Il
Fig. 1 Comparison between the present model predictions
(Eq.(9) and Eq.(10)) and the experimental
data for ceramic materials

from Fig.2 that the present model predictions are in
good agreement with available test results for ceramic
materials. It is also clear from Fig.2(b) that the JH-2
model produces similar results to those of the present model for relatively low pressures whilst for higher pressure

the present model levels out and the JH-2 model increases with increasing pressure.

40 4.0 -
< BeO, Heard, ef al.”” e
351 O BC Wilkins, eralt7 35 -
A B,C-fracture, Wilkins, et al.” . -7
3.0+ Strength surface (Present model) 3.0 -7
— — Residual strength surface (Present model) r,k"_
—
2.5 25 -
< S g -
=20 =20 P
—_ — b — e — — — /‘/
15 - 15k 7" % AIN,Heard, et al.”
: . 7 O AIN, Chen, et al.*
7 & ALO;, Wilkins, et al.?”
1.0 - 1.0 4 + Al,Os-fracture, Wilkins, et al.?”

Strength surface (Present model)
0.5 J — - Residual strength surface (Present model)
. é —— Intact strength surface (JH-2 model)
7 - - -~ Fracture strength surface (JH-2 model)
1 1 1 1

+
I

1 O 1
0.5 1.0 1.5 2.0 2.5 3.0 35 40 45 50 0.5 1.0 1.5 2.0 25 3.0 35 40 45 50
Pl Pl
(a) B=1.4 for B,C and BeO (b) B=1.7 for Al,O; and AIN

Fig. 2 Comparisons between the present model predictions (Eq.(4) and Eq.(9)) with the experimental data
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Values of parameters £, W, and S in Eq.(6) for

o . . 500 4 AL23, Zinszner, et al. *)
the dynamic increase factor in tension can be 45 © A%, Galvez, et al. B
. . . . ’ x  A94, Galvez, et al. *"
determined from tensile test data for ceramic materials 401 x A98. Galvez, et al. BV
. . . . [31]
at different strain rates. Fig.3 shows comparisons 350 2 ﬁ%?’ga"}lvvjj’;’j’fm
between the present model predictions (Eq.(6) with 300 o gig gii:ﬁi Z Zﬁ m
F,=3, W, =3.8and S =1.25) and available experi- = 25 < B.C Galvez eral BV
[29-31] . . . —Eq. (7 [
mental data for different ceramic materials at 2.0 3 -+
different strain rates. It is evident from Fig.3 that L5t v /
reasonable agreement is obtained. 1.0 g + v‘ g—i
| oK
Fig.4(a) and Fig.4(b) show comparisons between 0.5 LY ! !
_ ] -6 4 2 0 2 4 6 8 10
the theoretically predicted strength surfaces (Eq.(4)) lgé
and some experimental data obtained from plate impact Fig. 3 Comparison between the present model predictions

tests on B4C[32,34]’ Ale], A1203[20] and SiC2"2! n the (Eq.(6)) with available experimental data for different ceramic

materials at different strain rates (Unit of strain rate: s™')
calculations, a strain rate of 10° s™' is taken which is of

a typical value in a plate impact test. Also shown in Fig.4(b) are the predictions from the JH-2 model. It is clear
from Fig.4(a) that reasonable agreement is obtained between the present model predictions and the tests results for
B,C which are somehow scattered whilst good agreement is achieved between Eq.(4) and the test data for AIN,
Al,0, and SiC as can be seen from Fig.4(b). It is also clear from Fig.4(b) that the JH-2 model has failed to predict

the dynamic mechanical behavior of ceramic materials at higher confining pressure.

35 50 /
o
4.5
3.0 ° /
4.0
o
2.5 / o 3.5 /
Sol /[ © 3.0 /J;*@& £
o [¢] o )
S J S50
= 200 f
‘ o ALO,
1.0 L5 / % Aﬁ\nfn
o B,CE¥ 1.0 / . Sicer
05 Present model (10° s™") 05 Present model (10° s™")
; ; ; ; : JH-2 model (10°s™")
0 i i i i | 0 i i i i |
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
Pl Pl
(2) B,C (b) AIN, ALO, and SiC

Fig. 4 Comparisons between the present model predictions (Eq.(4)) and the experimental data obtained from plate impact tests

Fig.5 shows comparison of the present model predictions and the experimental data obtained from SHPB
(split Hopkinson pressure bar) tests™*”. Also shown in the figure are the predictions from the JH-2 model. In the
tests, confining pressures of up to 230 MPa were applied, and a constant strain rate was employed (i.e. 500 s™).
The solid line indicates theoretically predicted quasi-static strength surface, and the broken line designates

!. As can be seen from Fig.5 that a

dynamic strength surface from the present model with a strain rate of 500 s~
good agreement is obtained between the present model predictions and the experimental data whilst the JH-2
model underestimates the strength surface of AIN ceramic under the strain rate of 500 s™'. It should be stressed
here that the present model predicts that the quasi-static and dynamic strength surfaces are parallel to each other,
which has been confirmed/verified by the experimental data. It leads to further support for the accuracy and

validity of the present constitutive model for ceramics.

044201-5
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To demonstrate the quasi-static behavior of the

6~

present constitutive model, numerical tests are
performed to evaluate stress-strain relationships for > o lo--TT7 ‘
ceramics under various loading conditions, which R A i} -
. L . . . & - =77
includes: (a) triaxial compression with different Q Lo - T [/2]

_ L. . .. %D 3~ o i
confining pressures, (b) uniaxial tension, (c) biaxial g _— o Static, Chen, ef al. 1%

. .. . . 3 o 50057, Chen, et al.
tension and (d) triaxial tension. The numerical tests are 2 .

—— Present model, static
carried out using single element simulation approach. - - -Present model, 500 5!
. . . 1 JH-2 model, static
Table 1 lists the values of various parameters in the — _ JH-2 model, 500 s
present constitutive model for BeO ceramic. Table 2 0 ! . ! !
50 100 150 200 250 300

and Table 3 list the values of various parameters for Pressure/MPa

AIN ceramic employed in the present model and JH-2 ~ Fig. 5 Comparison between the experimental data”™ and the

model, respectively. Parameters in the present model predictions by the present model of strength varies with

pressure at different strain rates of AIN
are clearly defined in the previous paragraphs, and in
JH-2 model. K, K,, K; are bulk moduli, and p, is the density for ceramic material; a, b, C, m, n are strength surface
parameters; pyg;, Oy and pyg, are respectively the pressure, the equivalent stress and the volumetric strain at
HEL (Hugoniot elastic limit); 7 is the maximum tensile hydrostatic pressure the material can withstand; f is strain

rate parameter; d,, d, are damage parameters.

Table 2 Values of parameters for AIN in the present model

Equation of state parameters Constitutive model parameters
pJkgm™®)  K,/GPa K,/GPa K/GPa K,/GPa K/GPa K/GPa F, /8 w,
3229 181.5 12079 2991 181.9 335.6 —283 3 3.8 2

Constitutive model parameters

f!/GPa f/GPa B G/GPa N Ay A ! r

3 0.3 1.7 127 1.25 0.3 7.5 0.8 0.3

Table 3 Values of various parameters for AIN ceramic (JH-2 model)

Equation of state parameters Constitutive model parameters
p/(kgm™) K,/GPa K,/GPa K,/GPa a b C n m
3229 201 260 0 1.36 1.0 0.013 0.75 0.65

Constitutive model parameters

HEL/GPa Pup/GPa Typ /GPa MueL T/GPa B d, d,

9.0 5.0 6.0 0.024 2 0.32 1.0 0.02 1.85

Fig.6 shows the comparison of the numerically predicted stress-strain curves and the experimental data for
BeO under triaxial compression with confinement pressures ranging from 0.1 GPa up to 1.0 GPa, as reported by
Heard and Cline"®!. It is clear from Fig.6 that the numerical results are in reasonable agreement with the
experimental observations.

Fig.7 shows variations of pressure and effective stress with maximum principal strain of AIN under quasi-
static uniaxial tension. It is evident from Fig.7 that the numerical results from the present model give an elastic-
brittle softening response of AIN under uniaxial tension with a principal tensile strength of 0.3 GPa for AIN. It is

also evident from the figure that the mechanic behavior of the ceramic under uniaxial tension predicted

044201-6
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numerically by the JH-2 model is elastic-perfectly plastic with the minimum pressure of 0.31 GPa and the

maximum effective stress of 0.93 GPa, which are obviously not in compliance with the actual tensile behavior of

the ceramic.

Fig. 6 Comparison of stress-strain curves for BeO under triaxial

compression between the present model and experimental data®!

Shear stress/GPa

3.0F
25¢F N
20F T~
15F e
~——\3-0.1 GPa (Exp.) —0.5 GPa (Exp.)
LOH . \__ --01GPa(Sim.) - -0.5 GPa (Sim.)
\ —0.2 GPa (Exp.) —0.7 GPa (Exp.)

0.5 Hf - -0.2 GPa (Sim.) - -0.7 GPa (Sim.)
—0.3 GPa (Exp.) —1.0 GPa (Exp.)
--0.3 GPa (Sim,) - 1.0 GPa (Sim.)

0.10 0.15

0.05
Strain

Stress/GPa

1.0
08} /- - - Effective stress (JH-2 model)
/) - - - Effective stress (Present model)
0.6 + / —— Pressure (JH-2 model)
/ —— Pressure (Present model)
041
/7
’\
0.2}, . Effective stress
/, N _
0 o
Pressure
70.4 1 1 1
0 0.005 0.010 0.015

Strain

Fig. 7 Variation of pressure, effective stress with maximum

principal strain for AIN under quasi-static uniaxial tension

Fig.8 shows variations of pressure and effective stress with maximum principal strain of AIN under quasi-

static biaxial tension. Elastic-brittle softening response of the ceramic is predicted numerically using the present

model under biaxial tension with a principal tensile strength of 0.3 GPa. On the other hand, an elastic-perfectly

plastic response of the ceramic under biaxial tension predicted numerically by the JH-2 model have the minimum

pressure of 0.31 GPa and the maximum effective stress of 0.48 GPa.

Fig.9 shows numerically predicted relationship between pressure and the maximum principal strain of AIN

under both quasi-static triaxial tension. It can be seen from the figure that the present model predicts the elastic-

brittle softening response of AIN under triaxial tension with quasi-static principal tensile strength of 0.3 GPa.

Whilst the material is no longer able to withstand any loads after the maximum pressure reached according to the

JH-2 model predictions. Furthermore, no strain rate effect is found under hydrostatic tension in the JH-2 model

since it hasn’t taken into account the strain rate effect in tension.

Stress/GPa

0.5+ ..
04L h - - - Effective stress (JH-2 model)
’ ! - - - Effective stress (Present model)
0.3 [ —— Pressure (JH-2 model)
02k /) ‘\\ —— Pressure (Present model)
01 J~.  Effective stress
A e
O === =
—0.1} Pressure
—0.2+
—03 |
0 0.005 0.010 0.015
Strain

Fig. 8 Variation of pressure and effective stress
with maximum principal strain for AIN
under quasi-static biaxial tension

Penetration of AD99.7/RHA Target

Numerical simulations are conducted in this section for the penetration of AD99.7/RHA target struck by flat-

Pressure/GPa

044201-7
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-0.2 R -
03} /!
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\ /
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——JH-2 model (Static/10*s™)
_06 Il Il Il L L L
0 0.002 0.004 0.006 0.008 0.010 0.012
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Fig. 9 Numerically predicted relationship between

pressure and maximum principal strain of AIN
under both quasi-static triaxial tension



i34 % = JE Ll i i 541

g

nosed projectiles as reported by Lundberg™!. In the
experiments, long tungsten projectiles with length-to-
diameter ratio 15 were fired against the unconfined

alumina with steel backing. The tests were carried out
in three different scales with projectile lengths 30, 75

and 150 mm (corresponding diameters 2, 5 and

10 mm), respectively. The impact velocities were
1 500 m/s and 2 500 m/s. Fig.10 shows the schematic
diagrams of the geometric dimensions of the projectile-
target combination. Table 4, Table 5 and Table 6 list

(a) Configuration 1 (b) Configuration 2 (c) Configuration 3
(Scale 1.0) (Scale 0.5) (Scale 0.2)

Fig. 10 Schematic diagrams of the geometric dimensions of
the values of various parameters for AD99.7 ceramic the projectile-target combination under the impact velocity of
material in the present model, tungsten alloy and RHA 1 500 m/s (Same materials used for all target configurations,

. . . and all configuration are axisymmetric.
materials in the JC model. Parameters 4, in the JC £ 4 )

model is the initial yield strength under reference strain rate and reference temperature; B,, N, are respectively the
strain hardening modulus and index; C, is strain rate hardening parameter; M, is temperature softening index; &, is
the reference strain rate; c, is heat capacity; T, and 7, are the ambient temperature and the reference temperature
(melting point), respectively; D,, D,, D,, D, and D; are failure criteria parameters; C; is the intercept of shock
wave velocity-particle velocity (u.-u,) curve; S, S, S; are u-u, curve slope coefficient; y, is Griineisen parameter,

A, is the first order volume correction of .

Table 4 Values of various parameters for AD99.7 ceramic”® (The present model)

Equation of state parameters Constitutive model parameters
pJ(kg'm™) K,/GPa K,/GPa K,/GPa F, W, w, S
3809 181.5 1207.9 —2991 3 3.8 2 1.25

Constitutive model parameters

f!/GPa f/GPa B G/GPa A, A, ! r
3 03 1.4 135 0.3 7.5 0.8 0.3

Table 5 Values of various parameters for tungsten alloy™ (JC model)

Constitutive model parameters

pJ(kg'm™) G/GPa A4,/GPa B,/GPa N, C, M, &5
17 600 122 1.506 0.177 0.12 0.016 1.0 1.0

Constitutive model parameters

¢,/(Jkg K™ T, /K T/K D, D, D, D, D,
134 1723 300 2.0 0 0 0 0

Equation of state parameters

C/(m-s™) S, S, S, Y% A,
4029 1.23 0 0 1.54 0.4

Fig.11 shows the comparison of total penetration depth between the numerical predictions and the
experimental datal®’!. P, represents the sum of thickness of the ceramic and penetration depth in the RHA back
plate, and L is the length of the projectile. In the figure, the solid symbols indicate the experimental data and the

hollow symbols represent the numerical results by the present model proposed in this paper. The data of different
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Table 6 Values of various parameters for RHA" (JC model)

Constitutive model parameters

pd(kgm™) G/GPa A,/GPa B,/GPa N, C, M, &5
7 800 77 0.792 0.51 0.26 0.014 1.03 1.0

Constitutive model parameters

c,/(Jkg "K™) T,/K T/K D, D, D, D, D
477 1793 294 0.05 3.44 -2.12 0.002 0.61

Equation of state parameters

C/(m-s™) S, S, S % A,
4569 1.49 0 0 2.17 0.460

scales under the impact velocity of 1 500 m/s and

2.0
2 500 m/s are designated by square and triangle,
respectively. For comparison, the numerical results L6k 4 N A
obtained by Lundberg™"! with JH-2 model are also ol
shown in Fig.11. The solid and broken lines represent S _ g o
Q #
i - 08F *® = 1500 m/s (Exp.)
the numerical results by JH-2 model at 1 500 m/s and © 1300 m/s (Present model)
; ; A 2500 m/s (Exp.)
2 500 m/s respectively. It can be seen from Fig.11 that 04l & 2300 m/s (Pravant model)
the numerical results from the present model are in — 1500 m/s (JH-2 model)
---2500 m/s (JH-2 model)
good agreement with the experimental data. As can be 0 02 0.4 0.6 0.8 Lo
seen from the figure that the numerical results for Scale factor

Fig. 11 Comparison between the numerical results and the
test data for the depth of penetration in AD99.7/RHA

[35]

impact velocity of 1 500 m/s are in good agreement
with the test data, whilst the results for impact velocity targets by flat-nosed tungsten alloy penetrators
of 2 500 m/s are below the experimental observations!*>),

Thus, the JH-2 model has failed to produce consistent results as compared to the experiments.

4 Conclusions

A dynamic macroscopic constitutive model for ceramic materials has been developed by closely following
the previous work on concrete. The model captures the basic features of the mechanical response of ceramic
materials including pressure hardening behavior, strain rate effects, strain softening behavior, path dependent
behavior (Lode angle), and failure in both low and high confining pressures. In particular, a new function is used
to characterize the pressure dependent shear strength surface of ceramic materials which levels out at very high
pressures, and strain rate effect is taken into consideration by dynamic increase factor which excludes inertial
effect.

The present model has been compared with some available experimental data for ceramic materials. It
transpires that the present model predictions are in good agreement with the experimental observations in terms of
pressure-volumetric response, triaxial compression, quasi-static strength surface, dynamic strength surface, strain
rate effect and depth of penetration. It also transpires that the present model is much more improved than the JH-2

model.
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