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Shock compression and release particle velocity data have been obtained for silicon carbide, titanium diboride, boron 
carbide, and zirconium dioxide with a laser velocity interferometer (VISAR). Peak impact stresses in these experi­
ments range between 20 and 50 GPa. Iterative numerical methods were used to obtain dynamic compression and 
release stress-strain behavior of the ceramics.

1. INTRODUCTION
Ceramics have been repeatedly demonstrated to be

effective armor materials against a variety of threats 
(t.g. Wilkins, et al.1). Although quasistatic charac­
terization of ceramics is fairly extensive, there are major 
gaps in the data required for dynamic characterization of 
these materials. The most complete collection of Hugo- 
niot data has been assembled by Gust and Royce2 and 
Gust, et al.s, including Hugoniot elastic limits (HEL) 
and shock Hugoniots for about a dozen ceramic mate­
rials. Further shock wave data is available for a variety 
of grades of aluminum oxide4-8, titanium diboride9, and 
zirconia10,11. Wave profile data in compression and re­
lease in uniaxial strain are presented here for B4C. SiC, 
TiB2. and Zr02. Additional details may be found in 
Kipp and Grady12. Diverging wave data are currently 
being generated that focus on the time-resolved particle 
motion on the back surface of ceramic targets impacted 
by 2 mm diameter projectiles13.

2. MATERIALS
Ultrasonic longitudinal. Cl. and shear. Cs. wave

speeds, and reference density. pQ. were determined for
all the ceramic specimens in this study. A summary of
these experimental values, accompanied by calculated
values for bulk wave speed. Co. and Poisson ratio, u. is
provided in Table 1.

Table 1: Elastic Properties

Material Po
kg/m3 * * * * *

CL
km/s

Cs
km/s

Co
km/s

V

b4c 2516 14.04 8.90 9.57 0.164
SiC 3177 12.06 7.67 8.19 0.160
TiB2 4452 10.93 7.30 6.96 0.097
Zr02 5602 6.61 3.54 5.19 0.299

The partially stabilized zirconia (PSZ) contains 12.5 mol 
% yttria-doped zirconia. and has a porosity of 0.04%. 
The titanium diboride was determined to be about 1% 
porous, and the silicon carbide was also found to be 
about 1% porous. Optical microscopy revealed fine grain 
equiaxial grain structures for all samples, with nominal 
grain sizes of 7 pm, 12 pm. 10 /im. and 15 /xm for the

t

SiC. TiB2. B4C. and Zr02, respectively. |

3. EXPERIMENTS >
Uniaxial strain compressive shock and release waves I

j
were produced in the ceramics of interest with a sin- | 
gle stage powder gun (89 mm bore diameter. 2.2 km/s | 

maximum impact velocity). The ceramic carried by the 
projectile was backed by foam, and the target consisted : 
of a disc of similar ceramic backed by an optical quality 
single crystal of lithium fluoride. The history of the com- : 
pression and release wave formed by this impact config- 
uration is measured by monitoring the time-resolved lon­
gitudinal motion of the ceramic-lithium fluoride interface
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using laser velocity interferometry (VISAR) techniques14 
(resolution ~ 1 ns). Two experiments were performed 
on each of the four materials investigated. The impact 
velocity and experimental dimensions for each test are 
provided in Table 2 and the acquired time-resolved ve­
locity profiles are displayed in Figure 1 (low amplitude) 
and Figure 2 (high amplitude). (The arrival times of the 
wave profiles were offset to display the records.)

Table 2: Conditions for Ceramic Impact Experiments

Material Impact
Velocity
(km/s)

Foam
Density
(kg/m3)

Impactor
Thickness

(mm)

Target
Thickness

(mm)
b4c 1.546 320 3.920 9.044
b4c 2.210 640 3.917 9.033
SiC 1.542 320 3.987 8.939
SiC 2.100 640 3.995 8.940

TiB2 1.515 320 3.972 10.804
TiB2 2.113 640 3.337 10.747
Zr02 1.556 320 3.313 6.635
Zr02 2.075 640 3.247 6.324

4. COMPRESSION AND RELEASE PROPERTIES
The wave profiles shown in Figures 1 and 2 are dis­

torted somewhat in both amplitude and shape due to the 
mechanical impedance difference between the lithium 
fluoride and ceramic. Additional insight into the ce­
ramic response to shock loading is gained by transform­
ing the particle velocity history for each experiment into 
a stress-strain load-release curve. In this way. features 
in the measured wave profiles associated with wave in­
teractions caused by the sample and window material 
impedance mismatch can be separated from material 
response properties of the ceramics (yield, phase trans­
formations, etc.). An understanding of the material re­
sponse interior to the target ceramic also provides a 
means for determining more clearly the elements neces­
sary to model these materials. In all cases, the analysis 
was accomplished using the one-dimensional explicit La- 
grangian shock wave propagation code. WONDYls.

Standard material models (e.j?. elastic-perfectly plas­
tic. strain-hardening plasticity) using ultrasonic refer­
ence values (Table 1) and Hugoniot data2,3 were initially 
used for each material. Of the four ceramics, only SiC

SiC TiB,
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FIGURE 1
Particle velocity data for the four ceramics at the lower 
impact velocity.
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FIGURE 2
Particle velocity data for the four ceramics at the higher 
impact velocity.

could be readily represented with a traditional strain­
hardening model which captured nearly all of its load 
and release response (indicating full retention of yield 
strength.) For the other three ceramics in this study, 
the limitations of the elastic-perfectly plastic assump­



tions were to be found primarily in the inability to ac­
commodate the very dispersive nature of the unloading 
wave.

To obtain accurate internal stress-strain histories, a 
technique patterned after that developed by Grady and 
Furnish16 was used, in which a parametrized load-unload 
path was incorporated into WONDY, and exercised in 
an iterative fashion. Spline-fit points defined loading 
and unloading paths that were adjusted for each ce­
ramic experiment until the VISAR interface particle ve­
locity history was reproduced. We have assumed that 
the primary contribution to the stress is the material 
strain, and dependence on both strain rate or thermal 
effects has been neglected. Ultrasonic data were used 
to define the initial loading moduli.

Load-release paths for the four ceramics are com­
pared in Figures 3 (low amplitude) and 4 (high ampli­
tude). These paths are taken at the center of the target 
ceramic. Note that although there is almost a factor 
of two spread in densities, the elastic loading curves of 
B4C. SiC. and TiB2 are very nearly identical in both low 
and high amplitude cases. The B4C shows a major loss 
in strength when compared to the other two ceramics. 
Although the SiC and TiB2 respond similarly in the low 
amplitude impact, at the higher impact velocities, the 
TiB2 is stiffer than either of the other two. with the 
B4C still being the weakest of these three. Zr02 under­
goes the largest strains at these impact velocities.

The Hugoniot elastic limits for the various ceram­
ics tested were determined directly from the measured 
particle velocity profiles (Figures 1-2) accounting for 
the impedance mismatch between ceramic and window. 
The expression used was ohel = -■a^ZL um where Zc 
and Zl are the appropriate shock impedances for the 
ceramic and lithium fluoride, respectively, and um is 
the observed particle velocity amplitude selected from 
each profile which represents the transition from elastic 
to nonelastic behavior. For the ceramic. Zc = PoCl. 
since within experimental uncertainty, the finite ampli­
tude elastic velocities and ultrasonic velocities were the 
same. For lithium fluoride ZL = po{C0 + suM) with p0 
= 2641 kg/ms, C0 = 5148 m/s, and s = 1.353.
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FIGURE 3
Summary of calculated stress-strain load-release paths 
for the four ceramics at the lower impact velocity.
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FIGURE 4
Summary of calculated stress-strain load-release paths 
for the four ceramics at the higher impact velocity.

The Hugoniot elastic limit data (o^bl) are tabulated 
in Table 3. For silicon carbide the initial break from the 
steeply rising initial wave to the ramping region above 
this wave was chosen for um- For boron carbide um 
was determined from the somewhat noisy plateau re­
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gion between the first and second wav$. (This noise 
is thought to reflect heterogeneous yielding processes.) 
The structure of the compressive wave for titanium di­
boride caused difficulty in unambiguously selecting a 
particle velocity corresponding to the HEL. A reason­
ably well-defined break in both waves at approximately 
160 m/s was tentatively selected as a preliminary yield 
process or phase transformation um value. There is 
a second break at about 420 m/s. however, which is 
also a consequence of some structuring feature in the 
TiB: material response. This is also identified in Table
3. The appropriate um for zirconium dioxide was deter­
mined from the break between steep and ramped wave 
behavior. These values of ohel are consistent with 
those determined in the WONDY numerical analysis.

Table 3: Hugoniot Elastic Limits

Test
No.

Material «Af
(m/s)

ohel

(GPa)
Pff

(GPa)
1 b4c 580±30 14.8 22.8
2 b4c 550±40 14.0 31.4
3 SiC 550±30 14.8 27.6
4 SiC 570±30 15.3 36.5
5 TiB2 165±15 5.2 31.0
n n 430±40 13.7* n

6 TiB: 150±15 4.7 48.5
n n 410±20 13.1* n

7 Zr02 195±10 5.0 23.6
8 Zr02 210±10 5.4 33.2

* Corresponds to second yield structure in TiB2

5. CONCLUSIONS
The present set of eight experiments on silicon car­

bide. boron carbide, titanium diboride, and zirconium 
dioxide provide an overview of the wide range of possible 
response of ceramics to dynamic compressive loading 
and release. The large yield strengths associated with 
ceramics are verified. The titanium diboride exhibits 
significant dispersion of compression waves to 50 GPa. 
The boron carbide, titanium diboride, and zirconium 
dioxide disperse the release waves more widely than 
normal solid response should be. suggesting that in­
ternal damage during compression has altered the state 
of the material. Only silicon carbide exhibits traditional

elastic-strain hardening-plastic response to shock load­
ing. The continuous load-release curves provide a sub­
stantial database for evaluating computational models.
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