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Summary - -  Samples of a liquid-phase sintered tungsten carbide were prepared in the form of 
solid spheres and launched with a light-gas gun facility to impact velocities ranging over about 2-4 
km/s. Spherical samples were caused to impact thin plates of low density non-metallic material 
(fused silica glass and PMMA plastic in the present tests) and undergo failure and dynamic 
fragmentation due to the impulsive load. Impulse intensifies led to incipient failure at the lowest 
impact velocities to extremely intense particulation and debris dispersion at the highest impact 
velocities. Flash radiography was used to image the failed specimens in flight at several stations. 
Only the ceramic debris was imaged in the radiographs because of the low density of the impact 
plate materials. From the onset and extent of fragmentation and the velocities of debris dispersion, 
failure and fragmentation properties of the test ceramic were inferred. Supporting shock Hugoniot 
and tensile spall data were also acquired on the same tungsten carbide material, providing a broad 
base of dynamic properties data for analysis purposes on this solid (Grady [1]). Results of the 
dynamic tests and material properties acquired on the present tungsten carbide ceramic are 
presented in this report. © 1999 Elsevier Science Ltd. All rights reserved. 

~TRODUCTION 

Dynamic failure o f  solids and the subsequent treatment o f  failed material  in the 
computat ional  simulation o f  the high velocity interaction o f  structures is probably the most  
poorly modeled material  response in such events. Tungsten carbide is a high-density ceramic 
used in both military projectile and armor applications. In this report, we present data for the 
purposes o f  examining the mechanisms o f  dynamic failure in tungsten carbide ceramic and 
deriving material  response properties appropriate to computational models. The sphere impact 
method previously pursued on metals (Grady and Kipp [2]) was used to perform a series o f  
dynamic failure tests on tungsten carbide from near-threshold failure to very intense 
fragmentation. In addition, complementary  dynamic compression (shock equation-of-state and 
Hugoniot  elastic limit) and dynamic tension (spall) experiments were performed to provide 
necessary material  response data. Those principally experimental  results are described and used 
to examine features o f  the sphere-impact test method and a theory o f  dynamic failure and 
fragmentation in solids. 

Test Method and Material Characterization 

Materials. The principal material tested in the present study was a pressureless liquid-phase 
sintering tungsten carbide (WC) ceramic extracted from 14.5 m m  AP (BS-41) rounds. The 
material  contains 3-4% Ni, 0.4-0.8% Fe and 0.05-0.2% Co. The Rockwel l -A hardness is 86-92. 
Static compressive strength for this material is 4.4 GPa and split cylinder test results provided a 
tensile strength o f  240-270 MPa (Holmquist  [3]). 
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PII: S 0 7 3 4 - 7 4 3 X ( 9 9 ) 0 0 0 8 2 - 2  



308 D. Grady / International Journal of lmpact Engineering 23 (1999) 307-317 

Because of  the very small sample sizes that could be prepared from the BS-41 round tungsten 
carbide for equation-of-state (EOS) studies, a second comparable tungsten carbide ceramic was 
selected to supplement the testing. The second material was a fully dense tungsten carbide 
provided by Kennametal, Inc. The Kennametal tungsten carbide contains 5.7% Co, 1.9% Ta, 
and less than 0.3% Nb and Ti. The reported Rockwell-A hardness is 93, and the static 
compressive strength is 5.9 GPa. Density and elastic properties for the two ceramics are 
provided in Table 1 and compared with a fully dense monolithic WC prepared by Cercom. 

Table 1. Elastic properties of  tungsten carbide 

Material Density cl cs Co Bulk Poisson 's 
(kg/m 3) (km/s) (7oft~s) (km/s) Modulus Ratio 

(GPa) 

KM l 14930 6.895 4.165 4.941 364.5 0.213 
AP l 14910 6.918 4.149 4.991 371.4 0.219 

Cercom 2 15560 7.040 4.300 4.960 383.0 0.200 
tKMreferstotheK68materi~ obtained from Kermametal, Inc.,whereasAPidentifiesthetung~en carbide 
extracted from 14.5 mm (BS-41) armor piercing rounds. 

2A fully dense monolithic tungsten carbide prepared by Cercom, Inc. 

Equation-of-State and Dynamic Strength Tests. Uniaxial strain compressive shock and 
release waves were produced in the tungsten carbide with a single stage powder gun facility 
(Grady [4]). The gun used for these experiments has an 89 mm bore diameter and is capable of 
achieving a maximum impact velocity of 2.5 km/s. A disc ofimpactor material (either tungsten 
carbide or aluminum in the present tests) is mounted in the projectile and is backed by a disc of  
polymethyl-methacrylate (PMMA). An aluminum ring encloses the ceramic disc and provides a 
coplanar impact surface for electrically shorting the various diagnostic pins. 

For the target, a disc of  the ceramic is mounted in a stationary supporting target fixture. An 
optical quality disc of  single crystal lithium fluoride is intimately bonded with epoxy to the back 
of  this ceramic sample. All critical surfaces are lapped and polished, and are typically flat to 
within a few bands of sodium light. The bonded lithium fluoride surface is first lightly diffused 
and vapor-deposited with about 100 nm of aluminum. The ceramic-lithium fluoride epoxy bond 
thickness is approximately 10 to 20 lain. 

The planar impact produces a compressive wave of  uniaxial strain which propagates across 
the stationary ceramic specimen and through the ceramic-lithium fluoride interface. The 
compression and release wave behavior is measured by monitoring the time-resolved 
longitudinal motion at the center of the ceramic and lithium fluoride interface with laser velocity 
interferometry (VISAR) techniques (Barker and Hollenbach [5]). Measurements are recorded on 
transient digitizers with a sampling period of  0.742 ns per data point. 

The interference fringes measured with the VISAR system are converted to a time-resolved 
history of  the velocity at the interface. The amplitude resolution is approximately 2% per fringe 
and typically two to three fringes are achieved in the interface acceleration through the 
compressive shock fi'ont. 

Sphere Impact  Test Method. The experimental configuration for investigating the 
fragmentation properties of solids has been reported by Grady and Kipp [2]. Briefly, spheres of  
the test material, mounted in lexan sabots, were launched at velocities between about 2 to 4 km/s 
with a two-stage light-gas gun system. The diameter of  the launch tube used was 12 mm. Plastic 
sabots were separated from the ceramic spheres through forces produced by a rarified 
atmosphere in the gun range section. Sabot segments were trapped upstream and did not reach 
the target impact chamber. Velocity of the sample spheres was measured to +1% accuracy by 
recording of the time interval during passage between two magnetic coils of known separation. 
Normal impact occurred in the target chamber at the center of  a 75 mm by 75 mm square thin 
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target plate. Target plates were of both plastic and glass. The plastic was PMMA Rohm and 
Haas Type II UVA, and had a nominal density of 1186 kg/m 3. GE dynasil 1000 with a density 
of 2201 kg/m 3 provided the higher impedance glass targets. In this series of experiments, 
tungsten carbide spheres 6.45 +0.03 mm in diameter were used. The measured mass was 2.07 
+0.01 grams. Fragment debris was diagnosed at two stations (approximately 80 mm and 250 
mm) downstream from the input point. Two 150 kev flash x-ray tubes, placed approximately 
400 mm from the line of debris travel, provided orthogonal shadow-graphs of the fragment 
debris. Appropriate delay times were calculated from the predicted impact velocity and the x-ray 
tubes were independently triggered from the second magnetic velocity coil. The x-ray film 
cassette, using Kodak Direct Exposure film backed by a Quanta Fast Detail screen, was stationed 
about 100 mm from the centerline of the debris trajectory. The fragment debris impacted 
aluminum witness plates, which in some cases provided an independent measure of particle size 
and velocity statistics (KJpp et al. [6]). 

H u g o n i o t  P r o p e r t i e s  

Hugoniot states for the present tungsten carbides were determined assuming a precursor 
velocity equal to the longitudinal ultrasonic elastic velocity of 6.90 km/s (Table 1). Hugoniot 
states are shown in a shock velocity versus particle velocity plot in Fig. 1 and compared with the 
data of McQueen et al. [7, 8]. The two higher amplitude states (KM material) are in reasonable 
agreement with the data of McQueen. The relatively broad shock wave for the lowest amplitude 
test (AP material) lends some ambiguity to the experimental shock velocity at this amplitude. 
Nevertheless, this data point cannot be fully reconciled with the measurements of McQueen, 
although the trend of the lower three or four data points of McQueen tend to fall above the linear 
shock velocity versus particle velocity expression for tungsten carbide (Steinberg [9]). 
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Fig. 2. Hugoniot stress versus 
specific volume for tungsten 
carbide. 

Precursor Hugoniot elastic limit states and ramp region for these data are also indicated in 
Fig. 1. Corresponding Hugoniot pressure versus specific volume states for the present tungsten 
carbide ceramics are provided in Fig. 2. 

The tungsten carbide tested by McQueen and coworkers was also approximately 5% cobalt 
by weight, comparable to the Kennametal material; however, the reported density of 15,013 
kg/m 3 is about 1/2% higher than the present Kennametal material. This density difference 
accounts for about half of the discrepancy between the McQueen and coworkers Hugoniot and 
the present Hugoniot data in Fig. 2. Since the present Hugoniot states were calculated based on 
an ultrasonic velocity for the elastic precursor (a lower limit), it appears that the present 
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Hugoniot is slightly stiffer than that reported by McQueen and coworkers. More recent 
unpublished Hugoniot data (Grady [10]) for the Cercom WC is only slightly stiffer than that 
reported by McQueen and coworkers. 

Dynamic Strength 

The 6.5 mm thickness Kennametal tungsten carbide samples reveal in Fig. 3 a fairly distinct 
transition from the elastic precursor rise to the transition ramp region at approximately 70 m/s. 
Based on an acoustic impedance calculation, this leads to a Hugoniot elastic limit of  4.1 GPa. 
The thinner AP samples tested did not provide as distinct a transition level; however, a yield at 
about 70 rrgs was not inconsistent with the behavior of  this material, and indicates similar yield 
characteristics for both materials. 

Material behavior within the transition ramp regime was analyzed in two ways. First, 
computational simulations of the precursor and transition ramp portions of  the wave profile were 
performed using the one-dimensional Lagrangian wave code WONDY-IV (Kipp and Lawrence 
[11]). With this technique, empirical parameters for the longitudinal modulus as a function of  
amplitude were adjusted until a best fit to the wave profile in the region of  interest was achieved. 
The stress-strain relation derived from this fit was then accepted as the dynamic response of  the 
tungsten carbide. The experimental profiles are shown with the one-dimensional wave code 
solution in Fig. 3. An analytic solution was also performed assuming a linear rising velocity 
versus time behavior within the region of the ramp (Fig. 3) along with centered self-similar wave 
propagation. 

Results of  the stress-versus-strain behavior within the ramp region determined from both the 
computational simulation and the analytic solution for the axial behavior are provided in Fig. 4. 
Comparisons are made with linear mean stress curve calculated from the ultrasonic bulk modulus 
and corresponding responses based on ideal elastic-plastic behavior. 

If  there is onset of  an inelastic deformation mechanism at the 4 GPa break in the measured 
wave profile in tungsten carbide, as common understanding of the process tends to support, then 
the ramp structure in the profile cannot be described with simple von Mises plasticity as 
indicated in Fig. 4. Several hardening mechanisms may potentially explain the observed 
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Fig. 3. Compression shock profiles Fig. 4. Stress versus strain behavior 
and WONDY computational in ramp region of  the wave profile. 
solution emphasizing the ramp 
region of  the elastic precursor. 

behavior. The elastic loading path could contact a pressure-hardening yield surface at the 
Hugoniot elastic limit (HEL). Subsequent loading would lead to increased stress rise due to the 
increasing shear stress with confining pressure on the pressure-hardening yield surface. 
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Alternatively, the HEL may correspond to the intersection of  the elastic loading path with a 
deformation-hardening yield surface. Due to post-yield deformation in the shock wave, the 
initial yield surface would evolve through a succession of  states to a f'mal yield surface consistent 
with later states in the ramp wave. Evolution of  the yield surface would be determined by a 
deformation-hardening law and could account for the ramp behavior characteristic of the early 
inelastic deformation. 

There is a further, less commonly considered mechanism for hardening which could account 
for the observed wave profile structure. Rather than an increase in the stress deviator with 
inelastic deformation, an increase in the mean stress state above that predicted by compressibility 
of  the fully dense solid could account for the observed behavior. Such an elevated mean stress 
versus volume curve is possible ifdilatant void volume is generated during the shear deformation 
process. 

Of course, all three of  the hardening mechanisms proposed could be operating 
collectively, and rate dependence of these effects may also be playing a role. Of the three 
hardening mechanisms, pressure hardening is the most difficult to reconcile with the second 
order character of  the elastic-to-inelastic deformation transition. (The transition to a ramp wave 
represents a discontinuous jump in the curvature of the stress-versus-strain curve and not the 
slope.) In principal, deformation hardening or dilatancy hardening laws could be constructed 
which could simulate the observed transition to ramp wave structure. 

Spall Strength 

In experiments designed to test spall stress of  the tungsten carbide, ceramic release waves 
originating fi'om the rear of the aluminum impactor and from the lithium fluoride window 
interface interact within the tungsten carbide samples carrying the material rapidly into tension. 
The dynamic tensile strength (spall strength) of  tungsten carbide was exceeded in the present 
tests and the time history of  the spall process was imaged in the measured spall pullback signal 
within the velocity profile recorded at the window interface. Interface velocity profiles for three 
tests in which spall occurred, are shown in Fig. 5. 

The spall strength of tungsten carbide can be calculated from the spall pullback signal 
identified in Fig. 5. The present data provide an opportunity to compare two methods for 
determining the spall strength when an interferometer window is used. The appropriate velocity 
levels are identified for Test WC-6 in Fig. 5 for the spall analysis. First, if the full amplitude of  
the pullback is used, then the appropriate relation for the spall strength is, 

{l) 

In Eqn. (1), Z s and Z w are the shock impedance of  the sample material and window material, 

respectively. This equation assumes linear behavior of  stress-strain response of  the sample and 
window material, and ignores the complications of corrections for wave dispersion and elastic- 
plastic behavior which have been discussed in the literature (e.g., Grady and Kipp [12]). The 
down side of  Eqn. (1) is that it can be a difference of  two large quantities, each of which may have 
uncertainties. This is not a serious problem with the present data, however. 

An alternative expression for the spall stress is provided by the relation, 

(2) 
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Fig. 5. Wave profiles emphasizing spall pullback signals in tungsten carbide. 

Equation (2) does not suffer from the differencing problem of Eqn. (1). On the other hand, it 
assumes that stress at the spall plane has relaxed to zero before the reflected wave has returned to 
the recording interface. This depends on experiment design and the time history of the spall 
process, but often this relaxation is not complete and the spall strength calculated from Eqn. (2) is 
a lower bound. With the present data, spall strengths have been calculated with both Eqn. (1) and 
Eqn. (2). Results are plotted in Fig. 6. 

Sphere Impact Fragmentation 

Testing of the failure and fragmentation properties of tungsten carbide extracted from 14.5 
mm armor piercing (AP) rounds was performed using the sphere impact test method described in 
the test method section. Pertinent experimental parameters are provided in Table 2. Impact 
velocities ranged from a little over 2 km/s to about 4 km/s. Target barrier materials of both 
plastic and glass were used. Targets were squares 3 inches on a side and 1/8-inch thick. 
Aluminum witness plates 1-foot square and 1/4-inch thick were placed 295 mm downstream 
from the target plate. Residual velocity of the tungsten carbide fragment debris provided in 
Table 2 was determined from radiographs at each test. Radial expansion velocity of the packet 
of fragments was determined from both radiographs and the size of the witness plate hole. 
Values provided by both methods in Table 2 are in reasonable agreement. 
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Radiographic records for seven o f  the eight tests are provided in Figs. 7 and 8. Records 
provide a shadow graph o f  the fragment debris at two stations downstream from the impact 
point. Timing for each x-ray image after impact is provided in Table 2. 

Table 2. Tungsten carbide sphere impact tests 

Expansion Expansion 
Impact Residual Velocity Velocity Witness Plate 4 X-Ray #1 X-Ray #2 

Test Barrier Velocity Velocity (x-ray) (W.P.) Hole Size Time Time 
No. Material (kin~s) (kin~s) (m/s) (m/s) (mm) (ITS) (p.s) 

1 Plastic 1 2.44 2.35 0 - -  8 27.7 97.3 
2 Plastic I 2.90 2.79 21 24 11 26.5 85.6 
3 Plastic ~ 3.43 3.30 50 62 17 21.2 71.4 
4 Glass 2 2.13 1.94 76 80 30 28.2 113.3 
5 Glass 2 2.70 2.47 137 142 40 27.1 87.0 
6 Glass 2 3.09 3 s 157 39 - -  - -  
7 Glass ~ 3.55 3.30 185 190 40 20.9 70.8 
8 Glass 2 4.05 3.73 261 259 47 17.7 64.6 

~Polymethyl-Methacrylate (PMMA), 3.12 mm. 
2Fused Silica (GE Dynasil 1000), 3.12 ram. 
3X-rays failed on Test #6. 
4Separation of target and witness plate was 295 ram. 

Radiographs for three normal impacts on P M M A  barriers are provided in Fig. 7. These data 
have previously been examined by computational simulation (Hertel and Grady [13]). At the 
lowest impact velocity, the impulsive load is just sufficient to spall segments o f f  both the front 
and back o f  the test sphere. The major central segment remains intact. At higher impact 
velocities, the spherical samples o f  tungsten carbide are fully fragmented and the packet o f  
debris is expanding as it travels away from the point o f  impact. Radial expansion o f  the debris 
tends to be somewhat faster toward the back o f  the sample. 

Test I (2.44 krn/s) 

Test 2 (2.90 km/s) 

Test 3 (3.43 km/s) 

Pr-'  

Fig. 7. Radiographs for three tests o f  tungsten carbide spheres undergoing high-velocity 
normal impact on plates o f  P M M A  plastic. 
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Fig. 8. Radiographs for four tests of tungsten carbide spheres undergoing 
high-velocity normal impact on plates of glass. 

Comparable impact fragmentation experiments on glass barriers are shown in Fig. 8. Some 
interesting differences are observed• The two lower impact velocity tests show similar features 
with the sphere separating axially into two reasonably distinct regions. The forward section 
suggests relatively large fragments undergoing little radial expansion. The rearward section 
indicates more intense fragmentation and radial kinetic energy. The separation into a front and 
back cloud of fragments continues to be suggested in the two higher impact velocity tests on 
glass in Fig. 8. The samples are fully fragmented, however, and only slight differences in the 
expansion kinetics at the front and back regions are noted. 

In earlier, similar fragmentation studies on metals, the radial expansion velocity of the packet 
of fragment debris was found to be a useful interpretive experimental observable. The radial 
expansion velocity was readily normalized to the impact shock pressure where different barrier 
materials were used (Grady and Kipp [2])• This convenient normalization of the data does not 
appear to hold for the present tungsten carbide experiments. Radial expansion velocity is plotted 
as a function of  impact velocity in Fig. 9. As expected, glass barriers at similar impact velocities 
lead to more intense fragmentation and higher debris expansion velocities than do plastic barriers 
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because of the higher shock impedance of the former material. Some scatter in the measurement 
of impact velocity is suspected considering the reasonably close comparison of  expansion 
velocity determined by x-ray and by witness plate hole diameter. 
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Fig. 9. Expansion velocity versus 
impact velocity for tungsten carbide 

250 

_~ 2oo 
o o 
:~ 150 
f. 
O 
"~ 100 
g 
X 

6 0 60 

a Hole Diameter 

PMMA 

a3" I I 

20 40 
Pressure (GPa) 

Fig. 10. Expansion velocity versus impact 
shock pressure for tungsten carbide 

Expansion velocity versus impact shock pressure determined by impedance match solutions 
between the tungsten carbide and barrier material for the same data are plotted in Fig. 10. Linear 
shock-velocity-versus-particle-velocity parameters for the participating materials are provided in 
Table 3. In contrast to previous experience with metals (Grady and Kipp [2]), impact pressure 
apparently does not normalize the expansion velocity data. It is unfortunate that overlap of the 
data for the two barrier materials occurs only at the lower end of the glass barrier experiments. 
The trend for the two tests in this lower range is for the expansion velocity to emphasize the 
radial motion of fragment debris from the rearward end of the sphere. Thus, the expansion 
velocity may not adequately characterize the overall radial kinetic energy of the sample. The 
glass data are particularly suspicious in that a linear extrapolation to zero expansion velocity 
indicate a negligible threshhold pressure. Clearly, radial expansion velocity in the present 
tungsten carbide fragmentation tests is more sensitive to details of the impact interaction than in 
previous metal tests (Grady and Kipp [2]). Consequently, it may be less useful as an 
experimental observable in the sense of previous attempts to extract global material failure 
properties. 

Table 3. Shock parameters 

po Co 
Material kg/m 3 km/s S 

WC 14930 5.19 1.16 
PMMA 1190 2.60 1.52 

FS 2220 1.18 1.58 

Discuss ion  

The rather complete set of dynamic data for tungsten carbide ceramic presented here 
provides a unique opportunity for examining some of the factors governing impact failure and 
fragmentation of  this material. Particularly intriguing are comparisons of the spall failure data 
from the plate impact experiments and the sphere impact fragmentation results. An energy-based 
theory has previously been proposed which provides predictive expressions for spall strength and 
fragment size (Grady [14]). They can be written, respectively, as 
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[ 2 .'~/3 
ors = [3p cK  ~ )  , (3) 

s f = (x[-~K / p c~ ~/3 , (4) 

Parameters p,c, and ~ are the material density, wave speed, and the loading strain rate, 

respectively. The property K with dimensions of fracture toughness characterizes the dynamic 
fracture and fragmentation resistance of the material. In principle, K is the same fracture 
toughness relating spall strength and fragment size through the expressions above. 

This correspondence can be tested for the present tungsten carbide. Equations (3) and (4) 
will be written as, 

0" 3 ~1/2 

(5) 

3/2 
[9C~ S f 

K f -  x ] ~  , (6)  

where the subscripted K s and K f  correspond to the fracture resistance property determined 

empirically from the spall data and the fragment size data, respectively. Based on a spall 
strength of 3.5 GPa for the AP material and an estimated strain rate of 10S/s, a resistance of K s = 

37 MPa.m 1/2 is obtained from Eqn. (5). The value is comparable to numerous metals and is not 
unexpected considering the liquid-phase sintered nature of this material. On the other hand, 
estimates of fragment size and fragmentation strain rates from the sphere impact data, and 
through the use of Eqn. (6), lead to a K f  = 3-5 MPa.m 1/2, nearly an order of magnitude lower. 

The value is more consistent with fracture resistance characteristics observed on other 
engineering ceramics. Static fracture toughness data for the present materials were not found. A 
monolithic WC prepared by CERCOM exhibits a toughness of about 6-7 MPa.m v2. 

Reasons for the discrepancy are not understood, but tungsten carbide may be a material 
where conditions necessary for energy-limited spall and fragmentation are not met (Grady [ 14]). 
Limited spall nucleation sites may lead to a large level of tensile elastic strain energy before 
activation and spall failure. In contrast, later time growth and coallescense leading to 
fragmentation may experience significantly lower fracture resistance, leading to crack branching 
and the smaller fragment size. Such dependence of fracture and fragmentation on details of the 
microstructure would negate applicability of the energy-based expressions for this material. 

CONCLUSIONS 

The first failure and fragmentation data on a ceramic material using the sphere impact 
technique have been performed and presented here. These data are nicely complemented by both 
dynamic compression (Hugoniot elastic limit and shock EOS) and dynamic tension (spall) test 
data. These new data have raised both experimental and theoretical concerns. Normalization 
simplifications readily achieved for test data on metals using the sphere impact method are not 
realized for the present material and test conditions. A dynamic theory of failure which relates 
spall strength and the characteristic size of fragments has not been supported by the present data. 
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