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Measurements of Kanel et. al. [ 19911 have suggested that deviatoric stresses in glasses shocked to nearly the 
Hugoniot Elastic Limit (HEL) relax over a time span of microseconds after initial loading. “Failure” (dam- 
age) waves have been inferred on the basis of these measurements using time-resolved manganin normal and 
transverse stress gauges. Additional experiments on glass by other researchers, using time-resolved gauges, 
high-speed photography and spall strength determinations have also lead to the same conclusions. In the 
present study we have conducted transmitted-wave experiments on high-quality Coors AD995 alumina 
shocked to roughly 5 and 7 GPa (just below or at the HEL). The material is subsequently reshocked to just 
above its elastic limit. Results of these experiments do show some evidence of strength degradation in the 
elastic regime. 

INTRODUCTION 

There is an increasing body of evidence that cer- 
tain brittle solids undergo strength loss during resi- 
dence at a Hugoniot state below the Hugoniot elastic 
limit [HEL], especially for glass. Kanel et all 
observed a wave arrival corresponding to a reflec- 
tion from a discrete propagating zone of strength 
loss in glass, a zone termed a failure wave. They 
also observed a relaxation in shear stress corre- 
sponding primarily to an increase in stress normal to 
the shock propagation direction. This is shown 
schematically in Fig. 1. Other evidence based on 
spall strength loss2 and photographic contrast3 has 
also been obtained supporting the theory that failure 
waves propagate in glass. 

In alumina, spall strength loss for Hugoniots 
near (but still below) the HEL suggests that a similar 
process is occurring4. The body of evidence for 
such phenomena in alumina, however, is not nearly 
as extensive as for glass. 

The objective of the present work is to assess 
the behavior of alumina initially shocked to below 
the HEL when reshocked to somewhat above the 
HEL. 
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FIGURE 1. Process of sub-HEL material relaxation. 

TECHNIQUE 

Disks of Coors AD995 ceramic (initial density 
po = 3.89 gm/cm3) were tested in a transmitted- 
wave geometry as shown in Fig. 2. This configura- 
tion provided an initial shock loading of the alumina 
chosen (via impact velocity) to slightly below the 
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FIGURE 2. Configuration used for impact tests. 

HEL, followed by a reloading above the HEL. A 
VISAR monitored the motion of the sample/sap- 
phire interface, giving a nearly in situ measurement 
because of the close impedance match between the 
(unyielded) AD995 alumina and the window. 

RESULTS 

Observed velocity histories are given in Figure 
3., together with critical experiment parameters. 
Axial stresses at yielding are shown. 

The wave profiles have been analyzed through 
an explicit Lagrangian calculation comparing input 
and output wave profiles for the sample. Such an 
analysis includes corrections for sample/window 

shock impedance mismatch (small for the present 
samples). 

It is interesting to compare the results of this 
analysis with results of an analogous analysis of 
Grady’s5 waveforms, which were obtained by intro- 
ducing a single shock, then release, into the alu- 
mina. Lithium fluoride windows were used for 
Grady’s tests. Figure 4 shows an overall agreement 
between the two sets of results. Note that the dia- 
mond-anvil cell data show less compressibility than 
do the shock wave data for stresses above 10 GPa; 
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FIGURE 4. Stress-strain data for alumina, compared with 
diamond cell data6, ’. Birch-Mumighan fits to the latter 
are shown. 
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FIGURE 3. Wave profiles frompresent series of transmitted-wave experiments. Shot parameters as shown. 



these results do not permit the calculation of above- 
HEL deviatoric stresses from deviations of the 
Hugoniot from the hydrostat. However, the yield 
strength of the material at the Hugoniot state may 
also be estimated as 3/4 of the width of the stress- 
strain loop, or about 6 GPa. 

The behavior of the alumina near the yield point 
may be seen better by converting the velocity pro- 
files to stress-time profiles via the Lagrangian analy- 
sis described above. Results are shown in Fig. 5. 

7.2 GPa initial shocks 

I .  I 
0.5 lrr( 1 .o 1.5 2.0 

Time (microseconds) 
010 

15 I 4.9 GPa initial shocks /I 
h 
rd 

& l o -  

E 5 -  
2 

0.0 

0 cn 
2 .  z 
a, - 

I 
0.5 dl .o 1.5 2.0 

Ti me (microseconds) 

' ," 

Present Work (Al2O3 Window) 4 

Single-shock 
yield at 6.0 GPa 

FIGURE 5. Comparison of present results (expressed as stress 
vs. time) with the lowest-stress single-shock result of Grad?. 
Bold lines represent single shocks to stresses above the HEL. 

Note that the Fig. 5 curves represent in situ 
stresses rather than stresses which would actually be 
measured at the sample/window interface. This dis- 
tinction is more important for the Grady results than 

for the present results. The window used does not 
appear to have a strong effect on the data plotted in 
this way. 

Details of the HEL are better seen in a plot of 
wave speed vs. stress (Fig. 6).  The HEL from the 
Grady single-shock data in fact range from -6 GPa 
to 7.2 GPa. The data show two trends: 
1. 

2. 

The yield stress appears to be higher for an ini- 
tial shock closer to the HEL. 
The yield stress appears to decrease with 
increased wave travel distance. 

Both of these trends are consistent with a relax- 
ation of shear stress during residence at the Hugo- 
niot state. The evidence, however, is still relatively 
weak. Further tests to assess this hypothesis, under- 
way, involve adjusting the thickness of the PMMA 
flyer plate to change the residence time of the mate- 
rial at the Hugoniot state prior to reloading. 

FURTHER INTERPRETATION 

In the Introduction the problem was stated in 
terms of shear stress relaxation. It is important to 
view the present results in those terms. 

From the waveforms alone, it is only possible to 
calculate the axial stress. If elastic behavior per- 
sists, the Poisson's ratio (0.23 to 0.245) allows a cal- 

FIGURE 6. Detail of HEL region of present data and Grady' 
data, represented as stress vs. wave speed. Fine lines represeni 
present data (circles show HEL values) and thick lines represeni 
Grady single-shock data (squares show HEL values). 
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culation of shear stress o and mean pressure 0 via: 

7 = 0.5 oaxial (1 - 2 ~ ) / (  1 -v) 

CT = Isaxial - 4/3 z 

(Eq. 1) 

(Eq. 2) 
- 

The initial elastic, uniaxial strain loading is 
along a path given by (from Equations 1 and 2): 

z = EW(3-2X) (X = (1 - 2v)/(l-v)) (Eq. 3) 
The reload points yield points lie on lines given - 

by (from z = 1/2 (oaxial - otransverse) and CT =1/3 
(Oaxial + 2otransverse)): 

o = 3/4 Isaxial - 3/4 0 (Eq. 4) 
This, however, assumes that the material behav- 

ior remains elastic, i.e. that the Poisson’s ratio still 
reflects material behavior. 

Hence there is a continuum of points in (0,~) 
space possibly corresponding to the reshock yield 
point, and other diagnostics will be required to com- 
pletely define this material behavior. 
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FIGURE 7. Interpretation of the present results in pressure vs. shear stress space. Initial loading is from (0,O) to the loading points shown for 
the present experiments. Reloading is to some point along the heavy diagonal lines shown (present data cannot constrain where on this line) 

Inset shows how alternative values were chosen for the yield point on test 5. 
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