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Abstract .

A bar impact test was developed to study the dynamic fracture responses of
precracked ceramic bars, AlO3 and 15/29% volume SiCy /Al203. Laser
interferometric displacement gage data was used together with dynamic finite
element analysis to determine the instantaneous crack length and the dynamic
stress intensity factor, Ki(t), in the fracturing ceramic bars impacted with impactor
velocities of 5.8, 8.0, and 10 m/s. The crack velocities increased from 1400 to 2600
m/s with increasing impact velocity.  The dynamic initiation fracture toughness
and an increasing Ki(t) with time and with increasing impact velocity were obtained.

1. Introduction

Available configurations of new ceramics and ceramic composites are often
restricted to bar geometries of about 10 x 10 mm in cross section due to the historical
precedence of using modulus of rupture (MOR) tests to determine the mechanical
properties of early experimental materials. The MOR specimens are ideally suited
for single-edge notched, three-point bend testing to determine fracture toughness
despite the inherent experimental difficulties associated with such small specimens.
The small three-point bend fracture specimens, however, are extremely sensitive to
the interactions of reflected stress waves with the propagating crack tip as evidenced
by the copious fluctuations in the dynamic stress intensity factor during the dynamic
fracture process [1,2]. Moderate fluctuations in dynamic stress intensity factor in
relatively large three-point bend specimens of 75 mm height and 10 mm thickness
and 89 mm height and 9.5 mm thick were documented in [3] and [4], respectively,
but not to the extent shown in [1,2]. This superfluous reflected stress wave effects
was eliminated by replacing the above two-dimensional fracture specimens with an
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one-dimensional specimen, such as that used by Duffy and his colleagues [5,6].
Despite its cleanness in test conditions, this split Hopkinson tensile bar test, which is
loaded by explosives, requires special training and laboratory facilities. Thus a need
exists for a similar clean test which can be executed without such special facilities.
The objective of this paper is to describe such a dynamic fracture test procedure
involving a bar impact test.

2. Bar Impact Test

The bar impact experiment consists of a 50.8 mm long, rectangular bar
specimen which is impacted on its end by a 25.4 mm long bar impactor of the same
material. The reflected tension wave from the free end of the specimen bar interacts
with the incoming compressive wave and generates a sharp tensile stress pulse of
3.6 us duration in the middle of the bar spacimen with the transit of approximately
3/4 of the cornpressive pulse as shown by the Lagrangian diagram of Fig. 1.

A schematics of the experimental apparatus is shown in Fig. 2. The specimen
bar and impactor bar are held by molded urethane holders which are mounted in
two carriages. Both the specimen carriage and the impactor carriage run on guide
rails. An air gun propels the impactor carriage down the guide rails towards the
stationary specimen carriage. The ceramic bars collide well before the collision of
the urethane holders and produces compressive stress waves emanating from the
impact faces. This compressive stress is proportional to the impact velocity which
was measured by a laser velocity measurement system. The measured strain was
used to determine the initial rise in the stress history and its relation to the LIDG
signal.

The specimen geometry is shown in Fig. 3. The ceramic materials tested and
the corresponding nominal mechanical properties are shown in Table 1. A sharp
precrack with an approximate initial length of 3 mm was generated by the Single-
edge-precracked-beam (SEPB) method [7] from a shallow chevron notch. The
compressive wave passes through the sharp crack whereas the reflected tensile wave
will open the crack surface and initiate dynamic crack propagation. The crack
opening displacement (COD) at the location X was measured using the laser
interferometric displacement gage (LIDG) system [8]. LIDG targets were mounted at
the precrack tip such that the reflective indentations, 0.4 mm apart, straddled the
precrack as shown in Fig. 3. Also a short strain gage of 1.6 mm gage length was
mounted at the mid-length of the bar on the surface opposite to the precrack.
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3. Kigq Determination

The dynamic initiation fracture toughness, Kiq, was determined by using the
solution to a stress wave impinging on a stationary crack in an infinite body [9]. The
stress intensity factor of a stationary crack subjected to a square tension pulse is [10]

(1)

2 Cq (1-2v)\1/2
Ki(£0) = Co ( 1( V)) /2

(1-v) T

Experimentally, the stress was measured with a strain gage and recorded at 0.1 us
intervals. The numerical determination of K;y is a simple superposition of the
discrete stress values as

Kig = Ac; Aty 2
ey (B2 2 a

4. Dynamic Finite Element Modeling

A commercial finite element code, ABAQUS;, was used to simulate the
dynamic fracture of the impact loaded ceramic bar. Although the impact was not
symmetric, the stress state and stress wave propagation becomes completely
symmetric after the stress wave has propagated about the length of the bar and thus
only half of the bar was modeled. Stress wave propagation is simulated in the finite
element model by ramping the initial compressive stress at the impact end to zero
over a 1.6 us duration. This creates a tension pulse propagating towards the center
of the bar. As shown in Fig. 1, two tension pulses, which meets at the crack plane at
the post impact time of 8.6 us, produce a sudden net tension stress. This tension
pulse is modeled by the tension wave which reflects off of the rigid boundary along
the crack plane as a tension wave in the one-half finite element model. This
reflected tension wave in the finite element method (FEM) model represented the
tension wave passing from the back half of the bar in a real test. The crack was then
allowed to open at the time the crack plane was predicted to be in tension. After a
delay of about 0.6 pus, a constant crack velocity was then prescribed and the energy
release rate, Gy, was calculated from the change in the total energy in the model as
the crack propagated. The dynamic stress intensity factor, K|, for the constani
velocity crack was calculated by [9]

1 Hibbit, Karlsson and Sorensen, Inc., Providence, RI 029064402 USA.
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24 C3 D(V)

K2(t) = vap, O 3)
where Ca=u/p @)
D(V) = 4 B1B2-(1+p3)2 5)
B2 =1-v2/C3 By =1-V2/C3 ©)
E
H=214v)

V is the crack velocity, C1 and C3 are the dilatational and shear wave velocities,
respectively, E and p, are the modulus of elasticity and the shear modulus,
respectively, and p is the mass density.

5. Derivation of ¥ and Q from Dyramic Fracture Theory

A non-dimensional parameter, ¥, was derived by the simple inversion of the
dynamic displacement equation [12] where the crack opening displacement (COD)
can be represented as

(1-2) .
COD =£(l%2ﬁ \/ 2r/n (B—lﬁ(%) f(Kg, 1) where r = a-X 7)

(K1, 1) is defined in [12], a is the crack length, and X is the distance along the crack at
which the COD is determined. The non-dimension parameter, ¥, is then defined
from the above Equation (7) as

. K1 Va-X f(V) B1 (1-B2)
— (ab 1 /o LN A RY) _
Y = (4f) n/2= ECOD where (V) = (1v) DV) 8

For the near field asymptotic solution, f =1 and the theoretical value of ¥ becomes

Y theo.= V n/32.




A second non-dimensional parameter, Q, was also derived based on an
empirical relationship between the energy consumed at the crack tip and the strain
energy flux into the crack tip region. Details of this derivation can be found in [12].
Again, the COD can be rewritten as

(1-82 . -
COD = -é—.\/z(aoom [MJ f(Kg, 1) (g(V) \/ k(a-X) W ) 9

(1-v)D(V)

Rearranging Equation (9), the non-dimensional parameter, Q, was defined as

Q=4\2/ntx\Vk/W = XE COD (10)

" (@-X) W o, £(V) g(V)

where

2 (1+v) V3 B4

2
_ C1C, D(V) /2
Ki=gW) Vi@ W g(V) = [—-—————]‘ (11)

kis a proportionality constant

The crack length history, a(t), using the experimental midplane stress, oo(t),
was computed by the crack opening displacement, COD(t). Ki(t) computation
required the use of a(t) and COD(t). These relations are shown in the following as
functions of the two non-dimensional parameters which are referred to as
calibration parameters Q and V.

E' COD()
a®) =X (1 oo v g(v)) (12)
KiD) = W~ (13)

CfV) Val) - X

The crack length history, determined by Equation (12), is a function of two
crack velocity dependent functions, f(V) and g(V). Hence, the crack length history,
a(), must be determined in an iterative fashion. An initial guess was made of the
crack velocity, V, to calculate f(V) and g(V). a(t) was then calculated with Equation
(12) and least squares fitted with a straight line. The slope (crack velocity) was used




to determine new estimaies of f(V) and g(V). The process was repeated until the
crack velocity converged to the correct value, which is the measured crack velocity
in this case. The final value of f(V) was used with a(t) in Equation (13) to calculate
Ki(t), explicitly.

6. Determination of Calibration Constants, Q.and ¥,

The parameter, Q, listed as Equation (10), was calculated in a series of dynamic
finite element analyses for the 8.89 mm wide specimen. The crack velocities varied
from 1201 to 2222 m/s. Two different initial crack lengths were included and
different load levels were simulated. The results of the analyses are shown in Fig. 4.
Immediately after the crack began to propagate, the non-dimensional parameter, €,
oscillated down, and assumed a constant value. Thus  is not expected to yield good
results near the time of crack initiation since the crack velocity jumps from zero to
high constant velocities used in the simulation. From Fig. 4, a constant value of
0.95 was defined as the calibration constant, Q.. An additional finite element
analysis of the specimen geometry with W=7.24 mm yielded a calibration constant
of Q.=1.37.

The calibration constant, ., was then used to determine the crack length, a(t),
from the measured stress history and COD history. Before using the numerically
determined Q, the procedure was verified by comparing the actual finite element
crack history with a(t) determined by the procedure presented above for Q.=0.95.
The verification is shown in Fig. 5 for four different crack velocities. Surprisingly,
the large initial oscillations in the data caused little error in the predicted crack
length. The error increased for two of the crack histories as the crack approached the
specimen boundary.

The crack velocity correction functions, f(V) and g(V), are included in the
parameter, Q and thus an iterative procedure must be used to determine a(t) using
Equation (12). The rate of convergence of this iterative procedure was tested by
using the COD and stress histories from the dynamic FEM simulation (V=1502 m/s)
with Q,=0.95 to predict the crack history. The crack velocity corrections functions,
f(V) and g(V), were calculated with an initial value of V=600 m/s. Only four
iterations were required to obtain the crack velocity of 1520 m/s which is within
1.2% of the true value.

The calibration constant, ¥, was determined from a plot of the non-
dimensional parameter, ¥, shown in Fig. 6. The parameter, ¥, was calculated from
the finite element analyses for four different crack velocities. As before with Q, thc
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parameter ¥ oscillated immediately after the crack velocity jumped from zero to the
constant velocity. The level remained constant before dropping off slightly as the
cracks passed a=a/W = 0.85. A constant value line was fit to the data yielding the
calibration constant, ¥.=0.34. This value compares well with the constant velocity
crack solution in an infinite medium. When the asymptotic dynamic displacement

equation is rearranged, then \Ptheo.=\j n/32. A single finite element solution was
used to determine ¥, for the FEM model with W=7.24 mm. The result for the 7.24
mm wide model was ¥=0.35 which is within 3% of ¥ for the 8.89 mm wide model.
A speculation is made that the coarse FEM mesh causes the models to be overly stiff
and the underestimated COD yielded a numericaliy determined ¥ which is slightly
higher than the theoretical value, ¥iheo.-

Again the numerically determined calibration constant, ¥, was used with the
FEM results to verify the method. K| predicted using the procedure presented
previously was compared with the K| from the FEM model in Fig. 7. The large
initial oscillations had only a slight effect on Kj immediately following crack
initiation. The new procedure overestimated K| beyond «=0.85 due to the drop off
shown in Fig. 6. Hence, the solution would be considered valid to about a=0.85.

ithough many finite element analyses were done to verify the data

reduction technique, only one analysis was required per specimen geometry. The
resulting calibration constants, Q¢ and ¥, are given in Table 2 for the two
geometries used here. The solution basically behaves as a constant crack velocity
crack in an infinite medium. The only stress wave reflection comes from the lateral
surfaces but apparently had little effect on the solution until the crack tip
approached the specimen boundary.

7. Experimental Results

As mentioned previously, an accurate measurement of the impact velocity is
important since it is used to calculate the stress level. Simple bar wave theory
predicts a square stress pulse of magnitude 6=EV/2Cp while the actual stress ramps
up and oscillate around the stress level predicted by the bar wave theory as shown in
Fig. 8. A typical stress pulse, which is the first compressive pulse, measured with a
strain gage is also shown in Fig. 8. The reflected tension pulse will be the same
shape except that the higher frequency oscillations will somewhat die out. The
initial ramping at the beginning of the measured wave was combined with the
maximum stress based on the measure impact velocity. This combined stress




history is shown as a shaded area in Fig. 8 and was used to calculate the
experimental a(t).

A typical photomultiplier tube (PMT) output of a specimen (15% vol.
SiCw/Al;03) impacted at 8 m/s is shown in Fig. 9. The crack begins to run shortly
after the arrival of the tension stress wave.

The fringe motion history shown in Fig. 9 was combined with the other PMT
output to obtain the COD history for this test shown in Fig. 10. The COD data was
curve fit with a higher order polynomial which was used to analyze the data at the
same time increments as the stress history.

8. Crack Histories

The procedure presented previously was used to obtain the crack length
histories of the ceramic specimens impacted at velocities of approximately Vo = 5.8,
8, and 10 m/s for each of the four materials. A typical crack length histories for 15%
vol. SiCy/Al,O3 are presented in Fig. 11 where the crack velocities, V, increased
with increasing impact velocity, Vo. The hot pressed alumina and the two
composite materials showed nearly the same crack velocities. The 99.5% dense
alumina had about a 11-31% higher crack velocity as the other three. All materials
displayed a linear relationship between V and V,. The hot pressed alumina and the
two composites showed nearly the same linear function, where as the other
alumina had higher crack velocities but a smaller slope.

The initial crack lengths, a,, for ten of the twelve specimens were determined
by observing the fracture surface with a binocular microscope. All materials
exnibited a distinct fracture initiation site with the exception of the 99.5% dense
alumina. On the last test of the 99.5% dense alumina, dye penetrant was baked onto
the precrack area prior to testing and a, was determined for this specimen. The
initial crack is generally curved along the crack front since the specimen is subjected
to a state of plane strain in the mid section and a state of plane stress near the the
side surfaces. The measured initial crack length was taken as the average distance of
a, measured at the side surfaces and a, measured in the middle. The initial crack
length, a,, is defined in Fig. 3.

9. K| Determination

The dynamic stress intensity factor, Kj, variation for 15% volume SiCy/Al203
bars impacted at three velocities each is shown in Fig. 12. The fracture toughness
increased with increasing impact vclocitics within each material gioup. The Kj data




was plotted as a function of the non-dimensional crack length, a=a/W. Kj increased
rapidly to begin with, then increased more slowly as the crack approached the
boundary. The increase in Kj as a function of time is even more pronounced.

Fig. 13 is a plot of K| versus the average crack velocity, V, for all the materials
in this study. The average velocity was used since the slight oscillations in the crack
length curves may be due to experimental error in the analysis method.

The dynamic initiation fracture toughness, Kiq, was calculated by the
technique presented in section 3. All results are summarized in Table 3. All
specimens impacted at 10 m/s showed macroscopic crack branching. Also, the hot
pressed alumina impacted at 8 m/s showed crack branching. The crack branching
toughness [13], Kpp, is also listed in Table 3.

The crack branching stress intensity factor, Kjp, was determined by measuring
the crack branch length, ap, then choosing Kjp —Kj(a=ap/W) from the dynamic stress
intensity factor curves e.g., Fig. 12. Kp was typically 2 to 2.5 times the magnitude of
Kg which is in accord with previously reported results [13]. Surpassing Kjp was a
necessary, but not a sufficient condition for the crack to branch and is in agreement
with some tests where K] exceeded Kp, without crack branching.

10.  Discussions

The basic postulate for the procedure described above is neglecting the effects
of the boundaries perpendicular to the crack plane since ¥ and Q are based on the
in{laite medium solution for a constant crack velocity. Both plots of Q and ¥
displayed an initial oscillation immediately after the crack began to propagate. It is
not known if these oscillations are noise associated with the numerical solution or
il they indicate a real physical phenomenoi:.

The crack length history, a(t), oscillates about a constant velocity, even when
the curve fitted COD history was used. The new procedure has the limitation in
that it cannot discern whether the variation in crack velocity is real or if it is
experimental noise caused by stress wave reflections from the free surface in front of
the crack tip. These modest oscillations in a(t) were never more than 0.3 mm and
seemed to have little effect on the calculation of Kj.

Before proceeding to the analysis of experimental data, it was important to
verify that the numerically determined calibration constants, Q. and ¥ would
determine the correct crack length history, a(t) and Kj as determined by the finite
element model. A verification, which used Q. and ¥ and the known stress history
and COD from the FEM analysis to calculate a(t) and K|, was thus conducted. In
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regard to Kj, the initial oscillation in ¥ did introduce a discrepancy of about 10%
immediately after the crack began to propagate. However, K| matched closely in the
range of 0.5<a=a/W<0.85. The use of ¥ over predicted K| above a=0.85 due to the
drop off in the ¥ curve. The theoretical value of ¥ from the asymptotic near field

solution was determined to be \ n/32. The difference between Wiheo. and ¥ may be
due to an overly stiff finite element mesh. In this regard, the mesh should be
significantly refined in future work.

The LIDG technique has a sensitivity of 0.911 mm for this particular setup.
The experiment was such that the COD was less than 1 um at the time the crack
began to propagate. This caused uncertainty at the initial stages of the crack
propagation and would have made it impossible to accurately determine a, or Kig.
Instead, ap was measured directly from the fracture surface and Kjq was calculated
from the procedure presented. The crack opening displacement varied nearly linear
with time. The variance from a straight line matched the time the stress wave took
to propagate from the crack to the free boundary and back again.

The relationship between V, and V was linear, but the straight line fit did not
extrapolate through the origin. The lower density alumina had higher crack
velocities, but the slope was not as steep as the other materials. The crack velocities
were nearly the same for the hot pressed alumina and the two composites. This was
an indication that the toughening mechanisms in the composite were ineffective
under this severe dynamic fracture. The higher crack velocity in the lower density
alumina was in accord with other published data[1,2].

Crack propagation initiated at the respective values of K4 for each material
and reach values of K as high as 4 times K|q. K| is expected to be overestimated for
o > 0.85. K] was calculated for the bars in which the crack branched. The K| curve
remained smooth through the branching. Ki was plotted for crack lengths greater
than the crack branch length, ap, in tests in which crack branching occurred.
Although the data was plotted for a > ap, the procedure has no basis for calculating
K1 beyond the crack branch length, ap. A unique relationship between V and K| was
not apparent from the results of this experiment. Other researchers have reported
similar results for ceramic materials [1,2]. The uniqueness of the Kj versus V curve
continues to be a source of controversy and the results of this study did not resolve
this question due to the insufficient resolution in determining the crack velocity.

A great advantage of this technique was that the crack was loaded by a
relatively "clean" tension stress which is uniform across the crack plane and loads
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the crack in mode I opening only. The duration of the experiment was less than the
time for the primary release waves to return to the crack. The potential exist for this
experiment to be analyzed from dynamic fracture theory without an expensive
dynamic finite element analysis. The crack behaved as a crack in an infinite solid
for the limited duration of the experiment. The theory of dynamic fracture under
stress wave loading would be applicable for this limited time before boundary effects
become significant.

11. Conclusions

D A new type of experimeni was designed to study the dynamic fracture
behavior of ceramic materials. The new test method provided several

distinct advantages over current experimental methods.

* A predictable and "clean", unidirectional stress pulse was suddenly
applied at the crack plare.

* A sharp precrack was introduced in the ceramic bar yielding better
estimates of Kig.

* Once set up, this experiment was relatively easy to perform and was
comparable to the popular instrumented Charpy impact test.

* The experiment was capable of producing Kj in the range of 107 MPaym/s,
which surpasses the more complicated Hopkinson bar experiments.

* The method gave consistent results for a(t) and K.

2) A new method of analysis was developed for converting the measured COD
and stress to useful Kj data. The technique provided the following
contributions:

* Two non-dimensional invariant parameters, Q and ¥ were derived. The
constants defined as Q¢ and ¥, were used to analyze any number of
experiments of any material at a va.iety of impact velocities.

* Only one dynamic finite element analysis was needed per specimen
geometry to analyze a series of tests. This makes dynamic fracture study of
ceramic materials more economical.
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3)

4)

5)

6)

12.

13.

Dynamic fracture theory was used to determine Kjgq based on a measured
stress wave.

The toughening mechanisms for SiC,,/Al;03 composites were ineffective
when the material was subjected to severe dynamic fracture conditions.

A unique relationship between crack velocity and K; was not apparent for the
crack velocities in the range of 1400 to 2600 m/s.

The project verified that Kjp=2 to 2.5 times Kjq and that the crack velocity at
which branching occurred was roughly 0.4C».
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Table 1. Mechanical properties

Materials E (GPa) v p (g/cc) Cy (mm/us)
AlO31 99.5% 372 22 3.89 9.78
AlbO32 99.9% —HP3 387 22 3.97 9.87
15% v SiCw/ AlpO32 —HP 398 23 3.85 10.17
29% v Sle/A12032 —HP 408 23 3.73 10.46

C; is the dilatational wave velocity
Table 2. Calibration constants, Q¢ and ¥, calculated by FEM.
W (mm) X (mm) Qe Y Ytheo.
8.89 25 0.95 0.34 0.313
7.24 1.37 0.35

1 Coors Ceramic Company, 600 9th Street, Golden, CO 80401 USA.

2 Advanced Composite Materials Corporation, 1525 S. Buncombe Road, Greer, SC 29651 USA.

3 Hot pressed processing.
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Table 3. Experiment Summary

Material Vo \'% V/Co Kic Kid Kip
m/s m/s MPaVm | MPavVm | MPaVm
5.8 1975 0.32 53 -
Al,O3 79 2317 0.37 3-4 59 -
10.3 2605 0.42 52 124
Hot Pressed 5.7 1546 0.24 5.9 -
Al,O3 8.1 1830 0.29 4 6.8 149
10.1 2465 0.39 5.8 13.6
15% vol. 58 1457 0.22 9.0 -
SiCyw/AlLO3 8.0 1872 0.29 6 6.5 -
10.0 2210 0.34 6.7 14.2
29% vol. 5.8 1536 0.23 6.5 -
SiCw/ AlLO3 8.0 2383 0.36 7 57 -
10.1 2383 0.36 9.8 14.2
Vo — Midplane Stress History
L Impactor ] Specimen ] EVo +EVo
25.4 0 25.4 08, v D %
-2.6 -
I l.6ps
L
52 |
|
| 0.8us
7.8 | 1
t=8.6 1
]
104 ! T
3  Maximum | 36pus 52us
Compression |
Compressive -13.0 : __1,
Stress
|
:
i
Maximum 1
Tension t (us) !

Figure 1 Lagrangian diagram for bar impact experiment.
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Figure 4 Finite element values of Q vs. crack tip location, W=8.89 mm.
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Figure 5 Finite element verification of a(t), W=8.89 mm.
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Figure 6 Finite element values of ¥ vs. crack tip location, W=8.89 mm.
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Figure 7 Finite element verification of Ky(t), W=8.89 mm.

19




250

- = = = oft) Calculated from Vo
with 1.6 ps rise time
o(t) Measured

Stress (MPa)
o

31—

Post Impact Time (us)

Figure 8 Typical measured stress and ideal stress.
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Figure 9 Typical signal representing LIDG fringe motion.
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Figure 10 Typical COD history, Vo=8 m/s, 15% vol. SiCy,/ A1,03.
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Figure 11 Typical crack length histories, 15% vol. SiCy / Al7O3.
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Figure 13 K] versus average crack velocity for all materials.
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