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THE MECHANICAL RESPONSE OF TNT AND A COMPOSITE, COMPOSITION B, OF 
TNT AND RDX TO COMPRESSIVE STRESS: I UNIAXIAL STRESS AND FRACTURE 

D. A. Wiegand J. Pinto and S. Nicolaides 

Energetics and Warheads Division 
Armament Engineering Directorate 

Armament Research, Development and Engineering Center 
Picatinny Arsenal, NJ 07806-5000 

ABSTRACT 

The stress strain behavior, compressive strength and 

Young's modulus of trinitrotoluene (TNT) and a composite 

(Composition B) of TNT and cyclotrimethylene trinitramine (RDX) 

have been investigated in uniaxial compression as a function of 

temperature and strain rate. The compressive strengths and the 

moduli decrease with increasing temperature and decreasing strain 

rate. Limited tensile measarements were also made. Fzilure is 

by brittle fracture for all conditions investigated and can be 

explained in terms of the Griffith criteria for fracture. The 

temperature and strain rate dependence of the compressive 

strength can be attributed to the dependence of the rnodulus  cn 

these parameters and thermally activated slow subcritical crack 

a r o w t t .  hefere fracture. 

Little attention has been given to determining and 
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understanding the mechanical properties of molecular organic 

polycrystalline solids. In an effort to understand these types 

of materials and, in particular, to determine and understand 

failure conditions, the mechanical properties of trinitrotoluene 

(TNT) and a composite of trinitrotoluene and cyclotrimethylene 

trinitramine ( R D X )  have been investigated. Measurements have 

been made as a function of temperature and strain rate. Both TNT 

and the composite (Composition B) are very important military 

explosives. Knowledge of the mechanical properties and, in 

particular, the conditions for failure are very important 

relative to the safe use of these materials. The conditions of 

stress, strain rate and temperature experienced during cast 

cooling, handling, and in weapons use such as artillary launch 

are of special importance. Thus, studies were made for two 

strain rates, a quasi-static rate which is appropriate for cast 

cooling and some handling conditions, and a higher strain rate 

which is applicable to other conditions of handling and weapons 

use. Temperatures between 0' and 6 0 ' C  were used in the studies 

reported in this paper. The majority of measurements were made 

in compression and the results for uniaxial compression are 

reported here. Very lirited measurements were alsc made in 

uniaxial tension. Studies have also been made f o r  triaxial 

confined cornpression and the results of these studies will be 

reported in a companior. paper.' The triaxial confined con5itions 
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s i m u l a t e  t h e  c o n d i t i o n s  which t h e  e x p l o s i v e s  e x p e r i e n c e  d u r i n g  

a r t  i 1 l a  ry launch.  

TNT and t h e  composi te  were p repa red  by c a s t i n g  from t h e  

m e l t .  Composition B (Comp B) can be p repa red  by add ing  

p a r t i c u l a t e  RDX and wax t o  molten TNT. Comp B c o n t a i n s  39.4% 

TNT, 5 9 . 6 %  RDX and 1% wax. TNT and Comp B f a i l  by b r i t t l e  

f r a c t u r e  under u n i a x i a l  l oad ing  and t h e s e  m a t e r i a l s  a r e  much 

weaker i n  t e n s i o n  than  i n  compression.  During t h e  c a s t i n g  and 

c o o l i n g  p r o c e s s  d e f e c t s  such a s  c r a c k s ,  p o r o s i t y  and l a r g e r  v o i d s  

o r  c a v i t i e s  a r e  o f t e n  in t roduced .  These  d e f e c t s  a r e  v e r y  

impor t an t  because t h e y  a r e  thought  t o  p l a y  a c r i t i c a l  r o l e  i n ,  

f o r  example, premature i g n i t i o n  d u r i n g  a r t i l l a r y  l aunch .  Some of 

t h e s e  d e f e c t s  a r e  caused  by stresses d u r i n g  c a s t  c o o l i n g ,  e . g .  

t he rma l  s t r e s s e s ,  and mechanical p r o p e r t i e s  f o r  t h e s e  c o n d i t i o n s  

are needed f o r  computer modeling s o  a s  t o  be  a b l e  t o  p r e d i c t  

c o n d i t i c m  which w i l l  no t  r e s u l t  i n  d e f e c t  g e n e r a t i o n .  There a r e  

f r e e  s u r f a c e s  because of  t h e s e  d e f e c t s  and s o  measurements were 

made f o r  t h e  s i m p l e s t  c o n d i t i o n s  of f r ee  s u r f a c e s ,  i . e .  u n i a x i a l  

s tress and a t  a l o w  q u a s i - s t a t i c  r a t e .  Measurements were a l s o  

made a t  a h ighe r  s t r a i n  r a t e  t o  p rov ide  t h e  in fo rma t ion  and 

unde r s rand ing  n e c e s s a r y  f o r  computer node l ing  t o  p r e d i c t  f a i l u r e  

c o n d i t i o n s  with d e f e c t s  d u r i n g  use, e . g . ,  d u r i n g  a r t i l l a r y  

l aunch .  

Complete stress v s .  s t r a i n  c u r v e s  w e r e  r eco rded  a s  a 
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function of the various parameters mentioned above and particular 

attention has been given to the compressive strength, Young's 

modulus, and also the strain at the compressive strength. The 

goal is to develop a basic understanding of these materials which 

will enable predictions of failure conditions and provide 

guidance f o r  avoiding failure. Limited numbers of measurements 

were made for each condition of temperature and strain rate. The 

intent was to survey the mechanical properties as a function of 

these conditions to provide the bases f o r  an understanding. 

Additional work with larger numbers of samples is desirable to 

place the results and understanding presented here on a firmer 

base. 

Finally, it is important to note that at no time during the 

course of these experimental studies was any evidence of fast 

explosive reaction observed. 

EXPERIMENTAL 

The mechanical properties experiments described in this 

paper were performed using a medium r a t e ,  high load, servo- 

hydraulic system. A szhematic of the system is sk.2wn in Figure 

1. A compressive o r  tensile load can be apFlied t j  a test 

specimen by hydradlically moving the actuator rod ~p or dcwn. 

The system car! apply a force of up to 35,000 lbs and can achieve 

a maximum free run veiocity of up to 80 in/s. Strain rates of up 
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to 8 s-1 can be obtained for explosive samples of the size used in 

this work. Failure of a test specimen can be achieved in 

approximately 2 to 5 ms (see Figure 2 ) .  

The operation of the apparatus is controlled by a PDP 11/03 

microcomputer. Any desired load-time, displacement-time, or 

strain-time profile within the limits of the system can be 

programmed into the computer and applied to a test specimen. The 

desired profile is generated with the aid of a feedback loop from 

the appropriate sensor, e.g., the load cell, to the computer (see 

Figure 1). For both the low and high strain rates the 

displacement was controlled. The computer also controls data 

acquisition, data analysis, data display, hard copy generation, 

and data transfer to a mass storage device. The electronics and 

control parts of the apparatus were isolated physically from the 

load frame so that explosives and propellants could be tested 

safely. 

A linear variable differential transformer (LVDT) was used 

to measure the displacement of the actuator rod and thus the 

change in length of the sample and a load cell was used to 

measure the applied force. The L M T  and the load cell are 

calibrated annually by the manufacturer. Additional static 

calibrations of the LVDT were made with a machinist type djal 

indicator gage using increments of 0.001 in. The LVDT was also 

calibrated dynamically at several strain rates agaifist strain 
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gages using a lucite sample.2 Amplifiers were available for three 

sets of strain gage circuits. The crossheads were enclosed in a 

large insulated chamber for temperature conditioning, and the air 

in this chamber was either heated electrically or cooled by 

blowing Solid carbon dioxide into the chamber. A control 

thermocouple regulated the flow of current to the heater or of 

coolant into the chamber to achieve and maintain the desired 

temperature. At low rates the apparatus is capable of applying 

constant load (stress) or displacement (strain) rates to the 

sample and at such rates the acceleration and deceleration are 

not significant. However, when the apparatus is driven to its 

maximum rate as it was in the work reported here for the high 

strain rate, the acceleration and deceleration can be 

significant. In order to decrease deceleration problems as the 

maximum displacement was apprcached, the apparatus was 

overdriven, i.e., the maximum displacement programmed into the 

computer was greater than that necessary to complete the desired 

effect, e.g., compressive failure. The stress and strain rates 

were not constant as a function of time fo r  the high strain rate 

work since the hydraulics had to be overdriven to obtain the 

desired strain rate and typical curves of strain rate and stress 

vs. time are giver: in Figure 2 .  The strain rate data has been 

smoothed by averaging every nine points of the originai strain 

rate v s .  time curve. The noise in the strain rate curve 
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originates in the LVDT as well as contributions from analogue to 

digital and digital to analogue conversions required in the high 

rate data handling process. After the initial acceleration the 

strain rate has the average value of 1.4 s-1. For all data given 

in this paper, high strain rate refers to the strain rate vs. 

time data of Figure 2. The low strain rate was constant at 6.1 x 

10-4 s-1 to within approximately 1%. 

In order to measure the uniaxial compressive properties of 

Comp B and TNT, cylindrically shaped test specimens were first 

coated on their end faces with a thin film of graphite powder in 

order to minimize binding and friction at the compression faces. 

The test specimens were then placed in the insulated temperature 

chamber for conditioning at approximately the desired 

temperature. After a suitable length of time the test specimens 

in sequence were placed on the lower crosshead for additional 

temperature conditioning. Thermocouples were attached to the top 

and bottom of each specimen, and a thermocouple was suspended in 

the air next to the specimen. These temperatures were monitored 

until equilibrium at the desired temperature was achieved. For 

extremely high temperatures heating tape was wrapped arc.und the 

metal parts to bring them to the desired temperat-re mSre 

c p i c k l y .  When the desired temperature was achieved the test 

specimer. was slowly brodght into contact with the heated upper 

crosshead and a small pre-stress of approximately 50 psi w a s  
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applied to the specimen to avoid impact between the specimen and 

the upper crosshead, especially at high rate. A displacement 

versus time profile was then programed into the computer and 

applied to the specimen. 

Composition B and TNT casts were made by pouring the molten 

material either into a cylindrical metal split msld or into 

cardboard cylinders.3 The casts were cut as described below and 

machined to the desired sample dimensions and tolerances. The 

material was x-ray radiographed after casting and discarded if 

there were significant cracks, voids, or porosity. A l l  samples 

were also radiographed after machining. Details of the casting 

procedures are given elsewhere.3 One cast each of TNT and Comp B 

were obtained for this work using the split mold. 

The casts obtained from the split mold were cut into 

sections perpendicular to the axis and the secticcs from the very 

top and bottom of the casts were discarded.' The remaining 

sections were then further cut and machined into cylindrical 

samples with axes either parallel to the cast axis or 

perpendicular to this axis. The samples were 1.5 in long ar,d the 

diameters were nominally 0 . 7 5 2  in but samples wic:: a range of 

diameters were actually obtained and these were use3 to make 

confined cylinder triaxial measurements at various 
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temperatures.l.3 The sample end surfaces were flat and parallel 

to fO.OO1 in. 

Two different cardboard molds were used which differed only 

in length. One sample was obtained from each of the smaller casts 

and the larger casts were cut up and samples prepared in much the 

same manner as the casts from the split mold except that the axes 

of most samples obtained in this way were aligned parallel to the 

mold axis. In general, samples obtained from the cardboard molds 

were of better quality than samples obtained from the split mold 

and the best samples were obtained from the smaller casts. 

RESULTS 

Composition B samples, some of which were cast in the 

split mold and others which were cast in the smaller cardboard 

tubes, were measured in uniaxial compression. The specimens from 

the smaller cardboard tubes were measured at the low and high 

strain rates and at 0', 23', 4 0 ' '  and 60'C. Measurements were 

also made at -20' and -4O'C but the results were very erratic and 

non-reproducible, and are not presented. In all of these 

experiments axial stress and strain were measured and a modulus 

was calculated from the slope of the stress vs. strain curve. 

Stress v s .  strain curves for Conp 6 are given ir. Figures 3 and 4 

and photographs of typical sample fraqments after failure are 

given in Figure 5 .  The compressive strength, Ow,  is taker: at the 
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maximum o f  t h e  stress v s .  s t r a i n  c u r v e ,  Em i s  t h e  s t r a i n  a t  (Tmr 

a n d  Young ' s  modulus  is  t a k e n  a s  t h e  slope o f  t h e  s t r a i g h t  l i n e  

r e g i o n  a s  shown.  The s a m p l e  f r a g m e n t s  i n d i c a t e  a b r i t t l e  type o f  

f a i l u r e .  T h e r e  i s  some " c r u m b l i n g "  a n d  "powder ing"  a s  a r e s u l t  

of u n i a x i a l  c o m p r e s s i v e  f a i l u r e  ( n o t  shown i n  F i g u r e  5 ) .  Very  

e x t e n s i v e  p o w d e r i n g  h a s  a l s o  b e e n  f o u n d  a s  a r e s u l t  o f  m e c h a n i c a l  

f a i l u r e  of a s i m u l a t e d  v o i d  d u e  t o  a n  applied c o m p r e s s i v e  s t ress .$  

I n  a d d i t i o n ,  e x t e n s i v e  p o w d e r i n g  o c u r r e d  i n  s p e c i m e n s  a s  a r e s u l t  

o f  i m p a c t .  5 

The a v e r a g e  c o m p r e s i v e  s t r e n g t h  a t  2 3 ' C  a n d  a t  the  h i g h  

s t r a i n  r a t e  i s  3260 f 150 p s i ,  t h e  a v e r a g e  s t r a i n ,  Em, i s  0 . 6 5  f 

0.10%, a n d  t h e  a v e r a g e  e l a s t i c  modulus  i s  ( 0 . 6 0  5 0 . 0 2 )  x 1 0 6  p s i .  

The r e s u l t s  a t  2 3 ' C  are summar ized  i n  T a b l e  1. I n  g e n e r a l  t h e  

s t r a i n s ,  E ~ ,  were f o u n d  t o  v a r y  more f r o m  s a n p l e  t o  s a m p l e  t h a n  

t h e  m o d u l i  or t h e  c o m p r e s s i v e  s t r e n g t h s . 3  T h i s  v a r i a t i o n  i n  t h e  

s t r a i n s  a t  f a i l u r e  is  u n d o u b t a b l y  dge a t  l e a s t  i n  p a r t  t o  

u n c e r t a i n t i e s  i n h e r e n t  i n  t h e  method b y  which  t h e y  vere 

d e t e r m i n e d .  S e c a u s e  of  t h e  r o u n d i n g  of t h e  s t ress  v s .  s t r a i n  

c u r v e s  i n  t h e  v i c i n i t y  o f  Or a n d  b e c a u s e  of n o i s e  i n  t h e  d a t a  

t h e r e  i s  more u n c e r t a i z t y  i n  t h e  d e t e r m i n a t i o n  of  c- char, i n  t h e  

d e t e r m i n a t i o n  o f  0,- f rzn .  t h e  c u r v e s  (see f i g u r e s  3 and  4 ) .  

.Although s a m p l e s  were r a c h i n e d  i n t o  c y l i n d e r s  with 2 x e s  parallel 

a n d  p e r p e n d i c u l a r  t o  t h e  c a s t  a x i s ,  i n s u f f i c e n t  d a c a  was 
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o b t a i n e d  t o  d e t e r m i n e  i f  t h e r e  was a d e p e n d e n c e  o f  t h e s e  

m e c h a n i c a l  p r o p e r t i e s  on t h e  o r i e n t a t i o n  o f  t h e  a x i s . 3  

O r i e n t a t i o n  d e p e n d e n c e  h a s  b e e n  f o u n d  f o r  low r a t e  m e a s u r e m e n t s . 6  

COMPRESSIVE 
STRENGTH 

(PSI) 

E 
YOUNG ' S 
MODULUS 

(X 106 PSI) 

STRAIN I tlr 

C o r n  B 

1680 

3260  k 1 5 0  

0.36 

0 . 6 0  k 0 . 0 2  

0.49 

0 . 6 5  k 0 . 1  

T N T  

960 

1850 * 180 

0.25 

0.45 2 0 . 0 7  

0.45 

0.58 ? 0 . 0 7  

Summary of  E x p e r i i n e n t a l  R e s u l t s  a t  23 'C.  

The r e s u l t s  o f  u n i a x i a l  measurements  o f  C o ~ p  B c a s t  i n  t h e  

s m a l l  c a r d b o a r d  t u b e s  a r e  g i v e n  i n  F i g u r e  7 f o r  t w 3  s t r a i n  r a t e s  

a n d  f o u r  t e z x p e r a t u r e s .  The low r a t e  c o m p r e s s i v e  s t r e n g t h  d a t a  

a g r e e  w e l l  w i t h  t h e  d a t a  o f  C o s t a i n  a n d  Hc,ttoe a s  a f u n c t i o n  of 

t e r r . p e r a t u r e  and  t h e  k4igh r a t e  c o m p r e s s i v e  s t r e n g ' c h  a t  room 

t e m p e r a t u r e  is i n  agreement  w i t h  t h e  v a l u e  g i v e n  by C l a r k  a n 3  
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Schmitt.9 These investigators made measurements on Comp B under 

similar loading conditions on specimens of comparible size to 

those used in this study. The results of Figure 7 indicate that 

the uniaxial compressive strength decreases with increasing 

temperature and decreasing strain rate (see also Figures 3 and 

4 ) .  Clark and Schmitt also report a decreasing compressive 

strength with decreasing rate but they report a considerably 

greater decrease for a somewhat smaller decrease in rate.9 

The results presented in Figures 3 and 4 indicate that the 

modulus also decreases with decreasing strain rate. In Figure 8 

the modulus, E, is given as a function of temperature at the low 

and high strain rates as determined from the uniaxial 

measurements. The results indicate that E decreases with 

increasing temperature and decreasing strain rate. More 

extensive data obtained by triaxial compression measurements 

indicate the same dependence on temperature and strain 

In contrast, Clark and Schmitt found no dependence of the modulus 

on rate.9 However, in later work of these investigators with more 

limited data as a function of rate, the modulus at four 

temperatures was f o m d  to be higher at the higher ra te . : :  There 

also is sorrie indication that the strains at failcre a r e  l o w e r  at 

the low strain rate.2 However, as noted above, :!?ere 15 

considerable scatter i n  the strains, Em. Thus, this trend as a 
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f u n c t i o n  of s t r a i n  r a t e  c a n n o t  be t a k e n  a s  t o o  s i g n i f i c a n t .  

Both  C l a r k  a n d  Schmitt9.10 a n d  C o s t a i n  a n d  Motto8 r e p o r t  

m o d u l i  which  a r e  s i g n i f i c a n t l y  l a r g e r  ( a  f a c t o r  of  two or  more)  

t h a n  v a l u e s  reported h e r e .  L a r g e r  m o d u l i  h a v e  a l so  b e e n  r e p o r t e d  

e l s e w h e r e . 1 1  Whi le  C l a r k  and  S c h m i t t l o  report m o d u l i  which  

d e c r e a s e  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  t h e  more l i m i t e d  d a t a  of 

C o s t a i n  a n d  Motto8 i n d i c a t e  a n  i n c r e a s e  i n  modulus w i t h  i n c r e a s i n g  

t e m p e r a t u r e .  S m a l l e r  s t r a i n s  a t  f a i l u r e  a r e  a l s o  reported b y  

t h e s e  i n v e s t i g a t o r s .  The methods o f  sample  p r e p a r a t i o n  a n d  t h e  

q u a l i t y  o f  t h e  s a m p l e s  u s e d  by t h e s e  i n v e s t i g a t o r s  a r e  unknown, 

a l t h o u g h  C l a r k  a n d  S c h m i t t  do g i v e  s a m p l e  d e n s i t i e s  a n d  i n d i c a t e  

t h a t  some s a m p l e s  were vacuum c a s t . g . 1 °  C o s t a i n  and  M o t t o  g i v e  

o n l y  a v e r a g e  d e n s i t i e s .  I n  a d d i t i o n ,  t h e  stress v s .  s t r a i n  c u r v e s  

g i v e n  b y  C l a r k  a n d  S c h m i t t  show c o n s i d e r a b l e  c u r v a t u r e  a n d  

C o s t a i n  a n d  M o t t o  d o  n o t  g i v e  stress v s .  s t r a i n  c u r v e s .  I n  t h e  

work reported h e r e  t h e  s t r e s s  v s .  s t r a i n  c u r v e s  a r e  l i n e a r  a l m c s t  

t o  f a i l u r e  (see F i g u r e s  3 and 4 )  a n d  t h e  m o d u l i  a r e  d e t e r m i n e d  by 

t h e  s l o p e s  o f  t h e  l i n e a r  r e g i o n s .  The l o a d  c e l l  and  LVDT u s e 3  i n  

t h i s  work were c a l i b r a t e d  a n n u a l l y  b y  t h e  m a n u f a c t u r e r  a s  n o t e 3  

a b o v e  a n d  h a v e  shcwn no  s i g n i f i c a n t  c h a r g e s  o v e r  s e v e r a l  y e a r s .  

A few s a m p l e s  of  Corr.p B were s t r a i n  gaged  and  measGremsnts  

made w i t h  t h e  same a p p a r a t u s  t o  d e t e r m i f i e  t h e  modulus ,  E ,  a n d  

P o i s s o n ' s  r a t i o ,  v . 2  I n  a l l  c a s e s  t h e  a x i a l  s t r a i n s  a s  d e t e r s i n e 8  
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by t h e  s t r a i n  gages are s m a l l e r  approx ima te ly  by a f a c t o r  o f  two 

t h a n  t h e  s t r a i n s  as de te rmined  by t h e  LVDT, and t h u s  t h e  E v a l u e s  

o b t a i n e d  u s i n g  t h e  s t r a i n  gage s t r a i n s  a r e  l a r g e r  t h a n  t h e  E 

v a l u e s  o b t a i n e d  u s i n g  t h e  LVDT s t r a i n s  by t h e  sane f a c t o r .  I n  

c o n t r a s t ,  t h e  ave rage  v a l u e  of  V o b t a i n e d  from t h e  s t r a i n  gages  

f o r  t h e  low s t r a i n  r a t e  i s  0 . 3 4  which i s  a p p r o x i n a t e l y  i n  

agreement wi th  t h e  v a l u e  o b t a i n e d  from t h e  t r i a x i a i  measurements 

a t  23.C. i .3  Because of t h e  c a l i b r a t i o n  of  t h e  LmT, t h e  

c o n c l u s i o n  has  been made t h a t  t h e  r e s u l t s  f o r  t h e  s t r a i n  gages  

a r e  i n  e r r o r ,  most p robab ly  because t h e  g l u e  (Eastnan 9 1 0 )  d i d  

n o t  e s t a b l i s h  t h e  c o r r e c t  f l e x i b l e  c o n t a c t  betweer. t h e  Comp B and 

t h e  s t r a i n  gages .  The same f r a c t i o n a l  error i s  t o  be e x p e c t e d  

f o r  t h e  r a d i a l  and a x i a l  p a r t s  of t h e  s t r a i n  gage.  Thus, t h e  

v a l u e  of v a s  o b t a i n e d  a s  a r a t i o  of  t h e s e  s t r a i n s  i s  found t o  

a g r e e  with t h e  v a l u e  a s  de t e rmined  i n  t h e  t r i a x i a l  measurements .  

C l a r k  and Scbmit tg , lo  used  s t r a i n  gages and r e p o r t  E v a l u e s  which 

a r e  c o n s i d e r a b l y  l a r g e r  t h a n  t h e  v a l u e s  r e p o r t e d  LT. t h i s  pape r  

and o b t a i n e d  u s i n g  t h e  L W T  t o  measure s t r a i n  a s  r.cted above.  

However, C la rk  and Schmit t  a l s o  o b t a i n e d  l a r g e r  va lues  of E from 

t r i a x i a l  d a t a  a s i n g  an L M T  t o  de t e rmine  t h e  s t r a i n s . 1 2  

A very  l i m i t e d  number of measurements 05 C r . 3  B i n  u n i a x i a l  

t e n s i o n  were a l s o  made. These measurements were rr.ade u s i n g  

c y l i n d r i c a l  samples of t h e  same t y p e  used for t h e  :onpression 

s t u d i e s .  The f l a t  ends of t h e  samples were a t t a c k s 3  t o  r e t a l  
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c y l i n d e r s  u s i n g  Eastman 910  a d h e s i v e  a n d  t h e  m e t a l  c y l i n d e r s  were 

i n  t u r n  a t t a c h e d  t o  t h e  f i x e d  a n d  movable  c r o s s h e a d s  u s i n g  a 

t h r e a d e d  a r r a n g e m e n t .  P r e l i m i n a r y  measurements  were made a t  t h e  

low a n d  h i g h  s t r a i n  r a t e s  a t  23 'C.  

The r e s u l t s  i n d i c a t e  t h a t  Comp B i s  v e r y  weak i n  t e n s i o n .  

F a i l u r e  i n  a l l  c a s e s  was b y  b r i t t l e  f r a c t u r e  a n d  t h e  f r a c t u r e  

s u r f a c e s  were c l o s e  t o  b e i n g  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  

t h e  a p p l i e d  t e n s i l e  s tress.  The t e n s i l e  s t r e n g t h ,  UT, was f o u n d  

t o  be 1 6 4  i 2 1  ps i  a t  t h e  low s t r a i n  r a t e  a t  23'C f o r  e i g h t  

s a m p l e s .  A few o t h e r  s a m p l e s  g a v e  e x t r e m e l y  low v a l u e s  o f  01- a n d  

a r e  n o t  i n c l u d e d  i n  t h e  above  a v e r a g e .  T h i s  v a l u e  o f  UT i s  lower 

t h a n  b u t  c l o s e  t o  t h e  v a l u e  r e p o r t e d  b y  C o s t a i n  and  Motto,B i . e ,  

2 0 8  p s i  a t  23 'C.  Only two measurements  w e r e  made a t  t h e  h i g h  

s t r a i n  r a t e ,  a n d  t h e  t e n s i l e  s t r e n g t h s  of t h e s e  two samples were 

4 7 0  a n d  4 8 0  p s i  r e s p e c t i v e l y .  T h e s e  r e s u l t s  i n d i c a t e  a 

s i g n i f i c a n t  i n c r e a s e  i n  t e n s i l e  s t r e n g t h  w i t h  i n c r e a s i n g  s t r a i n  

r a t e .  An i n c r e a s e  i n  t e n s i l e  s t r e n g t h  w i t h  i n c r s a s i n g  s t r a i n  

r a t e  h a s  b e e n  r e p o r t e d  f o r  PETN.12 Although f a i l c r e  was i n  t h e  

e x p l o s i v e  (Comp 8 )  a n d  n o t  i n  t h e  a d h e s i v e ,  many of t h e  s a m p l e s  

l o a d e d  a t  b o t h  h i g h  and  10s r a t e  f a i l e d  c l o s e  t o  t h e  Comp B- 

a d h e s i v e  i n t e r f a c e .  While  no  e v i d e n c e  fcr c h e m i c a l  r e a c t i o n  

betveer. Corn;; B and  t h e  a d h e s i v e  c o u l d  be d e t e c t e d ,  i t  i s  f e l t  

t h a t  t h e s e  t e n s i l e  measurements  s h o u l d  be  r e p e a t e i  u s i n g  t h e  mare  
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s t a n d a r d  "dogbone" type o f  s a m p l e s .  

nu 
E x p e r i m e n t s  s i m i l a r  t o  t h o s e  p e r f o r m e d  o n  Comp B were 

p e r f o r m e d  o n  TNT. These e x p e r i m e n t s  were c a r r i e d  o u t  t o  

d e t e r m i n e  t h e  e f f e c t s  o f  a d d i n g  FOX a n d  wax t o  TNT t o  make Comp 

B .  I n  a d d i t i o n ,  TNT i s  a n  i m p o r t a n t  m a t e r i a l  b y  i t s e l f .  

M i l i t a r y  g r a d e  TNT was c a s t  i n  t h e  sp l i t  m o l d  and  i n  c a r d b o a r d  

t u b e s .  Measurements  were made a s  a f u n c t i o n  o f  t e m p e r a t u r e  a n d  

s t r a i n  r a t e  a s  f o r  Comp B.  A t  23'C a n d  t h e  h i g h  s t r a i n  r a t e  t h e  

a v e r a g e  v a l u e  of t h e  c o m p r e s s i v e  s t r e n g t h ,  Om, i s  1 8 5 0  + 1 8 0  p s i ,  

t h e  a v e r a g e  v a l u e  o f  t h e  modulus ,  E, is ( 0 . 4 5  k 0.07 )  X 106 ps i  

a n d  t h e  a v e r a g e  v a l u e  of E- i s  0 . 5 8  k 0 . 0 7  %. Thus, a t  2 3 ' C  a n d  

t h e  h i g h  s t r a i n  r a t e ,  t h e  a v e r a g e  c o m p r e s s i v e  s t r e n g t h  a n d  

modulus  f o r  TNT a r e  s m a l l e r  t h a n  t h e  v a l u e s  f o r  Comp B b u t  t h e  

a v e r a g e  s t r a i n s ,  En, a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f o r  t h e  t w 5  

m a t e r i a l s  (see T a b l e  1). I n  f a c t ,  a t  e a c h  t e m p e r a t u r e  a n d  a t  

e a c h  s t r a i n  r a t e  f o r  which m e a s u r e m e n t s  were made t h e  compressi.;e 

s t r e r . g t h  a n d  t h e  moduius  f o r  Comp B a r e  g r e a t e r  t t a n  t h e  v a l u e s  

f o r  TNT a n d  t h e  s t r a i n s ,  E-, a r e  a p p r o x i m a t e l y  t h e  same. '  

The c o m p r e s s i v e  s t r e n g t h s  a s  a f u n c t i o r .  of t e ? . p e r a t c r e  and 

r a t e  a r e  s i l r rmarized i n  Ficj-re  9 .   IS^ d e c r e a s e s  a s  - e m p e r a t - r e  i s  

i n c r e a s e d  a t  b o t h  r a t e s .  Theze  i s  a l s o  a n  i n c r e a s e  rjf  0- fcr a l l  

f o u r  t e a p e r a t u r e s  a s  t h e  r a t e  i s  i n c r e a s e d  sa the :  b o t h  t h e  
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temperature and rate dependencies are the same as for Comp B. 

The lcw rate Om data are in agreement with the results of Costain 

and Motto.8 While there is considerable scatter in the modulus 

values, E does tend to decrease as temperature is increased and 

does increase as rate is increased.3 Although the E values are 

smaller than the values reported by Clark and Schmittlo the 

temperature dependence is similar. The E value at 23'C and the 

low strain rate is also somewhat smaller than the value given by 

Costain and Motto8 and the temperature dependence appears to be 

opposite. Young's modulus a s  obtained by other techniques has 

also been found to be greater than the values reported in this 

work.13 

The compressive strength and Young's modulus are dependent 

on temperature and strain rate and a summary of the results at 

23'C is given in Table 1. The compressive strengths and Young's 

moduli at each temperature and at each strain rate are smaller 

for TNT than for Comp B while the strains at failure are 

approximately the same for both materials at each temperature and 

at each strain rate.3 The compressive strengths and the moduli of 

TNT and Comp B decrease with increasing temperature and 

decreasing strain rate. It should be noted, however, that the 

strain rate sensitivity is very small, e.g., an increase in the 
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strain rate by a factor of approximately 2.1 X l o 3  results in an 

increase in the compressive strength by only approximately a 

factor of t w o .  The increase in the moduli for this change in 

strain rate is even smaller. The values of the moduli for TNT 

and Comp B found in this work are smaller than the values 

reported by other investigators. 

DISCUSSION 

In the above summary it is pointed out that the compressive 

strength, om, and Young's modulus, E, are functions of strain rate 

and temperature. Some preliminary measurements were also 

reported on the tensile strength, (JT. In addition it is reported 

that failure in both tension and compression is by brittle 

fracture. In the following, a discussion of brittle fracture for 

both tensile and compressive loading is given and the temperature 

and strain rate dependencies of the compressive strength are 

considered. Milch more con?plete data for E will be given in a 

later paper.l Hence, the discussion of the dependence of E on the 

above parameters will be given in that paper.: 

Griffithi'.l- was the first to suggest that brittle 

materials contain randm7.ly oriextated cracks and that under 

tensile 01 compressive loading stress concentratisns develop at 

the crack tips wblich cailse them to propagate and lead to failure 
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b y  b r i t t l e  f r a c t u r e .  G r i f f i t h ’ s  t r e a t m e n t  i s  b a s e d  i n  p a r t  on 

work b y  I n g l i s l 6  who c a l c u l a t e d  f o r  a t h i n  p l a t e  t h e  maximum 

t e n s i l e  stress (stress c o n c e n t r a t i o n )  a t  t h e  t i p  of  a n  e l l i p t i c a l  

s h a p e d  c r a c k  w i t h  m a j o r  a x i s  normal  t o  t h e  d i r e c t i o n  o f  t h e  

a p p l i e d  t e n s i l e  stress. G r i f f i t h  c a l c u l a t e d  t h e  e l a s t i c  e n e r g y  

c h a n g e  d u e  t o  t h e  p r e s e n c e  o f  t h e  c r a c k .  If W i s  t h e  n e t  

d e c r e a s e  i n  e n e r g y  d u e  t o  t h e  p r e s e n c e  of t h e  c r a c k  a n d  ~ C C  i s  t h e  

o r i g i n a l  l e n g t h  o f  t h e  c r a c k  ( m a j o r  a x i s  o f  t h e  e l l i p s e ) ,  h e  

p o s t u l a t e d  t h a t  i n s t a b i l i t y  w i l l  r e s u l t  a n d  t h e  c r a c k  w i l l  

p r o p a g a t e  t o  f r a c t u r e  when dW/dc < 0 .  H e  t h u s  o b t a i n e d  a n  

e x p r e s s i o n  for b r i t t l e  t e n s i l e  f r a c t u r e  a s  

where  UT i s  t h e  t e n s i l e  s t r e n g t h ,  E i s  Young’s  modulus,  a n d  y i s  

s u r f a c e  e n e r g y  p e r  u n i t  a r e a .  G r i f f i t h  v e r i f i e d  t h i s  

r e l a t i o n s h i p  e x p e r i m e n t a l l y  by s t u d i e s  o n  g l a s s . : ’  I n  a d d i t i o n ,  

G r i f f i t h  showed t h a t  t e n s i l e  s t ress  c o n c e n t r a t i o n s  d e v e l o p  n e a r  

t h e  t i p s  of  c r a c k s  o r i e n t a t e d  a t  o t h e r  a n g l e s  t h a n  normal  t o  t h e  

a p p l i e d  t e n s i l e  s t ress  and  t h a t  t e n s i l e  s tress c o n c e n t r a t i o n s  

a l s o  o c c u r  f o r  a p p l i e d  c o m p r e s s i v e  s r r e s s e s . : ‘  Ti-.e r e l a t i o n s h i p  

be tween t h e  u n i a x i a l  t e n s i l e  s t r e n g t h ,  (Ti, and t h e  u n i a x i a l  

c o m p r e s s i v e  s t r e n g t ? . ,  0- i s  g i v e n  by 

- 0  
0” 

U -  
_ -  
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While many of the assumptions made by Griffith in obtaining 

equation (I) are not valid f o r  the experimental conditions used 

in this work, the ratio given by equation (2) is expected to be 

of more general validity. In fact, agreement with equation (1) 

has been found for many materials.17 For Comp B, using the 

limited tensile strength data presented we have at 23'C for the 

low strain rate arn/oy = 9.8 and for the high strain rate %/OT = 

6.9 in approximate agreement with the Griffith prediction of 

equation ( 2 ) .  From the data of Costain and MottoE at a low strain 

rate the ratio %/QT is 8.4 for Comp B and 8 . 0  for TNT at 23'C. 

For ten composite explosive formulations with cast TNT as the 

base treated by Costain and Motto this ratio is in the vicinity 

of 8.0 for most at 23'C, 52'C and 71'C. At -4O'C and -62'C this 

ratio is higher apparently because of a decrease of the tensile 

strength with decreasing temperature in this low temperature 

range. Some difficulty was encountered in making the tensile 

measurements reported by Costain and Motto at low temperatures 

because of sample breakage during handling, etc., apparently due 

to extreme brittleness.16 It is thus possible that the tensile 

strengths reported by these investigators at the iower 

temperatures are low because of undetected flaws -r.troduzed 

during handling. 

Several other approaches have been made te s ~ ~ d y  the 
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s t r e n g t h  o f  m a t e r i a l s  c o n t a i n i n g  c r a c k s .  I n  p a r t i c u l a r  McCl in ton  

a n d  Walsh19.20.21 m o d i f i e d  t h e  G r i f f i t h  t h e o r y  by a s s u m i n g  t h a t  i n  

u n i a x i a l  c o m p r e s s i o n  t h e  c r a c k s  close a n d  t h a t  a f r i c t i o n a l  f o r c e  

c h a r a c t e r i z e d  b y  a c o e f f i c i e n t  o f  f r i c t i o n  p i s  d e v e l o p e d  a c r o s s  

t h e  c r a c k  s u r f a c e s  t o  s u p p o r t  s h e a r  s t ress .  For p =  1 . 0  t h e  r a t i o  

&,/QT f o r  u n i a x i a l  stress i s  f o u n d  t o  be a b o u t  t e n  which  i s  a l s o  

i n  a p p r o x i m a t e  a g r e e n e n t  w i t h  many e x p e r i m e n t a l  r e s u l t s .  

F o r  u n i a x i a l  c o m p r e s s i v e  l o a d i n g  t h e  maximum t e n s i l e  stress 

w i l l  d e v e l o p  a t  e l l i p t i c a l  c r a c k s  whose m a j o r  a x i s  makes a n  a n g l e  

o f  3 0 '  w i t h  t h e  d i r e c t i o n  of  t h e  a p p l i e d  stress a n d  f o r  z e r o  

t h i c k n e s s  c r a c k s  t h e  a n g l e  be tween t h e  c r a c k  a n d  t h e  a p p l i e d  

stresses is 45 ' .22 These  t e n s i l e  stresses are i n  s u c h  d i r e c t i o n s  

t h a t  new c r a c k s  w i l l  i n i t i a t e  a n d  e x t e n d  t o w a r d  t h e  d i r e c t i o n  of  

t h e  a p p l i e d  c o m p r e s s i v e  stress.22 A s  t h e  new c r a c k  e x t e n d s  it may 

t u r n  i n  t o w a r d  t h e  d i r e c t i o n  of t h e  a p p l i e d  stress.22 I n  t h i s  

c a s e  t h e  s t r e s s  c o n c e n t r a t i o n  a t  t h e  t i p  w i l l  d e c r e a s e  a n d  t h e  

c r a c k  w i l l  s t o p  g r o w i n g .  A l t e r n a t e l y ,  t h e  new c r a c k ,  which  h a s  

i t s  own stress c o n c e n t r a t i o n ,  may b r a n c h ,  i . e .  i n i t i a t e  a n o t h e r  

new c r a c k  which w i l l  a l s o  e x t e n d  i n  t h e  d i r e c t i o n  of t h e  a p p l i e d  

s t ress .  By c o n t i n u e d  b r a n c h i n g ,  a ne twork  of c r a c k s  w i l l  d e v e l o p  

which w i l l  e v e n t u a l l y  be  cor .nec ted  a n d  resillt i n  f r a c t ; r e  of  t h e  

s p e c i m e n  i n t o  C O ~ ~ T R S  a l i g r , e d  i n  t h e  d i r e c t i c n  of t h e  applied 

s ~ r e s s .  An i n s p e c t i o n  of F l g c r e  6 w i l l  r e v e a l  t h a t  t h i s  t y p e  of  
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f r a c t u r e  b e h a v i o r  i s  o b s e r v e d  f o r  Comp B i n  u n i x i a l  c o m p r e s s i o n .  

The r o u n d i n g  o f  t h e  stress vs. s t r a i n  c u r v e s  j u s t  b e f o r e  t h e  

r a p i d  d e c r e a s e  o f  stress which  i n d i c a t e s  f r a c t u r e  may be d u e  t o  

t h i s  i n i t i a t i o n ,  g r o w t h  a n d  a r r e s t  o f  c r a c k s  (see F i g u r e s  2 ,  3,  

4 ,  a n d  5 ) .  I n  s o m e  o t h e r  c a s e s  t h e  f r a c t u r e  s u r f a c e s  f o r  Comp B 

h a v e  b e e n  d i a g o n a l .  The f r e q u e n c y  o f  t h e s e  o c c u r a n c e s  h a v e  n o t  

b e e n  s t u d i e d .  T h i s  b e h a v i o r  may be d u e  t o  t h e  e f f e c t  o f  

f r i c t i o n a l  f o r c e s  be tween t h e  e n d s  o f  t h e  s a m p l e  and  t h e  

c r o s s h e a d  s u r f a c e s .  

The G r i f f i t h  t h e o r y  i s  b a s e d  o n  a two d i m e n s i o n a l  model ,  

i . e . ,  a c r a c k  i n  a t h i n  p l a t e .  However, t h e  p r o b l e m  h a s  b e e n  

c o n s i d e r e d  i n  t h r e e  d i m e n s i o n s  f o r  a p e n n y  s h a p e d  c r a c k . 2 3  The 

r e s u l t s  i n d i c a t e  t h a t  t h e  b o u n d a r y  stresses a t  t h e  c r a c k  a n d  t h e  

s u r f a c e  e n e r g y  d i f f e r  f r o m  t h o s e  o f  t h e  two d i m e n s i o n a l  c a s e  b y  

o n l y  a few p e r c e n t .  

I n  s u n m r y ,  t h e  G r i f f i t h  t h e o r y  of c r a c k  g r o w t h  l e a d i n g  t o  

f r a c t u r e  a d e q c a t e l y  e x p l a i n s  t h e  o b s e r v e d  r a t i o s  o f  c o m p r e s s i v e  

t o  t e n s i l e  s t r e n g t h s  f o r  Comp B a n d  TNT. I n  a d d i t i o n ,  t h i s  

a p p r o a c h  p r e d i c t s  t h e  o b s e r v e d  o r i e n t a t i o n  o f  t h e  f r a c t u r e  

s u r f a c e s .  

T h e  c r a c k s  ney  be i n  t h e  m a t e r i a l  b e f o r e  l 3 a a i n g  and c o u l d  

b e  c a u s e d ,  f o r  e x a z p l e ,  by t h e r m a l  s tresses d u r i n g  c o o l i n g  f r o m  

t h e  m e l t ,  o r  c h e y  r .ay b e  g e n e r a t e d  d u r i n g  p l a s t i c  d e f o r m a t i o n  b y  

s l i p  F r c c e c s e s  and  i n t e r a c t i o n s  of  d i s l o c a t i o n s . : :  The r o u n d i n g  
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of  t h e  u n i a x i a l  stress v s .  s t r a i n  cu rves  j u s t  b e f o r e  t h e  a b r u p t  

d e c r e a s e  of t h e  stress (see F i g u r e s  3,  4 and 5), which i n d i c a t e s  

f r a c t u r e ,  c o u l d  p o s s i b l y  be  a t t r i b u t e d  t o  p l a s t i c  de fo rma t ion  due 

t o  d i s l o c a t i o n  motion. However, t h e  y i e l d  s t r e n g t h  o b t a i n e d  from 

t r i a x i a l  measurements i s  a f a c t o r  of two or more g r e a t e r  t han  t h e  

compressive s t r e n g t h . l . 3  I f  y i e l d  a s  determined f o r  t h e  t r i a x i a l  

l o a d i n g  c a s e  i s  i n t e r p r e t e d  a s  i n d i c a t i n g  t h e  onse t  of 

d i s l o c a t i o n  motion which r e s u l t s  i n  p l a s t i c  deformation,  t h e n  i n  

t h e  u n i a x i a l  c a s e  d i s l o c a t i o n  motion g i v i n g  p l a s t i c  de fo rma t ion  

s h o u l d  n o t  beg in  u n t i l  t h e  u n i a x i a l  stress i s  equa l  t o  t h e  y i e l d  

s t r e n g t h . l . 3  S ince  Y i s  g r e a t e r  t h a n  Om by a f a c t o r  of two or 

more, i t  is t h e n  very u n l i k e l y  t h a t  a p p r e c i a b l e  d i s l o c a t i o n  

motion r e s u l t i n g  i n  p l a s t i c  de fo rma t ion  p receeds  f r a c t u r e .  Thus, 

t h e  rounding o f  t h e  stress v s .  s t r a i n  cu rves  j u s t  b e f o r e  f r a c t u r e  

canno t  be a t t r i b u t e d  t o  d i s l o c a t i o n  motion. The rounding of t h e  

u n i a x i a l  s tress v s .  s t r a i n  cu rves  i s  most probably due t o  c r a c k  

growth and a r r e s t  a s  d i s c u s s e d  above.  

It shou ld  be noted t h a t  t h e  r a d i a l  confinement used i n  t h e  

c a s e  of  t h e  t r i a x i a l  l oad ing ,  i . e .  a l lowing  n e g l i g i b l e  r a d i a l  

s t r a i n ,  i n h i b i t s  crack growth and p ropaga t ion .  Tbss, a l though  

c r a c k  p r c p a g a t i o n  anti f r a c t u r e  a r e  observed i n  t h e  c a s e  of t h e  

more s t a n d a r d  t r i a x i a l  l oad ing ,  i . e .  with t h e  test  specimen under 

h y d r o s t a t i c  r a d i a l  p r e s s u r e  by a f l u i d  di l r ing a x i a l  cotcpression, 

e x t e n s i v e  c rack  p ropaga t ion  and f r a c t u r e  a r e  no t  expec ted  f o r  t h e  

41 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
2
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



case of radial confinement. This point is discussed further in 

reference (1). 

An inspection of Figures I and 9 reveals that the 

compressive strengths of both Comp B and TNT decreases with 

increasing temperature at both strain rates. While the number of 

samples measured is small, it is believed that the results of 

Figures 7 and 9 give a true picture of the trend of the 

compressive strengths with temperature. The results at the low 

strain rate are in good agreement with the results of Costain and 

Motto.8 From equation (1) we note that based on the Griffith 

theory of fracture this temperature dependence of the fracture 

strength must be due to the temperature dependence of either or 

both,y, the surface energy per unit area, and E, Young's modulus, 

since the crack length, 2cc, is assumed to be independent of 

temperature (see below). From Figure 8, we note that E decreases 

with increasing temperature for Comp B for both strain rates and 

more limited data for TNT3 shows that E also decreases with 

increasing temperature at both strain rates. Assuming for the 

moment that y is independent of temperature we find from 

equaticns (1) and ( 2 )  that 

where At& = U m i - Q m 2  is the difference in for t w o  temperarures 
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Ti and T2 and AE - E l  - E2 is the difference in E for the same two 

temperatures. By using data from Figures 7, 8 and 9 and 

reference ( 3 )  we find that for both Comp B and TNT at both strain 

rates Aam/am as measured is significantly greater than Aom/umi as 

calculated from equation ( 3 ) .  It thus seems necessary to 

conclude that the surface energy y also decreases with increasing 

temperature. 

A decrease in GT, the fracture strength in tension, has 

been reported by Congleton and Petch25.26 with increasing 

temperature for A1203, MgO and glass. These authors attribute the 

decrease in UT with increasing temperature to a decrease in ?fR, 

the fracture surface energy associated with a running crack. The 

increase in the fracture surface energy over the intrinsic 

surface energy as temperature is lowered is attributed to plastic 

deformation associated with crack propagation. Or0wan2~ and Irwin 

independently included a plastic work term in the energy balance 

leading to equation ( 1 )  and arrived at a modified Griffith type 

relationship for the conditions for crack propagation given by 

where y? is an energy associated with plastic work 

Coble and Parikh2@ give a more general discussion of the 

temperature dependence of the strength of brittle ce:amic 
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materials and they comment that for most pure materials the 

surface energy decreases with increasing temperature. The 

fracture strength of sapphire whiskers is also found to decrease 

with increasing temperature.29 These results are interpreted in 

terms of fracture without dislocation effects in the low 

temperature range, fracture accompanied by dislocation nucleation 

in an intermediate temperature range, and failure associated with 

dislocation nucleation and motion in the highest temperature 

range. The brittle fractnre strength of fine grained 

polycrystalline tungsten has also been reported to decrease with 

increasing temperature.30.31 In addition, the temperature 

dependence of the fracture strength of glass is found to decrease 

with increasing temperature especially in the low temperature 

range.32 In this case the temperature dependence is attributed to 

chemical attack on the surface by surface contaminants. The 

effect of surface cznditions on the mechanical properties of Comp 

B and TNT are unknown but no evidence of surface sensitivity has 

been noticed incidental to the studies reported on in this paper. 

However, the surfaces of all samples were prepared in the same 

manner, i.e. by machining and without further treatment. The 

surface treatments cf the samples used in the investigations of 

Clark and Schmitt,9,1.^ and Costain and Mottoe are unkncun. 

The bonding in the various materiais discussed imnediately 

above are quite different from the bonding in the nolecular 
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c r y s t a l l i n e  m a t e r i a l s  r e p o r t e d  on i n  t h i s  p a p e r .  Hence, c a r e  

must be t aken  i n  comparing t h e  r e s u l t s  d i s c u s s e d  immedia te ly  

above  wi th  t h e  r e s u l t s  f o r  Comp B and  TNT. However, i t  i s  c l e a r  

t h a t  t h e  t empera tu re  dependence of t h e  compress ive  s t r e n g t h s  of 

Comp B and  TNT can  be due a t  l e a s t  i n  p a r t  t o  t h e  t e m p e r a t u r e  

dependence of t h e  modulus and t h e  t e m p e r a t u r e  dependence of t h e  

f r a c t u r e  s u r f a c e  ene rgy .  

The G r i f f i t h  c r i t e r i o n  f o r  f r a c t u r e ,  e q u a t i o n  (1) or  i t s  

e q u i v a l e n t ,  i s  f o r  c a t a s t r o p h i c  ( i n s t a n t a n e o u s )  c r a c k  p r o p a g a t i o n  

t o  f r a c t u r e .  However, many s t u d i e s  have shown t h a t  f r a c t u r e  

o c c u r s  a t  lower  stresses t h a n  t h e  v a l u e  g i v e n  by  e q u a t i o n  (1) 

when a c o n s t a n t  stress i s  ma in ta ined  for a t i m e  t c . 3 3 * 3 4 , 3 5  The 

t i m e  tc is g e n e r a l l y  i n t e r p r e t e d  a s  t h e  t i m e  r e q u i r e d  f o r  s low 

c r a c k  growth t o  o b t a i n  a v a l u e  of c r a c k  h a l f  l e n g t h ,  cc ,  which 

w i l l  s a t i s f y  an e q u a t i o n  l i k e  e q u a t i o n  (1) f o r  t h e  c o n s t a n t  

a p p l i e d  stress and  t h u s  r e s u l t  i n  c a t a s t r o p h i c  c rack  p r o p a g a t i o n  

and  f a i l u r e .  The t i m e ,  tc, i s  a l s o  t e m p e r a t u r e  dependent and  t h i s  

i s  g e n e r a l l y  a t t r i b u t e d  t o  t h e r m a l l y  a c t i v a t e d  processes.33.34.35 

For example, Zhurkov35 has  r e p o r t e d  an  e m p i r i c a l  r e l a t i o n s h i p  of 

t h e  form 

where cra is  t h e  c o n s t a n t  a p p l i e d  t e n s i l e  s t ress ,  T i s  t h e  

45 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
2
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



t e m p e r a t u r e  i n  deg rees  Ke lv in ,  R i s  t h e  i d e a l  g a s  c o n s t a n t  and T ~ ,  

Uo and y a r e  e m p i r i c a l  c o n s t a n t s .  Equa t ion  (5)  has  been found t o  

d e s c r i b e  t h e  dependence of  tc on ua and T f o r  about  50 d i f f e r e n t  

m a t e r i a l s  i n c l u d i n g  m e t a l s ,  a l l o y s ,  non-me ta l l i c  c r y s t a l s  and 

polymers35. Zhurkov has  f u r t h e r  found t h a t  t h e  v a l u e s  of  70 

de te rmined  e x p e r i m e n t a l l y  co r re spond  t o  t h e  r e c i p r o c a l  of  t h e  

l a t t i c e  v i b r a t i o n a l  f r e q u e n c i e s ,  i . e .  v a l u e s  of lC i n  t h e  v i c i n i t y  

of lO-I3 s .  I n  a d d i t i o n ,  he r e p o r t s  t h a t  'do i s  i n  agreement with 

t h e  h e a t s  of sub l ima t ion  of  many m e t a l s  and i n  agreement wi th  t h e  

e n e r g i e s  f o r  t he rma l  decomposi t ion for a number of polymers .  

The re fo re ,  a s imple  i n t e r p r e t a t i o n  i s  g i v e n  t o  e q u a t i o n  ( 5 ) .  Uo 

i s  i n t e r p r e t e d  a s  t h e  p o t e n t i a l  ene rgy  b a r r i e r  f o r  "bond" 

b r e a k i n g  i n  a s o l i d  wi th  no a p p l i e d  stress,  and pa i s  t a k e n  a s  

t h e  r e d u c t i o n  of t h i s  p o t e n t i a l  ene rgy  due t o  t h e  p re sence  of t h e  

a p p l i e d  t e n s i l e  stress. Thus, U = Uo - pa i s  t h e  e f f e c t i v e  

p o t e n t i a l  b a r r i e r  for bond b r e a k i n g .  T o  r e l a t e  e q u a t i o n  ( 5 )  t o  

f r a c t u r e  by c r a c k  growth, t h e  r a t e  of c rack  growth was s t u d i e d  a s  

a f u n c t i o n  of a p p l i e d  t e n s i l e  s t ress  i n  t h i n  polymer s t r i p s  and 

found t o  i n c r e a s e  e x p o n e n t i a l l y  wi th  stress a t  a c o n s t a n t  

t e r . p e r a t a r e .  it i s  s t r a i g h t f c r w a r d  t o  show t h a t  t n e  t i m e  t o  

f a i l u r e  a s  determined i n  t h i s  way i s  e x p o n e n t i a l l y  dependent on  

a p p l i e d  stress i n  t h e  same manner a s  g iven  b y  eqLacion ( 5 )  a t  
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c o n s t a n t  t e m p e r a t u r e .  The i n t e r p r e t a t i o n  g i v e n  t o  t h e  pa rame te r s  

of e q u a t i o n  (5)  seems q u e s t i o n a b l e  because t c  shou ld  t h e n  be t h e  

t i m e  t o  b r e a k  a s i n g l e  bond a t  t h e  c rack  t i p  and no t  t h e  t i m e  t o  

f r a c t u r e .  I n  a d d i t i o n ,  p a  shou ld  be  a measure of t h e  b a r r i e r  

ene rgy  r e d u c t i o n  a t  t h e  c rack  t i p  due t o  t h e  stress a t  t h e  c r a c k  

t i p  and Uo shou ld  be  t h e  energy b a r r i e r  a t  t h e  c rack  t i p  without  

a p p l i e d  stress and no t  t h e  h e a t  of sub l ima t ion  for m e t a l s  or t h e  

h e a t  of t h e r m a l  decomposi t ion f o r  polymers.  However, t h e  

e m p i r i c a l  n a t u r e  of equa t ion  (5 )  seems t o  be f i r m l y  e s t a b l i s h e d  

by t h e  d a t a  p r e s e n t e d  by Zhurkov. 

s u g g e s t e d  t h a t  t h e  mechanism c o n t r o l l i n g  t h e  f r a c t u r e  p r o c e s s e s  

i n  t h e  m a t e r i a l s  r e p o r t e d  on by Zhurkov i s  t h a t  of e v a p o r a t i o n  

and condensa t ion .  An equa t ion  s i m i l a r  t o  equa t io r .  (5 )  has  been 

d e r i v e d  by Beuche for polymers,  b u t  with somewhar. d i f f e r e n t  

meanings a s c r i b e d  t o  t h e  pararneters33. However, ir. a l a t e r  pape r  

he a r r i v e d  a t  a somewhat d i f f e r e n t  e q u a t i o n  r e l a t i n g  a p p l i e d  

Stevens and Dutton36 have 

t e n s i l e  stress t o  t empera tu re  and t i m e  t o  f a i l u r e . ’ ’  Hsieh and 

Thomsonje have cons ide red  c rack  growth i n  a two d h e n s i o n a l  

d i s c r e t e  l a t t i c e  f o r  c o n s t a n t  a p p l i e d  stress and a l s o  have found 

t h a t  c r a c k  growth i s  a t h e r m a l l y  a c t i v a t e d  p r o c e s s .  

I n  all of t h e  works d i s c u s s e d  above t h e  a p p l i e d  stress has 

been independent  of t i m e .  Tne re fo re ,  a d i r e c t  r e l a t i o n s h i p  

between t h e s e  works and t h e  work r e p o r t e d  on i n  t h i s  paper  cannot 
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be  made because i n  o u r  c a s e  t h e  stress is an  i n c r e a s i n g  f u n c t i o n  

of  t i m e .  However, f o r  bo th  t h e  low and h i g h  s t r a i n  r a t e ,  t h e  

t i m e  t o  f r a c t u r e  is  found t o  be  independent  of  t e r p e r a t u r e  w i t h i n  

t h e  s c a t t e r  of t h e  d a t a .  Neg lec t ing  f o r  t h e  moment t h e  t i m e  

dependence of t h e  stress cr, w e  n o t e  from e q u a t i o n  ( 5 )  t h a t  f o r  

c o n s t a n t  t c  w e  m u s t  have 

UI, - YO, = RT ( 6 )  

and s o  oa must d e c r e a s e  with i n c r e a s i n g  t e m p e r a t u r e  

Q u a l i t a t i v e l y ,  t h e  e f f e c t  of having a stress which 

i n c r e a s e s  wi th  t i m e  (see F igure  2 )  w i l l  b e  t o  r e q u i r e  more t i m e  

and s o  a l a r g e r  maximum stress t h a n  t h e  v a l u e s  f o r  c o n s t a n t  

stress f o r  s l o w  c r a c k  growth t o  ach ieve  t h e  c r i t i c a l  c o n d i t i o n s  

for f r a c t u r e .  Thus, it seems c l e a r  t h a t  t h e r m a l l y  a c t i v a t e d  s l o w  

c r a c k  growth w i l l  have t h e  e f f e c t  of d e c r e a s i n g  t h e  f r a c t u r e  

s t r e n g t h  w i t h  i n c r e a s i n g  t empera tu re  for Comp B an3 TNT. To 

o b t a i n  t h e  f u n c t i o n a l  dependence of  t h e  f r a c t u r e  s t r e n g t h  on 

t empera tu re  would r e q u i r e  a d d i t i o n a l  e x p e r i m e n t a l  i n f o r m a t i o n  and 

a s sumpt ions .  Char l e s  h a s  extended h i s  work on s t a r l c  l o a d i n g  

t i m e  t o  f a i l u r e  t o  dynamic load ing  and a r r i v e d  a t  a r e l a t i o n s h i p  

between f r a c t u r e  s t r e n g t h ,  t empera tu re  and l o a d i n g  r a t e  for t h e  

c a s e  of stress c o r r o s i o n  of The dependenze of t h e  

f r a c t u r e  s t r e n g t h  on r a t e  i s  d i s c u s s e d  i n  t h e  nexr s u b s e c t i o n  and 

some a d d i t i o n a l  d i s c u s s i o n  of t h e  t empera tu re  depe-dence i s  a l s c  

g i v e n  t h e r e .  
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In summary, it appears that the temperature dependence of 

the compressive fracture strength can be attributed in part to 

the temperature dependence of the modulus and in part to 

thermally activated slow crack growth during loading before 

fracture. It is also possible that a temperature dependence of 

the fracture surface energy may play a role. 

A reinspection of Figures I and 9 shows that the 

compressive strengths of Comp B and TNT are not only functions of 

temperature, but also of strain rate and increase with increasing 

strain rate. As noted above the number of samples measured at 

each strain rate and temperature are small but the trend as a 

function of strain rate is clear. The dependence on strain rate 

is small since an increase of strain rate from 6 . 7  x 10-4 5-1 to 

approximately 1 . 4  s-1, or about a factor 2.1 x 103, increases the 

compressive strength only by a factor of approximately two. From 

equation (1) which results from the Griffith theory of fracture, 

we note that this rate dependence may be associated with a rate 

dependence of the modulus and/or the surface energy. It is 

assumed here that dynamic effects, i.e., the kinetic energy 

associated with crack propagation, can be neglected. It is also 

asscnied in this discussion that E and y are constant for a 

constant strain rate. While the results of this investigation 

indicate that E is a constant for constant strain rate, the 
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d e p e n d e n c e  o f  y o n  s t r a i n  r a t e  f o r  Comp B a n d  T"I are unknown 

(see below). I t  h a s  b e e n  f o u n d  e m p i r i c a l l y  t h a t  a n  e q u a t i o n  o f  

t h e  same form a s  t h a t  o f  e q u a t i o n  (1) (see e q u a t i o n  (8)) i s  v a l i d  

f o r  dynamic  l o a d i n g  c o n d i t i o n s .  A l t h o u g h  t h e  d a t a  o f  F i g u r e  8 

i n d i c a t e s  t h a t  t h e  modulus E d o e s  i n c r e a s e  somewhat w i t h  a n  

i n c r e a s e  i n  s t r a i n  r a t e ,  t h e  d e p e n d e n c e  i s  e v e n  s m a l l e r  t h a n  t h e  

d e p e n d e n c e  o f  E o n  t e m p e r a t u r e .  U s i n g  e q u a t i o n  ( 3 )  t h e  

f r a c t i o n a l  c h a n g e  i n  t h e  c o m p r e s s i v e  s t r e n g t h  was c a l c u l a t e d  due  

t o  t h e  o b s e r v e d  c h a n g e  i n  E w i t h  s t r a i n  r a t e  a n d  f o u n d  t o  be much 

less  t h a n  t h e  o b s e r v e d  f r a c t i o n a l  c h a n g e  i n  c o m p r e s s i v e  s t r e n g t h .  

Thus ,  it i s  n e c e s s a r y  t o  c o n s i d e r  t h a t  t h e  c h a n g e  i n  t h e  

c o m p r e s s i v e  s t r e n g t h  w i t h  a c h a n g e  i n  s t r a i n  r a t e  i s  a t  l e a s t  i n  

p a r t  d u e  t o  a c h a n g e  i n  t h e  f r a c t u r e  s u r f a c e  e n e r g y  w i t h  s t r a i n  

r a t e .  The f r a c t u r e  s u r f a c e  e n e r g y  h a s  b e e n  m e a s u r e d  a s  a 

f u n c t i o n  o f  c r a c k  v e l o c i t y  f o r  p o l y m e t h y l m e t h a c r y l a t e  a n d  was 

f o u n d  t o  f i r s t  i n c r e a s e  w i t h  c r a c k  v e l o c i t y ,  p a s s  t h r o u g h  a 

maximum a n d  t h e n  d e c r e a s e  w i t h  f u r t h e r  i n c r e a s e s  i n  c r a c k  

v e l o c i t y . 4 0 , 4 1  The maximum is  a t t r i b u t e d  t o  a c h a n g e  f r o m  

i s o t h e r m a l  t o  a d i a b a t i c  c o n d i t i o n s  a t  t h e  c r a c k  t i p . 4 0  A l t h o u g h  

t h e  c r a c k  v e l o c i t i e s  f o r  ou r  e x p e r i m e n t a l  c o n d i t i o n s  a r e  unknown, 

t h e  c r a c k  v e l o c i t i e s  a t  t h e  low s t r a i n  r a t e  may c c r r e s p o n d  t o  

i s o t h e L m a l  c o n d i t i o n s  a n d  t h u s  h e  r e l a t e d  t o  a n  i n c r e a s e  i n  

f r a c t u r e  s u r f a c e  e n e r g y  w i t h  i n c r e a s i n g  s t r a i n  r a t e  i f  t h e  

r e s u l t s  c i t e d  i m m e d i a t e l y  above  c a n  be t a k e n  a s  t ) p i c a l 4 ^ , < ;  
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However, c r a c k  v e l o c i t i e s  a t  t h e  h igh  s t r a i n  rate may ve ry  w e l l  

co r r e spond  t o  a d i a b a t i c  c o n d i t i o n s .  Measurements of f r a c t u r e  

s u r f a c e  e n e r g i e s  as a f u n c t i o n  of  s t r a i n  r a t e  f o r  Comp B and  TNT 

a r e  n e c e s s a r y  t o  r e s o l v e  t h i s  m a t t e r .  

I t  is now d e s i r a b l e  t o  c o n s i d e r  t h e  r o l e  of slow c r a c k  

growth on t h e  c r i t i c a l  c o n d i t i o n s  f o r  f r a c t u r e  a s  g iven  by 

e q u a t i o n  (1) o r  i t s  e q u i v a l e n t  f o r  d i f f e r e n t  s t r a i n  o r  s t ress  

r a t e s .  Slow c r a c k  growth has  been c o n s i d e r e d  i n  t h e  d i s c u s s i o n  

of  t h e  t empera tu re  dependence of t h e  compressive s t r e n g t h .  For  

t h i s  purpose i t  i s  d e s i r a b l e  t o  u s e  t h e  stress i n t e n s i t y  f a c t o r ,  

K, which is g iven  by 

( 7 )  

where U i s  t h e  a p p l i e d  stress, c i s  t h e  c r a c k  h a l f  l e n g t h  and f 

i s  a d imens ion le s s  parameter  depending on c r a c k  and sample 

K = Ov7f 

geometry and l o a d i n g  c o n d i t i o n s . 4 2  The c r i t i c a l  s t ress  i n t e n s i t y  

f a c t o r  i s  t h e  va lue  of K = Kc for t h e  c o n d i t i o n s  of ab rup t  

f r a c t u r e ,  t h a t  i s  

where cC and cr a r e  t h e  c r i t i c a l  a p p l i e d  stress and c r i t i c a l  crack 

l e n g t h  t h a t  g i v e  ab rup t  f r a c t u r e . 4 2  Equat ion ( 8 )  i s  of t h e  same 

form a s  t h e  G r l f f i t h  c o n d i t i o n ,  e q u a t i o n  (1). 

Charless '  and Evans and a s soc ia t e s43 ,  $ 4 . 4 2  have c o n s i d e r e d  

t h e  dependence of t h e  f r a c t u r e  s t r e n g t h  on s t r a i n  rate f o r  g l a s s .  
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This dependence is associated with a stress corrosion mechanism 

for glass but the approach is sufficiently general that it can be 

applied to other mechanisms than stress corrosion. The basic 

approach of both Charles and Evans is to start with an 

empirically determined relationship between the crack velocity, 

v, and the stress intensity factor, K, i.e. the applied stress 

and the crack half length (equation 7). Since empirical 

relationships between crack velocity and K are not available for 

Comp B and TNT, we proceed by assuming such a relationship, and 

determining its validity by comparing the predicted and observed 

dependencies of the fracture strength on stress rate. Thus 

where A and n are constants for constant temperature. And if 

0 = ot, then 

where co is th original crack half length, cc and t: are the crack 

half length and time at fracture and Ois the stress rate. By 

integrating we obtain 

f c r  n f 2. For n = 2 the solution is 
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Then w e  o b t a i n  
1 

f o r  n # 2, a n d  for n = 2 

If  cc >> co, t h e n  for t h e  g e n e r a l  c a s e  of n f 2 

where  F i s  a c o n s t a n t  f o r  c o n s t a n t  t e m p e r a t u r e .  For t h e  c a s e  of  

where  H d e p e n d s  o n  cc i n  a d d i t i o n  t o  co a n d  t e m p e r a t u r e .  S i n c e  

o n l y  t w o  s t r a i n  r a t e s  a n d  s o  two stress r a t e s  were u s e d  i n  t h i s  

work w e  h a v e  o n l y  t w o  p o i n t s  t o  f i t  t o  e q u a t i o n s  (15)  or (16) a t  

a p a r t i c u l a r  t e m p e r a t u r e  f o r  Cozp B or T N T .  However, C l a r k  a n d  

S c h m i t t g  h a v e  r e p o r t e d  U; v s  0 for s e v e r a l  stress r a t e s  a n d  t h e i r  

d a t a  is p lo t t ed  i n  F i g u r e  1 0  a l o n g  w i t h  t h e  two p r - i n t s  f o r  t h e  

p r e s e n t  w o r k  a n d  o n e  p o i n t  f r o m  t h e  work of  C o s t a i r .  a n d  M o t t o @  f c r  

C0mp.B. F o r  t h e  C o s t a i n  and  Mot to  p o i n t  a n d  t h e  two p o i n t s  of 
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t h i s  i n v e s t i g a t i o n  t h e  t e m p e r a t u r e  i s  23'C. For t h e  work of  C la rk  

and Schmi t t  t h e  t empera tu re  i s  n o t  g i v e n  bu t  i s  most p robab ly  

about  t h e  same. I f  bc i s  t a k e n  a s  om, t h e n  a l e a s t  s q u a r e s  f i t  t o  

t h e  d a t a  p o i n t s  of Clark and Schmi t t  g i v e s  a va lue  of n = 1 . 9 4 .  

Thus, t h e s e  r e s u l t s  s a t i s f y  e q u a t i o n  (15) o r  e q u a t i o n  ( 1 6 )  w i th  H 

ve ry  i n s e n s i t i v e  t o  cc and s o  stress r a t e  i f  n = 2 .  The r e s u l t s  

of C l a r k  and Schmit t  j u s t i f y  t h e  assumption of e q u a t i o n  (9). I n  

t h e  i n t e g r a t i o n  of e q u a t i o n  ( 1 0 )  t o  o b t a i n  e q u a t i o n s  (11) and 

( 1 2 )  a t h r e s h h o l d  stress f o r  t h e  o n s e t  of slow c r a c k  growth was 

no t  c o n s i d e r e d  al though such a t h r e s h h o l d  i s  c o n s i d e r e d  by Evans43 

and t h e r e  i s  expe r imen ta l  e v i d e n c e  f o r  such a t h r e s h h o l d  i n  cases 

where s low c rack  growth i s  r e l a t e d  t o  stress corrosion.43,45,46 

The f i t  of  t h e  d a t a  of C la rk  and Schmit t  t o  e q u a t i o n s  (12 )  or 

(13) i n d i c a t e s  t h a t  i f  t h e r e  i s  a t h r e s h h o l d  it can be n e g l e c t e d  

f o r  t h e i r  c o n d i t i o n s  of measurement.  A t h r e s h h o l d  s t ress  i s  n o t  

i n d i c a t e d  i n  t h e  d e t a  f o r  g l a s s  i n  vacuum g iven  by Wiederhorn e t .  

a1.4'  S t r e s s  c o r r o s i o n  i s  n o t  t hough t  t o  be a c t i v e  i n  t h i s  c a s e .  

Equat ion ( 9 )  and t h e  subsequent  development l e a d i n g  t o  e q u a t i o n s  

(14) and (15) f o r  c o n s t a n t  n i s  d i r e c t l y  a p p l i c a b l e  on ly  t o  

Region I a s  d i scussed  by Evans.43 Region I1 and so  Region 111 a r e  

d i r e c t l y  r e l a t e d  t o  t h e  p r o c e s s  of s t r e s s  c o r r o s i o n  and are 

a p p a r e n t l y  on ly  observed i n  c a s e s  of stress c o r r o s i o n . 4 3 f 4 7  F o r  

Comp B and TNT t h e r e  i s  n o  ev idence  f o r  o r  a g a i n s t  s tress 
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c o r r o s i o n  a t  t h i s  t i m e .  Measurements i n  c o n t r o l l e d  a tmosphe res  

a n d / o r  measurements of c rack  v e l o c i t y  a s  a f u n c t i o n  of  t h e  st.ress 

i n t e n s i t y  f a c t o r ,  K, a r e  necessa ry  t o  r e s o l v e  t h i s  m a t t e r .  

For t h e  two p o i n t s  of  t h e  p r e s e n t  work and t h e  s i n g l e  p o i n t  

from t h e  work of  Cos ta in  and Motto a v a l u e  of n = 1 2 . 5  i s  

o b t a i n e d  f o r  Comp B. Charles  o b t a i n e d  a va lue  of n = 1 6  f o r  

Corning 0080  l i m e  g l a s s  i n  s a t u r a t e d  wa te r  vapor a t  room 

t empera tu re  wh i l e  Evans o b t a i n e d  a v a l u e  of n = 1 6  f o r  soda l i m e ,  

g l a s s  i n  water  and n = 31 f o r  alumina i n  a i r  a t  5 0 %  r e l a t i v e  

humidi ty ,  bo th  a t  25’C. The r a t h e r  l a r g e  va lue  of n o b t a i n e d  by 

bo th  Char l e s  and Evans f o r  g l a s s  i s  thought  t o  be r e l a t e d  t o  t h e  

c o r r o s i v e  a c t i o n  of water vapor on t h e  c r a c k  growth a s  e f f e c t e d  

by stress.34.48 The c rack  growth r a t e  i n  alumina i s  a l s o  

a p p a r e n t l y  r e l a t e d  t o  t h e  p re sence  of water  vapor .43  A s  p o i n t e d  

o u t  by Char l e s  a s m a l l e r  va lue  of n means more slow c r a c k  growth 

b e f o r e  r each ing  t h e  c r i t i c a l  c o n d i t i o n s  f o r  r a p i d  c r a c k  

p ropaga t ion  and f r a c t u r e  ( e . g .  t h e  G r i f f i t h  c r i t e r i a  g iven  by 

e q u a t i o n  (1)) and s o  a l a r g e r  v a l u e  of  cc and a s m a l l e r  v a l u e  of 

bc a s  observed (see F igure  1 0 ) .  

The va lues  of n ob ta ined  from t h e  d a t a  f o r  Comp B g iven  i n  

F i g u r e  7 a t  O’C and 6 0 ‘ C  a r e  e s s e n t i a l l y  t h e  same a s  t h e  v a l u e  

o b t a i n e d  a t  23’C and t h e  va lue  a t  4 0 ’ C  i s  s l i g h t l y  h i g h e r ,  i . e .  n 

= 1 6 .  The l a r g e r  va lue  of n a t  40’C i s  due t o  t h e  low v a l u e  of 
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the compressive strength at the high rate at this temperature 

(see Figure 7 ) .  The values of n fo r  TNT from the data of Figure 

9 are about 11 for 23'C, 40'C, and 60'C but a much higher value 

is obtained at O'C. An inspection of Figure 9 will reveal that 

the compressive strengths given at O'C and the high rate may be 

low considering the trend as a function of temperature. The 

large value of n is due to the low values of (Tm at O'C at the high 

rate. In general, the low rate compressive strength data of this 

investigation are in agreement with the values reported by 

Costain and Motto8 (see Figures 7 and 9). Thus, within the 

scatter of the data, the values of n are independent of 

temperature over the limited temperature range of this work for 

both Comp B and TNT. However, it must be noted that only two 

stress rates were used in this work, and so, even with the 

additional data of Costain and Motto, the resuts are not 

sufficient to firmly establish the kinetic relationship of 

equation (9) and the subsequent development. Additional 

measuremnts as a function of stress rate are needed. 

The low rate compressive strengths found in the work of this 

paper were obtained by the use of closed loop constant strain 

rate conditions. Thus, the stress rate was constant over the 

linear portion of the stress vs. strain curve and so almost to 

failure (see Figure 3 ) .  The high rate work was also dcne in 

closed loop but the movable crosshead was driven at the maximum 
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p o s s i b l e  v e l o c i t y .  The s t r a i n  r a t e  and so t h e  stress r a t e  w e r e  

c o n s t a n t  a f t e r  t h e  i n i t i a l  a c c e l e r a t i o n  f o r  most of t h e  stress 

v s .  s t r a i n  cu rve  (see F i g u r e s  2 and 4 ) .  The a p p a r a t u s  used  by 

C o s t a i n  and Motto should g i v e  a c o n s t a n t  s t r a i n  r a t e ,  but f o r  t h e  

a p p a r a t u s  used  by Clark and Schmi t t  n e i t h e r  t h e  s t r a i n  r a t e  n o r  

t h e  stress r a t e  a r e  c o n t r o l l e d .  The a p p a r t u s  used by t h e s e  

i n v e s t i g a t o r s  was a l s o  used by t h e  p r e s e n t  a u t h o r s  t o  s t u d y  t h e  

mechanical  p r o p e r t i e s  of p r o p e l l a n t s  and t h e  appa ra tus  i s  

d e s c r i b e d  b r i e f l y  i n  r e f e r e n c e  4 9 .  An i n s p e c t i o n  of F i g u r e  3 of 

r e f e r e n c e  4 9  w i l l  r e v e a l  t h a t  t h e  s l o p e s  of t h e  load  and 

d e f l e c t i o n  v s .  t i m e  cu rves  are approximately c o n s t a n t  a f t e r  t h e  

i n i t i a l  a c c e l e r a t i o n  f o r  t h e  h igh  r a t e  c o n d i t i o n s .  Thus, t h e  

s t r a i n  and stress r a t e s  were most p robab ly  roughly c o n s t a n t  for 

t h e  h i g h  r a t e  work of Clark and S c h m i t t .  However, it i s  n o t  

c l e a r  how t h e  procedure a n d / o r  t h e  a p p a r a t u s  was mod i f i ed  by 

C l a r k  and Schmit t  t o  va ry  t h e  stress r a t e  t o  o b t a i n  t h e  d a t a  a s  a 

f u n c t i o n  of  r a t e . 9  Thus, no in fo rma t ion  i s  a v a i l a b l e  on t h e  

p r o f i l e s  of stress (and s t r a i n )  v s .  t i m e  cu rves  f o r  t h e  lower 

stress r a t e s  of F igu re  1 0  ( lower t h r e e  p o i n t s ) .  P o s s i b l e  

d i f f e r e n c e s  between c o n s t a n t  stress r a t e  and c o n s t a n t  s t r a i n  r a t e  

a r e  d i s c u s s e d  by Evans.<3 I t  seems a s  i f  e i t h e r  a d i f f e r e n t  

mechanism accoun t s  f o r  t h e  s t ress  r a t e  dependence of rsr for t h e  

samples  of Comp B used by C la rk  and Schmit t  (n = 2 )  and t h e  

mechanism or mechanisr.s o p e r a t i v e  i n  t h e  samples c sed  i n  t h i s  
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study and in the work of Costain and Motto (n = 12.5), or  the 

samples used by Clark and Schmitt f o r  the lower three stress rate 

measurements contained significantly larger cracks (larger co) 

than the samples used for the higher rate measurements. While 

the reasons for the different values of n and so slow crack 

growth for the data of Clark and Schmitt and the results of the 

present investigation and that of Costain and Motto are not 

understood at this time, they could be related to the kinetics of 

crach initiation.43 For example, if crack initiation must take 

place before slow crack growth in the samples used in this work 

and in those used by Costain and Motto but not in the samples 

used by Clark and Schmitt, then the fracture stress f o r  a given 

set of conditions of stress rate and temperature will be lower 

for these latter type of samples as observed. Clearly, 

additional experimental work is required to resolve this matter. 

Before leaving this area of discussion it is appropriate to 

note that Charles found that there is a thermally activated 

process associated with slow crack growth, i.e. equation ( 9 )  may 

be rewritten as 

where 

The Same relaticnship of C I Z : ~  velocity to temperazure t.as bee:. 

used for sther materia1s.j'.'- E is the activatior. energy and A '  
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is a constant. Thus, equations (13) and (14) are modified 

respectively to 

for n f 2 and 

for n = 2. Equations (19) and (20) indicate a decrease in UC with 

increasing temperature at constant stress rate and an increase in 

bc with increasing stress rate at constant temperature as observed 

(see Figure 7 and 9). Equation (19) can be fitted approximately 

to the data for Comp B of Figure 7 for the low and high rates to 

give a value of E = 30 kcalIM. This equation can also be fitted 

to the low and high rate data for TNT of Figure 9 if the data 

points at O'C and high rate are omitted to give a value of 

E = 36 kcal/M. These values of E are of limited significance 

because of the limited numbers of measurements and the limited 

number of temperatures (and stress rates) available to be used in 

the curve fitting process. Hok-ever, they are close to the 

activation energies reported for thermal decomposition of Cornp B 

and TNT, i.e., 39 kcal/M and 27 kcal/M, respectively5~,'3 and so 

suggest a relationship between crack growth and bond breaking 
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which is  a l s o  i m p l i c i t  i n  t h e  work of  Zhurkov.35 Th i s  

i n v e s t i g a t o r  has  d i scused  h i s  expe r imen ta l  r e s u l t s  i n  t e rms  of 

stress a s s i s t e d  t h e r m a l l y  a c t i v a r t e d  bond b reak ing  a s  no ted  

above. Wiederhorn e t . a l . 4 ’  have ana lyzed  t h e i r  r e su l t s  of slow 

s u b c r i t i c a l  c r ack  growth a s  a f u n c t i o n  of stress (stress 

i n t e n s i t y  f a c t o r  K) and t empera tu re  f o r  g l a s s  i n  vacuum i n  t e rms  

of stress a s s i s t e d  t h e r m a l l y  a c t i v a t e d  bond b reak ing  and have 

a r i v e d  a t  a t h e o r e t i c a l  r e l a t i o n s h i p  between t h e s e  q u a n t i t i e s  a s  

1-E i bK) 

v = v, e !a 

where 

2 Av b = - -  
3 i 5  

(21) 

( 2 2 )  

f o r  t h e  c o n d i t i o n s  of a p p l i e d  t e n s i l e  stress and a th rough  

e l l i p t i c a l  c r a c k .  AV is t h e  a c t i v a t i o n  volume and p i s  t h e  r a d i u s  

of  c u r v a t u r e  a t  t h e  c r ack  t i p .  Wiederhorn e t .  a l .  have f i t  t h e i r  

d a t a  t o  e q u a t i o n  ( 2 1 )  and have o b t a i n e d  v a l u e s  f o r  t h e  a c t i v a t i o n  

e n e r g i e s  and t h e  a c t i v a t i o n  volumes. A q i l e s t ion  t c  be c o n s i d e r e d  

is t h e  a p p l i c a b i l i t y  of e q u a t i o n s  ( 9  and ( 1 7 )  v s .  e q u a t i o n  (21). 

For e q u a t i o n  ( 2 1 )  t h e  c r ack  v e l o c i t y  i s  e x p o n e n t i a l l y  dependent 

on t h e  stress i n t e n s i t y  f a c t o r ,  K ,  wh i l e  e q u a t i o n s  ( 9 )  and ( 1 7 )  

g i v e s  a power law dependence. Evans43 has  p o i n t e d  a u t  t h a t  bo th  a 

power law and an exponen t i a l  law w i l l  f i t  h i s  d a t a  zt c o n s t a n t  

t empera tu re  and t h e  p2wer law was chosen because C T E  i n t e g r a t i s n ,  

e . g .  e q u a t i o n  (lo), can i n  t h i s  c a s e  be  c a r r i e d  a n a l y t i c a l l y .  P. 

power law as sunp t ion ,  e q u a t i o n  ( 9 ) ,  was chosen he re  f o r  t h e  same 
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reason. If the exponential f o r m  is chosen the integration must be 

done numerically. However, the exponential form is based on 

theory, equation (211, whereas the power law is not. If equations 

(17) and 121) are assumed to be equivalent expressions for the 

crack velocity, then A '  and/or n of equation (17) must be 

dependent on temperature. However, for the limited available data 

f o r  Comp B and TNT the exponent n has been found to be 

independent of temperature and the curve fitting to obtain the 

activation energies was carried out by assuming that A '  is 

independent of temperature. Additional experiment work is 

necessary to firmly establish the applicability of equations (9) 

and (17) to Comp B and TNT and/or to distinguish betwen equations 

(17) and (21). Theoretical work is also desirable to establish 

the bases for equation (17) if in fact this equaticn is prefered 

over equation (21). 

As pointed out in the Results Section measuremernts were 

made at -20' and -40' C but the results were erratic and not 

reproducable. It is now beleived these poor results may have 

been due to the method of temperature conditioning. Samples were 

placed in the insulated charrber and solid carbon dioxide was 

blown in to reach the desired temperature below room temperature 

for conditioning. In this process the sanples were undoubtedly 

therirlally shocked, and this could cause cracking since TNT and 

Comp B are known to be sensitive to thermal shock.:< It seems 
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very desirable to repeat these measurements using a method of 

temperature conditioning which does not allow thermal shocking. 

This will give a wider range of temperatures for determining the 

applicability of the above equations and, in particular, for 

determining activation energies and whether they are related to 

the bond breaking processes active in thermal decomposition. It 

will also give data over the remaining part of the temperature 

range of military interest. The apparently low values of 

compressive strength obtained for TNT at O'C and high strain rate 

(Figure 9) are most probably also due to the effect of thermal 

shocking. 

Before leaving the discussion of rate sensitivity the 

recent work of Sinha is considered.55 This investigator developed 

a constitutive equation for creep at constant load and then, with 

a few assumptions, applied it to constant strain rate conditions 

and found agreement between the predictions and the experimental 

results for colun-fiar grained polycrystalline ice. (Cast TNT has 

a tendency to be columar grained.) The stress vs. strain curves 

as a function of strain rate show the same dependence of the 

compressive strength, OP, and the apparent modulus, E, on strain 

rate as observed ir. this w o r k  for Comp B and TNT. The total 

creep strain is taker. as made up of three components: i) an 

elastic term xhick decreases imxediately upon rercsva: of the 

load; ii) a delayed elastic term which decreases with time after 
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removal of  t h e  l o a d ;  and iii) a v i s c o u s  ( p l a s t i c )  term which 

r e p r e s e n t s  a permanent de fo rma t ion  ( s t r a i n ) .  The de layed  e l a s t i c  

t e r m  i s  a t t r i b u t e d  t o  g r a i n  boundary s l i d i n g  which does n o t  l e a d  

t o  c r a c k i n g  and permanent s t r a i n  and i s  g r a i n  s i z e  dependent 

w h i l e  t h e  v i s c o u s  t e rm is due t o  d i s l o c a t i o n  motion.  Th i s  l a t t e r  

t e r m  i n c r e a s e s  wi th  c r a c k  g e n e r a t i o n  which occur s  when g r a i n  

boundary s l i d i n g  displacement  r eaches  a c r i t i c a l  v a l u e .  All 

c r a c k s  a r e  t a k e n  t o  have a c o n s t a n t  l e n g t h  which i s  e q u a l  t o  t h e  

g r a i n  s i z e .  A model f o r  t h e  c r a c k  i s  used i n  which t h e  c r a c k  i s  

r e p r e s e n t e d  a s  an a r r a y  of d i s l o c a t i o n s . 5 6  The model t h u s  

c o n s i d e r s  c r a c k  g e n e r a t i o n  and n o t  c r a c k  growth. The r e s u l t a n t  

stress vs. s t r a i n  r e l a t i o n s h i p  i s  non- l inea r  and computat ions 

were made t o  o b t a i n  stress v s .  s t r a i n  cu rves  a s  a f u n c t i o n  of  

s t r a i n  r a t e  f o r  a f i x e d  g r a i n  boundary s i z e  and v a l u e s  of o t h e r  

pa rame te r s  de t e rmined  by c reep  s t u d i e s .  The c a l c u l a t e d  

compressive s t r e n g t h s ,  On, can be d e s c r i b e d  by a power law 

r e l a t i o n s h i p  with ( s t r a i n )  r a t e  a s  found for Comp B (see F igure  

lo), and t h e  s t r a i n s  € 7 ,  a r e  found t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  

s t r a i n  r a t e .  The r e su l t s  f o r  i c e  cannot be q u a n t i t a t i v e l y  

compared t o  t h o s e  f o r  Comp B and TNT because pa rame te r s  o b t a i n e d  

from c r e e p  s t u d i e s  a r e  needed t o  make t h e  , c a l c u l a t i o n s  and c r e e p  

s t u d i e s  have no t  been made f o r  t h e s e  m a t e r i a l s .  The de iayed  

e l a s t i c  s t r a i n  has  a p p a r e n t l y  been observed by Clark and Schmit::. 

for Comp B but  t h e r e  a r e  r.c measurements o r  o b s e r v a t i o n s  of 
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p l a s t i c  (permanent) u n i a x i a l  deformation t h a t  t h e  a u t h o r s  a r e  

aware o f .  I n  a d d i t i o n ,  t h e  model does no t  c o n t a i n  a c r i t e r i o n  

f o r  f r a c t u r e  and no mention i s  made of f r a c t u r e  of ice  e x c e p t  a t  

t h e  h i g h e s t  s t r a i n  r a t e  c o n s i d e r e d  which i s  lower t h a n  t h e  lowest  

s t r a i n  r a t e  used i n  t h e  work r e p o r t e d  h e r e  f o r  Comp B and TNT. 

T h u s ,  t o  a p p l y  t h e  approach developed by Sinha i t  would b e  

n e c e s s a r y  t o  add a c r i t e r i o n  f o r  f r a c t u r e ,  c a r r y  ou t  creep 

s t u d i e s  t o  o b t a i n  t h e  a p p r o p r i a t e  pa rame te r s  and, i n  p a r t i c u l a r ,  

t o  de t e rmine  i f  t h e r e  i s  s i g n i f i c a n t  p l a s t i c  de fo rma t ion .  The 

ave rage  g r a i n  s i z e  must a l s o  be measured. 

I n  summary, t h e  obse rved  r a t e  dependence of t h e  compressive 

s t r e n g t h  may be  i n  p a r t  due t o  (1) r a t e  dependencies  of t h e  

modulus and t h e  f r a c t u r e  s u r f a c e  energy,  (2) t h e r m a l l y  a c t i v a t e d  

slow c r a c k  growth b e f o r e  f r a c t u r e  a n d / o r  ( 3 )  c rack  g e n e r a t i o n  a s  

proposed by Sinha.  A d d i t i o n a l  s t u d i e s  a r e  necessa ry  t o  f u r t h e r  

unde r s t and  t h e s e  phenomena. 

on C e  

The above d i s c u s s i o n  has  no t  t aken  i n t o  c o n s i d e r a t i o n  t h e  

e f f e c t s  of composi t ion and m i c r o s t r u c t u r e  on t h e  compressive 

s t r e n g t h  excep t  f o r  t h e  d i s c u s s i o n  of t h e  work of Sinha.55 The 

l a r g e r  compressive s t r e n g t h  of Comp B r e l a t i v e  t o  t h e  v a l u e  of 

TNT can be  a t t r i b u t e d  a t  l e a s t  i n  p a r t  t o  t h e  e f f e c t  of second 

phase p a r t i c l e s  i n  Comp B, i . e . ,  RDX p a r t i c l e s  or. t h e  c r a c k  paths-^ 

and t h e  r e s u l t a n t  ene rgy  loss d u r i n g  c r a c k  p ropaga t ion .  TNT 
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g r a i n  s i z e  may a l s o  p l a y  a r o l e .  The dependence of  t h e  mechanical 

p r o p e r t i e s  o f  t h e s e  m a t e r i a l s  on composi t ion w i l l  b e  c o n s i d e r e d  

i n  a s e p a r a t e  p ~ b l i c a t i o n . 5 ~  

CONCLUSIONS 

The b r i t t l e  f r a c t u r e  of molecu la r  p o l y c r y s t a l l i n e  TNT and 

t h e  composi te  Comp B a r e  adequa te ly  exp la ined  by t h e  G r i f f i t h  

c o n d i t i o n s  for  c r a c k  p ropaga t ion .  I n  p a r t i c u l a r ,  t h e  G r i f f i t h  

approach p r e d i c t s  t h e  observed r a t i o s  of compressive t o  t e n s i l e  

s t r e n g t h s ,  and t h e  g e n e r a l  o r i e n t a t i o n  of t h e  f r a c t u r e  s u r f a c e s  

are a s  p r e d i c t e d .  The t empera tu re  dependence of t h e  compressive 

s t r e n g t h  can be  exp la ined  on t h e  b a s e s  of t h e  t empera tu re  

dependence of  t h e  modulus, and t h e r m a l l y  a c t i v a t e d  slow c r a c k  

growth t o  t h e  c r i t i c a l  va lue  necessa ry  f o r  r a p i d  c rack  growth t o  

f r a c t u r e ,  w i th  p o s s i b l y  a c o n t r i b u t i o n  by t h e  t empera tu re  

dependence of  t h e  f r a c t u r e  s u r f a c e  ene rgy .  The dependence of 

compressive s t r e n g t h  on s t r a i n  r a t e  is  a t t r i b u t e d  i n  p a r t  t o  t h e  

s t r a i n  ra te  dependence of t h e  modulus, i n  p a r t  t o  t h e  r a t e  of 

s low c r a c k  growth t o  f r a c t u r e  a n d / o r  t o  t h e  r a t e  of c r ack  

g e n e r a t i o n ,  w i th  aga in  a p o s s i b l e  c o n t r i b u t i o n  by t h e  r a t e  

dependence of t h e  f r a c t u r e  s u r f a c e  ene rgy .  Although expe r imen ta l  

r e s u l t s  are r e p o r t e d  only f o r  TNT and Comp B, t h e s e  c o n c l u s i o n s  

shou ld  a p p l y  t o  t h e  OcLols and most i f  not  a l l  o t h e r  TNT base 

compos i t e s .  Add i t iona l  work i s  r e q u i r e d  i n  a lmost  a l l  a r e a s  t o  

more f i r m l y  e s t a b l i s h  t h e  conc lus ions  a r r i v e d  a t  i n  t h i s  wcrk. 
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In particular, more extensive tensile properties are desirable. 

Measurements at lower temperatures are also desirable to better 

establish thermally activated crack growth and the associated 

activation energies and to completely cover the temperature range 

of military interest. Larger numbers of measurements for each set 

of conditions are also very desirable. Direct measarements of 

(slow) crack velocity as a function of stress intensity factor 

and temperature would definitely aid in the interpretation of the 

brittle fracture of these types of materials. 

ACKNOWLEDGEKENTS 

The authors are indebted to D. Georgevich and M. Mezger for 

assistance with data taking and to M. Mezger, and Y. Lanzerotti 

for helpful discussions. The authors also wish to thank C. 

Ribaudo for material characterization, G. Ziegler f o r  casting TNT 

and Comp B, J. Jenkins for the machining of samples and F .  

Glanzel for radiographic work. 

REFERENCES 

1. Pinto, J., Wiegand, D. A . ,  and Nicolaides, S., to be 

published. 

2 .  Mezger, M. unpublished results. 

3 .  Pinto, J., Nicolaides, S., and Wiegand, 0 .  h . ,  Technical 

Report ARAE3-TR-85004, (1985). 

4 .  Mezger, M., and Wiegand, D. A,, unpublishez results. 

5 .  Lanzerotti, M. Y. D., and Sharma, J., Appl. Phys. Lett., 

66 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
2
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



2, 5 (1981). 

6. Georgevich, D., private communication. 

7. Papoulis, A., "Probability, Random Variables, and 

Stochastic Processes," Mc-Graw-Hill, NY, (1984), Second Edition, 

p. 150. 

8 .  Costain T., and Motto, R., Technical Report 4507, Picatinny 

Arsenal (1973). 

9. Clark N., and Schmitt, F . ,  Engineering Sciences Division 

Information Report No. 558, Picatinny Arsenal (1972). 

10. Clark N., and Schrnitt, F., unpublished report. 

11. U.S. Naval Ordnance Laboratory NAVORD Report 4537. (as 

quoted by Clark and Schmitt9). 

12. Dobratz B. M., and Crawford, P. C., LLNL Explosive 

Handbook; Properties of Chemical Explosives and Explosive 

Simulants, UCRL-52997, pp 7-8 (1985). 

13. See, for example, U . S .  Naval Ordnance Laboratory, NAVORD 

Report 4380 (1956). 

14. Griffith, A .  A., Phil. Trans. Roy. SOC. (London) Ser. A 221 

163 (1921). 

15. Griffith, A .  A. "Proceedings of the International Congress 

on Applied Mechanics, Delft," p 55 (1924). 

16. Inglis, C. E., Trans. I n s t .  Naval A -hitects (London) a, 
2i9 (1913). 

I?. Werker, R. E., " Annctate3 Tables of Elastlclty and 

67 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
2
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Strength," Petroleum Branch, AIME, N.Y. (1956). 

18. Costain, T., private communication. 

19. Obert, L., "Brittle Fracture of Rock" in "Fracture" Vol. 

VII, ed. Liebowitz, H,, Academic Press, New York (1972) pp 130- 

137. 

20. McClintock, F. A . ,  and Walsh, S. B., In "Proceedings of the 

4th U.S. National Congress on Applied Mechanics." Vol. 2. (1962) 

p 1015. 

21. Coble, R. L., and Parikh, N. M., "Fracture in 

Polycrystalline Ceramics" in "Fracture", Vol. VII, p 254, ed. 

Liebowitz H., Academic Press, New York (1972). 

22. See reference 19,  pp 143-148. 

23. Sack, R. A . ,  Proc. Phys. SOC. (London) 3, 729 (1946). 

2 4 .  See reference 20, pp 261-281. 

25. Congleton, J., and Petch, N. J., Intern. J. Fracture 

Mechanics, 1, 14 (1965). 

26. See reference 20, p 281. 

27. See for example Orowan, E., "Proceedings of the 

International Conference in Physics", Vol. 2, p 281, Physics 

Society (London). 

28. Reference 21, pp 256-307. 

29. Brenner, S .  S . ,  J. Appl. P h y s .  13, 33 ( 1 5 6 2 ) .  

30. Wrozski, A. ar,d Fourdeux, A .  J., J. Less Cornon Metals 6, 

413 (1964). 

68 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
2
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



3 1 .  V a l i n t i n e ,  A .  P . ,  a n d  H u l l ,  D . ,  J .  L e s s  Commom Metals, 11, 

353 ( 1 9 6 9 ) .  

3 2 .  P h i l l i p s ,  C.  J., " F r a c t u r e  of G l a s s "  i n  " F r a c t u r e "  V o l .  

V I I ,  p 24 ,  ed. L i e b o w i t z ,  H., Academic P r e s s ,  N e w  York ( 1 9 7 2 ) .  

33. Bueche ,  F . ,  J. Appl. P h y s .  28, 784 ,  ( 1 9 5 7 ) .  

3 4 .  C h a r l e s ,  R. J., J .  Appl.  P h y s .  29, 1 5 4 9  a n d  1 5 5 4 ,  ( 1 9 5 8 ) .  

35. Zhurkov ,  S. N . ,  I n t e r .  J.  F r a c t u r e ,  1, 3 1 1  ( 1 9 6 5 ) .  

3 6 .  S t e v e n s ,  R.  N . ,  a n d  D u t t o n ,  R . ,  M a t e r .  S c i .  E n g r . ,  8,  220 

( 1 9 7 1 ) .  

3 7 .  B u e c h e ,  F . ,  J. Appl.  P h y s ,  29, 1 2 3 1 ,  ( 1 9 5 8 ) .  

3 8 .  H s i e h ,  C . ,  a n d  Thomson, R . ,  J .  Appl. P h y s .  U, 2 0 6 1 ,  

( 1 9 7 3 ) .  

3 9 .  C h a r l e s ,  R. J., J. A p p l .  P h y s .  2.9, 1657 ( 1 9 5 8 ) .  

40. V i n c e n t ,  P .  I . ,  a n d  Gotham, K. V. ,  N a t u r e ,  2111, 1 2 5 4  

( 1 9 6 6 ) .  

41. S e e  a l s o  S e r r y ,  J .  P . ,  " F r a c t u r e  i n  P o l y m e r i c  Glasses" i n  

" F r a c t u r e "  v o l .  V I I ,  p 6 5 .  L i e b o w i t z ,  H . ,  Acedemic P r e s s ,  N e w  

York ( 1 9 7 2 ) .  

4 2 .  E w a l d s ,  N .  L . ,  a n d  W a n h i l l ,  R .  S .  H . ,  " F r a c t u r e  M e c h a n i c s "  

Edward  A r n o l d  LTT., B a l t i m o r e  ( 1 9 8 4 )  . 

4 3 .  E v a n s ,  A .  G . ,  I n t e r .  J .  F r a c t u r e ,  U, 2 5 1  ( 1 9 7 4 ) .  

44. W i e d e r h o r n ,  S. M . ,  Evans, A .  G . ,  F u l l e r ,  E .  R .  a n d  Johnson, 

H . ,  J .  Am. C e r a m i c  S O C . ,  Z, 319 ( 1 9 7 4 ) .  

4 5 .  S e e  a l s o  Wachtrnan, J .  B .  Jr., J .  Am. C e r a m i c s  SOC. XL, 509  

63 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
2
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



(3974). 

46. Wiederhorn, S. M., and Bolz, L. M., J. Am. Ceramic SGC. U, 

543 (1970). 

47. Wiederhorn, S. M., Johnson, H., Diness, A .  M. and Heuer, A .  

H., J. Am. Ceramic Soc. X ,  336 (1974). 

4 8 .  See also Wiederhorn, S. M., J. Am. Ceramic SOC. a, 407 
(1967). 

49. Nicloaides, S., Wiegand, D. A., and Pinto, J., Technical 

Report ARLCD-TR-82010 (1982) . 
50. Chen, E. P., and Hasselman, D. P. H., J. Am. Ceramic SOC. 

53, 525 (1976). 

51. Hasselman, D. P. H., and Chen, E. P., J. Am. Ceramic SOC. 

a, 76 (1977). 
52. Harris, J., Thermochimica Acta, U, 183 (1976). 

53. Harris, J., private communication. 

5 4 .  Joyce, M., private communication. 

55. Sinha, N. K., J. Mater Sci., 23, 4415 (1988). 

56. Nicolson, P. S., High Temp. Sci., U, 279 (1980). 

51. Pinto, J., Wiegand, D. A., and Nicolaides, S., to be 

published. 

70 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
2
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



COMMAND LOOP 

COMMAND I 
FEEDBACK 

LOOPS 

COMPUTER 

LOAD 

FIXED 

MOVEABLE 
CROSSHEAD 

DISPLAY r- 
I 
-7- 

Inl-OR PERMANENT 
DISPLACEMENT I STORAGE 1 

ACTUATOR ROD 

Block Diagram of the Servo-Hydraulic Loading System and t h e  
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f o r  Comp B a t  2 3 ’ C .  
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lxGYBE3 

Typical fragments of Comp B after fracture 
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A t y p i c a l  s t ress  v s .  s t r a i n  c u r v e  fo r  TNT a t  2 3 ' C  a n d  t h e  h i g h  
s t r a i n  r a t e ,  showing t h e  v a l u e s  of t h e  c o r . p r e s s i v e  s t r e n g t h ,  D-, 

Young 's  Modulus,  E ,  and  t h e  s t r a i n ,  Er. 
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C o m p r e s s i v e  s t r e n g t h ,  a-, vs. t e m p e r a t u r e  f o r  Cox; B f o r  t h e  l o w  
a n d  h i g h  s t r a i n  r a t e s .  The  l i n e s  a r e  l e a s t  s c p a r e s  f i t s  of 
s t r a i g h t  l i n e s  t o  t h e  d a t a  p o i n t s .  R i s  t h e  c o r r e l a t i o n  
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h i g h  s t r a i n  r a t e s .  T h e  lines a r e  l e a s t  s q u a r e s  fits of s t r a i g k > t  
l i n e s  t o  t h e  data  p o i n t s .  R i s  t h e  c o r r e l a t i o n  coefficienc.7 
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E S J E  3 

Compressive strength, om, vs. temperature for TNT for the low and 
high strain rates. The lines are least squares fits of straight 
lines to the data points. 
Also shown are points from the work of Costain and Motto.8 

R is the correlation coefficient.' 
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T H I S  REPORT 

0 -  

7 -  

R = 0.99 

4 6 8 13 1 2  14 1 6  

In o 

The n a t u r a l  l o g a r i t h m  o f  t h e  c o m p r e s s i v e  s t r e n g t h ,  On v s . t h e  
n a t u r a l  l o g a r i t h m  o f  t h e  c o m p r e s s i v e  stress r a t e ,  0, f o r  Comp B .  
D a t a  a r e  p r e s e n t e d  f r o m  t h e  work of C l a r k  a n d  S c h m i t t ,  f r o m  t h e  
work o f  C o s t a i n  a n d  Mot to8  a n d  f rom t h e p r e s e n t  i n v e s t i g a t i o n .  
The l i n e  t h r o u g h  t h e  d a t a  o f  C l a r k  a n d  S c h m i t t  i s  a l e a s t  s q u a r e s  
f i t  o f  a s t r a i g h t  l i n e  t o  t h e  d a t a  p o i n t s .  A s t r a i g h t  l i n e  i s  
a l s o  drawn t h r o u g h  t h e  t w o  d a t a  p o i n t s  of t h e  p r e s e n t  
i n v e s t i g a t i o n .  R i s  t h e  c o r r e l a t i o n  c o e f f i c i e n t . ?  
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