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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 measurements were also made. Failure 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 modulus on
these parameters and thermally activated slow subcritical crack
growth befcre fracture.
INTRODUCTION

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 (RDX) 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 gquasi-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 60°'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 limited measurements were alsc made in
uniaxial tension. Studies have also been made for triaxial

confined compression and the results of these studies will be

reported in a companion paper.! The triaxial confined conditions
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simulate the conditions which the explosives experience during
artillary launch.

TNT and the composite were prepared by casting from the
melt. Composition B (Comp B) can be prepared by adding
particulate RDX and wax to molten TNT. Comp B contains 39.4%
TNT, 59.6% RDX and 1% wax. TNT and Comp B fail by brittle
fracture under uniaxial loading and these materials are much
weaker in tension than in compression. During the casting and
cooling process defects such as cracks, porosity and larger voids
or cavities are often introduced. These defects are very
important because they are thought to play a critical role in,
for example, premature ignition during artillary launch. Some of
these defects are caused by stresses during cast cooling, e.g.
thermal stresses, and mechanical properties for these conditions
are needed for computer modeling so as to be able to predict
conditicens which will not result in defect generation. There are
free surfaces because of these defects and so measurements were
made for the simplest conditions of free surfaces, i.e. uniaxial
stress and at a low quasi-static rate. Measurements were also
made at a higher strain rate to provide the information and
understanding necessary for computer modeling to predict failure
conditions with defects during use, e.g., during artillary
launch.

Complete stress vs. strain curves were recorded as 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 for 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 for 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 rate, high load, servo-
hydraulic system. A schematic of the system is shown in Figure
1. A compressive or tensile load can be applied to a test
specimen by hydraulically moving the actuator rod up or dcwn.
The system can epply & force of up to 35,000 lbs and can achieve

a maximum free run velocity of up tec 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 LVDT and the load cell are
calibrated annually by the manufacturer. Additional static
calibrations of the LVDT were made with a machinist type dial
indicator gage using increments of 0.001 in. The LVDT was also

calibrated dynamically at several strain rates against strain
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gages using a lucite sample.? 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. 1In order to decrease deceleration problems as the
maximum displacement was approached, the apparatus was
overdriven, i.e., the maximum displacement programmed intc 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 for 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 given in Figure 2. The strain rate data has been
smoothed by averaging every nine points of the original strain

rate vs. 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 reguired in the high

rate data handling process. After the initial acceleration the

strain rate has the average value of 1.4 s-l1. 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 6.7 x

10-4 57! 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 monitcred
until equilibrium at the desired temperature was achieved. For
extremely high temperatures heating tape was wrapped arcund the
metal parts to bring them to the desired temperature mcre
quickly. When the desired temperature was achieved the test
specimen was slowly brought intc contact with the heated upper

crosshead and a small pre-stress of approximately 50 psi was
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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.
Sample Preparation

Composition B and TNT casts were made by pouring the molten

material either into a cylindrical metal split mcld 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. All 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 secticns from the very

top and bottom of the casts were discarded.® The remaining
sections were then further cut and machined intoc cylindrical
samples with axes either parallel to the cast axis or
perpendicular to this axis. The samples were 1.5 in long and the
diameters were nominally 0.752 in but samples with a range of
diameters were actually obtained and these were used to make

confined cylinder triaxial measurements at various
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temperatures.!.3 The sample end surfaces were flat and parallel
to #0.001 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

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", 40°, and 60°C. Measurements were
also made at ~-20° and -40°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 vs. strain curves for Comp B are given in Figures 3 and 4
and photographs of typical sample fragments after failure are

given in Figure 5. The compressive strength, On, is taken at the
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maximum of the stress vs. strain curve, &w is the strain at On,
and Young's modulus is taken as the slope of the straight line
region as shown. The sample fragments indicate a brittle type of
failure. There is some "crumbling”™ and "powdering™ as a result
of uniaxial compressive failure (not shown in Figure 5). Very
extensive powdering has also been found as a result of mechanical
failure of a simulated void due to an applied compressive stress.?
In addition, extensive powdering ocurred in specimens as a result
of impact.®

The average compresive strength at 23°C and at the high
strain rate is 3260 % 150 psi, the average strain, €m, is 0.65 %
0.10%, and the average elastic modulus is (0.60 % 0.02) x 106 psi.
The results at 23°C are summarized in Table 1. 1In general the
strains, &n, were found to vary more from sample to sample than
the moduli or the compressive strengths.3 This variation in the
strains at failure is undoubtably due at least in part to

uncertainties inherent in the method by which they were

determined. Because of the rounding of the stress vs. strain
curves in the vicinity of Om and because of noise in the data
there is more uncertainty in the determination of &~ than in the
determination of O- from the curves (see Figures 3 and 4).

Although samples were machined into cylinders with axes parallel

and perpendicular to the cast axis, insufficent data was
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obtained to determine if there was a dependence of these

mechanical properties on the orientation of the axis.3

Orientation dependence has been found for low rate measurements.$

IABLE 1
RATE Comp B TNT
Cm LOW 1680 960
COMPRESSIVE
STRENGTH
(PSI) HIGH 3260 + 150 1850 + 180
E LOW 0.36 0.25
YOUNG'S
MODULUS
{X 106 PSI) HIGH 0.60 £ 0.02 0.45 * 0.07
€m Low 0.49 0.45
STRAIN
AT Om
(%) HIGH 0.65 % 0.1 0.58 = ¢.07

Summary of Experimental Results at 23°C.

The results of uniaxial measurements of Comp B cast in the
small cardboard tubes are given in Figure 7 for two strain rates

and four temperatures. The low rate compressive strength data

agree well with the data of Costain and Mcttof as a2 function of
temperature and the high rate compressive strength at room

temperature is in agreement with the value given by Clark and
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Schmitt.? 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.®

The results presented in Figures 3 and 4 indicate that the
modulus also decreases with decreasing strain rate. 1In 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 rate.l.3

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

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

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

temperatures was found to be higher at the higher rate.-® There

also is some indication that the strains at failure are lower at
the low strain rate.? However, as noted above, there is

considerable scatter in the strains, €x. Thus, this trend as a
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function of strain rate cannot be taken as too significant.

Both Clark and Schmitt®.10 and Costain and Motto® report
moduli which are significantly larger (a factor of twoc or more)

than values reported here. Larger moduli have also been reported

elsewhere.!l Wwhile Clark and Schmittl® report moduli which

decrease with increasing temperature, the more limited data of

Costain and Motto® indicate an increase in modulus with increasing
temperature. Smaller strains at failure are also reported by
these investigators. The methods of sample preparation and the
quality of the samples used by these investigators are unknown,

although Clark and Schmitt do give sample densities and indicate
that some samples were vacuum cast.? 10 Costain and Motto give

only average densities. In addition, the stress vs. strain curves
given by Clark and Schmitt show considerable curvature and
Costain and Motto do not give stress vs. strain curves. In the
work reported here the stress vs. strain curves are linear alimcst
to failure (see Figures 3 and 4) and the moduli are determined by
the slopes of the linear regions. The load cell and LVDT used in
this work were calibrated annually by the manufacturer as noted
above and have shcwn no significant changes cver several years.

A few samples of Comp B were strain gaged and measurements

made with the same apparatus to determine the modulus, E, and

Poisscn's ratic, v.2 In all cases the axial strains as determined
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by the strain gages are smaller approximately by a factor of two
than the strains as determined by the LVDT, and thus the E values
obtained using the strain gage strains are larger than the E
values obtained using the LVDT strains by the same factor. 1In
contrast, the average value of v obtained from the strain gages
for the low strain rate is 0.34 which is approximately in

agreement with the value obtained from the triaxial measurements

at 23°C.1.3 Because of the calibration of the LVDT, the
conclusion has been made that the results for the strain gages
are in error, most probably because the glue (Eastman 910) did
not establish the correct flexible contact between the Comp B and
the strain gages. The same fractional error is to be expected
for the radial and axial parts of the strain gage. Thus, the
value of Vv as obtained as a ratio of these strains is found to

agree with the value as determined in the triaxial measurements.

Clark and Schmitt?9/10 used strain gages and report E values which
are considerably larger than the values reported in this paper
and obtained using the LVDT to measure strain as ncted above.

However, Clark and Schmitt also obtained larger values of E from

triaxial data using an LVDT to determine the strains.1®

A very limited number of measurements of Cocrmp B in uniaxial
tension were also made. These measurements were rmade using
cylindrical samples of the same type used for the compression

studies. The flat ends of the samples were attached to metal
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cylinders using Eastman 910 adhesive and the metal cylinders were
in turn attached to the fixed and movable crossheads using a
threaded arrangement. Preliminary measurements were made at the
low and high strain rates at 23°C.

The results indicate that Comp B is very weak in tension.
Failure in all cases was by brittle fracture and the fracture

surfaces were close to being perpendicular to the direction of

the applied tensile stress. The tensile strength, or, was found

to be 164 & 21 psi at the low strain rate at 23°C for eight
samples. A few other samples gave extremely low values of Or and

are not included in the above average. This value of Or is lower

than but close to the value reported by Costain and Motto,8 i.e,
208 psi at 23°C. Only two measurements were made at the high
strain rate, and the tensile strengths of these two samples were
470 and 480 psi respectively. These results indicate a
significant increase in tensile strength with increasing strain

rate. An increase in tensile strength with increasing strain

rate has been reported for PETN.!2 Although failure was in the
explosive (Comp B) and not in the adhesive, many of the samples
loaded at both high and low rate failed close to the Comp B-
adhesive interface. While no evidence for chemical reaction
between Comp B and the adhesive could be detected, it is felt

that these tensile measurements should be repeated using the more
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standard "dogbone" type of samples.
INT

Experiments similar to those performed on Comp B were
performed on TNT. These experiments were carried ocut to
determine the effects of adding RDX and wax to TNT to make Comp
B. In addition, TINT is an important material by itself.
Military grade TNT was cast in the split mold and in cardboard
tubes. Measurements were made as a function of temperature and

strain rate as for Comp B. At 23°C and the high strain rate the

average value of the compressive strength, Om, is 1850 #* 180 psi,

the average value of the modulus, E, is (0.45 £ 0.07) X 106 psi
and the average value of € 1s 0.58 + 0.07 %. Thus, at 23°C and

the high strain rate, the average compressive strength and

modulus for TNT are smaller than the values for Comp B but the
average strains, €m, are not significantly different for the two
materials (see Table 1}. 1In fact, at each temperature and at
each strain rate for which measurements were made the compressive
strength and the modulus for Comp B are greater than the values
for TNT and the strains, €., are approximately the same.?

The compressive strengths as a function of temperature and
rate are summarized in Figure 9. Oy decreases as temperature is
increased at both rates. There is also an increase of G- for all

four temperatures as the rate is increased so tha:t both the
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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 Schmittl® 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 Motto® and the temperature dependence appears to be
opposite. Young's modulus as obtained by other techniques has

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

work .13
Summary of Experimental Results

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.? 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 103 results in an
increase in the compressive strength by only approximately a
factor of two. 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 funct;ons of strain rate
and temperature. Some preliminary measurements were also
reported on the tensile strength, Or. 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 dependercies of the compressive strength are
considered. Much more complete data for E will be given in a
later paper.! Hence, the discussion of the dependence of E on the
above parameters will be given in that paper.!
Brittle Fracture

Griffithi4 1% was the first to suggest that brittle
materials contain randomly orientated cracks and that under
tensile or compressive loading stress concentrations develop at

the crack tips which cause them to propagate and lead to failure

36



14: 02 16 January 2011

Downl oaded At:

by brittle fracture. Griffith's treatment is based in part on

work by Inglislé who calculated for a thin plate the maximum
tensile stress (stress concentration) at the tip of an elliptical
shaped crack with major axis normal to the direction of the
applied tensile stress. Griffith calculated the elastic energy
change due to the.presence of the crack. If W is the net
decrease in energy due to the presence of the crack and 2cc is the
original length of the crack (major axis of the ellipse), he
postulated that instability will result and the crack will
propagate to fracture when dW/dc € 0. He thus obtained an

expression for brittle tensile fracture as

1

2
oc, = [2—}:—71 (1

.4

where o1 is the tensile strength, E is Young's modulus, and Y is
surface energy per unit area. Griffith verified this
relationship experimentally by studies on glass.-* 1In addition,
Griffith showed that tensile stress concentrations develop near
the tips of cracks orientated at other angles than normal to the
applied tensile stress and that tensile stress concentrations
also occur for applied compressive stresses.:- The relationship
between the uniaxial tensile strength, Ov, and the uniaxial

compressive strength, G- is given by
G,
T =g
G-
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While many of the assumptions made by Griffith in obtaining
equation (1) are not valid for the experimental conditions used
in this work, the ratio given by equation (2) is expected to be

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

has been found for many materials.l? For Comp B, using the
limited tensile strength data presented we have at 23°C for the
low strain rate Om/CGT = 9.8 and for the high strain rate on/Or =

6.9 in approximate agreement with the Griffith prediction of

equation (2). From the data of Costain and Mottof at a low strain
rate the ratio Omn/O7T 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 -40°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.1® It is thus possible that the tensile
strengths reported by these investigators at the lower
temperatures are low because of undetected flaws introduced
during handling.

Several other approaches have been made to study the
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strength of materials containing cracks. In particular McClinton

and Walshl9,20.2} modified the Griffith theory by assuming that in
uniaxial compression the cracks close and that a frictional force
characterized by a coefficient of friction Y is developed across
the crack surfaces to support shear stress. For U= 1.0 the ratio
On/07 for uniaxial stress is found to be about ten which is also
in approximate agreement with many experimental results.

For uniaxial compressive loading the maximum tensile stress
will develop at elliptical cracks whose major axis makes an angle
of 30" with the direction of the applied stress and for zero

thickness cracks the angle between the crack and the applied

stresses is 45'.22 These tensile stresses are in such directions

that new cracks will initiate and extend toward the direction of
the applied compressive stress.2? As the new crack extends it may

turn in toward the direction of the applied stress.?? 1In this
case the stress concentration at the tip will decrease and the
crack will stop growing. Alternately, the new crack, which has
its own stress concentration, may branch, i.e. initiate another
new crack which will also extend in the direction of the applied
stress. By continued branching, a network of cracks will develop
which will eventually be connected and result in fracture of the
specimen into columns aligned in the direction of the applied

stress. An inspection of Figure € will reveal that this type of
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fracture behavior is observed for Comp B in unixial compression.
The rounding of the stress vs. strain curves just before the
rapid decrease of stress which indicates fracture may be due to
this initiation, growth and arrest of cracks (see Figures 2, 3,
4, and 5). In some other cases the fracture surfaces for Comp B
have been diagcnal. The frequency of these occurances have not
been studied. This behavior may be due to the effect of
frictional forces between the ends of the sample and the
crosshead surfaces.

The Griffith theory is based on a two dimensional model,

i.e., a crack in a thin plate. However, the problem has been

considered in three dimensions for a penny shaped crack.23 The

results indicate that the boundary stresses at the crack and the
surface energy differ from those of the two dimensional case by

only a few percent.

In summary, the Griffith theory of crack growth leading to
fracture adequately explains the observed ratios ¢f compressive
to tensile strengths for Comp B and TNT. 1In addition, this
approach predicts the observed orientation of the fracture
surfaces.

The cracks may be in the material before lcading and could
be caused, for example, by thermal stresses during cocling from

the melt, or they meay be generated during plastic deformation by

slip processes and interactions of dislocations.?? The rounding
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of the uniaxial stress vs. strain curves just before the abrupt
decrease of the stress (see Figures 3, 4 and 5), which indicates
fracture, could possibly be attributed to plastic deformation due
to dislocation motion. However, the yield strength obtained from

triaxial measurements is a factor of two or more greater than the

compressive strength.l,3 If yield as determined for the triaxial
loading case is interpreted as indicating the onset of
dislocation motion which results in plastic deformation, then in
the uniaxial case dislocation motion giving plastic deformation

should not begin until the uniaxial stress is equal to the yield

strength.l.3 Since Y is greater than Om by a factor of two or
more, it is then very unlikely that appreciable dislocation
motion resulting in plastic deformation preceeds fracture. Thus,
the rounding of the stress vs. strain curves just before fracture
cannot be attributed to dislocation motion. The rounding of the
uniaxial stress vs. strain curves is most probably due to crack
growth and arrest as discussed above.

It should be noted that the radial confinement used in the
case of the triaxial loading, i.e. allowing negligible radial
strain, inhibits crack growth and propagation. Thus, although
crack precpagation and fracture are observed in the case of the
more standard triaxial loading, i.e. with the test specimen under
hydrostatic radial pressure by a fluid during axial compression,

extensive crack propagation and fracture are not expected for the
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case of radial confinement. This point is discussed further in
reference (1).
Iemperature Dependence

An inspection of Figures 7 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, ¥, the surface energy per unit area, and E, Young's modulus,
since the crack length, 2c¢, 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 ¥ is independent of temperature we find from

equaticns (1) and (2) that

‘ (3)

Ao,
: 1 - <1 _AE

where AGr = Onl - Om2 is the difference in Or for two temperatures
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T1 and T2 and AE = E; - E; 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 AOm/Om as measured is significantly greater than AOm/Om1 as

calculated from equation (3). It thus seems necessary to
conclude that the surface energy Y alsc decreases with increasing

temperature.

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

been reported by Congleton and Petch?5.26 with increasing
temperature for Al03, MgO and glass. These authors attribute the
decrease in Ot with increasing temperature to a decrease in ¥g,

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. Orowan?’ 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

oS = [ZE(Y ”P)r (4)

n

where Y» is an energy associated with plastic work.

Coble and Parikh?® give a more general discussion of the

temperature dependence of the strength of brittle ceramic
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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.?? 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 fracture strength of fine grained

polycrystalline tungsten has also been reported to decrease with

increasing temperature.30.31 1In addition, the temperature
dependence of the fracture strength of glass is found to decrease

with increasing temperature especially in the low temperature

range.32 1In this case the temperature dependence is attributed to
chemical attack on the surface by surface contaminants. The
effect of surface conditions 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 of the samples used in the investigations of

Clark and Schmitt, 9 :¢ and Costain and Motto? are unknown.
The bonding in the various materials discussed immediately

above are guite different from the bonding in the molecular
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crystalline materials reported on in this paper. Hence, care
must be taken in comparing the results discussed immediately
above with the results for Comp B and TNT. However, it is clear
that the temperature dependence of the compressive strengths of
Comp B and TNT can be due at least in part to the temperature
dependence of the modulus and the temperature dependence of the
fracture surface energy.

The Griffith criterion for fracture, equation (1) or its
equivalent, is for catastrophic (instantaneous) crack propagation
to fracture. However, many studies have shown that fracture

occurs at lower stresses than the value given by equation (1)

when a constant stress is maintained for a time tc.33.34,35 <The
time tc is generally interpreted as the time required for slow

crack growth to obtain a value of crack half length, cc¢, which
will satisfy an eguation like equation (1) for the constant

applied stress and thus result in catastrophic crack propagation

and failure. The time, tc, is also temperature dependent and this

is generally attributed to thermally activated processes.33.34.35

For example, Zhurkov3> has reported an empirical relationship of

the form

so- ) (s)
te=1el rT |

where Gz is the constant applied tensile stress, T is the
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temperature in degrees Kelvin, R is the ideal gas constant and 7o,
Uo and Y are empirical constants. Equation (5) has been found to
describe the dependence of tr on 63 and T for about 50 different

materials including metals, alloys, non-metallic crystals and

polymers35. 2zhurkov has further found that the values of 7o
determined experimentally correspond to the reciprocal of the

lattice vibrational frequencies, i.e. values of Tc in the vicinity

of 10-13 s. 1In addition, he reports that U is in agreement with
the heats of sublimation of many metals and in agreement with the
energies for thermal decomposition for a number of polymers.
Therefore, a simple interpretation is given to equation (5). Us
is interpreted as the potential energy barrier for "bond”
breaking in a sclid with no applied stress, and Y0a is taken as
the reduction of this potential energy due to the presence of the
applied tensile stress. Thus, U = Up - Y0a is the effective
potential barrier for bond breaking. To relate eguation (5) to
fracture by crack growth, the rate of crack growth was studied as
a function of applied tensile stress in thin polymer strips and
found to increase exponentially with Stress at a constant
temperature. It 1is straightfcrward to show that the time to
failure as determined in this way is exponentially dependent on

applied stress in the same manner as given by equation (5) at
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constant temperature. The interpretation given to the parameters
of equation (5) seems guestionable because tc¢ should then be the
time to break a single bond at the crack tip and not the time to
fracture. In addition, Y0a should be a measure of the barrier
energy reduction at the crack tip due to the stress at the crack
tip and Uo should be the energy barrier at the crack tip without
applied stress and not the heat of sublimation for metals or the
heat of thermal decomposition for polymers. However, the

empirical nature of equation (5) seems to be firmly established

by the data presented by Zhurkov. Stevens and Duttcon36é have
suggested that the mechanism controlling the fracture processes
in the materials reported on by Zhurkov is that of evaporation
and condensation. BAn equation similar to equation (5) has been

derived by Beuche for polymers, but with somewhat different

meanings ascribed to the parameters33, However, in a later paper

he arrived at a somewhat different eguation relating applied
tensile stress to temperature and time to failure.3? Hsieh and

Thomson3® have considered crack growth in a two dimensional
discrete lattice for constant applied stress and also have found
that crack growth is a thermally activated process.

In all of the works discussed above the applied stress has
been independent of time. Therefore, a direct relationship

between these works and the work reported on in this paper cannot
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be made because in our case the stress is an increasing function
of time. However, for both the low and high strain rate, the
time to fracture is found to be independent of temperature within
the scatter of the data. Neglecting for the moment the time
dependence of the stress 0, we note from equation (5) that for
constant tc we must have

Up - Y6, = RT (6)
and so Oa must decrease with increasing temperature.

Qualitatively, the effect of having a stress which

increases with time (see Figure 2) will be to require more time
and so a larger maximum stress than the values for constant

stress for slow crack growth to achieve the critical conditions

for fracture. Thus, it seems clear that thermally activated slow

crack growth will have the effect of decreasing the fracture
strength with increasing temperature for Comp B and TNT. To
obtain the functional dependence of the fracture strength on
temperature would require additional experimental information and
assumptions. Charles has extended his work on static loading
time to failure to dynamic loading and arrived at a relationship

between fracture strength, temperature and loading rate for the

case of stress corrosion of glass.3% The dependence of the
fracture strength on rate is discussed in the next subsection and
some additional discussion of the temperature depexndence is alsc

given there.
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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.
Strain rate dependence

A reinspection of Figures 7 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 s-! 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
assumed 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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dependence of Y on strain rate for Comp B and TNT are unknown
(see below). It has been found empirically that an equation of
the same form as that of equation (1) (see equation (8)) is valid
for dynamic loading conditions. Although the data of Figure 8
indicates that the modulus E does increase somewhat with an
increase in strain rate, the dependence is even smaller than the
dependence of E on temperature. Using eguation (3) the
fractional change in the compressive strength was calculated due
to the observed change in E with strain rate and found to be much
less than the observed fractional change in compressive strength.
Thus, it is necessary to consider that the change in the
compressive strength with a change in strain rate is at least in
part due to a change in the fracture surface energy with strain
rate. The fracture surface energy has been measured as a
function of crack velocity for polymethylmethacrylate and was
found to first increase with crack velocity, pass through a

maximum and then decrease with further increases in crack
velocity.40.41 The maximum is attributed to a change from

isothermal to adiabatic conditions at the crack tip.4¢ Although
the crack velocities for our experimental conditions are unknown,
the crack velocities at the low strain rate may correspond to
isothermal conditions and thus be related to an increase in

fracture surface energy with increasing strain rate if the

results cited immediately above can be taken as typicald?. 4l

60



14: 02 16 January 2011

Downl oaded At:

However, crack velocities at the high strain rate may very well
correspond to adiabatic conditions., Measurements of fracture
surface energies as a function of strain rate for Comp B and TNT
are necessary to resolve this matter.

It is now desirable to consider the role of slow crack
growth on the critical conditions for fracture as given by
equation (1) or its equivalent for different strain or stress
rates. Slow crack growth has been considered in the discussion
of the temperature dependence of the compressive strength. For
this purpose it is desirable to use the stress intensity factor,
K, which is given by

K = a¥ct N
where O is the applied stress, c is the crack half length and f
is a dimensionless parameter depending on crack and sample
geometry and loading conditions.4? The critical stress intensity
factor is the value of K = Kc for the conditions of abrupt
fracture, that is

K. = oc f 8)
where Gc and cc are the critical applied stress and critical crack
length that give abrupt fracture.4? Equation (8) is of the same

form as the Griffith condition, egquation (1).

Charles3? and Evans and associates?3.44,4% have considered

the depernidence of the fracture strength on strain rate for glass.
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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

n n n
v=2_ k"= a0Wc't (9

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

c = 6t, then

[

c

de . Afr(c's)nf " ae (10)
]

n
c

where co 1s th original crack half length, c¢ and t: are the crack

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

integrating we obtain

e = fn{~)n n+l
2 1 2 FREE N Af lojt . a1
n-2|lce Cc n+1

fer n # 2. For n = 2 the solution is
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e ac'ld)d a2)

in
Ce 3
Then we obtain
2
n-2 o-z] |4
1}2 1)2
A 2‘“*1’(;’) ‘(c—} (13)
o = ot, = (o™ :
n
(n-2)Af

for n # 2, and for n = 2
1
Y E
113 ln(iﬂ (14)
. T [o]
6. = 6t = loff |— %o

1f cec > co, then for the general case of n # 2
- |3 ;
in 6. = {——| Inlo} + F {15)
n+l

where F is a constant for constant temperature. For the case of
n =2

In6.=:1n (o) + B (16)
where H depends on cc in addition to cg and temperature. Since
only two strain rates and so two stress rates were used in this
work we have only two points to fit to equations (15) or (16) at

a particular temperature for Comp B or TNT. However, Clark and

Schmitt? have reported O vs O for several stress rates and their

data is plotted in Figure 10 along with the two pecints for the

present work and one point from the work of Costain and Motto® for

Comp.B. For the Costain and Motto peint and the two points of
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this investigation the temperature is 23°C. For the work of Clark
and Schmitt the temperature is not given but is most probably
about the same. If Oc is taken as Om, then a least squares fit to
the data points of Clark and Schmitt gives a value of n = 1.94.
Thus, these results satisfy eguation (15) or egquation (16) with H
very insensitive to cc and so stress rate if n = 2. The results
of Clark and Schmitt justify the assumption of egquation (9). In
the integration of equation (10) to obtain equations (11) and

(12) a threshhold stress for the onset of slow crack growth was

not considered although such a threshhold is considered by Evans43

and there is experimental evidence for such a threshhold in cases

where slow crack growth is related to stress corrosion.43,45 46
The fit of the data of Clark and Schmitt to equations (12) or
{13) indicates that if there is a threshhold it can be neglected
for their conditions of measurement. A threshhold stress is not

indicated in the data for glass in vacuum given by Wiederhorn et.

al.%? Stress corrosion is not thought to be active in this case.
Equation (9) and the subsequent development leading to equations
{14) and (15) for constant n is directly applicable only to

Region I as discussed by Evans.43 Region II and so Region III are

directly related to the process of stress corrosion and are

apparently only observed in cases of stress corrosion.43.47 For

Comp B and TNT there is no evidence for or against stress
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corrosion at this time. Measurements in controlled atmospheres
and/or measurements of crack velocity as a function of the stress
intensity factor, K, are necessary to resolve this matter.

For the two points of the present work and the single point
from the work of Costain and Motto a value of n = 12.5 is
obtained for Comp B. Charles obtained a value of n = 16 for
Corning 0080 lime glass in saturated water vapor at room
temperature while Evans obtained a value of n = 16 for soda lime

glass in water and n = 31 for alumina in air at 50% relative

humidity, both at 25°C. The rather large value of n obtained by
both Charles and Evans for glass is thought to be related to the

corrosive action of water vapor on the crack growth as effected
by stress.34.48 The crack growth rate in alumina is also

apparently related to the presence of water vapor.43 As pointed
out by Charles a smaller value of n means more slow crack growth
before reaching the critical conditions for rapid crack
propagation and fracture (e.g. the Griffith criteria given by

equation (1)) and so a larger value of ¢cc and a smaller value of
Oc as observed (see Figure 10).

The values of n obtained from the data for Comp B given in
Figure 7 at 0'C and 60'C are essentially the same as the value

obtained at 23°C and the value at 40°C is slightly higher, i.e. n

= 16. The larger value of n at 40°C is due to the low value of
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the compressive strength at the high rate at this temperature

(see Figure 7). The values of n for 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 0°C. An inspection of Figure 9 will reveal that
the compressive strengths given at 0°'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 Om at 0°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 Motto® (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 relaticnship 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 alsc done in

cleosed loop but the movable crosshead was driven at the maximum
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possible velocity. The strain rate and so the stress rate were
constant after the initial acceleration for most of the stress
vs. strain curve (see Figures 2 and 4). The apparatus used by
Costain and Motto should give a constant strain rate, but for the
apparatus used by Clark and Schmitt neither the strain rate nor
the stress rate are controlled. The appartus used by these
investigators was also used by the present authors to study the
mechanical properties of propellants and the apparatus is
described briefly in reference 49. BAn inspection of Figure 3 of
reference 49 will reveal that the slopes of the load and
deflection vs. time curves are approximately constant after the
initial acceleration for the high rate conditions. Thus, the
strain and stress rates were most probably roughly constant for
the high rate work of Clark and Schmitt. However, it is not
clear how the procedure and/or the apparatus was modified by
Clark and Schmitt to vary the stress rate to obtain the data as a
function of rate.® Thus, no information is available on the
profiles of stress (and strain) vs. time curves for the lower
stress rates of Figure 10 (lower three points). Possible
differences between constant stress rate and constant strain rate
are discussed by Evans.%3 It seems as if either a different
mechanism accounts for the stress rate dependence of Or for the

samples of Comp B used by Clark and Schmitt (n = 2) and the

mechanism or mechanisms operative in the samples used in this
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study and in the work of Costain and Motto (n = 12.5), or the
samples used by Clark and Schmitt for 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 for 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

v=2dc A'e_y"cjn ,\/'CT £ (17

where

o= A'e‘/T

The same relaticnship of crack velocity to temperature has been

(18)

used for cther materials.>".'. E is the activation energy and A'
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is a constant. Thus, equations (13) and (14) are modified

respectively to

n-2 n-2] [t
1 112
: 2(n+1) (—) ) (_)
("ml Co Cc %T(ml) (19)
O, = (O = J e
(n-2)A'f
for n # 2 and
L
3
1131 S—) o (20)
o = o [ e 7o
Arf

for n = 2. Equations (19) and (20) indicate a decrease in Gc with
increasing temperature at constant stress rate and an increase in
Oc 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 kcal/M. This eguation can also be fitted
to the low and high rate data for TNT of Figure 9 if the data
points at 0°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. However, they are clcse to the

activation energies reported for thermal decomposition of Comp B

and TNT, i.e., 39 kcal/M and 27 kcal/M, respectively®?.53 and so

suggest a relationship between crack growth and bond breaking
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which is also implicit in the work of Zhurkov.3% This
investigator has discused his experimental results in terms of

stress assisted thermally activarted bond breaking as noted

above. Wiederhorn et.al.47 have analyzed their results of slow
subcritical crack growth as a function of stress (stress
intensity factor K) and temperature for glass in vacuum in terms
of stress assisted thermally activated bond breaking and have

arived at a theoretical relationship between these quantities as

{-E + bK) 5
v=v,e [ (21)
where
b-2 AV 2
3 «;E (22)

for the conditions of applied tensile stress and a through
elliptical crack. AV is the activation volume and p is the radius
of curvature at the crack tip. Wiederhorn et. al. have fit their
data to equation {21) and have obtained values for the activation
energies and the activation volumes. A guesticon tc be considered
is the applicability of equations (9) and (17) vs. equation (21).
For equation (21) the crack velocity is exponentially dependent

on the stress intensity factor, K, while equations (9) and (17)

gives a power law dependence. Evans?3 has pointec out that both a
power law and an exponential law will fit his date at constant
temperature and the power law was chosen because the integration,
e.g. eguation (10), can in this case be carried ana.ytically. 2

power law assumption, equation (9), was chosen here for the same
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reason. If the exponential form is chosen the integration must be
done numerically. However, the exponential form is based on
theory, equation (21), whereas the power law is not. If equations
{17) and (21) are assumed to be eguivalent expressions for the
crack velocity, then A' and/or n of equation (17) must be
dependent on temperature. However, for the limited available data
for 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 chamber and solid carbon dioxide was
blown in to reach the desired temperature below room temperature
for conditioning. In this process the samples were undoubtedly

thermally shocked, and this could cause cracking since TNT and

Comp B are known to be sensitive to thermal shock.5% 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 0°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.S5 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 columnar grained polycrystalline ice. (Cast TNT has
a tendency to be columnar grained.) The stress vs. strain curves

as a function of strain rate show the same dependence of the
compressive strength, Ox, and the apparent modulus, E, on strain

rate as cbserved in this work for Comp B and TNT. The total
creep strain is taken as made up of three components: i) an
elastic term which decreases immediately upon removal of the

load; 1ii) a delayed elastic term which decreases with time after
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removal of the load; and iii) a viscous (plastic) term which
represents a permanent deformation (strain). The delayed elastic
term is attributed to grain boundary sliding which does not lead
to cracking and permanent strain and is grain size dependent
while the viscous term is due to dislocation motion. This latter
term increases with crack generation which occurs when grain
boundary sliding displacement reaches a critical value. All
cracks are taken to have a constant length which is equal to the

grain size. A model for the crack is used in which the crack is

represented as an array of dislocations.®6 The model thus
considers crack generation and not crack growth. The resultant
stress vs. strain relationship is non-linear and computations
were made to obtain stress vs. strain curves as a function of
strain rate for a fixed grain boundary size and values of other
parameters determined by creep studies. The calculated
compressive strengths, Om, can be described by a power law
relationship with ({strain) rate as found for Comp B (see Figure
10), and the strains €m, are found to be relatively insensitive to
strain rate. The results for ice cannot be quantitatively
compared to those for Comp B and TNT because parameters cbtained
from creep studies are needed to make the calculations and creep

studies have not been made for these materials. The delayed

elastic strain has apparently been observed by Clark and Schmitt -

for Comp B but there are n¢ measurements or observations of
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plastic (permanent) uniaxial deformation that the authors are
aware of. 1In addition, the model does not contain a criterion
for fracture and no mention is made of fracture of ice except at
the highest strain rate considered which is lower than the lowest
strain rate used in the work reported here for Comp B and TNT.
Thus, to apply the approach developed by Sinha it would be
necessary to add a criterion for fracture, carry out creep
studies to obtain the appropriate parameters and, in particular,
to determine if there is significant plastic deformation. The
average grain size must also be measured.

In summary, the observed rate dependence of the compressive
strength may be in part due to (1) rate dependencies of the
modulus and the fracture surface energy, (2) thermally activated
slow crack growth before fracture and/or (3) crack generation as
proposed by Sinha. Additional studies are necessary to further
understand these phenomena.

i . -

The above discussion has not taken into consideration the

effects of composition and microstructure on the compressive

strength except for the discussion of the work of Sinha.®> The
larger compressive strength of Comp B relative to the value of

TNT can be attributed at least in part to the effect of second

phase particles in Comp B, i.e., RDX particles on the crack path>®

and the resultant energy loss during crack propagation. TNT
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grain size may also play a role. The dependence of the mechanical

properties of these materials on composition will be considered

in a separate publication.57
CONCLUSTQNS

The brittle fracture of molecular polycrystalline TNT and
the composite Comp B are adequately explained by the Griffith
conditions for crack propagation. 1In particular, the Griffith
approach predicts the observed ratios of compressive to tensile
strengths, and the general orientation of the fracture surfaces
are as predicted. The temperature dependence of the compressive
strength can be explained on the bases of the temperature
dependence of the modulus, and thermally activated slow crack
growth to the critical value necessary for rapid crack growth to
fracture, with possibly a contribution by the temperature
dependence of the fracture surface energy. The dependence of
compressive strength on strain rate is attributed in part to the
strain rate dependence of the modulus, in part to the rate of
slow crack growth to fracture and/or to the rate of crack
generation, with again a possible contribution by the rate
dependence of the fracture surface energy. Although experimental
results are reported only for TNT and Comp B, these conclusions
should apply to the Octols and most if not all other TNT base
composites. Additional work is required in almost all areas to

more firmly establish the conclusions arrived at in this work.
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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 measurements 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.
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Block Diagram of the Servo-Hydraulic Loading System and the
Electronics.
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Typical stress and strain rate vs. time for the high strain rate
for Comp B at 23°C.
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FIGURE 3

A stress vs. strain curve for Comp B at 23°'C and the low strain
rate, showing the values of the compressive strength, Ox, Young's
Modulus, E, and the strain, E&nm.
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EIGURE 4

A typical stress vs. strain curve for Comp B at 23°C and the high
strain rate, showing the values of the compressive strength, Or,

Young's Modulus, E, and the strain, €nm.
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Typical fragments of Comp B after fracture.
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A typical stress vs. strain curve for TNT at 23°C and the high

strain rate, showing the values of the compressive strength,

Gr,

Young's Modulus, E, and the strain, €nm.
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FIGURE 7

Compressive strength, O~, vs. temperature for Comp B for the low
and high strain rates. The lines are least squares fits of
straight lines to the data points. R is the correlation
coefficient.? Alsc shown are points from the work of Cestain and
Motto.8
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EIGURE 9

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. R is the correlation coefficient.’
Also shown are points from the work of Costain and Motto.8
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® CLARK & SCHMITT
O THIS REPORT
97 A COSTAIN & MOTTO

1n

The natural logarithm of the compressive strength, Om vs. the
natural logarithm of the compressive stress rate, O, for Comp B.
Data are presented from the work of Clark and Schmitt, from the
work of Costain and Motto8 and from the present investigation.

The line through the data of Clark and Schmitt is a least squares
fit of a straight line to the data points. A straight line is
also drawn through the two data points of the present

investigation. R is the correlation coefficient.’
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