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INTRODUCTION

Little attention has been given to determining and understanding the mechanical
properties of composite explosives. 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 Composition B (Comp B), a composite of TNT
and cyclotrimethylene trinitramine (RDX) have been investigated. Measurements have
been made as a function of temperature and strain rate. Both TNT and Comp 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 arillery 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 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 also made in uniaxial tension. Studies
have also been made for triaxial confined compression and the results of these studies
will be given in a companion report (ref 1). The triaxial confined conditions simulate
the conditions which the explosives experience during artillery launch.

TNT and Comp B were prepared by casting from the meit. Comp B can be pre-
pared by adding particulate RDX and wax to moiten 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 igniticn during artillery launch.
Some of these defecis are caused by stresses during cast cooling, e.9.. thermal
stresses, and mechanical properties for these conditions are needed for computer
modeling so as to be able to predict conditions which will not result in defect generation.
There are free surtaces because of these defects and so measurements were made for
the simplest conditions of free surtaces, i.e., uniaxial stress and at 2 low quasi-static
rate. Measurements were also made at a higher strain rate to provide the information
and understanding necessary for computer modeling in order to predict tailure condi-
tions with defects during use, €.q., during artiliery launch.

Complete strass versus strain curves were recorded as a function of the various
parameters menticned above and particular attention has been given to the compres-
sive 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 iemperature 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 desir-
able to place the results and undervtaiding presented here on a firmer base.

Finally, it is important to note tha! at no time during th'- course of these experimen-
tal studies was any evidence of fast explosive reaction observed.

EXPERIMENTAL

Some preparation and the loading apparatus are described in datail elsewhere
and only a few comments are given here (ret 2). These are concerned with the calibra-
tions of the loading apparatus sensors and the strain rate as a function of time.

A linear variable differential transformer (LVDT) was used to measure the dis-
placement of the actuator rcd and thus the change in length of the sample. A load cell
was used to measure the applied force. The LVDT and the load cell were 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 inch. The LVDT
was also calibrated dynamically at several strain rates against strain gages using a
lucite sample (ref 3). This calibration is of some importance because some of the
results presented here are not in agreement with the results of others.

The experiments described here were performed using a medium rate, high load,
servo-hydraulic system. At low rates this system is capable of applying constant load
(stress) or displacement (strain) rates to the sample and at such rates the acceleration
and decelgration of the cross head 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 avoid deceleration
problems, the apparatus was overdriven, i.e., the maximum locd or displacement
programmed inlo the computer was greater than that necessary to complete the desired
eftect, e.9., compressive failure in the uniaxial case. The strass and strain rates were
not constant 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 versus time as
given in figure 1. The sirain rate data has been smoothed by averaging every nine
points of the original strain rate versus time curve. The noise in the strain rate curve
onginates in the LVDT as well as contributions from analogue to digital and digita: to
analogue conversions required in the high rate data handling processes. After the initial
acceleration the strain rate has the average value of 1.4 s '. For all data given in this
paper, high strain rate refers to the strain rate versus time data of figure 1. The low

strain rate was constant at 6.7 x 10 * s ' to within approximately 1%.
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RESULTS

Most of the results presented here were presented praviously in slightly moditied
form. They are presented here for completeness. The objective of this report is to
provide a detailed interpretation of the results.

Composition B

Comp B samples, some of which were cast in a split mold and others which were
cast in 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°. Measurements were also made at -20° and -40°C
but the results were very erratic and nonreproducible, and are not presented. In all of
these experiments axial stress and strain w2re measured and a modulus was calcu-
lated from the slope of the stress versus strain curve. Stress versus strain curves for
Comp B are given in figures 2 and 3 and photographs of typical sample fragments after
failure are given in figure 4. The compressive strength, G, is taken at the maximum of

the stress versus strain curve. ¢ _ is the strain at o_, and Young's modulus is taken as

the slope of the straight line region as shown. The terms Young's modulus or simply
modulus and denoted by E are used throughout when referring to this slope. It is
desirable to distinguish between this slope and a true elastic modulus (constant). The
sample fragments indicate a brittle type of failure. There is some crumbling and pow-
dering as a result of uniaxial compressive failure (not shown in figure 4). Very extensive
powdering has also been found as a resuit of mechanical failure of a simulated void due
to an applied compressive stress (ref 4;. In addition, extensive powdering occurred in
specimens as a result of impact (ref 5).

The average compressive strength at 23°C and at the high strain rate is 3260 *
150 psi. the average strain, ¢_, is 0.65 ¢ 0.10%, and the average Ycung's modulus is

(0.60 + 0.02) x 10° psi. The results at 23°C are summanzed in table 1. In general the
strains, ¢_. were found to vary more from sample to sample than the moduli or the
compressive strengths (ret 2). This vanation in the strains at failure is undoubtedly dus,
as least in pan, to uncentainties inherant in the mathod by which they were determined.
Because of the rounding of the stress versus strain curves in the vicinity of o and
because of noise in the data there is more uncertainty in the determiination of ¢ than in
the determination of a_ from the curves (figs. 2. 3. and 7}. Although samples were
machined into cylinders with axes parallel and perpendicular to the cast axis, insufficient
data were obtained to cetermine it there was a dependence of these mechanical prop-

etties on the onentation of the axis (ref 2). Orientation dependence has been found for
low rate measurements (ref 6).




The results of uniaxial measurements of Comp B cast in the small cardboarg
tubes are given in figure 5 for two strain rates and four temperatures. The low rate
compressive strength data agree well with the data of Costain and Motio {ref B} as a
function of temperature and the high rate compressive strengu- at roon. temperature is
in agreement with the value given by Clark and Schmiit (ref 8). These investigalors
made measurements on Comp B under similar loading conditions on specimens of
comparable size to those used in this study. The results of figi:re 6 indicate that the
uniaxial compressive strength decreases with increasing tempe:ature and decreasing
strain rate (figs. 2 and 3). Clark and Schmitt (ref 9) also report a decreasing compres-
sive strength with decreasing rate but they report a considerably greater decrease ‘or a
somewhat smaller decrease in rate.

The results presented in figures 2 and 3 indicate that the modulus also decreases
with decreasing strain rate. In figure 6 the modulus, E, is given as a function of tem-
perature at the low and high strain rat»s as determined from the uniaxial measure-
ments. The results indicate that E decreased with increasing temperature and decreas-
ing strain rate. More extensive data obtained by triaxial compression measurements
indicate the same dependence on temperature and strain rate (refs 1 and 2). In con-
trast Clark and Schmitt {ref 9) 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 foud to be higher at the higher rate (ref 10). There
also is some indication that the strains at failure are lower at the low strain rate (ref 2).
However, as noted above, there is considerable scalter in the strains, ¢ . Thus, this

trend as a function of strain rate cannot be taken as too signiiicant.

Both Clark and Schmitt (refs 9 and 10) and Costain and Motto (ref 8) report madul
which arg significantly larger (a factor of two or more) than values reported here.
(Larger moduli obtained by other techmques have also been reported elsewhere (ret
11)) While Clark and Scheutt (ref 10) report moduli which decrease with increasing
temperature. the more hmited data of Costain and Motlo (rel! 8) indicate an incraase in
modulus with increasing temperature. Smaller strains at tailure are also reponed by
thesa mnvastigaiors The methods of samptle preparation and the guakty of the samples
used by these imvaestigaters are unknown, aithough Clark and Schmitt do give sample
densiies and inghicate thal seme samples were vacuum cast (refs 9 and 10). Costan
and Motto Qivs only average densihos  In additon. the strss versus siramn curvas given
by Clark and Schmutt show considerable curvature and Costain and Motto do not give
slr@ss versus stram curves In the work teported here the stress varsus stramm curves
are hnear almast to tature thgs ¢ and 31 and the modub are detprmiaed by the slopes
of the hnedr regions  The kad cell and LVDY used in this work were caltbrated annually
by the manuticturer as noted above and have shown 0 sgmificant changas over
several years
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A few samples of Comp B were strain gaged and measurements made with the
same apparatus to determine the modulus, E, and Poisson’s ratio, v (ref 3). In all cases
the axial strains as determined by the strain gages are smaller by a factor of two or iess
than the strains as determined by the LVCT, and tnus the E values obtained using the
strain yage strains are larger than the E valuies obtained using the LVDT strains by the
same factor. .n contrast, the average value of v obtained from the strain gages for the
‘ow strain ra’ 3 i> 5.24 which is aporoximately in agreemert with the value obtained from
the trawsal mearurements at 23°C (refs 1 and 2). Because of the calibration of the
LVDI, the conciusicn nas been made that the results «or the strain gages are in error,
most probably bezause the glue (Eastman 910) did not estzblish the corract flexible
contact between the Comp B and the strain gages. The san.a fractional error is to be
expected for the radial and axial parts of the strain gage. Thus, the vaiue of v as ob-
tained as a ratio of these strains is found to agree with the value as determined in the
triaxial measurements. Clark and Schmitt (refs 9 and 10) used strain gages and repon
E values which are consicerably larger than the values reponied in this paper and
obtained using the LVDT to measure strain. However, Clark and Schmitt aiso obtained
larger values of E from triaxial data using an LVDT to determine the strains (ref 10).

A very limited number of measurements of Comp B in uniaxial tension were also
made. These measurements were made using cylindrical samples of the same type
used for the compression studies. The Hlal ends of the samples were attached to metal
cylinders using Eastman 310 adhesive and the metal cylinders were in turn attached to
the fixed and movable crossheads using a threaded arrangement. Preliminary meas-
urements 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 surtaces were approximately perpendicular to the
direction of the apphed tensde stress.  The tensile strangth, a,, was found to be 164 +

21 ps: at the low stran rate at 23 °C lor eight samples. A tew other samples gave
extremely low values of a, and are not included in the above average This value ot a,

15 lower than but close to the value reported by Costan ang Motto. t e, 208 psi at 23°C
(ret 8) Only two measurements were made at the high strain rate, and the tensie
strengths of these two samples ware 47G and 480 pst, respectively  These results
indicate a sigrihicant increase n tensile strength with increasing strain rate. An increase
in tensile strength with inCreasing strath rate has been repont tor PETN (ret 12} Al
though failkure was m the explosive (Comp 8) and not 1n the adhesive. many of the
samples kaded at bath hgh and low rate taled close to the Comp B-adhesive interface.
While no evidence for chemwcal reaction belween Comp B and the adhesive could be
detected. it is feil that these tensile measua..nents shouid be repeated using the stand-
anrd doghone type of samples




TNT

Experiments similar to thosa performed on Comp B were performed on TNT.
These experiments were carried out 1o determine the effects of adding RDX and wax to
TNT to make Comp 8. In addition, TNT is an important material by iiseif. Military grade
TNT was cast in the split moid and in cardboard tubes. Measureme, s were made as a
function of temperature and strain rate as for Comp &, and a typical stress versus strain
curve at 23°C. The high sirain rate is given in tigure 7. At 23"C and the -qti stran rate
the average value of the compressive ctrength. a__1s 1850 + 180 psi, the average value

of the modulus, E, is (0.45 + 0.07) x 16° psi and the average value - r_is 0.58 *

0.07% Thus. at 23 C and the high strain rate, the average compressi ¢ strangth and
modulus for TNT are smalter than the values for Comp B, but the avw - -e sliains, _,

are not significantly different ir-*he two mateiials {table 1). Infact, :  wach temperature
and at each strain rate for winch measi.-ements were made the compressive strength
and the modulus for Comp B are greater than the values for 7. 1 and the strains, €.

are approximately the same (ref 2)

The compressive strenaths as a tunction of temperature and rate are summarnzed
in figure 8 o  decreases as temperature 1S increasadt at both rates. There is also an

increase ot o for all tour temperatures as the rate s increased so that both the tem-
perature and rale dependsncigs are the same as for Comp 8 The iow rate & dala are

tn agreemart with the results of Costain and Motio ref B) Whils there 1s consigarable
scatter iy the moduiys values E does tend to decrease as .emperatyre 1$ increased and
does incraase as fate s nergassd iret 21 Alttiough the £ values are smaller than th=
vilues regonted by Chark v Schantt wef 101 the iemperature dependence is silar
The £ vaie at 23 C and the low strain rate :s aiso somewhal smaller than the vaiue
given by Costan and MoRo angt ths temperatyre dependence appears 10 be opposite
fref 8) {The moculus as obhwned by other tactinguas has also been found to be
Qrealter than e valyes reported in thas work (st 131

Sunmunary of Experimental Resuits

The comprasavs atrerepth ang Yourg s modlus are dependgsnt on temperature
ang stran rate ang g sumungey of the resutis 4t 23 O gven in talde t The compres:
sive strangth and Young 3 modulus ot each temperature andt at cach stepn rate ara
smaflar for TRT than tor Comp 8 whnbe the <hrans Gt Fukyre gre approwmately the same
for both matanais at eack temaaratyre a5 at each stram rate et 21 The compmsr @
chrangths andd the mocgiule ¢f TNT arvd Corp B gecrease with increaung tempaglure
and decreasing “tran rate It shoykt ba noted hnwavaer 0 e shqim rpte sensibety s




very small, e.g., an increase in the strain rate by a factor of approximately 2.0 x 10°
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 value of
the moduli for TNT and Comp B found in this work are smaller than the values reponed
by other investigators.

DISCUSSION

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. Much more compiete data for the Young's modulus will be
given in a later report (ref 14). Hence, the discussion of the dependence of the modulus
on the above parameters will be given in that report.

Brittle Fracture

Griffith (refs 15 and 16) was the first to suggest that brittle materiais contain ran-
domly orientated cracks and that under tensile or compressive loading stress con-
centrations develop at the crack tips which cause them to propagate and lead to failure
by brittle fracture. By applying energetic considerations he obtained an expression for
brittle tensile fracture as

o = [ZEY] (1)

where o, is the tencile strength, E is Young's modulus (& ture elastic modulus), and yis

surface energy per unit area. Griffith verified this relationship experimentally by studies
on glass (ref 15). In addition Griffith showed that tensile stress concentrations occur for
applied compressive stresses (ref 18). The relationship between the uniaxial tensile
strength, o, and the uniaxial compressive strength, o_ is given by Griffith as

Om
g (2)

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. In fact, agreement with equation 1 has been found for
many materials (ref 17). For Comp B, using the limited tensile strength data presented
- we have at 23°C for the-low strain rate ¢_/o. = 9.8 and for the high strain rate o, /o, =

6.9 in approximate agreement with the Griffith prediction of equation 2. From the data




of Costain and Motto (ref 8) at a low strain rate the ratio o_/o_ is 8.4 for Comp B and 8.0

for TNT at 23°C. For 10 composite explosive formuiations with cast TNT as the base
(including TNT and Comp B) traated 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 difficutty was encountered in making the tensile measure-
ments reported by Costain and Motto at low temperatures because of sample breakage
during handling, etc., apparently due to extreme brittieness (ref 18}, It is thus possible
that the tensile strengths reponted by these investigators at the lower temperatures are
low because of undetected flaws introduced during handling.

For uniaxial compressive loading the maximum tensile stress will develop at
slliptical cracks whose major axis makes an angle of 30 degrees with the direction of
the applied stress and for zero thickness cracks the angle between the crack and the
applied stresses is 45 degrees (ref 19). These tensile stresses are in such directions
that new cracks will initiate and extend toward the direction of the applied compressive
stress (ref 19). As the new crack extends it may turn in toward the direction of the
applied stress {ref 19). These tensile stresses are in such directions that new cracks
will initiate and extend toward the direction of the applied compressive stress (ref 19).
As the new crack extends it may turn in toward the direction of the applied stress (ref
19). In 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
¢€-»ntually be connected and result in fracture of the specimen into columns aligned in
.+ diraction of the applied stress. An inspection of figure 4 will reveal that this type of
tracture behavior is observed for Comp B in uniaxial compression. The rounding of the
stress versus strain curves just before the rapid decrease of stress which indicates
fracture may be due to this initiation, growth and arrest of cracks (figs. 2, 3. and 7). In
some other cases the fracture surfaces for Comp B have been diagonal but the fre-
quency of these occurrences have not been studied. This behavior may be due to the
effect ot frictional forces between the ends of the sample and the crosshead surfaces.

The Grittith 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 (ref 20). 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 Gritfith theory of crack growth leading to fracture adequately
explains the observed ratios of compressive to tensile strengths for Comp B and TNT.
In addition, this approach predicts the cbserved orientation of the fracture surfaces.




The cracks may be in the material before loading and could be caused, for example, by
thermal stresses during cooling from the melt, or they may be generated during plastic
deformation by slip processes and interactions of dislocations (ref 21).

Role of the Temperature and Strain Rate Dependencies of the Modulus and Sur-
face Energy

An inspection of figures 5 and 8 reveals that the compressive strengths of Comp B
and TNT are functions of both temperature and strain rate. While the number of sam-
ples measured is small, it is believed that the results of figures 5§ and 8 give a true
picture of the trend of the compressive strengths with temperature and strain rate. The
results at the low strain rate are in good agreement with the results of Costain and
Motto (ref 8). Based on the Griffith theory of fracture (eq 1) the temperature and strain
rate dependencies of the fracture strength must be due to the temperature and strain
rate dependencies of either or both, y, the surface energy per unii area, and E, Young's
modulus, since the crack length, 2¢c, is assumed to be independent of temperature.
From figure 8, we note the E as determined by the slope of the stress versus strain
curve is a function of temperature and strain rate for Comp B and more limited data
shows that E for TNT (ref 2) also is a function of temperature and strain rate. Assuming
for the moment that y is independent of temperature, and further that E as determined
from the slope is a true elastic modulus, we find from equations 1 and 2 that

o (4]

where Ao, =0, -C is the dirference in o, for two temperatures at constant strain rate
1 2

or the difference in ¢ for two strain rates at constant temperature. AE = E, - E, is the

difference in E for two temperatures at constant strain rate or the difference in E for two
strain rates at constant temperature. By using data from figures 5, 6, and 8 and refer-
ence 2 we find for both Comp B and TNT that Ac, /o, as measured is significantly

greater than Ac_/c_ as calculated from equation 3 for changes of either temperature or

strain rate. It thus seems necessary at this point to conclude that the surface energy y
must also be a function of temperature and strain rate.

A decrease in o, the fracture strength in tension, has been reported by Congleton
and Petch (refs 22 and 23) with increasing temperature for A1,0,, Mg0O, and glass.
These authors attribute the decrease in o, with increasing temperature to a decrease in
Yp the fracture surface energy associated with a running crack. The increase in the
fracture surtace energy over the intrinsic surtace energy as temperature is lowered is




attributed to plastic deformation associated with crack propagation. Orowan and lrwin
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 propaga-
tion given by

1
| OB @

n

where Y, is an energy associated with plastic work (ref 24). The fracture surface energy

has also 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 (refs 25 and 26). The maximum is
attributed to a change from isothermal *o adiabatic conditions at the crack tip (ref 25).
Although the crack velocities for our exnerimental 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 typical (refs 25 and 26). However, crack
velocities at the high strain rate may very well correspond to adiabatic conditions. Thus,
vanations of the fracture surface energy with temperature and/or strain rate may have a
direct influence on the temperature and strain rate dependencies of the fracture
strength. Measurement of fracture surface energy as a function of strain rate for Comp
B and TNT are necessary to resolve this matter.

Slow Crack Growth

The Grifich criterion ior fracture, equation 1 or its equivalent, is for catastrophic
.nstantaneous) crack propagation to fracture. However, many stuc-es have shown that
fracture occurs at lower stresses than the value given by equation 1 when a constant
stress is maintained for a time t, (refs 27, 28, and 29). The time t, is generally inter-

preted as the time required for slow crack growth to obtain a value of crack half length,
¢, which will satistv an equation like equation 1 for the constant applied stress and thus
result in catastrophic creck orogagation and failure. The time, t,, is also temperature

dependent and this is generallv attributed to thermally activated processes (refs 27, 28,
and 29). For example, Zhurkov has reported an empirical relationship of the form

s

t = toe( L—J—Oﬁ%?—a-) (5)
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where o, is the constant applied tensile stress, T is the temperature in degrees Kelvin,
R is the ideal gas constant and 1, U, and y are empirical constants (ref 29). Equation 5
has been found to describe the dependence of t, and ¢, and T for about 50 different
materials including metals, alloys, nonmetallic crystals and polyrners (ref 29).

It is now desirable to consider the role of slow crack growth on the critical condi-
tions for fracture as given by equation 1 or its equivalent for strain or stress which
increase with time as used in the work reported here. For this purpose it is useful to
introduce the stress intensity factor, K, which is given by

K = oVcf (6)

where ¢ is the applied stress, ¢ is the crack half length and f is a dimensionless
parameter depending on crack and sample geometry and loading conditions (ref 30).
The critical stress intensity factor is the value of K - K_for the conditions of abrupt

fracture, that is
Kc = 0 VCcf (7)

where o and c_ are the critical applied stress and critical crack length that give abrupt
fracture (ref 30). Equation 8 is of the same form as the Griffith condition, equation 1.

Charles (ref 31) and Evens, et. al., (refs 32 33, and 34) have considered the
dependence of the fracture strength on strain rate and temperature for ¢'ass. This
dependence is associated with a s'ress corrosion mechanism for glass but the ap-
proach is sufficiently general that # .an be applied to other mechanisms than stress
cotrosion. 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.6., the applied stress and the crack half length (equation 6). Since empirical relation-
ships 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

v=S = AK" = A VE" (8)
where
A AeERT ©)
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for a thermally activated process. A’ and n are constants. The same relationship of
crack velocity to temperature has been used for other materials (refs 35 and 36).
fo= o, then

C .
de . t
& A \0)"j it
l: e 0 (10)

where ¢, is the original crack half length, C_and t, are the crack half length and time at
fracture and o is the stress rate. By integrating we obtain

2 [(1YF (1\£] Af"ore "
nlle) le) (= (1)

forn# 2. Forn = 2 the solution is

0 c. Af(0)? t?

e = =g (12)

Then we obtain

n-2 n-2 'lT
2oet] (&) (LT
_ _ ﬁ'}'{ CO Cc n+E 13)
o, = ot = (0) TIVXE g(M+TRT (

forn«2 andforn =2
3
3 1n(99)
1 Co E
Gc = Otf = (()')"S W em (14)
ite, >> ¢, then for the general case of n = 2

1noc=(ﬁ—%)1n(o)+(«ﬁ?%m= +J (15)

where J is a constant. For the case of n =2
NG, =+ 1 (6) + mEr 4 L (16)
¢~ 3 3RT
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where L depends on ¢, in addition to ¢,. Since only two strain ates and so two stress

rates were used in this work we have only {wo points to fit to equations 15 and 16 at a
particular temperature for Comp B or TNT. However, Clark and Schmitt (ref 9) have
reported ¢ versus o for several stress rates and their data is plotted in figure 9 along

with the two point for the present work and one point from the work of Costain and
Motto (ref 8) for Comp B. For the Costain and Motto point and the two points of this
investigation the temperature is 23°C. For the work of Clark and Schmitt the tempera-
ture is not given but is most probably about the same. If o_ is taken as o, then a least

squares fit to data points of Clark and Schmitt gives a value of n = 1.94. Thus, these
results satisfy equation 15 or equation 16 with H very insensitive to ¢_ and so stress rate

if n = 2. These results justify the assumption of equation 8. In the integration of equa-
tion 10 to obtain equation 11 and 12 a threshold stress for the onset of slow crack
growth was not considered although such a threshold is considered by Evans (ref 32)
and there is experimental evidence for such a threshold in cases where slow crack
growth is related to stress corrosion (refs 32, 34, and 37). The fit of the data of Clark
and Schmitt to equations 12 or 13 indicates that if there is a threshold it can be ne-
glected for their conditions of measurement. A threshold stress is not indicated in the
data for glass in vacuum given by Wiederhorn, et. al. (ref 38). Stress corrosion is not
thought to be active in this case. Equation 8 and the subsequent development leading
to equations 14 and 15 for constant n is directly applicable only to Region | as dis-
cussed by Evans (ref 32). Region Il and so Region HI are directly related to the process
of stress corrosion and are apparently only observed in cases of stress corrosion (refs
32 and 38). For Comp B and TNT there is no evidence for or against stress corrosion at
this time. Measurements in controlled atmospheres and/or measurements of crack
velocity is a function of the stress intensity factor, K, are necessary to resolve this
matter.

For the two points of the present work a value of n = 12.5 is obtained. 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 somewhat large value
of n obtained by both Charles and Evans for glass is thought to be related to the cor-
rosive action of water vapor on the crack growth as effected by stress (refs 28 and 29).
The crack growth rate in alumina is also apparently related to the presence of water
vapor (ref 32). 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 Gritfith criteria given by equation 1 and so a larger value of ¢, and a smaller

value of ¢ as observed (fig. 9). The reasons for apparently different values of n and so

slow crack growth for the data of Clark and Schmitt and the results of the present
investigation are not understood at this time.
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The values of n obtained from the data for Comp B given in figure 5 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 the
compressive strength at the high rate at this temperature (fig. 5). The values of n for
TNT from the data of figure 8 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 8 reveals 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 o_ 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 (ref 8) (figs. 5 and 7).

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 versus strain curve and so almost to failure
(fig. 2). The high rate work was also done in closed loop but the movable crosshead
was driven at the maximum possible velocity. The strain rate and so the stress rate
were constant after the initial acceleration for most of the stress versus strain-curve
(figs. 1 and 3). 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 apparatus 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 40. An inspection of figure 3 of reference 40 will reveal
that the slopes of the load and deflection versus 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 (ref 9). Thus,
no information is available on the profiles of stress (and strain) versus time curves for
the lower stress rates of figure 9 (lower three points). Possible differences between
constant stress rate and constant strain rate are discussed by Evans (ref 32). It seems
as if either a different mechanism accounts for the stress rate dependence of ¢_ for the

samples of Comp B used by Clark and Schmitt (n = 2) and the mechanism operative in
the samples used in this study (n = 12.5), or the samples used by Clark and Schmitt for
the lower stress rate measurements contained significantly larger cracks (larger ¢,) than

the samples used for the higher rate measurements. Clearly, additional experimental
work is required to resolve this matter.

Equations 13 and 14 indicate a decrease in ¢_ with increasing temperature at

constant stress rate as observed (figs. 5 and 8). Equation 13 can be fitted ap-
proximately to the data for Comp B of figure 7 as a function of temperature for the low
and high ratesto give a value of E =~ 30 kcal/M. This equation can also be fitted to the
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low -.d high rate data for TNT of figure 7 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 tempera-
tures available to be used in the curve fitting process. However, they are close to the
activation energies reported for thermal decomposition of Comp B and TNT, i.e., 39
kcal/M and 27 kcal/M, respectively (refs 41 and 42) and so suggest a relationship
between crack growth and bond breaking which is also implicit in the work of Zhurkov
(ref 29). This investigator has discussed his experimental results in terms of stress
assisted thermally activated bond breaking.

Wiederhorn, et. al. (ref 38) 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 arnved
at a theoretical relationship between these quantities as

{-E + bK)

v=voe N (17)
where
2 AV
= £ 18
b 3 Jnp (18)

for the conditions of applied tensile stress and a through elliptical crack. E is the activa-
tion energy, AV is the activation volunie and p is the radius of curvature at the crack tip.
Wiaderhorn, et. al. have fit their data to equation 17 and have obtained values for the
activation energies and the activation volumes. A question to be considered is the
applicability of equations 8 and 9 versus equation 17. For equation 17 the crack veloc-
ity is exponentially dependent on the stress intensity factor, K, while equation 8 gives a
power law dependence. Evans (ref 32) has pointed out that both a power law and an
exponential law will fit his data at constant temperature and the power law was chosen
because the integration, e.g., equation 10, can in this case be carried out analytically. A
power law assumption, equation 8, was chosen here for the same reason. [f the ex-
ponential form is chosen the integration must be done numerically. However, the
exponential form is based on theory, equation 17, whereas the power law is not. Addi-
tional experimental work is necessary to firmly establish the applicability of equation 8 to
Comp B and TNT and/or to distinguish between equations 8 and 17.

Low Temperature Results
As noted in the Results Section, measurements were made at -20° and -40°C but

the results were erratic and not reproducible. It is now believed these poor results may
have been due to the method of temperature conditioning. Samples were placed in the
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insulated chamber and solid carbon dioxide was blown in to reach the desired tempera-
ture below room temperature for conditioning. In this process the samples were un-
doubtedly thermally shocked, and this could cause cracking since TNT and Comp B are
known to be sensitive to thermal shock (ref 43). It seems very desirable to repeat these
measurements using a method of temperature conditioning which does not ailow ther-
mal shocking. This will give a wider range of temperatures for determining the ap-
plicability of the above equations and, in particular, for determining activation energies
and whether they are related to the bond breaking processes active in thermal decom-
position. It will also give data over the remaining part of the temperature range of
military interest. The apparent low values of compressive strength obtained for TNT at

0°C and high strain rate (fig. 8) are most probably also due to the eftect of thermal
shocking.

Crack Generation and Grain Boundary Sliding

Before leaving the discussion of rate sensitivity the recent work of Sinha is consid-
ered (ref 44). This investigator developed a constitutive equation for creep at constant
load and them, 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 versus strain curves as a function of strain rate show the same dependencs of
the compressive strength, ¢_, and the apparent modulus, E, on strain rate as observed

in this work for Comp B and TNT. The total creep strain is taken to be made up of three
componsents: (1) an elastic term which decreases immediately upon removal of the
load, (2) a delayed elastic term which decreases with time after removal of the a2 and
(3) a visceus (plastic) term which represents a permanent deformation .. ra:  '7e
delayed elastic term is attributed to grain boundary sliding which doey += " to
cracking and permanent strain and is grain size dependent while the viscous tarmi 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 disiocations (ref 45). The model thus
considers crack generation and not crack growth. the resultant stress versus strain
relationship is non-linear and computations were made to obtain stress versus 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, a_,

can be described by a power law relationship with (strain) rate as found for Comp B (fig.
9), and the strains ¢, 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 para-
meters obtaired from creep studies are needed to make the calculations and creep
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studies have not been made for these materials. The delayed elastic strain has appar-
ently been observed by Clark and Schmitt (ref 10) for Comp B but there are no meas-
urements or observations of plastic (permanent) uniaxial deformation that the authors
are aware of. In 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 and temperature dependencies of the compressive
strength may in part be due to {1) the rate and temperature dependencies of the true
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.

Dependence on Composition

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 (ref 44). The iarger 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 (ref 35) and the resuitant energy loss during crack
propagation. TNT grain size may also play a role. The dependence of the mechanical
properties of these materials on composition will be considered in a separate report (ref
46).

CONCLUSIONS

The brittle fracture of polycrystaliine TNT and the composite, Composition B, ai
constant temperature and strain rate are adequately explained by the Griffith conditions
for catastrophic crack propagation. In particular, the Griffith approach predicts the
observed ratios vf compressive to tensile strengths, and the general orientation of the
fracture surtaces are a predicted. The temperature dependence of the compressive
strength can be explained on the bases of the temperature dependence of the true
modulus, and thermally activated slow crack growth to the critical value nscessary for
rapid crack growth to fracture, with possibly a contribution by the temperature depend-
ence of the fracture surtace energy. The dependence of compressive strength on strain
rate is attributed in part to the strain rate dependence of the true modulus, in part 1o the
rate of slow crack growth to fracture and/or to the rate of crack generation, with again a
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possible contribution by the rate d2pendence 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 based composites. Additional work is
required in almost all areas to more firmly establish the conclusions arrived at in this
work. In particular, more extensive tensile properties are desirable. Measurements at
lower temperatures are also desirable to better establish thermally activated crack
growth and the associaied activation energies and to completely cover the temperature
range of military interest. Larger nu.nbers 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 iri the interpretation of the
brittle fracture of these types of materials.
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Table 1. Summary of experimental results at 23°C

RATE Comp B TNT
Oa LOW 1680 960
CONPRESSIVE
STRENGTH
(PSI) HIGH 3260 * 150 1850 ¢ 180
LOW 0.36 0.25
YOUNG'S
NODULUS
(X 106 PpsS1} HIGH C.60 t 0.02 0.45 2 0.07
€a LOW 0.49 0.45
STRAIN
AT Ca
(8) KIGH 0.8% ¢ 0.1 0.58 + 0.07
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Figure 5. Compressive strength, c_, versus temperature for Comp B for the

low and high strain rates. Also shown are points from the work
of Costain and Motto (ref 8)

NOTE The lines are least squares fits of straight lines to the data points. R is the
correlation coetticient (ref 7).
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Figure 9. The natural logarithm of the compressive strength, o_, versus the
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Data are prosented from the work of Clark and Schmitt (ref 9), from
the work of Costain and Motto (ref 8). and from the present investiga-
tion.

NOTE: The line through the data of Clark and Schmitt is a Isast squares fit of a straight
ing to the data points. A straight line is also drawn through the two data points ¢f the
prasent investigation. R is the correlation coefficient (ret 7).
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