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THE MECHANICAL RESPONSE OF TNT AND A COMPOSITE, COMPOSITION B, OF 
TNT AND RDX TO COMPRESSIVE STRESS: 111 DEPENDENCE ON PROCESSING 

AND COMPOSITION 

D. A. Wiegand and J. Pinto 

Energetics and Warheads Division 
Armament Engineering Directorate 

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

ABSTRACT 

The uniaxial compressive strength and the yield strength as 

determined by confined triaxial compression (uniaxial strain) of 

Composition B were found to be increased by changes in processing 

conditions and composition. In addition, Young's modulus (slope 

of the linear portion of the stress versus strain curve) was also 

increased by the same changes. The uniaxial compressive strength 

and modulus were also found to depend on the position in the cast 

from which the samples were taken for some casts. The results to 

date suggest that these effects are due primarily to changes in 

porosity and further that the changes in porosity are due to 

changes in processing conditions. Thus, significant increases in 

strength and modulus may be accomplished by changes in processing 
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conditions. The differences in the strengths of Composition B and 

TNT are also considered. 

I" 

This paper is the third in a series concerned with 

mechanical failure of trinitrotoluene (TNT) and a composite of TNT 

and cyclotrimethylene trinitramine (RDX)1,2. This composite also 

contains 1% wax and is commonly known as Composition B (Comp B). 

TNT is the matrix material and both TNT and RDX are molecular 

organic polycrystalline solids. The first paper deals with the 

fracture properties1 and the second deals with the yield 

properties2 of the matrix and the composite as a function of 

temperature and strain rate. Significant differences in the 

strengths of the two materials have been found. The fracture and 

yield strengths and Young's modulus are greater for the composite. 

In this paper two modifications of the composite are considered 

and the fracture and yield strengths compared to those of the 

unmodified composite (Comp B) and to the matrix material (TNT). 

One of the modified composites (Comp B M1) was made without wax 

and with recrystallized TNT while the other modified composite 

(Comp B M2) was made with finer RDX particles3. Some changes in 

processing conditions were also made in attempts to obtain good 

quality casts. 

The fracture properties of the t w o  modified composites, the 

unmodified composite and the matrix have been studied in uniaxial 
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compression3. More limited studies were also made of the yield 

strengths of all four materials using triaxial confined 

compression as discussed previously2. The latter simulates the 

loading conditions which these materials experience during 

artillery launch and is also very similar to the loading 

conditions used in activators to study set-back sensitivity4-5.6. 

Young's modulus and Poisson's ratio were also obtained3. 

terms Young's modulus or simply modulus and denoted by E are used 

rather loosely throughout when refering to the slope of the linear 

portion of the stress versus strain curve. 

distinguish between this slope and a true elastic modulus 

(constant). Similar considerations apply to Poisson's ratio. 

All results were obtained using the high strain rate as described 

The 

It is desirable to 

previously, i.e. approximately 1.4 sec-1 and 4 sec-1 for the 

uniaxial and triaxial studies, respectively1.2. Failure occurred 

in a few milliseconds in all cases, which is the time frame of 

artillery launch. The temperatures were 23' and 35'C for the 

uniaxial and triaxial work respectively. 

Comp B is prepared by adding particulate FWX and wax to 

molten TNT and casting from the melt and TNT is prepared by 

casting from the melt. During the solidification and cooling 

processes defects such as cracks, porosity and larger voids and 

strain are introduced. These defects are important because they 
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are thought to play critical roles in unwanted ignitions during 

gun launch and other uses. The ignition process also very often 

involves mechanical failure associated with the defect or defects. 

The mechanical properties such as the fracture and yield strengths 

and Young's modulus can be significantly affected by defects such 

as cracking and porosity7-12. Defects introduced during casting 

can influence not only the mechanical strength and other 

properties and so influence the probability of unwanted ignitions 

in this way, but can also play a direct role in the mechanism or 

mechanisms of unwanted ignitions, e.g. by base gap closure not 

involving mechanical failure. 

The goal of the program of which the work reported in this 

paper is a part has been to develop an understanding of mechanical 

failure in these materials and also as part of this program to 

develop the necessary understanding so as to be able to control 

the failure properties, e.g. how to develop materials of high 

strength. Complete stress versus strain curves to failure were 

taken in all cases and emphasis has been placed on the compressive 

fracture strength, the yield strength and for the work given here 

Young's modulus. Limited numbers of measurements were made which 

indicate trends. However, more extensive data are desirable to 

confirm the results and the interpretations given in this paper. 

Finally, in no instance in these studies was any evidence of fast 

explosive reaction detected. 
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EXPERIMENTAL 

The equipment and the data handling and reduction 

procedures are described elsewhere and will not be given here.1-3 

Samples were in the form of right circular cylinders and two modes 

of compression were used. In one mode the sample was subjected to 

uniaxial compression parallel to the cylinder axis.1 In the other 

mode the sample was confined in a tight fitting thick walled steel 

cylinder so that the radial strain was negligible during the 

applied axial compression (uniaxial strain).Z The results 

obtained from the confined cylinder (triaxial) mode of loading 

have been corrected for the effects of friction between the steel 

cylinder wall and the explosive cylindrical surface and graphite 

was used to minimize this friction.3t13 All results presented here 

were obtained using a medium strain rate and typical curves of 

strain rate versus time are given in references (1) and (2). All 

of the uniaxial data presented here were taken at 23'C but in a 

few cases were corrected to 35'C by the use of equations obtained 

by least squares straight line fits to the quantities in question 

plotted versus temperature. These corrections were made to allow 

direct comparison with the triaxial data which were taken at 35'C. 

All samples used in the experiments reported on here were 

obtained from material cast in a split mold approximately 4 inches 

in diameter and 10 inches long.' Four explosives were studied and 
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TABLE 1 
Composition 

COMP B X2 

5 9 . 4 %  
Class  7 
( f i n e )  

3 9 . 6 %  
M i l i t a r y  

Grade 

T N T  

1 0 0 %  
M i l i t a r y  

Grade 

S I E V E  
NUMBER 

RD X 

T N T  

WAX 

HMX 

2 0  
5 0  
100 
2 0 0  
3 2 5  

COMP B 

5 9 . 5 %  
C l a s s  1 
( c o u r s e )  

3 9 . 5 %  
M i l i t a r y  

Grade 

1.0% 

Unknown 

COW B W 1  

6 0 . 0 %  
C l a s s  1 
( c o u r s e )  

4 0 . 0 %  
M i l i t a r y  

Grade 
R e c r y s t a l l i z e 1  

None 

7 . 4 %  of mx 

P e t  rolite 
(ES-670)  -+- 9 . 3 %  of mx 

TABLE 2 
M a t e r i a l  C h a r a c t e r i z a t i o n  

RDX P a r t i c l e  S i z e  D i s t r i b u t i o n  

SIEVE OPENING 
(MU) 

0 . 8 4  
0.30 

0 . 1 4 9  
0 . 0 7 4  
0 . 0 4 4  

GRADE 1 
(COURSE ) 

% PASSING 

1 0 0 %  
9 3 . 6 %  
3 4 . 4 %  
1 1 . 0 %  

0 

GRADE 7 
( F I N E )  

% PASSING 

1 0 0 %  
9 7 . 0 %  
6 6 . 8 %  
5 6 . 5 %  

TNT 

TNT TYPE 
REC RY S TAL L I ZED 

TNT MELTING 8 2 . 5 . C  82.5.C 
TEMPERATURE 
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the compositions are given in Table 1. TNT and Composition B 

(Comp B) are standard military explosives, while Comp B M1 and 

Comp B M2 are modifications of Comp B. Information regarding the 

RDX particle size distributions for the two varieties of RDX are 

given in Table 2 along with the TNT melting points. The latter 

indicate that significant purification was most probably not 

achieved by recrystallization. 

In addition, there were differences in the casting 

procedures for the four explosives of Table 1.3 Comp B and TNT as 

obtained from the manufacturing plants (Holston and Volunteer 

respectively) were cast in the split mold. Some difficulties were 

experienced in obtaining "good" casts, i.e. sufficiently defect 

free casts, and these materials were cast several times before 

obtaining casts of only borderline acceptability for mechanical 

properties measurements were obtained. The split mold and riser 

were pre-heated on a steam table, the unfilled mold was wrapped in 

insulation, the Comp B was poured at 82'C and a steam heated probe 

was inserted into the top to prevent rapid and localized 

solidification. TNT was cast with procedures similar to those for 

Comp B except that the pouring temperature was 76'C. 

Comp B M1 and Comp B M2 were cast using procedures similar 

to those for Comp B and TNT. In addition, vacuum was applied to 

the melts of these materials for about 12 minutes and the filled 

mold of Comp B M2 was vibrated for 12 sec. The pour temperature 
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was 80'C for Comp B M1 and 92'C for Comp B M2. The higher 

temperature for the latter was necessary because of the higher 

viscosity which is due to the finer RDX. An acceptable quality 

cast of Comp B M2 was obtained on the first attempt but several 

attempts were required to obtain a borderline quality cast of Comp 

B M1. The latter is to be expected because of the absence of wax 

and the (supposedly) purified TNT. All casts were radiographed 

and acceptance o r  rejection was based on the quality as determined 

from the radiographs. The casting conditions are summarized in 

Table 3 .  

TABLE 3 
Processing Conditions 

I I I I 1 I 1 

FILLED 
MOLD 

WRAPPED 
I N  

INSULATION 

YES 

YES 

YES 

YES 

The acceptable casts obtained from the split mold were cut 

into sections perpendicular to the cast axis. The sections were 

then further cut and machined into cylindrical samples with axes 
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either parallel or perpendicular to the cast axis.3 

were approximately 1.5 inches long with ends flat and parallel to 

z i  0.001 inches. The sample diameters were 0.7520 inches or 

slightly less and were uniform to 0.0005 inches. All samples were 

radiographed after final machining and samples with cracks and/or 

excessive porosity were discarded. 

The samples 

RESULTS 

The results obtained using uniaxial compression are 

presented first and are followed by the results obtained by 

triaxial (radially confined) compression. 

The four materials of Table 1 have been studied in uniaxial 

compression and typical stress versus strain curves for three of 

these materials are given in Figure 1. The curves for Comp B M1 

(not shown) are not significantly different from those of Comp B 

M2. The curves for Comp B MI and Comp B M2 are dependent on 

position in the cast and the curve for Comp B M2 of Figure 1 was 

chosen to indicate an average difference between this material and 

Comp B and TNT (see below). The curves of Figure 1 indicate that 

the compressive strength, am, and Young's Modulus, E, as 

determined by the slope of the linear portion of the stress versus 

strain curve, increase on going from TNT to Comp B to Comp B M2 

(and Comp B M1). The strains, Em, at the maximum compressive 

stresses do not show significant differences for the four 
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materials. The results are summarized in Table 4 where average 

values and standard deviations are given except for the om and E 

O m  
COUP RE S S IVE 
STRENGTH 

(PSI) 

values for Comp B M1 and Comp B M2. Om and E for these two 

3,2 6 0 
k150 

materials are dependent on the position in the cast from which the 

sample was taken and average values are given along with the range 

of observed values (see below). The compressive strength of Comp 

B is thus almost a factor of two larger than that of TNT, while 

the average compressive strengths of Comp B M1 and Comp B M2 are 

about 30% greater than that of Comp B. In addition, the results 

of Table 4 indicate that the average modulus, E, of Comp B is 

approximately 40% greater than the value for TNT, while the 

average moduli for Comp B M1 and Comp B M2 are about 35% greater 

than the average modulus for Comp B. 

TABLE 4 
Uniaxial Results T = 23'C 

ICOMP B 

E I 
YOUNG ' S 
noDuLus 

(X106 PSI) 

4,020 
( 2 ,  900 to 
4,020) 

0.81 
(0.56 to 
0.80) 

COUP B M2 

4,240 
(3,900 to 
4,240) 

0.79 
(0 .55  to 
0.82) 

TNT 

1,850 
+180 

0.45 
fO . 07  

As noted above the compressive strengths and moduli for 
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Comp B M1 and Comp B M2 are functions of the position in the cast. 

In Figures 2 and 3 the compressive strengths of samples of Comp B 

M1 and Comp B M2 are given versus distance from a point near the 

top of the cast. The data of these two figures indicate that 

there is a significant increase in the compressive strength on 

going from the top to the bottom of the casts and that this 

increase is greater for Comp B M1. In contrast, the compressive 

strengths of Comp B and TNT given in Figures 4 and 5 as a function 

of position are independent of the position in the casts within 

the accuracy of the data. It must be noted, however, that only 

one cast of each of the materials of Table 1 were prepared for 

this study. Thus, the differences between Comp B, Comp B M1 and 

Comp B M2 can only be definitely related to these particular 

casts. More extensive measurements for Comp B and TNT indicate 

that the differences presented here between these two materials 

are typical of the materials and not just the particular casts.1r3 

In Figures 6 and I the moduli of the samples of Comp B M1 

and Comp B M2 are given as a function of position in the cast. In 

Figure 6 the moduli as obtained from both uniaxial and triaxial 

compression are given for Comp B M1. Triaxial data as a function 

of position was not obtained for Comp B M2. For Figure 6 the 

moduli obtained from uniaxial measurements have been corrected to 

35'C from the temperature of measurement (23'C) f o r  purposes of 

comparison. While there is considerable scatter in the data the 
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results presented in these two figures indicate that the moduli 

for these two materials are functions of the distance from the top 

of the cast. This statement can be made more conclusively for 

Comp B M2 than for Comp B M1. 

moduli as obtained from the triaxial measurements than for the 

uniaxial measurements because of the method of obtaining the 

There is more uncertainty in the 

moduli from the triaxial data.2.3 

In Figures 8 and 9 the moduli for Comp B and TNT are given 

as a function of position and as is the case for the compressive 

strengths, the moduli for these two materials are independent of 

the position in the cast. The data of these two figures and of 

Figure 6 also indicate that there is agreement between the moduli 

as obtained from the triaxial measurements and the moduli obtained 

more directly from the uniaxial measurements. 

In Figure 6 Poisson's ratio for Comp B MI as determined 

from triaxial measurements is given versus position. Data was 

obtained only for the bottom part of the cast and the results of 

Figure 6 are not extensive enough to determine if this quantity is 

a function of position. They are given here for completeness. In 

Figure 10 Poisson's ratio is given versus position for Comp B and 

TNT and indicate that this quantity is not a function of position 

for these two materials. 

If the uniaxial results for Comp B M1, Comp B M2, Comp B 

and TNT are replotted as compressive strength versus modulus as 
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given in Figure 11 the results clearly indicate a correlation 

between the moduli and the compressive strengths. It appears that 

the correlation between the moduli and the compressive strength is 

better than the correlation between these two quantities and 

position. These matters are considered further in the discussion 

section below. 

Throughout the course of the work reported on here and in 

reference (1) the scatter in the data for the moduli have been 

greater than the scatter in the data for the compressive 

strengths. If the scatter were predominantly due to variations in 

sample perfection, the opposite trend might be expected since the 

modulus is a volume averaged quantity while the compressive 

strength is dependent on the properties of cracks and other 

imperfections and thus is very sensitive to localized disorder. 

However, it appears that the different noise levels in two 

transducers used to measure displascement and load is an important 

reason for this difference in scatter in the data. The noise 

level in the linear voltage differential transformer ( L M T )  used 

to determine displacement is comparable to the signal at the lower 

values of displacement and so strain, while the noise level in the 

load cell is considerably lower than the signal at the lower 

values of load. Thus, the slope of the load versus displacement 

curve and so the slope of the stress versus strain curve can be 

affected by the noise in the LVDT, especially near the origin. 
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This noise will influence the modulus (slope) but not the 

compressive strength since the compressive strength is taken at 

the maximum of the stress versus strain curve and involves only 

the load cell and not the LVDT. In addition, deviations from 

parallelism and flatness of the end surfaces of the cylindrical 

samples will tend to effect the stress versus strain curves 

primarily in the initial regions, i.e. near the origin because the 

stress concentrations which are so induced in the vicinity of the 

sample surfaces will cause high deformations at low applied 

stresses. Thus, the slope of the stress versus strain curve and 

so the apparent modulus will be affected more than the compressive 

strength in these cases. It appears, therefore, that the larger 

scatter in the modulus values is due to the noise in the LVDT with 

a possible contribution from non-ideal conditions at the end 

surfaces of the samples. 

Samples were also prepared with axes parallel and 

perpendicular to the cast axis for all four materials. However, 

sufficient numbers of samples were not available to determine 

within the scatter of data if the compressive strengths and the 

moduli were different for the two orientations. The compressive 

strengths of Comp B samples taken at a much lower strain rate were 

found to be dependent on position as observed here and a190 to be 

larger for samples with axes perpendicular to the cast axis.15 

Samples with axes parallel to the cast axis were also obtained 
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with sample axes coincident with the cast axis and samples with 

axes part way between the cast axis and the cast surface., 

However, as above, sufficient numbers of samples were not 

available to determine within the scatter of the data if the 

compressive strengths and the moduli were different for these two 

types of samples. 

For the triaxial confined cylinder geometry measurements 

were made of the axial applied stress, Ga, the radial stress on 

the sample due to the radial confinement imposed by the thick 

walled steel cylinder, Ur, and the net average axial strain, &a 

In Figure 12 typical curves of the radial stress versus the axial 

stress for Comp B, Comp B M2 and TNT are given. Data f o r  Comp B 

M2 for this Figure were chosen so as to emphasize the difference 

between this composite and Comp B. Curves f o r  Comp B M1 tend to 

be similar to those of Comp B M2. An initial straight line part 

of each curve (not shown in Figure 12) is for the elastic region 

and from the slope of this line Poisson's ratio was obtained.2-3 

For further increases in the applied axial stress yield and 

plastic flow occur and the straight lines at the higher stresses 

are for this yield o r  plastic region for each material. The yield 

strengths, Y, are obtained from the intercepts of these straight 

lines with the Ga axis and are indicated in Figure 12.2.3 Thus, 
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from t h e  d a t a  of F i g u r e  1 2  y i e l d  s t r e n g t h s  of  11,400 p s i  f o r  Comp 

B M2, 7500 p s i  f o r  Comp B and 3000 p s i  f o r  TNT are obtained. 

From t h i s  F i g u r e  it is  clear t h a t  t h e  y i e l d  s t r e n g t h  of  Comp B i s  

s i g n i f i c a n t l y  greater t h a n  t h e  y i e l d  s t r e n g t h  of TNT and t h a t  t h e  

y i e l d  s t r e n g t h  of  Comp B M2 (and a l s o  Comp B M1) i s  g r e a t e r  t h a n  

t h e  v a l u e  f o r  Comp B f o r  t h e  d a t a  chosen.  Thus, Y changes i n  t h e  

same d i r e c t i o n  as am wi th  composi t ion and p r o c e s s i n g  c o n d i t i o n s .  

I n  F igu re  13 t h e  a x i a l  stress, Oa, i s  g i v e n  v e r s u s  t h e  a x i a l  

s t r a i n , & ,  for t r i a x i a l  l o a d i n g  f o r  t h e  t h r e e  materials of  F i g u r e  

12. The s t r a i g h t  l i n e s  i n d i c a t e  t h e  i n i t i a l  s l o p e s  and Young's 

modulus is o b t a i n e d  from t h i s  s l o p e  f o r  each  m a t e r i a l . 3  However, 

it i s  impor t an t  t o  n o t e  t h a t  t h i s  s l o p e  is de te rmined  by bo th  

Young's modulus and P o i s s o n ' s  r a t i o .  P o i s s o n ' s  r a t i o  was 

de t e rmined  f i r s t  from t h e  d a t a  of  F igu re  12. From t h e  d a t a  of 

F i g u r e s  12 and 13 Young's modulus f o r  Comp B Mi! i s  greater t h a n  

t h e  modulus f o r  Comp B, and t h e  modulus f o r  Comp B is g r e a t e r  t h a n  

t h e  v a l u e  f o r  TNT (Table  5 ) .  When t h e  a x i a l  stress i s  i n c r e a s e d  

s u f f i c i e n t l y  y i e l d  occur s  and t h i s  i s  e v i d e n t  i n  t h e  c u r v e s  of  

F i g u r e  13 by d e c r e a s e s  i n  t h e  s l o p e s .  I t  i s  c l e a r  from t h e  cu rves  

of  F i g u r e  13 and F i g u r e  1 2  t h a t  TNT y i e l d s  a t  a ve ry  s i g n i f i c a n t l y  

lower a x i a l  stress t h a n  Comp B.  

I n  Table  5 ave rage  v a l u e s  a r e  g iven  f o r  t h e  y i e l d  

s t r e n g t h s ,  Y ,  Youngs' moduli ,  E. and P o i s s o n s '  r a t i o ,  V ,  f o r  TNT, 

Comp 8, Comp B M1 and Comp B M2. Standa rd  d e v i a t i o n s  a r e  a l s o  
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given in many cases but, because of the wide spread in the values 

of the yield strengths and moduli for Comp B M1 and Comp B M2 

ranges are given rather than standard deviations. Thus, the 

average yield strength of Comp B is more than twice the average 

yield strength of TNT. In addition, the average yield Strengths 

of Comp B M1 and Comp B M2 are approximately 50% greater than the 

value for Comp B. 

TABLE 5 
Triaxial Results T = 35'C 

Y 
Y I E L D  

STRENGTH 
(PSI) 

COMP B COMP E M1 

7,420 11,300 
k1050 (8,400 to t 13,500) 

E 
YOUNG ' S 
MODULUS 

( X 1 0 6  PSI) 

V 
P O I S S O N ' S  

R A T I O  

0.54 
k 0 . 0 7  

0.36 
20.02 

I 0 . 7 4  
(0.69 to 

L k0.03 

COW B M2 1 TNT I 
11,030 3,350 

(7,500 to 1 5290 1 
14,000) 

20.04 +o .02 

In comparing of the values of Young's moduli in Table 4 as 

obtained from the uniaxial measurements and the values in Table 5 

as obtained from the triaxial measurements the differences in the 

temperatures of measurement must be considered (23'C versus 35'C). 

When this is done the data of these two Tables indicates excellent 

agreement for Comp B, Comp B M1 and TNT and reasonable agreement 
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for Comp B M2. 

am and so also as Y with composition and processing conditions. 

As noted above E varies in the same direction as 

The differences in Poissons' ratio for the four materials are 

close to the standard deviations and therefore may not be 

significant. 

In Figures 4 and 5 Y is given as a function of position in 

the cast from which the sample was taken for TNT and Comp B and 

the results indicate that Y is independent of position within the 

accuracy of the data for Comp B and that Y may decrease slightly 

with distance from the top of the cast f o r  TNT. AS noted above 

only very limited triaxial data were taken as a function of 

position for Comp B M1 and triaxial data were not obtained as a 

function of position for Comp B M2 because the available samples 

were used for other measurements. The limited triaxial yield 

strength data for Comp B M1 is not presented as a function of 

position but indicates that the yield strength decreases with 

increasing distance from the top of the cast. The yield strength 

of Comp B M1 thus changes with position in the opposite direction 

to the compressive strength (see Figure 2 ) .  This conclusion must, 

however, be taken as tentative because of the limited number of 

triaxial measurements. 

In Figure 14 the yi@ld strength is given versus the modulus 

for Comp B, Comp B Ml, Comp B M2 and TNT. The data of this Figure 

indicates a correlation between the yield strength and the modulus 

366 

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



which is s i m i l a r  t o  t h e  c o r r e l a t i o n  between t h e  compressive 

s t r e n g t h  and t h e  modulus of Figure 11. The d a t a  p o i n t s  f o r  Comp B 

M2 considered s e p a r a t e l y  agree with t h e  genera l  t r e n d  of y i e l d  

s t r e n g t h  versus  modulus of t h i s  Figure. However, i f  t h e  d a t a  

p o i n t s  f o r  Comp B M1 a r e  considered s e p a r a t e l y  t h e r e  i s  very 

l i t t l e  t r e n d  but  only a s c a t t e r  of p o i n t s  about a mean which 

s e r v e s  t o  g ive  t h e  genera l  c o r r e l a t i o n  of Y versus  E .  The same 

i s  t r u e  f o r  t h e  da ta  p o i n t s  f o r  Comp B and TNT. It i s  important 

t o  remember t h a t  t h e  da ta  for Comp B M2 a r e  a l l  f o r  t h e  same 

p o s i t i o n .  Thus, t h e  c o r r e l a t i o n  i s  between Y and E and not  

between t h e s e  two q u a n t i t i e s  and p o s i t i o n .  

DISCUSSION 

In  order  t o  develop an understanding of t h e  r e l a t i v e  

s t r e n g t h s  of t h e  four  mater ia l s  f o r  which da ta  has  been presented  

it i s  necessary t o  consider  t h e  e f f e c t s  of inhomogenities such a s  

g r a i n  boundaries, cracks,  poros i ty  and o ther  micros t ruc ture  i n  TNT 

and t h e s e  p l u s  RDX p a r t i c l e s  and wax i n  s tandard and modified Comp 

B. Discussions of TNT and s tandard Comp B. a r e  followed by a 

d iscuss ion  of t h e  modified vers ions of Comp B .  The u n i a x i a l  

( f r a c t u r e )  r e s u l t s  and t h e  t r i a x i a l  ( y i e l d )  r e s u l t s  a r e  considered 

s e p a r a t e l y .  

h of 2Kl 

It  i s  w e l l  know t h a t  t h e  g r a i n  s i z e  has a very s i g n i f i c a n t  
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e f f e c t  on s t r e n g t h  f o r  p o l y c r y s t a l l i n e  metals ,  ceramics and some 

o t h e r  c l a s s e s  of mater ia ls .16 The dependence of s t r e n g t h  can be 

r e l a t e d  t o  g r a i n  s i z e  though t h e  Petch equat ion 

where Ost  i s  t h e  stress a t  f a i l u r e ,  O l i s  r e l a t e d  t o  t h e  stress 

required f o r  d i s l o c a t i o n  m u l t i p l i c a t i o n ,  G i s  t h e  g r a i n  s i z e  and H 

i s  a m a t e r i a l  constant .17 When O1 i s  zero, i . e .  f o r  n e g l i g i b l e  

d i s l o c a t i o n  m u l t i p l i c a t i o n  before  f r a c t u r e ,  t h i s  reduces to 

which i s  of t h e  same form a s  t h e  G r i f f i t h  c r i t e r i o n  f o r  f r a c t u r e  

a s  given by 

when G = c, t h e  crack ha l f  l ength .  OT i s  t h e  t e n s i l e  f r a c t u r e  

s t r e n g t h ,  E is  Young's modulus (a  t r u e  e l a s t i c  c o n s t a n t ) ,  'y i s  t h e  

f r a c t u r e  s u r f a c e  energy and c i s  t h e  crack or flaw ha l f  l ength .  

The Petch equat ion f o r  b r i t t l e  m a t e r i a l s  such a s  ceramics has been 

i n t e r p r e t e d  i n  terms of c racks  a t  g r a i n  boundaries s o  t h a t  c = G .  

However, t h e  measured values  of H (equat ion (2)) were found i n  

s e v e r a l  cases  t o  be l a r g e r  than t h e  values  p r e d i c t e d  by t h e  

G r i f f i t h  approach f o r  p o l y c r y s t a l l i n e  ceramics . ls  Reasons f o r  

t h i s  discrepency a r e  discussed by Coble and Parikh.18 The cracks 

a t  g r a i n  boundaries may be generated dur ing  cool ing  by 
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thermoelastic anisotropic effects andfor by elastic anisotropic 

effects.16 Both TNT and RDX are anisotropic.19.20.21 The cracks 

may also be generated by microplastic effects, i.e. dislocation 

pile-up at grain boundaries o r  twinning, o r  by the slow growth of 

subcritical cracks which is arrested at grain boundaries. 

Observation of grain boundary sizes were not made for the 

samples used in this study. However, Lanzerotti et. al. have made 

visual observations of the grain size of TNT samples and also have 

analyzed TNT fracture surface profiles.22 

they have concluded that fracture has occurred primarily at grain 

boundaries for the conditions of their experiments, i.e. primarily 

tensile stress at very low strain rates. Thus, it is very 

plausible that relationships such as equations (1) or (2 )  apply to 

TNT. Since the yield strength is approximately a factor of two 

greater than the compressive fracture strength, significant 

dislocation motion resulting in plastic flow is not expected to 

From their analysis 

occur before fracture.le3 Thus, equation (2) appears to be 

preferred over equation (1). It is also known that the 

crystallization of TNT from the melt is sensitive to the presence 

of other materials and surfaces which can act as nucleating 

agents.23 The variation of TNT grain size with crystallization 

condition is probably responsible for variations in reported 

values of TNT strength. For example, the very low value of 

compressive strength (330 psi) given by Oliver for a strain rate 
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of 10-3  for "pure" TNT as reported by Smith and Thorpe may be due 

to these effects.24 

An estimate of the flaw size for the TNT samples used in 

this study can be made by using equation ( 3 )  with the compressive 

fracture strength, the relationship between compressive and 

tensile fracture strength and the modulus reported previously 

(assuming that the modulus as determined from the slope of the 

stress versus strain curve is a true elastic modulus). The 

fracture surface energy is given in the literature for similar 

organic crystalline compounds. At the l o w  strain rate the 

compressive strength is 960 psi, the modulus is 0.25 x 106 psi, 

the ratio of compressive to tensile fracture strength is 

approximately eight1 and the fracture surface energy is close to 

0.1 Joules/m2.25 Use of these numbers in equation ( 3 )  yields a 

flaw size of about 0 . 4  rmn which is in the range of grain sizes 

reported for TNT by Lanzerotti et a1.22 It is thus reasonable to 

conclude as did Lanzerotti et a1 that the grain size determines 

the flaw size and that fracture occurs at grain boundaries in TNT. 

The latter assumes that the grain size in the samples used in this 

work is of the same order of magnitude as those used by Lanzerotti 

et al. As pointed out by Rice the fracture surface energies of 

polycrystalline materials are often greater than the fracture 

surface energies of single crystals.26 Since the fracture surface 
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energy used i n  t h e  above es t imate  of t h e  flaw s i z e  i s  a s i n g l e  

c r y s t a l  value,  t h e  f r a c t u r e  s u r f a c e  energy appropr ia te  t o  

p o l y c r y s t a l l i n e  TNT may be l a r g e r .  

flaw s i z e .  

before  r a p i d  crack propagation t o  f r a c t u r e  as descr ibed  by t h e  

This would r e s u l t  i n  a l a r g e r  

Evidence has been presented for slow crack growth 

G r i f f i t h  condi t ion,  equat ion ( 3 ) . l  Therefore, slow crack growth 

may proceed u n t i l  t h i s  growth i s  a r r e s t e d  a t  g r a i n  boundaries. 

Then t h e  crack s i z e  assoc ia ted  with subsequent r a p i d  crack growth 

w i l l  be equal  t o  t h e  g r a i n  s i z e  a s  i n d i c a t e d  above. The crack 

s i z e  before  slow crack growth w i l l  then be considerably smaller 

than t h e  estimate of 0 . 4  nun. 

It i s  important t o  note  a t  t h e  onset  of t h i s  d i scuss ion  

t h a t  f r a c t u r e  of Comp B m u s t  of n e c e s s i t y  involve t h e  propagat ion 

of c racks  through t h e  TNT matr ix  but  not n e c e s s a r i l y  through t h e  

RDX p a r t i c l e s .  Because t h e  RDX p a r t i c l e s  a r e  embedded i n  t h e  TNT 

matr ix ,  cracks may propagate through them, around them o r  both .  

Therefore, i n  applying a G r i f f i t h  type c r i t e r i o n  f o r  t h e  

condi t ions  f o r  rap id  crack propagation, cons idera t ion  must be 

given t o  t h e  a c t u a l  crack path and t h e  e f f e c t i v e  values  of t h e  

modulus and sur face  energy appropr ia te  t o  t h a t  pa th .  Thus, t h e  

s t r e n g t h  of t h e  composite Comp B i s  determined i n  p a r t  by t h e  

crack path which inf luences  t h e  e f f e c t i v e  y and t h e  e f f e c t i v e  

modulus. 
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The crack size in Comp B could be determined by the TNT 

grain size as discussed above for TNT and/or by the RDX particle 

size o r  by other considerations. Cracks can be generated at the 

TNT/RDX interfaces because of differences in the thermal expansion 

coefficients and elastic constants. The thermal expansion 

coefficients of Comp B with and without wax (Comp 8 - 3 )  are greater 

than the average values for TNT21, thus indicating that the 

average thermal expansion coefficient of RDX is greater than 

average value of TNT. In addition, Young's modulus for Comp B is 

greater than the value for TNT, thus indicating that the average 

modulus of RDX is greater than the average modulus of TNT. Both 

of these effects will cause discontinuities, stress and strain 

concentrations and tend to cause cracking at the RDX/TNT 

interfaces in Comp B. For these reasons the crack length may be 

determined by the RDX particle size. 

The flaw size f o r  rapid growth to fracture in Comp B has 

been estimated by the same method as used above for TNT and found 

to be about 0.2 nun. The fracture surface energy was taken as 0.1 

Joules/m2.25 This fracture surface energy and so the estimated 

flaw size may be large if a significant amount of the fracture is 

between RDX particles and TNT as suggested by Lanzerotti et a1.22 

This flaw size is, however, close to the geometric mean particle 

size for Class 1 RDX (Table 2).22 If slow crack growth before 

fracture occurs primarily within the RDX particles, it may be 
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a r r e s t e d  a t  t h e  RDXfTNT i n t e r f a c e .  I n  t h i s  case t h e  f law (crack)  

s i z e  f o r  r a p i d  growth t o  f r a c t u r e  would be c l o s e  t o  t h e  RDX 

p a r t i c l e  s i z e .  However, i f  slow crack  growth occurs  p r i m a r i l y  i n  

t h e  TNT and i s  a r r e s t e d  a t  t h e  RDXfTNT i n t e r f a c e ,  t h e  flaws s i z e  

would be c l o s e  t o  t h e  geometric mean d is tance  between RDX 

p a r t i c l e s  which i n  Comp B i s  s i g n i f i c a n t l y  less than t h e  RDX 

geometric mean p a r t i c l e  s i z e .  The quest ion of t h e  r e l a t i o n s h i p  of 

t h e  flaw s i z e  and so t h e  s t r e n g t h  t o  t h e  RDX p a r t i c l e  s i z e  i s  

considered f u r t h e r  below. 

Costain and Motto27 repor t  values  of t h e  compressive 

s t r e n g t h  f o r  Comp B-3 which a r e  approximately t h e  same a s  t h e i r  

va lues  f o r  Comp B a t  23O, 52' and 71° C f o r  a low s t r a i n  r a t e .  A t  

lower temperatures  ( -40° and -62O C) t h e  compressive s t r e n g t h s  f o r  

Comp B-3 a r e  considerably g r e a t e r  than t h e  values  f o r  Comp B.  In  

addi t ion ,  t h e  t e n s i l e  s t r e n g t h s  given by Costain and Motto f o r  

Comp B a r e  mostly equal  t o  or g r e a t e r  than t h e  values  f o r  Comp B- 

3. Comp B - 3  i s  made with Class  6 RDX which has p a r t i c l e  s i z e s  

considerably smaller  than t h e  values  f o r  Class  1 RDX which i s  used 

i n  Comp B.28 I f  t h e  crack s i z e  i s  determined by t h e  RDX p a r t i c l e  

s i z e  because of cracking betweeen t h e  RDX and TNT, then t h e  

f r a c t u r e  s t r e n g t h  of Comp B-3 should be g r e a t e r  than t h e  f r a c t u r e  

s t r e n g t h  of Comp B because of t h i s  d i f fe rence  i n  RDX p a r t i c l e  

s i z e s .  Thus ,  t h e s e  r e s u l t s  of Costain and Motto (except f o r  t h e  

compressive s t r e n g t h s  a t  -40'  and -62'C) suggest t h a t  i n  t h e i r  
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samples the critical crack lengths in Comp B and Comp B-3 were not 

determined by the RDX particle sizes. 

Comp B contains wax while Comp B-3 does not. Thus, in a 

comparison of the results for these two materials the effects of 

wax must also be considered. One effect of wax in Comp B is to 

reduce porosity but for the densities given by Costain and Motto 

the estimated porosity corrections to their compressive strengths 

for Comp B and Comp B-3 are negligible for this discussion. The 

effects of wax on the TNT grain size is unknown to the authors. 

In addition, the dependency of the crack path on the presence and 

distribution of wax must be considered in comparing strengths of 

these two forms of Comp B .  Thus, the results of Costain and 

Motto suggest but do not establish that the critical length is not 

related to RDX particle size because of the unknown role of wax. 

It is assumed for this discussion that the processing conditions 

for the Comp B and Comp B-3 used by Costain and Motto were 

identical. 

Similar considerations apply to the three forms of Comp B 

considered here. Comp B M2 contains Class 7 RDX while Comp B and 

Comp B M1 contain Class 1 RDX (Table 1). The RDX particle size of 

class I is significantly less than the particle size of class 1 

(Table 2 ) .  Thus, if there were no other significant differences 

between these three composites, the compressive strength of Comp B 

M2 should be greater than the strength of the other two as 

374 

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



predicted by equation ( 3 )  if the flaw half lengths, c, were 

determined by RDX particle size considerations. The results 

indicate that this is not the case (Table 4 ) .  However, Comp B and 

Comp B M2 contain wax while Comp B M1 does not. Thus, all of the 

above comments regarding the effects of wax must be considered 

here also. In particular, Comp B M2 contains a smaller RDX 

particle size distribution than Comp B but does contain wax. If 

there were no other differences between these two composites, the 

effect of changing only the RDX particle size could be determined. 

However, there are differences in processing conditions for these 

two composites (and Comp B M1, see Table 3)  which are discussed 

below in another subsection. 

The crack length in Comp B could also be determined by the 

TNT grain size. The TNT grain size for TNT in Comp B has been 

found to be considerably smaller than the grain size of TNT 

alone.29 Thus, there should be a significant increase in the Comp 

B strength over TNT due to this effect alone if in fact the flaw 

length is determined by the TNT grain size in the TNT of Comp B 

(see equation ( 2 ) ) .  The strength of Comp B will also be 

determined by the second phase particle effect discussed above and 

the modulus. Both of these factors will contribute to a higher 

strength for Comp B relative to TNT. 

For Comp B, it is also necessary to consider the conditions 

under which crack propagation occurs, i.e. the crack path as noted 
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above. Calcu la t ions  and experiments i n d i c a t e  t h a t  when a 

propagat ing crack approaches a d i s c o n t i n u i t y  i n  e l a s t i c  modulus 

such a s  t h e  d i f f e r e n c e  between RDX and TNT t h e  crack w i l l  be 

a t t r a c t e d  t o  t h e  regions of h ighes t  t e n s i l e  stress 

concentration.30 

i n  tens ion  and f o r  E p a r t i c l e  g r e a t e r  than Emedium t h e  t e n s i l e  stress 

w i l l  be g r e a t e r  a t  t h e  p o l e s  through which t h e  t e n s i l e  a x i s  passes  

For a s p h e r i c a l  p a r t i c l e  i n  an i s o t r o p i c  medium 

and t h e  stress w i l l  be compressive a t  t h e  equator.’o Thus, a 

crack propagat ing i n  a p lane  perpendicular  t o  t h e  t e n s i l e  a x i s  i n  

t h e  medium w i l l  be d e f l e c t e d  toward t h e  poles  and around t h e  

p a r t i c l e .  However, i f  t h e  stress f i e l d  of t h e  crack breaks t h e  

i n t e r f a c i a l  bond between t h e  p a r t i c l e  and t h e  medium, t h e  p a r t i c l e  

w i l l  appear a s  a pseudo-void with Evoid  less than Emedium and t h e  

crack w i l l  be a t t r a c t e d  t o  t h e  equator  r a t h e r  than  being d e f l e c t e d  

around t h e  par t ic le .30  

through t h e  p a r t i c l e  o r  be a r r e s t e d  a t  t h e  p a r t i c l e  medium 

i n t e r f a c e .  

t o  t h e  case  without t h e  p a r t i c l e  so t h e r e  w i l l  be an increase  i n  

s t r e n g t h ,  but  t h e  g r e a t e r  i n c r e a s e  w i l l  r e s u l t  from breaking t h e  

i n t e r f a c i a l  bond. Addit ional  energy may a l s o  be expended by 

p l a s t i c  deformation of t h e  p a r t i c l e ,  thus  lead ing  t o  an even 

I n  t h i s  case t h e  crack may propagate 

In  e i t h e r  case  a d d i t i o n a l  energy i s  expended r e l a t i v e  

g r e a t e r  increase  i n  s t rength.30 The increase  i n  s t r e n g t h  with 

increase  i n  energy d i s s i p a t i o n  by t h e  crack can be understood i n  

terms of t h e  G r i f f i t h  c r i t e r i o n  f o r  f r a c t u r e  (equat ion ( 3 ) )  by an 
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increase  i n  t h e  e f f e c t i v e  7. This w i l l  a l s o  increase  H i n  

equat ions (1) and ( 2 ) .  The a c t u a l  path of t h e  crack i n  t h e  

v i c i n i t y  of a p a r t i c l e  has been found t o  depend on t h e  p a r t i c l e  

shape,30 t h e  i n t e r f a c i a l  bond strength,30 t h e  p a r t i c l e  sur face  

t e x t u r e  31-32 ( t h i s  in f luences  i n t e r f a c i a l  bond s t r e n g t h )  and t h e  

s t r a i n  rate,32,33 

d i s s i p a t e d  and s o  t h e  s t r e n g t h .  Thus, t h e  e f f e c t  of in t roducing  

p a r t i c l e s  of a second phase with Eparticle> Emedium has been found 

The a c t u a l  crack pa th  determines t h e  energy 

t o  increase  t h e  s t rength ,  e.g. N i  and A 1  i n  glass.30 and rock i n  

mortar  t o  produce ~ o n c r e t e 3 ~ .  The magnitude of t h e  increase  i n  

s t r e n g t h  i s  dependent on severa l  parameters a s  pointed out 

immediately above. It is important t o  note  t h a t  t h e  increased  

s t r e n g t h  due t o  second phase p a r t i c l e s  i s  r e l a t i v e  t o  t h e  medium 

without p a r t i c l e s .  

Actual crack p a t t e r n s  have been observed i n  Comp B 

recovered a f t e r  s h e l l  f i r i n g  and Comp B f r a c t u r e d  i n  t h e  

laboratory.24 The s t r a i n  r a t e  f o r  t h e  former i s  not given but  was 

most probably of t h e  order  of 1 . 0  sec-1 and f o r  t h e  l a t t e r  t h e  

s t r a i n  r a t e  was 4 . 0  x 10-3 sec-1. 

were found t o  pass  through RDX p a r t i c l e s .  Thus, t h e  condi t ion  for 

increased  s t r e n g t h  due t o  RDX p a r t i c l e s  s e e m s  t o  have been m e t .  

By use of a lower s t r a i n  r a t e  Lanzero t t i  e t .  a l .  have concluded 

In  both cases  many crack pa ths  

t h a t  f r a c t u r e  occurs pr imar i ly  between RDX and TNT i n  Comp B . 2 2  
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I f  an i n t e r f a c i a l  bond i s  broken dur ing  t h i s  low r a t e  f r a c t u r e ,  

t h e  s t r e n g t h  should be inf luenced  by t h i s  breaking a s  d iscussed  

above. A s i m i l a r  dependence of crack p a t h  on s t r a i n  r a t e  has been 

observed f o r  concre te  and t h e  s t r e n g t h  i s  l a r g e r  a t  t h e  higher  

rate.32.33 The d i f f e r e n c e  i n  crack pa ths  and t h e  l a r g e r  s t r e n g t h s  

a t  t h e  higher  r a t e  i n  concre te  i s  a t t r i b u t e d  i n  p a r t  t o  cracks 

fol lowing s h o r t e r  pa ths  and s o  passing through regions of higher  

r e s i s t a n c e ,  i .e .  through aggregate  p a r t i c l e s  a t  t h e  high r a t e ,  

because energy i s  depos i ted  a t  a much higher  r a t e .  This 

d i f f e r e n c e  i n  crack p a t h  and r e s u l t a n t  d i f f e r e n c e  i n  s t r e n g t h  i s  

most probably not t h e  major reason f o r  t h e  dependence on s t r a i n  

r a t e  repor ted  i n  t h i s  paper f o r  Comp B because t h e  two s t r a i n  

r a t e s  used a r e  c l o s e r  t o  t h e  values  used by Smith and Thorpe.24 

In  t h e  Smith and Thorpe work t h e  crack pa ths  were found t o  pass  

through t h e  RDX p a r t i c l e s  a t  both r a t e s  a s  noted.  The low s t r a i n  

r a t e  used i n  t h e  work of t h i s  paper i s  s i g n i f i c a n t l y  g r e a t e r  than 

t h e  r a t e  used i n  t h e  experiments of Lanzero t t i  e t .  a l .  The s t r a i n  

r a t e  dependence of t h e  compressive s t r e n g t h  has been a s s o c i a t e d  

with slow crack growth.1 As is t h e  case with TNT t h e  f law s i z e  

before  slow crack growth m u s t  be smal le r  than t h e  flaw s i z e  

(equat ion ( 3 ) )  f o r  r a p i d  crack growth t o  f r a c t u r e .  

In  summary, t h e  higher  f r a c t u r e  s t r e n g t h  of Comp B r e l a t i v e  

t o  TNT i s  most probably due t o  t h e  e f f e c t s  of RDX p a r t i c l e s  on t h e  

crack pa th .  Differences i n  t h e  TNT g r a i n  s i z e s  may a l s o  p lay  a 
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role. In addition, the results to date suggest that the critical 

crack length is not related to the RDX particle size, but the 

separate effects of this particle size, wax, and processing 

conditions have not been determined. 

of the ComDosites 

The reasons for the higher compressive strengths of Comp B 

MI and Comp €3 M2 relative to Comp B are addressed in this 

subsection. Many factors can influence the fracture strength of 

brittle solids including porosity, microcracking, the modulus and 

the surface energy. Since there appears to be a correlation 

between the modulus and the compressive strength, it is also of 

interest to consider factors which can influence the modulus. 

These include porosity10 and microcracking9. 

have a direct effect on both the strength and the modulus, they 

are considered in some detail. This discussion is followed by 

considerations of other factors which can influence the strength. 

Because these can 

The apparent linear relationship between the compressive 

strength, am, and the modulus, E, for the three composites (Figure 

11) indicates that both are approximately the same function of one 

or more variables so that the ratio am/€ is constant as these 

variables change. A discussion of porosity as the dominant 

variable is followed by a consideration of microcracking. The 

porosity, P, is taken as the fractional deviation of the measured 

379 

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



density, pm, from the maximum theoretical o r  ideal density, PTMD, 

i.e. 

The pm were determined by measuring the weight and volume of each 

sample. 

of determining density should give adequate accuracy and 

precision. 

studies were measured in this way but unfortunately the lengths 

were in some cases not determined with the necessary precision. 

In addition, the densities of the samples of Comp B M1 and Comp B 

M2 which were used for measurements of the compressive strength as 

a function of position were not measured. For these reasons the 

densities and so the porosities are not available for some of the 

samples of interest. The importance of the densities was not 

anticipated at the time that the measurements were made. The 

density data were taken only to provide some limited 

characterization of the samples. 

Because the samples were precision machined this method 

The densities of almost all samples used in these 

The densities of the Comp B samples used in this work were 

found to be higher than the densities of Comp B given by some 

other workers. The average density of the samples of Comp B used 

here is 1.695 * 0.004 gm/cm and the available densities of the 
samples of COmp B M1 and Comp B M2 are somewhat higher. The 

uncertainty in this density is the standard deviation of the 
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measured values. This density f o r  Comp B is typical of the values 

obtained for whole casts using the casting techniques given in the 

experimental section and measuring weight and volume.34 In 

contrast, Croom et a1 recently determined the density of smaller 

samples of Comp B taken from a cast out of the same mold as used 

here and with similar but not identical processing conditions.35 

An immerson technique was used and the value 1.617 f 0 . 0 4 2  gm/cm3 

is reported. The difference between this latter value and the 

value given above may be associated with local density 

fluctuations and the small size of the samples measured by Croom 

et al. The density of Comp B obtained from a larger mold from a 

production plant has also been measured recently and found to be 

in the range 1.59 to 1.65 & 0.02 gm/cm3.36 In this case the 

density increased from top to bottom of the cast. All densities 

in both of these cases are significantly less than the values 

obtained in this work. However, the samples of all four materials 

used in this study are expected to have higher densities than 

those generally reported because casts and samples having 

significant porosities and/or cracking as detected by x-ray 

radiography were discarded. As noted in the experimental section 

some materials were cast several times before casts containing 

negligible porosity and/or cracking where obtained. In addition, 

individual samples were radiographed after machining and discarded 

if cracking was observable. These considerations may account for 
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the higher densities found here as compared to the densities 

reported by some others. 

In addition to small uncertainties in the measured 

densities, there are uncertainties in the maximum theoretical 

densities of the samples of the composites Comp B, Comp B M1 and 

Comp B M2 because of uncertainties in the compositions. Both 

uncertainties contribute to the uncertainties in the porosities. 

The compositions given in Table 1 were not measured (with 

exception of the percentages of HMX). 

given in the table is the nominal composition and the extremes of 

densities allowed by the specifications result in an uncertainty 

in the porosity of about f 11%. The compositions of Comp B MI and 

Comp B M2 are those of the melt. It is thus reasonable to 

conclude that there are similar uncertainties in the porosities of 

these two forms of Comp B due to this effect. In addition, it is 

necessary to consider the possibility of gradients in composition 

and so porosity. Gradients in composition have been 

The composition of Comp B 

observed.35.36 For the larger casts the gradients are not large 

enough to produce gradients in P T M D ~ ~ ,  but for the smaller casts 

obtained from the same mold and using casting procedures similar 

to those used in this study the gradients are sufficient to result 

in significant gradients in P T M D . ~ ~  Because the compositions of 

the casts and samples were not measured there is then significant 
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uncer ta in ty  i n  t h e  maximum t h e o r e t i c a l  d e n s i t i e s .  For t h i s  reason 

t h e  p o r o s i t i e s  a r e  a r e  not presented here .  Instead,  .emphasis i s  

placed on t h e  expected r e l a t i o n s h i p  between t h e  compressive 

s t r e n g t h  and Young's modulus when p o r o s i t y  i s  t h e  c o n t r o l l i n g  

f a c t o r  f o r  both.  Some r e s u l t s  dependent on t h e  p o r o s i t i e s  a r e ,  

however, discussed.  I n  es t imat ing  t h e  p o r o s i t i e s  t h e  fol lowing 

d e n s i t i e s  were used i n  t h e  c a l c u l a t i o n s  of t h e  PTMD: RDX - 1.816; 

HMX - 1 . 9 0 0 ;  TNT - 1.654; and Wax - 0.894. The wax d e n s i t y  was 

measured by immersion of P e t r o l i t e  (ES-670), t h e  wax used i n  Comp 

B M2. The same wax d e n s i t y  was used f o r  Comp B although t h e  type 

of wax i n  t h e  Comp B from which t h e  samples were made i s  unknown. 

Because p o r o s i t y  can decrease t h e  load bear ing sur face  a rea  

and/or  lead  t o  stress concentrat ions,  t h e  l o c a l  stress can be  

increased  r e l a t i v e  t o  t h e  appl ied  stress a s  p o r o s i t y  i n c r e a s e s .  

Thus, t h e  appl ied  stress f o r  f a i l u r e ,  e . g .  f r a c t u r e ,  decreases  

with increas ing  poros i ty  i f  t h e  stress f o r  f a i l u r e  does not  

change. Knudsen has c a l c u l a t e d  t h e  appl ied  t e n s i l e  stress f o r  

f a i l u r e  a s  a func t ion  of p o r o s i t y  f o r  one p a r t i c u l a r  pore 

s t r u c t u r e  and has found t h a t  h i s  r e s u l t s  can be expressed a s  

where% i s  t h e  zero poros i ty  f a i l u r e  stress and bo i s  a cons tan t .6  

However, t h i s  type of equation has been found t o  descr ibe  t h e  

experimental r e l a t i o n s h i p  between f r a c t u r e  s t r e n g t h  and p o r o s i t y  
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f o r  many brittle materials in tension and compression.26 

Because of the increase in the local stress with increased 

porosity with constant applied stress there is an increase in 

strain and so a decrease in the apparent elastic modulus. More 

recently Wang has calculated the apparent modulus for the same 

pore structure as used by Knudsen as a function of porosity and 

has found that his calculations can be expressed by 

where Eo is the zero porosity modulus and bE and c are 

constants.10 

relationship. The equations forom and E differ because the 

averaging processes for the stress and the modulus are different. 

Many materials can be described by this 

While these two equations are strictly only valid f o r  the 

pore structure used by Knudsen and Wang and only for applied 

tensile stresses, they have been found to have more general 

applicability.Z6 

in compression although the pore geometry is unknown. 

combining equations ( 5 )  and ( 6 )  

Thus, it is reasonable to apply them to Comp B 

By 
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where the quadratic term has been omitted from the expression for 

E. This omission and ( 9 )  are valid for sufficiently small values 

of P. Equations (7 )  and ( 8 )  predict a linear relationship between 

omland E for sufficiently small values of porosity as found here. 

The observed relationship as shown in Figure 11 is approximately 

linear in agreement with this model of porosity and the hypothesis 

that the relationship between strength and the modulus is 

determined by porosity. TNT data are included in Figure 11 for 

completeness and fall along an extrapolation of the line through 

the Comp B, Comp B M1 and Comp B M2 results. This is discussed 

below. 

AS noted above, density data is not available for the 

samples of Comp B M1 and Comp M2 for which the compressive 

strengths were measured. However, densities are available for 

some of the samples of these two materials which were used for 

triaxial measurements. These samples were from positions near the 

bottom of the cast. When the natural logarithms of the 

compressive strengths and the moduli from these positions are 

plotted versus porosity as determined from the triaxial samples 

and combined with data f o r  Comp B, straight lines can be fitted to 

the points as predicted by equations (5) and (6) to give values of 

b0 = 4 6  and bE = 50.3? These values are much larger than 

predicted by the calculations of Knudsen and Wang in tension and 

observed for other materials. Values of bo in the range 2 . 2  to 15 
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have been reported.38 However, large values of bo have been 

observed in compression.39 The large value of bE is not in 

agreement with the results of others.40 These values of & and bE 

do, however, support the approximation of equation ( 9 ) .  From the 

same logarithmic plots it is found that Oo = 9100 psi and Eo = 1.8 

x lo6 psi.37 These indicate that the zero porosity strengths and 

moduli can be significantly greater than the values with porosity. 

Thus, porosity may be the reason f o r  some of the discrepancies 

between the moduli found in this work and the values reported by 

others.1F2 Significant increases in strength and modulus can be 

attained by reducing porosity by, for example, modifying 

processing conditions (see below). 

From equation (8) the slope of the Om versus E curve at zero 

porosity is CTo/Eo and has the value of 0.50 x 10-2 if the above Oo 

and Eo are used. From Figure 11 this slope is 0.59 x 10-2. This 

is very good agreement when consideration is given to the 

uncertainty in the slope of Figure 11 and the manner in which 00 

and EO were determined. This agreement also lends support to the 

porosities used in obtaining (TO and Eo. If the TNT data is 

included in the determination of OO and Eo and the zero porosity 

slope of Om versus E, the agreement between the two methods of 
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obtaining GO/& is also good (see below). The data indicates ba < 

bE in agreement with the calculations of Knudsen and Wang. This 

also indicates that am should decrease more rapidly with 

increasing P than E. There is too much scatter in the data of 

Figure 11 to determine if this is in fact the case. 

As noted above the straight line which has been fitted to 

the data points for the Comp B ' s  on the graph ofQm versus E also 

passes through the TNT points plotted on the same graph (see 

Figure 11). Straight lines can also be fitted to plots of In Qm 

and In E versus porosity when data for TNT are included. The 

density of the TNT samples used in this work is 1.590 f 0.007 

gm/cm3 and is typical of values obtained for whole casts using the 

casting techniques given in the experimental section and measuring 

weight and volume.34 TNT has the largest porosity and in this 

case the values of b, bE, ISO and Eo are all less than the values 

given above for the data without TNT.3? If this analysis is 

meaningful porosity must be the dominant factor in determining the 

differences between TNT and the Comp B ' s .  For TNT to have the 

same EO as the Comp B's the modulus of RDX must be close to the 

modulus of TNT since the Comp B ' s  contain approximately 60% RDX. 

Measurements of the moduli of TNT and RDX without porosity are 

necessary to resolve this matter. For the compressive fracture 
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strengths of TNT and the Comp B's to be primarily determined by 

porosity and to have the same values of uo it seems necessary that 

the fracture processes in the Comp B's be largely confined to the 

TNT of the Comp B's and further that the factors which determine 

strength of the TNT such as the grain size be about the same for 

TNT alone and for the TNT in the Comp B ' s .  As discussed above in 

another subsection the latter seems unlikely. In addition, the 

porosity must be distributed in the TNT and RDX of the Comp B ' s  

such that the porosity of the Comp B ' s  is the same as the porosity 

of the TNT in the Comp B's. This would be very fortuitous. For 

all of these reasons it is, therefore, tentatively concluded that 

porosity is not the major factor determining the differences 

between the compressive fracture strengths and the elastic moduli 

of TNT and those of the Comp B's. 

The results as presented in Figure 11 and the above 

discussion indicate that the differences in the compressive 

fracture strengths and the moduli of Comp B, Comp B M1 and Comp B 

M2 are primarily due to porosity. These results and the above 

discussion further indicate that the gradients of strengths and 

moduli as a function of position in the cast for Comp B M1 and 

Comp B M2 as shown in Figures 2, 3,  6 and 7 are also primarily due 

to gradients of porosity. The lack of these gradients f o r  Comp B 

and TNT indicate uniform casts. The differences in the porosities 

Of the Casts Of Comp B, Comp B M1 and Comp B M2 can be attributed 
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t o  d i f f e r e n c e s  i n  t h e  processing condi t ions .  A vacuum w a s  a p p l i e d  

t o  t h e  m e l t s  of Comp B M1 and Comp B M2 f o r  twelve minutes b u t  not 

t o  t h e  m e l t  of Comp B ( o r  T N T ) .  This t reatment  i s  expected t o  

decrease t h e  p o r o s i t i e s  of t h e  former r e l a t i v e  t o  t h e  l a t t e r  i n  

agreement with observat ions because of t h e  removal of t rapped  gas .  

In  addi t ion ,  t h e  f i l l e d  mold of Comp B M2 w a s  v i b r a t e d  f o r  twelve 

seconds while t h e  f i l l e d  molds of Comp B and Comp B M1 (and TNT) 

d i d  not  rece ive  t h i s  t reatment .  The p o r o s i t i e s  of Comp B M2 were 

found t o  be lower than t h e  p o r o s i t i e s  of t h e  o ther  t w o  as expected 

from t h e  d i f f e r e n c e  i n  t rea tments .  Thus, t h e  r e l a t i v e  p o r o s i t i e s  

and so compressive f r a c t u r e  s t r e n g t h s  and moduli of Comp 9, Comp B 

M1 and Comp B M2 can be a t t r i b u t e d  t o  t h e s e  d i f f e r e n c e s  i n  

processing condi t ions  (see Table 3 ) .  However, it i s  not  

completely c l e a r  why t h e s e  d i f f e r e n c e s  i n  processing r e s u l t e d  i n  

g r a d i e n t s  f o r  Comp B M1 and Comp B M2 but not f o r  Comp B and TNT. 

Vibrat ion of t h e  f i l l e d  mold of Comp B M2 combined with t h e  higher  

pour temperature  could r e s u l t  i n  t rapped gasses  r i s i n g  toward t h e  

t o p  and t h u s  inducing a grad ien t  of poros i ty .  But t h e  d i f f e r e n c e s  

i n  processing condi t ions between Comp B and Comp B M1 do not 

account f o r  t h e i r  d i f f e r e n c e s  i n  grad ien ts .  As noted above a 

grad ien t  of d e n s i t y  has been observed r e c e n t l y  f o r  a l a r g e r  c a s t  

of Comp 9 . 3 6  

Before concluding t h i s  discussion of poros i ty  it i s  u s e f u l  

t o  consider  f a c t o r s  which may inf luence  00. t h e  zero p o r o s i t y  
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compressive strength. As indicated by equations (1) and (2) and 

the associated discussion, the strength is related to a dimension 

G which in polycrystalline materials is often the grain size. In 

composite materials such as Comp B this dimension could be the RDX 

particle size but as discussed above a consideration of the 

results of Costain and Motto for Comp B and Comp B-3 and 

consideration of the results for Comp B, Comp 81 and Comp B M2 

presented here suggest that this is not the case. While Comp B 

and Comp M1 were made with class 1 (coarse) RDX, Comp B M2 was 

made with class 7 (fine) RDX. If the geometric mean RDX particle 

sizes are taken as the values of G in equation (21, the ratio of 

the compressive strengths corresponding to these two values of G 

is 1.67 when all other factors are the same. On this basis the 

zero porosity compressive strength of Comp B M2 should be 1.67 

times the zero porosity values for Comp B and Comp B M1. The data 

of Figure 11 and the attendant discussion of the applicability of 

equation ( 7 )  indicate that the zero porosity compressive strengths 

of all three forms of Comp B considered here are close in value. 

Thus, the ( J o ' s  cannot be sensitive to the RDX particle sizes and 

so the GIs of equations (1) and (2) cannot be related directly to 

the RDX particle sizes for these materials. The G's may be 

determined primarily by the TNT grain size. 

Comp B and Comp B M2 contain military grade TNT and wax 

while Comp B M1 contains recrystallized TNT and does not contain 
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wax. The similarities of t h e  zero p o r o s i t y  compressive s t r e n g t h s  

i n d i c a t e  t h a t  t h e s e  d i f f e r e n c e s  a l s o  do not  s i g n i f i c a n t l y  a f f e c t  

t h e  length  parameter G which may be taken a s  measure of t h e  crack 

length .  The r e s u l t s  f u r t h e r  i n d i c a t e  t h a t  t h e s e  d i f f e r e n c e s  do 

not  a f f e c t  t h e  crack path and so t h e  e f f e c t i v e  sur face  energy. 

As pointed out above microcracking is thought t o  change 

both t h e  s t r e n g t h  and t h e  e l a s t i c  cons tan ts .  Kachanov and 

a s s o c i a t e s  have made c a l c u l a t i o n s  of t h e  e f f e c t  of microcracking 

on t h e s e  two q u a n t i t i e s  and have found t h a t  whereas microcracking 

always produces a reduct ion of t h e  s t i f f n e s s  ( e l a s t i c  proper ty) ,  

t h e  change i n  t h e  stress i n t e n s i t y  f a c t o r  and t h e r e f o r e  t h e  change 

i n  t h e  stress a t  t h e  macrocrack t i p  depends on t h e  arrangement of 

t h e  microcracks i n  t h e  v i c i n i t y  of t h e  macrocrack tip.7.9.41>42 

Amplif icat ion o r  s h i e l d i n g  may occur, i .e .  t h e  stress a t  t h e  

macrocrack t i p  may be increased or decreased r e l a t i v e  t o  t h e  

appl ied  stress because of t h e  presence of microcracks.7.41,4* 

a given a p p l i e d  stress t h e  l o c a l  stress may then be increased  o r  

decreased and t h e  stress for f a i l u r e ,  e . g .  f r a c t u r e ,  can then  be 

decreased or increased.  The physical  reason f o r  t h e  d i f f e r e n t  

e f f e c t s  of microcracking on t h e  s t i f f n e s s  and t h e  f a i l u r e  stress 

i s  t h a t  t h e  s t i f f n e s s  is a volume averaged q u a n t i t y  while t h e  

f a i l u r e  stress is  determined by condi t ions  i n  t h e  v i c i n i t y  of t h e  

For 

macrocrack t i p . 9  However, it should be noted t h a t  i n  any f i n i t e  

sample many macrocracks with assoc ia ted  microcracking w i l l  e x i s t .  
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Therefore, crack propagation and failure will tend to occur at 

those macrocracks where microcracking causes an amplification of 

the applied stress. 

failure should be expected. The failure stress and the stiffness 

change then in the same direction with microcracking. 

Thus, a decrease in the applied stress f o r  

In contrast to the results of Kachanov and associates, 

Hutchinson has reported calculations which give a decrease in the 

elastic modulus but shielding and therefore an increase in the 

failure stress with microcracking.43 Evans and Faber have also 

developed a model which predicts toughening and therefore an 

increase in the failure stress due to microcracking.44 These 

workers cite experimental evidence to support their models. No 

attempt will be made here to evaluate these somewhat conflicting 

results. There is general agreement that microcracking results in 

a decrease in the elastic modulus, but there is not agreement on 

the prediction of the effects of microcracking on the failure 

strength. Further experimental results guided by theoretical work 

may be necessary to resolve this matter. 

Because there is not an established relationship between 

microcracking and the fracture strength and the modulus, it is not 

possible to relate the observed relationship between the fracture 

strength and the modulus to microcracking. The reasons why 

microcracking might be different for the casts of Comp B. Comp B 

M1 and Comp B M2 are also not clear. Since the average moduli for 
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Comp B M1 and Comp B M2 are larger than the modulus for Comp B, it 

is necessary to conclude that microcracking is greater in Comp B 

if in fact the differences are due to microcracking. Comp B MI 

was made without wax and with recrystallized TNT. Comp B without 

wax tends to be more brittle and therefore possibly more prone to 

microcracking than Comp B with wax. In addition, purification of 

TNT tends to make it brittle and so possibly more prone to 

microcracking.36 Therefore, if recrystallization of TNT did 

produced purification, this could result in increased 

microcracking. Thus, Comp B M1 might have increased microcracking 

and possibly a higher compressive strength but a lower modulus 

than Comp B and Comp B M2. The expected modulus change is then in 

the wrong direction to agree with the observations (Table 4 ) .  

Moreover, this approach does not give a rationale as to why Comp B 

M2 has a higher compressive strength than Comp B. Because 

solidification takes place more rapidly at the bottom of the cast, 

more microcracking could occur in this region thus resulting in a 

gradient of microcracking with position in the cast. However, 

this argument leads to a lower modulus in the bottom of the cast 

in disagreement with observations. This approach also does not 

give a rationale for the lack of gradients in Comp B and TNT. For 

all of these reasons it is concluded that microcracking is most 

probably not responsible for the observed relationships between 

the compressive strengths, the moduli and position in the cast for 
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the four materials under discussion. Microcracking may, however, 

be responsible for a large part of the scatter in the data. 

In summary, the relationship between the compressive 

fracture strength and the moduli for the three forms of Comp B can 

be attributed to differences in porosity. The relative 

differences in porosities of the three forms of Comp B are 

consistent with the differences in processing conditions used in 

preparing the casts from which the samples were taken. The 

changes in compressive fracture strength and modulus with position 

in the cast may also be due to porosity changes. The latter are 

consistent with the expected changes in porosity. While 

microcracking as a cause of the observed changes in fracture 

strength and modulus cannot be ruled out, the available results 

suggest that it is not the primary cause. The results also 

suggest that porosity may be a primary reason for the differences 

between the fracture strength and the modulus of TNT and the 

values for the three form of Comp B. However, other 

considerations suggest that this is most probably not the case. 

Based on the porosity interpretation, the compressive fracture 

strength and the modulus of Comp B may be significantly increased 

by reducing the porosity. 

The triaxial data and so yield strength results are not 

nearly as extensive as the uniaxial data and compressive fracture 
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strength results. Thus, the discussion of the triaxial results is 

more tentative and briefer than the discussion of the uniaxial 

results. While triaxial data is available for C o w  B and TNT as a 

function of position in the cast, similar data is available for 

Comp B M1 only for the bottom portion of the cast and is not 

available as a function of position for Comp B M2. All triaxial 

data for Comp B M2 is for samples taken from the bottom section of 

the cast. The following is concerned largely with the differences 

in the yield strengths of Comp B, Comp B M1 and Comp B M2. The 

differences between Comp B and TNT have been discussed 

previously.2 Factors which must be considered include porosity, 

cracking, and other inhomogenetites such as RDX particles which 

can give rise to impediments to dislocation motion. The 

experimental relationship between the yield strength, Y, and the 

modulus, E, (Figure 14) indicates the Y and E are approximately 

the same function of one or more variables so that the ratio Y/E 

is constant as the variables are changed as is the case with the 

ratio Gmm/E. 

The general approach based on the idea that the local 

stress is increased relative to the applied stress when porosity 

is present because of a decrease of the load bearing area and/or 

stress concentrations is also applicable to yield strength 

considerations. Thus, the yield strength Y can be given as a 

first approximation as a function of porosity by an expression of 
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t h e  same form a s  equat ion  (5), i . e .  

Y = YO e-byp 

and t h e  r e l a t i o n s h i p  between Y and E i s  

( 1 0 )  

us ing equat ions (6) and ( 1 0 ) .  The s u b s c r i p t  Y f o r  EY,  EOY and bEY 

i s  used t o  i n d i c a t e  t h e  modulus a s  determined by t r i a x i a l  

measurements. The quadra t ic  term i n  equat ion ( 6 )  has  been omit ted 

i n  obta in ing  (11). The exponent ia l  term of equat ion (11) can be 

expanded t o  g ive  

Y = EY Yo/EoY[l - (by - bEY)Pl (12)  

when 

(by - bEY)P << 1 (13) 

as f o r  equat ion  (8). 

The d a t a  f o r  Comp B, Comp B M1 and Comp B M 2  a s  p l o t t e d  i n  

Figure 1 4  suggest  an approximately l i n e a r  r e l a t i o n s h i p  between Y 

and E a s  p r e d i c t e d  by equat ion (12) when (13) is  s a t i s f i e d .  The 

l a r g e  s c a t t e r  p r o h i b i t s  a more d e t a i l e d  a n a l y s i s  of t h e  d a t a  of 

Figure 1 4 .  The r e s u l t s  a s  presented i n  Figure 1 4  do suggest ,  

however, t h a t  t h e  r e l a t i v e  y i e l d  s t r e n g t h s  of t h e  t h r e e  forms of 

Comp B a r e  determined by p o r o s i t i e s .  Thus, t h e  y i e l d  s t r e n g t h  

r e s u l t s  can be i n t e r p r e t e d  i n  t h e  same way a s  t h e  compressive 

f r a c t u r e  s t r e n g t h  r e s u l t s .  

AS noted above t r i a x i a l  da ta  i s  a v a i l a b l e  f o r  Comp B M1 a s  
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a function of position in the cast only for the bottom portion of 

the cast and is not available for Comp B M2. Within this 

limitation the available data for Comp B M1 indicates that the 

yield strength decreases as the distance from the top of the cast 

increases although the moduli of the same samples increases 

slightly as this distance increases (Figure 6). Thus, for this 

limited data for Comp B M1 as a function of position the yield 

strength does not change in the same direction as the compressive 

fracture strength and the modulus with position. However, for the 

data of Comp B M2, which is for samples taken from one position 

near the bottom of the cast, the yield strength and the modulus 

change in the same direction from sample to sample. Because of 

these limited results it is thus necessary to conclude that the 

relationship between yield strength, modulus and position in the 

cast is not as consistent as is the relationship between 

compressive fracture strength, modulus and position in the cast. 

AS already pointed out densities and so porosities are not 

available for most of the samples of Comp B M1 and Comp B M2. 

However, densities and so porosities are available for some of the 

samples from the bottom portions of the casts of these two 

materials which were used for the triaxial studies. If the 

natural logarithms of the yield strengths and the triaxial moduli 

are plotted versus the average porosities for Comp B, Comp B M1 

and Comp B M2, straight lines can be fitted by a least squares 
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technique to the points as predicted by equation ( 6 1  (with c = 0) 

and equation (10) to give bEY = 29, EOY = 1.1 x lo6 psi, by = 4 6  

and Yo = 21,000 psi.37 bEy and EOY are less than bE and EO 

obtained from the unixial data but the value of by is the same as 

the value of bo = 4 6  also obtained from the uniaxial data. In 

addition, the ratio YO/EOY obtained from the fits of In Y and In 

Ey versus P is 1.9 x 10-2.37 This value is reasonably close to 

the value of 1.53 x 10-2 obtained from the data of Figure 14. All 

of this supports the hypothesis .that the relative yield strengths 

of these three materials are determined by differences in 

porosity. The discussion of this paragraph also suggests that the 

porosities as calculated from the densities are accurate although 

all of the arguments presented in the section dealing with the 

compressive strength and porosity still apply. The similarity of 

bg and by supports the contention that the local stress which is 

responsible for both crack growth leading to fracture and 

dislocation motion leading to yield is increased relative to the 

applied stress because of porosity. The porosities obtained from 

the available densities are approximately 2% or less. The value 

of YO indicates that much larger yield strengths may be obtained 

by reducing the porosity. 

An inspection of Figure 14 reveals that the straight line 
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fitted to the points for the Comp B ' s  does not pass through the 

points for TNT. However, if the TNT data is added to the plots of 

In Y and In Ey versus P straight lines can be fitted to the points 

by the least squares technique.37 by, YO, b m  and EOY are in this 

case not significantly changed relative to the values found 

without the TNT points, thus suggesting that the relative yield 

strengths of TNT and the Comp B's are determined primarily by 

porosity. 

However, a different explanation was given previously for 

the differences in the yield strengths of TNT and Comp B based on 

the temperature and strain rate dependencies. The yield strength 

of Comp B has been interpreted in terms of long range internal 

stress fields and barriers to dislocation motion which are 

overcome by thermal activation. In contrast, the yield strength 

of TNT has been interpreted only in terms of long range internal 

stress fields. The yield strengths of the two materials are close 

at temperatures slightly below the melting temperature of TNT and 

are thought to be primarily determined by the long range internal 

stress fields in both materials. However, at 35'C the yield 

strength of Comp B is increased significantly over the value at 

elevated temperatures due to the barriers to dislocation motion 

(and thermal activation) while the yield strength of TNT is not 

increased significantly for this same change in temperature. 

Thus, the difference in the yield strengths of the two materials 
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a t  35'C has  been a t t r i b u t e d  t o  t h e  presence of b a r r i e r s  t o  

d i s l o c a t i o n  motion i n  C o m p  B which a r e  not p r e s e n t  o r  a c t i v e  i n  

TNT. It was f u r t h e r  suggested t h a t  t h e  b a r r i e r s  t o  d i s l o c a t i o n  

motion i n  Comp B may be a s s o c i a t e d  with RDX i n  s o l u t i o n  i n  t h e  TNT 

of Comp B i f  y i e l d  occurs p r i m a r i l y  i n  t h e  TNT of Comp B.  

t h e r e f o r e  seems necessary t o  conclude a t  t h i s  t i m e  t h a t ,  i f  t h e  

primary reason f o r  t h e  d i f f e r e n c e  i n  t h e  y i e l d  s t r e n g t h s  of TNT 

and Comp B a t  35'C a r e  a s  given previous ly  and sketched here ,  then 

p o r o s i t y  cannot a l s o  p lay  a major r o l e  i n  t h i s  d i f f e r e n c e .  The 

long range i n t e r n a l  stress f i e l d s  and t h e  b a r r i e r s  t o  d i s l o c a t i o n  

motion could be a s s o c i a t e d  with poros i ty ,  but  e f f e c t s  of t h i s  type 

on t h e  y i e l d  s t r e n g t h  would be i n  addi t ion  t o  t h e  changes i n  l o c a l  

stresses due t o  p o r o s i t y  a s  considered here .  To  determine i f  t h e  

primary d i f f e r e n c e  i n  t h e  y i e l d  s t r e n g t h s  of Comp B and TNT i s  due 

t o  b a r r i e r s  t o  d i s l o c a t i o n  motion, p o r o s i t y  o r  both requi res  more 

ex tens ive  y i e l d  s t r e n g t h  d a t a  a s  a func t ion  of temperature, s t r a i n  

r a t e  and p o r o s i t y .  

I t  

The y i e l d  s t r e n g t h  may a l s o  be inf luenced by t h e  presence 

of cracks and t h e  reduct ion of t h e  y i e l d  s t r e n g t h  and t h e  modulus 

by a p a r t i c u l a r  symmetry of c racks  has been calculated.11 Cracks 

a r e  taken a s  a l l  a l igned  i n  one d i r e c t i o n  and a l l  c racks  have t h e  

same lengths ,  widths and separa t ions .  With loading perpendicular  

t o  t h i s  d i r e c t i o n  t h e r e  a r e  a s i g n i f i c a n t  reduct ions of t h e  

modulus and t h e  y i e l d  s t r e n g t h  which increase  with increases  i n  
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t h e  crack lengths .  The predic ted  (and observed) r e l a t i o n s h i p  

between t h e  y i e l d  s t r e n g t h  and t h e  modulus with increas ing  crack 

length  i s  not  l i n e a r  but  could e a s i l y  be used t o  descr ibe  t h e  d a t a  

of Figure 14 because of t h e  s c a t t e r  of t h e  d a t a  p o i n t s  i n  t h i s  

f i g u r e .  

s t r a i n  energy cons idera t ions  f o r  t h e  m a t e r i a l  conta in ing  cracks.  

However, t h e  reduct ion of t h e  load  bear ing a rea  i s  e x p l i c i t l y  

taken i n t o  account i n  terms of a damage tensor .  Therefore, t h e  

model does inc lude  t h e  e f f e c t s  of p o r o s i t y  a s  represented by t h e  

c racks .  While t h e  model i s  highly i d e a l i z e d  and m o s t  probably 

does not represent  t h e  condi t ions i n  t h e  samples used i n  t h i s  

study, it does suggest t h a t  t h e  observed r e l a t i o n s h i p  between Y 

and E may be obtained by a cons idera t ion  of t h e  e f f e c t  of cracks 

by t h e  genera l  approach used by Litewka. 

The c a l c u l a t e d  y i e l d  s t r e n g t h  i s  obtained by e l a s t i c  

In  summary, t h e  l i m i t e d  t r i a x i a l  da ta  which i n d i c a t e s  a 

r e l a t i o n s h i p  between t h e  y i e l d  s t r e n g t h  and t h e  modulus f o r  t h e  

Comps B can be i n t e r p r e t e d  on t h e  bases  of p o r o s i t y  being t h e  

primary cause of t h i s  r e l a t i o n s h i p  and t h e  d i f f e r e n c e s  i n  t h e s e  

q u a n t i t i e s  from sample t o  sample and from one form of Comp B t o  

another .  The i d e a l i z e d  crack model used by Litewka a l s o  p r e d i c t s  

a r e l a t i o n s h i p  between y i e l d  s t r e n g t h  and modulus which i s  

compatible with t h e  ava i lab le  da ta .  While t h e  r e su l t s  suggest 

t h a t  poros i ty  could be t h e  primary cause of t h e  d i f f e r e n c e s  i n  t h e  

y i e l d  s t r e n g t h s  and moduli of TNT and t h e  values  for t h e  Comps €3, 
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other considerations indicate that this may not be the case. 

Additional data is required to further resolve this matter. 

Three composites of RDX and TNT and the matrix material 

(TNT) have been studied in uniaxial compression and in triaxial 

(radially confined) compression at temperatures of 23'C and 35'C 

respectively. Two of the composites also contained wax. All four 

materials were cast but with somewhat different casting 

(processing) conditions. The average compressive fracture 

strength, the average yield strength and the average value of 

Young's modulus differ for all four materials. For two of the 

composites the compressive fracture strength and Young's modulus 

increased with distance from the top of the cast. In contrast, 

these properties are independent of this distance for the other 

composite (Composition B) and for the matrix material (TNT). 

Linear relationships were found between the compressive fracture 

strength and the modulus and between the yield strength and the 

modulus. These relationships can be attributed to exponential 

dependencies of the fracture strength, the yield strength and the 

modulus on porosity. Porosity data obtained from limited density 

measurements tend to confirm this suggestion and the differences 

in the porosities of the three composites are consistent with the 

differences in processing conditions. The results further 

indicate that significant increases in the compressive fracture 
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strength, the yield strength and Young's modulus may be attained 

by a reduction of the porosity. Microcracking may also play a 

role in the differences in the observed properties. The results 

also indicate that changes in RDX particle size and omission of 

wax do not significantly alter the observed mechanical properties 

of the composite (Composition B). However, the results are 

somewhat incomplete so that the interpretation must be regarded as 

tentative. Additional mechanical measurements are necessary in 

all areas to give statistical weight to the results and porosity 

determinations are essential. Work of this type is planned. 

BCMOWLEDGEMENTS 

The authors are indebted to S. Nicolaides for active 

participation in the planning stages of this work and to J. 

Hershkowitz for suggesting the compositions of the modified forms 

of Comp B. The authors are also indebted to D. Georgevich for 

assistance with data taking and to M. Joyce, G. Ziegler, T. H. 

Chen and Y. Lanzerotti for helpful discussions. The authors wish 

to thank C. Ribaudo for material characterization, G. Ziegler for 

casting TNT and Comp 8, J. Jenkins for the machining of samples 

and F. Glanzel for radiographic work. 

REfERENCES 

1. Pinto, J., Wiegand, D. A . ,  and Nicolaides, S., in press, J 

Energetic Materials. 

2 .  Pinto, J. and Wiegand, D. A . ,  in press, J. Energetic 

Materials. 

3 .  Pinto, J., Nicolaides, S., and Wiegand, D. A . ,  Technical 

403 

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



Report ARAED-TR-85004, (1985). 

4. J.J. Starkenberg, D.L. MaFadden and O.R. Lyman, Tech. 

Report BRL-TR-2714 (1986). 

5 .  C. Belanger, Ninth Symposium (International) on Detonation, 

Portland, OR (1989). 

6. S. Schaefer, DEA 1218 Meeting, Test Center, Meppen, FRG, 

June, (1986). 

7. Kachanov, M. and Montagut, E., Engr. Fracture Mech. a, 625 
(1986). 

8 .  Knudsen, F. P., J. Am. Ceramic SOC. 42, 376 (1959). 

9. Montagut, E. and Kachanov, M., Inter. J. Fracture u, R 5 5  

(1988). 

10. Wang, J. C., J. Mat. Sci., 19, 801, 809 (1984). 

11. Litewka, A., Engr. Fracture Mech. 25, 637 (1986). 

12. Wiegand, D. A. and Pinto, J., Materials Research Society 

Symposium Procedings: Mechanical Properties of Porous and Cellular 

Materials, In Press. 

13. Wiegand, D. A. and Pinto, J., to be published. 

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

Stochastic Processes," Mc-Graw-Hill, NY, 1984, Second Edition, p. 

150. 

15. Georgevich D., private communication. 

16. See f o r  example Rice, R .  W., Proc. Britt. Cer. SOC. U, 205 

(1972). 

17. See for example: Coble, R .  L. and Parikh, N. M., 

"Fracture", Vol. VII, p 269, ed. Liebowitz, H., Acedemic Press, 

New York (1972). 

18. Ibid. p 284. 

19. Duke, J. R. C., "Crystallography of TNT" Report Explosives 

Research and Development Establishment, Waltham Abbey (1974). 

20. Choi, C. S., Acta. Crylsta. a2& 2 8 5 7  (1972). 

21. Heberlein, D. C., U.S.Amy Mobility Equipment Research and 

Development Comand, Fort Belvoir, VA., Report 2202, (1976) and J. 

404 

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



Chem. Physics, U, 2346 (1974). 
22. Lanzerotti, M. Y., Pinto, J., and Wolfe, A., Ninth 

Symposium (International) on Detonation, August (1989) (to be 

published). 

23. Morrow, S., Private Communication. 

24. Smith, D. L., and Thorpe, B. W. Matl. Sci. Lettr. 8, 757 

(1973). 

25. Hagan, J. T. and Chaudrhi, M. M., J Mat Sci Lttr 12, 1055 
(1977), 

26. Rice, R .  W., "Treatise on Material Science and Technology", 

Vol 11, ed. MacCrone, R .  K., Academic Press New York (1977). 

27. Costain T., and Motto, R., Technical Report 4587, Picatinny 

Arsenal (1973). 

28. MIL-R-398C. 

29. Lanzerotti, M. Y., Private Communication. 

30. Nicolson, P. S., High Temp. Sci., U 279 (1980). 
31. Alford, N. McN., Matl. Sci. and Engr. S,  279 (1982). 
32. Bentur, A. ,  and Mindess, S., Cement and Concrete Res. Ih, 
59 (1986). 

33. Zielinski, A .  J., and Reinhardt, H. W., Cement and Concrete 

Res. 12, 309 (1982). 
34. Zeigler, G., Unpublished Results. 

35. Croom, R., Taschler, A., Ark, F., and Chen, T. H., 

"Technology of Polymer Compounds and Energetic Materials", 21st 

International Conference of ICT 1990, Karlsruhe, Germany and to be 

Published. 

36. Joyce, M., Private Communication. 

37. Wiegand, D. A. and Pinto. J., AFDEC Technical Report, In 

Press. 

38. See Reference 26, pp 266-282. 

39. See Reference 26, p 342. 

40. See Reference 26, p 220. 

41. Kachanov, M.and Laures, J. P., Inter J Fracture X,R63 

405 

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



(1988). 

42. Kachanov, M., Inter J Solid Stuctures 2.3, 23 (1987). 
43. Hutshinson, J. W., Acta Metal1 15, 1605 (1987). 
44. Evans, A .  G. and Faber, K. T., J Am Ceramic SOC 41, 255 
(1984). 

H rn a - 

0.0 0.2 0.4 0.6 0.8 1.0 

STRAIN (&) 

Uniaxial compressive stress versus strain for two composites and the matrix 
material. The modulus has been taken from the straight lines through the 
initial data points in each case. 
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Compressive strength versus distance from the top of the cast for Comp B M1. 
The line is a least square fit of a straight line to the data points. R is the 
correlation coefficient.14 
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Compressive strength versus distance from the top of the cast for Comp B M2. 
The line is a least square fit of a straight line to the data points. R is 
the correlation coefficient.14 
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Compressive strength and yield strength versus distance from the top of the 
cast for Comp B. The lines are least square fits of straight lines to the 
data points. R is the correlation coefficient.14 
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Compressive strength and yield strength versus distance from the top of the 
cast for TNT. The lines are least square fits of straight lines to the data 
points. R is the correlation coefficient.14 
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Young's modulus and Poisson's ratio versus distance from the top of the cast 
for Comp B M1. The line is a least square fit of a straight line to the data 
points. R is the correlation coefficient.14 
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Young's modulus versus distance from the top of the cast f o r  Comp B M2. The 
line is a least square fit of a straigth line to the data points. R is the 
correlation coefficient.14 
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Young's modulus v e r s u s  d i s t a n c e  from t h e  t o p  of t h e  c a s t  f o r  Comp B .  
i s  a l e a s t  s q u a r e  f i t  of  a s t r a i g t h  l i n e  t o  t h e  data p o i n t s .  
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Young's modulus v e r s u s  d i s t a n c e  from t h e  t o p  of t h e  c a s t  f o r  TNT. The l i n e  is 
a least  s q u a r e  f i t  of a s t r a i g h t  l i n e  t o  t h e  d a t a  p o i n t s .  R i s  t h e  
c o r r e l a t i o n  c o e f f i c i e n t . 1 4  
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0.3' 

: 
0.2- 

- 
Poisson's ratio versus distance from the top of the Cast for Comp B and TNT. 
The straight lines are least square fits of straight lines to the data points. 
R is the correlation coefficient.14 
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ExmE2.l 

Compressive strength versus Young's modulus for all four materials. The line 
is a least square fit of a straight line through the origin to the data points 
for the three composites only. R is the correlatioin coefficient.14 
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5 0 0 0 ~ ~ Y m T  0 = 3200 E 

E 

700 E 

0 10000 20000 30000 40000 

AXIAL STRESS (PSI) - 
Radial stress versue axial stress for  the (confined cylinder) triaxial loading 
conditions for two of the composites and the matrix material. 
strengths were determened from the axial stress intercepts of straight lines 
through the data points for stresses above yield. 

The yield 

40000- 

30000 - 

20000  - 

10000 - 
. . . . . . I . . .  v ..... I ......,.. I ........ .i 
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AXIAL STRAIN ( % )  

E z G m L u  

Axial stress versus axial strain for the (confined cylinder) triaxial loading 
conditions for two of the composites and the matrix material. 
lines indicate the slopes before yield for the Comp Bs and TNT respectively. 
Young's modulus is obtained from these slopes. 

The straight 
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cow B M2 

R = 0.66 

0.0 0.2 0.4 0 . 6  0.8 1.0 

E - YOUNG'S MODULUS (10E6 PSI) 

Yield strength versus Young's modulus for all four materials. The line is a 
least square fit of a straight line through the origin to the data points for 
the three composites only. R is the correlation coefficient.14 
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