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This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
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The object; ves o f .  t h i s  p ro j ec t  are: 

1. , To evaluate. t he  c a p i l l a r y  rheometer as a  device t o  qua1i.- 
t a t i  ve ly  measure the' ex t rus ion proper t ies  o f  ex t rus ion cast  
and paste expl os i  ves . 

2. To study and determine means t o  d i s t i ngu i sh  and character ize 
the  rheo log ica l  proper t ies  o f  d i f fe ren t  l o t s  o f  ECX and PEX. 

3. To apply r e s u l t s .  from (1 )  and (2)  t o  production loading opera- 
t i o n s  i nvo l v i ng  ECX and PEX. 

ABSTRACT 

The second ob jec t i ve  ( t o  study and determine means t o  d i s t i ngu i sh  and 
character ize rheo log ica l  proper t ies)  of t h i s  p ro j ec t  has been accompl ished. 

! 

Test ing procedures were f i na l i zed ,  and general knowledge o f  the rheometer 
i t s e l f  was gained. 

Three batches o f  85/15 (weight percent) RDX/Sylgard were tes ted i n  the 
I ns t ron  Cap i l l a r y  Rheometer. Each l o t  was s t a t i s t i c a l l y  d is t ingu ishable  
from the other two l o t s .  One l o t  exh ib i ted  a  s i g n i f i c a n t l y  lower apparent 
v i s c o s i t y  than the o ther  two l o t s ,  which.were s t a t i s t i c a l l y  d i f f e r e n t  
from each other, bu t  which were i n  f a i r l y  c lose agreement. 

The shear r a t e  range which was most l i k e l y  t o  a l low reso lu t ion  o f  apparent 
v i s c o s i t y  and shear s t ress  d i f ferences i n  85/15 weight percent RDX/Sylgard 
was determined and repor ted i n  a  previous repor t (1 ) .  This shear r a t e  
range was obtained using the 1.27 nun diameter,50.937 mm long c a p i l l a r y  
a t  the three 1  owest crosshead speeds (85, 212 and 423 microns per second). 
This y ie lded  shear r a tes  o f  0.03, 0.075, and 0.15 sec-l ,  respect ive ly .  
The longer c a p i l l a r y  (50.9 versus 25.4 nun) was selected t o  f a c i l i t a t e  
f a s t e r  c leaning a f t e r  each tes t .  

Since the forces measured by the load c e l l  were r e l a t i v e l y  small (10 - 
700 newtons), i t  was important  t o  determine the force required t o  move 
the plunger i n  an a i r -wet ted bar re l .  This f o r c e . i s  not  very repro- 
duci  b l e  and i s  s t rong ly  dependent upon the cond i t i on  o f  the Tef lon O- 
r i ngs  on the plunger. "Zero" forces ranged between 13 and 53 newtons. . . 

The fo rce  was measured a t  the beginning o f  the day.and t h i s  "zero" force 
was subtracted from the load measured dur ing the tes ts  f o r  t h a t  day. I f  
the "zero" fo rce  was outs ide the ra,nge noted above, the Tef lon O-rings 
on the plunger were replaced. 



According t o  the  I n s t r o n  manual t h e . s l i d e  l o c k  a t  the  load ce l l - p lunger  
i n t e r f a c e  should n o t  be used because i t  might  r e s u l t  i n  erroneous f o r c e  
measurements. Tests were r u n  w i t h  and w i t h o u t  a c t i v a t i n g  the  s l i d e  
lock .  Those w i t h o u t  t h e  l o c k  engaged were "smoother" (+ 1 minor paper 
d i v i s i o n ,  which was approximately 1 newton). Those w i t h  t h e  l o c k  
engaged va r ied  as much as + 5 newtons. The p lunger was marked so t h a t  
t he  same o r i e n t a t i o n  would be used f o r  a l l  t he  t e s t s .  

I n  o rder  t o  min imize entrapped a i r ,  t he  b a r r e l  was always loaded w i t h  
the  t e s t  exp los ive  w i t h  the  p lunger i n  place. Loading the  HE pushed the  
p lunger up, and the  c a p i l l a r y  was i n s e r t e d  and locked i n  p lace  w i t h  the  
clamping nut .  It was very  r a r e  t h a t  any s igns of a i r  bubbles were 
no t i ced  (two t e s t s  o u t  o f  24 were r e r u n  because the  problem was suspected). 

I d e a l l y  t h e  t e s t s  should be conducted on l y  a t  t he  crosshead speed which 
would produce t h e  des i red  shear r a t e .  However, the  speeds used were 
q u i t e  slow as noted above, so a procedure needed t o  be devised t o  he lp  
acce lera te  an a l ready  time-consuming t e s t .  A t e s t  was r u n  i n  t he  i d e a l  
manner, and another t e s t  was conducted us ing  the  " f i n a l "  (see below) 
procedure. The " f i n a l "  o r  p r a c t i c a l  procedure r e s u l t e d  i n  measured 
fo rces  about 10% lower than those measured i n  the  " i d e a l "  procedure. 
However, t h e  p r a c t i c a l  procedure requ i red  some 30 minutes, w h i l e  the  
i d e a l  procedure requ i red  more than 2 hours. Since i t  i s  l i k e l y  t h a t  
some c u r i n g  occurred du r ing  the  i d e a l  procedure, i t  was concluded t h a t  
the  , p r a c t i c a l  procedure would probably n o t  r e s u l t  i n  s i g n i f i c a n t l y  
d i f f e r e n t  fo rces .  

The'procedure se lec ted  consis ted i n  lower ing  the  crosshead a t  a h igher  
speed u n t i l  con tac t  between the  load c e l l  and the  p lunger was imminent 
and then conduct ing the  t e s t  a t  the  des i red  crosshead speed. The " f i n a l "  
o r  p r a c t i c a l  procedure was d i f f e r e n t  i n  t h a t  the  crosshead speed was 
"stepped down" from the  maximum speed t o  the  des i red  speed w i t h o u t  
"shock load ing"  the  HE. Each speed was decreased when an increase i n  
load was noted. 

A t e s t  was considered completed ( i n  o ther  words, the  load was " s t a b i l i z e d " )  
when the  load va r ied  no more than + 1 minor paper d i v i s i o n .  O f  course, 
t h i s  v a r i e d  w i t h  the  d i f f e r e n t  a m p l i f i e r  s e n s i t i v i t y  se t t i ngs ,  which 
were always ad jus ted  so as  t o  y i e l d  a d e f l e c t i o n  a t  o r  g rea te r  than h a l f  
the  paper w id th .  This  c r i t e r i o n  was determined i n  a completely a r b i t r a r y  
manner. 

A f t e r  each t e s t ,  d r y  wadded t i s s u e  paper was fo rced through the  b a r r e l  
u n t i l  the  b a r r e l  appeared clean. I f  a d i f f e r e n t  HE batch was t o  be 
tested,  t h e  b a r r e l  was f lushed w i t h  methyl a lcoho l .  The l a t t e r  was a l so  
done a t  the  erid o f  each day. The c a p i l l a r y  was cleaned a f t e r  each t e s t  
us ing  a lcoho l  f l u s h i n g  and a c lean ing  rod .  

A l l  t e s t s  were randomized according t o  ma te r i a l  and shear r a t e ,  and were 
conducted a t  room temperature (24 + 3 C ) .  



TEST OF MATERIALS "A" AND "B" . 

A known "bad" batch and a known "good" batch o f  85/15 (weight  percent) 
RDX/Sylgard were selected f o r  t e s t i n g  t o  determine the r e p r o d u c i b i l i t y  
o f  apparent v i s c o s i t y  and shear s t ress measurements w i t h i n  batches, and 
t o  determine the a b i l i t y  o f  the rheometer t o  d i s t i ngu i sh  between the 
batches. A f a c t o r i a l  design w i t h  two var iables (batch and shear r a t e )  was 
used a t  two and th ree  l eve l s  ( respect ive ly) ,  and s i x  rep l i ca tes  were 
formed. For simp1 i c i  ty ,  the batches were designated "A" (4211322B-01 
and "B" (4240-3228-01). Formulation and chemical analysis data are 

7 er- 

avai  1 ab le  i n  previous repor ts  (2) .  

Table I contains the  raw data and optimized averages w i t h  95% confidence 
i n t e r v a l s  a t  each shear r a te .  Values were re jec ted  i f  they f e l l  outs ide 
the  range o f  + 3 standard deviat ions (unbiased) o f  the mean o f  the se t  
w i thou t  the suspect po in t .  

\ 

The data. .were .submitted t o  a computer program e n t i t l e d  "Analysis o f  .Variance 
f o r  Fac to r ia l  Design."' The mater ia l ,  the shear r a t e  and the i n te rac t i on  
o f  mate r ia l '  w i t h  shear. ra te .were  a l l  s i g n i f i c a n t  a t  o r  above the 0.002 
l e v e l  when the' i npu t  va r iab le  ,was the apparent v i scos i t y .  Only the 
mate r ia l  was ' s i g n i f i c a n t  a t  o r  above the 0.00.2 l eve l  when the i npu t  
va r iab le  was shear stress; the o ther  two fac to rs  (shea.r r a t e  and i t s  
in . te rac t ion  w i t h  mater ia l . )  were no t  s i g n i f i c a n t  . a t  the 0.20 l eve l . ,  The 
"bad" batch was s t a t i . s t i c a l l y  d is t ingu ishable  from the "good" batch, and, 
i t  exh ib i ted  s i g n i f i c a n t l y  lower apparent v i scos i t y  and shear s t ress a t  
a g iven shear ra te .  

Since these mate r ia l s  were formulated i n  the July-August 1974 era, and 
the tes.ting occurred dur ing June-July 1975, there was concern t h a t  some 
degree.0.f cu r ing  might have occurred. This might have been misleading 
t o  the rheometer, es,pecial l y ,  i f  one batch had cured more than the other. 
They had both been s tored i n  the same freezer a t  -15 C. 

Both batches were tes ted f o r  cure progress using previously reported 
procedures (3 ) .  Durometer read i  ngs and percentage o f  extracted dimethyl - 
po l ys i  loxane (DMPS) ind ica ted  t h a t  some chemical cure had occurred i n  
both batches (12% - 13% DMPS extracted) but  t ha t  there was no s i g n i f i -  
cant  d i f fe rence  between the batches. I t was concluded, therefore, t ha t  
the rheometer t e s t  r e s u l t s  and d i f ferences observed were va l id .  There 
was some concern, however, t h a t  these r e s u l t s  might no t  compare w i t h  a 
" f resh"  batch. It was decided t o  ob ta in  such a f resh  batch (5210-322B- 
Ol ) ,  designated "C"  and t e s t  it. 



Table I. .Ma te r i a l s  A  & B T e s t  Resu l ts  

.Average Average 
, Shear Apparent 

Apparent V i s c o s i t y  Shear .Shear - 1  .S t ress 
Rate 

l s e c - 1 )  M a t e r i a l  
S t ress  
( KPa ;Kk:s 

V i s c o s i t y  + L9, . 
( KPa-sec) - ( K P ~ - s e c )  , 

*Re j e c t ~ d  Values 



Rate 
(sec-.l ) 

Table 11. ' : .~atekria'l ' .  C . ~ b s t  ~ e s u l t s  

Stiear 
Stress 
( KPa) . . 

, . 

Average ' 
Shear . . 

Stress . - 
TK\;$ ' , 

55.4 k 2'.25 

58.7 + 4.28 

'59.2 + 3.93 

52 .1  + 4.81' 

Apparent 
V iscosi ty  
( KPa-sec) 

Average . . 

Apparent . , 

V i  scos i ' ty  . . 

'f .Lg5 
(Kpa-sec). 

*Rejected Values 



. . TEST OF MATERIAL C 

Tests were conducted on material C i n  e s sen t i a l l y  the same manner as  .' 

materials  A and B. The shear r a t e s  used were 0.03, 0.075, 0.15 and 0.30 
sec'l. The addit ional  shear r a t e  was selected t o  provide another s.e.2 of 
data.: The t e s t s  were randomized according to  shear r a t e ;  again s i x  
rep l ica tes  were done and the t e s t i ng  was completed i n  a two week period 
(mid-October ) . 
Results of the rheometer t e s t s  on material C a r e  summarized in  Table 11.. 
The same c r i t e r i a  were used t o  r e j e c t  questionable data points. 

Samples of batch C were a l so  tes ted f o r  cure i n  the same manner a s  A and 
B. The DMPS extracted (15%) indicated t h a t  no s ign i f ican t  chemical cure 
had occurred. 

DATA SUMMARY 

~ e c t a ' n ~ u l a r  and logarithmic p lo t s  of the  raw shear s t r e s s  data a r e  shown 
in  Figs. 1 and 2 .  A general examination of these plots  shows several 
suspect data points ( c i r c l ed )  which were subsequently tes ted in the  
manner described above. A1 though these points were included in the  
analysis  of variance ca'lculations described below, they were re jected 
when averages were computed. The data f o r  material C a t  the  highest  
shear.,.,rate were not included i n  the analysis  of variance. 

.. , 

As described above, a l l  the data was submitted t o  the "Analysis of 
Variance f o r  Factorial Design" computer program. A variance r a t i o  ( F )  
t e s t  was then performed on the  r e su l t s .  Data a r e  shown i n  Table 111, 
w i t h  F-ra:tios . a t  .various s ignif icance leve l s  shown i n  Table IV. 

 able: 11.1. F-Ratio Tests of Significance fo r  Shear Stress  

Source of var ia t ion F-Ratio 

Material Batch 418.1 
Shear Rate 1.541 
Interact ion Between Material Batch and Shear Rate 0.214 

:":~:?~~:~.c:~'~"r.he~~~f'i':rsP~'two~~variation sources each had 2 degrees of freedom in  the . . . . numerator w i t h  45 degrees of freedom in the denominator, while the  
in teract ion term had 4 .in the numerator with 45 i n  the denominator. 



. , . . .  . Shear Rate (sec' l )  . . . .  . 

. ,.. 

F ig .  1. Shear S t ress  as a Funct ion o f  Shear [!ate ( R e c t a n p l a r  . . .  doord inates)  .. . . 

. . 
. . . . 
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- 4240-322B-01 (B) 
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'0.01 O.D5 0.10 0.150.20 0.30 
Shear R a t e  (sec-1)  

F ig .  2. Shear S t r e s s  as a Func t ion  o f  Shear Rate 
(Logar i  thl i l ic Coordinates ) , 



Table IV. 

Significance 
Level , 

. . . . 
! , . ;  .. ' . 
.. . 

. . F-Ratios a t  'various Significance. Levels- ' 1  . . ,  . .  . . . 
. .  . 

. . 
As i s  typical of a pseudoplastic' material; the only  s igni f icant  s&rce '  ' 

. 

of shear s t r e s s  variation. is  the material batch (above the 0.002 level ') .  . . 

The other two .variation sources were not s ignif icant  a t  or .above :the 
0.20 level .  Table V summarizes the overal'l and the optimized (with .. 

suspect data points rejected)  average shear s t resses ,  with .95% con- 
f idence interval s shown f o r  the optimized averages. Rectangu1a.r and 
1 ogari thmic plots  of the optimized averages. and 95% confiderice 1 imi t s  
a r e  shown in Figs. 3 and 4, ' respect ively.  

Rectangular and 1 ogari thmic plots of the raw apparent' viscosity data a re  
shown i n  Figs. 5 and 6,  respectively. These data were al'so submitted to  
the variance r a t i o  test  with the resul t ing data summarized in Tab1,e'VI. 

The number of degrees of freedom for  each variation source corresp'onds to  
those given 'in Table 111. 

Consulting Tables IV and VI, a l l  three sources of variation..are s ignif icant  
we1 1 above the 0.002 level .  

Table VII summarizes t h e  averaged, apparent viscosity data, w i t h  correspond- 
ing rectangular and'logarithmic plots shown in Figs. 7 and 8, respectively. 

The Instron Capillary Rheometer i s  qui te  capable of distinguishing 
between known good and bad batches of 85/15 RDX/Sylgard, when used 
within the proper shear r a t e  l imitations.  No attempt will be made to 
determine ranges of apparent viscosity fo r  good and bad RDXISylgard 
formulations. This work will be done using LX-13/XTX-8003. 

The range of shear r a t e s  reported previou:sly as  those most l ikely to. 
produce the best resolution of .different  apparent viscosi t ies  has been 
affirmed for  RDX/.Syl gard. .! . . 

~ t i d  Instron Capillary Rheometer i s  capable of distinguishing between 
good and bad batches of these materials. 
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Table V. Average Shear S t ress  

Average Shear S t ress  ( k i  1 opascal  ) 
M a t e r i a l  Batch 

Shear A B C ' 

Rate Opt imized , Opt imized Opt imized 
( sec - I  ) O v e r a l l  + L q 5  O v e r a l l  + L q S  O v e r a l l  + L q s  

0.030 3.03 3.49 + 0.98 34.7 . 34.7 2 3.26 54.4 55.4 & 2.25' 
0.075 4.67 3.47 k 1.50 38.3 38.3 k 3.67 58.7 58.7 + 4.28 
0.150 5.58 4.75 + 1.71 35.7 40.8 + 2.50 .56.4 59.2 5 3.93 
0.300 + Not Tested b '49.5 . 52.1 k . 4 . 8 1  

Table V I .  F-Rat io  S i g n i f i c a n c e  Tests  f o r  Apparent V i s c o s i t y  

V a r i a t i o n  Source 

M a t e r i a l  Batch 
Shear Rate 
I n t e r a c t i o n  Between M a t e r i a l  Batch and Shear Rate 

Shear 
Rate 

(sec- I  ) 

Tshlr l  V T T .  Average Apparent V isc0s i t .y  

Average Apparent V i s c o s i t y  ( k i  l opasca l  -seconds) 
M a t e r i a l  Batch 

A B C 
Opt imized Opt imized Opt imized 

O v e r a l l  k L g 5  Overa 1 1 + b g s  O v e r a l l  + L g 5  .. -.L- 
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FUTURE WORK ' ,. . . . . . . : .  . . .  

This i s  a f i n a l  r e p o r t  o f  rheometer studies on RDX/Sylgard explosives. 
Further studies, s i m i l a r  t o  those described i n  t h i s  repor t ,  w i l l  be 
conducted w i t h  LX-13/XTX-8003. 

. . 
. . 

. . .. . 

A f a c t o r i a l  experiment designed t o  determine e f f ec t s  o f  several  procesS' . . . .  

parameters on the end proper t ies  of LX-13/XTX-8003 w i  11 provide mater ia l  s .,. 
, . . . .  

f o r  t e s t i n g  on the  rheometer . 
. . 

. . 
', . 
. . ..,. ' . . . . 
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. - . .  . 



REFERENCES 

1. ' G. T. West, ECX and PEX Rheology, MHSMP-74-35F ( ~ u l ~ - ~ e ~ t e m b e r  1974). . . 

2. R. J. Slape, RDX/Sylgard, MHSMP-74-35E (July-September 1974). 

3. G. L. Clink, Determination of Degree of Cure of Isothermally Aged 
RDX/Syl gard, MHSMP-74-9F (January-March 1974). 




