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A. Stolovy, A. I .  Namenson, J.B. Avi les,  Jr . ,  

E.C. Jones, Jr. and J.M. Kidd 

Naval Research Laboratory, Washington D.C. 20375 

A 40-MeV e l e c t r o n  beam has been used t o  un i fo rm ly  heat 

con f ined  samples o f  h igh explosives u n t i l  exo los ion occurs. 

From observat ions o f  temperature vs  time, values were ob- 

t a i n e d  f o r  t he  thermal i n i t i a t i o n  thresholds (deposi ted en- 

ergy per  gram u n t i l  exp los ion)  and explos ion temperatures. 

These are good i n d i c a t o r s  o f  thermal explos ion s e n s i t i v i t y .  

In many cases, t h e  s p e c i f i c  heat o r  t he  l a t e n t  heat of f us ion  

were obtained. Data were obta ined on t he  f o l l o w i n g  mater i -  

a l s :  HMX, PBX-9404, RDX, HBX-1, Comp. A-3, PBXW-109, TATB, 

TNT, DNP, DIPAM, NDAC, TNB and TNBA. Thermal threshold 

values vary from 57 cal/gm t o  168 cal/gm f o r  these ma te r i -  

a l s .  There i s  some i n d i c a t i o n  t h a t  these r e s u l t s  are co r -  

r e l a t e d  w i t h  data from impact s e n s i t i v i t y  tests .  Radiat ion- 

induced decinposition i s  shown t o  be very small. 
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INTRODUCTION 

The behavior o f  energet ic  m a t e r i a l s  subjected t o  thermal 

st imulus has u s u a l l y  been s tud ied by slow hea t ing  techniques 

such as d i f f e r e n t i a l  scanning ca lo r ime t ry ,  d i f f e r e n t i a l  t he r -  

m a l  analys is ,  thermogravimetr ic ana lys i s  and p v r o l y s i s  on 

unconf ined samples. These have ,y ie lded much va luable i n f o r -  

mat ion on t h e  thermal p r o p e r t i e s  and k i n e t i c s  o f  t h e  chemical 

r e a c t i o n s ' .  Isothermal cook-of f  experiments have a1 so been 

done, sometimes w i t h  spher ica l  geometry' t o  s i m p l i f y  t he  

analys is .  Time-to-explosion measurements w i t h  s lab  o r  spher- 

i c a l  geometry 3-5 have y i e l d e d  va luable in format ion.  

Another technique i s  t he  thermal step i n  which a 

pu lse o f  e l e c t r i c  c u r r e n t  heats a c a p i l l a r y  tube con ta in ing  a 

small sample o f  explosive,  and the  i n d u c t i o n  t ime t o  

explos ion i s  measured as a f u n c t i o n  o f  t h e  temperature. 

The technique we have developed 8-10 makes i t  possib le  

t o  u n i f o r m l y  heat conf ined samples o f  ene rge t i c  m a t e r i a l s  a t  

a v a r i e t y  of  heat ing rates,  and t o  observe t h e  temperature 

and gas pressure as a f u n c t i o n  o f  t ime u n t i l  exp los ion 

occurs, u s u a l l y  i n  a few seconds. This  i s  done by 

i r r a d i a t i n g  the  conf ined h i g h  exp los i ve  (HE)  samples w i t h  a 

h i g h  energy (40 MeV) e l e c t r o n  beam from the  NRL Linac. The 

beam i s  very oenetrat ing,  depos i t i ng  on ly  a smal l  p o r t i o n  o f  

i t s  energy i n  t h e  HE sample. 

show t h a t ,  w i t h i n  10 percent,  energy i s  deposi ted i n  t h e  HE 

Seam p r o f i l e  measurements 
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samole uniformly, so t h a t  thermal gradients are very w a l l ,  

and the results are independent of  the size and shape o f  the 

samole. Thus, the thermal behavior o f  HE materials can be 

obtained from relatively small samDles. These experiments 

yield information on thermal initiation thresholds (deposited 

energy per graln, or dose required t o  ini t ia te  a runaway 

chemical reaction), explosion temperatures and physical or 

crystal1 ine phase transitions. The thermal initiation 

threshold i s  obtained directly from the product of the beam 

heating rate and the irradiation time until explosion. 

There do n o t  seem t o  be a n y  jrevious systematic measure- 

ments of thermal init iation thresholds or explosion tempera- 

tures for confined HE sanples. Phung” has done some cal- 

culations of cr i t ical  doses and init iation temperatures based 

upon a b o t  soot model, and also performed some experiments 

with a 1-MeV electron beam striking small unconfined sam- 

ples. For RDX and HMX, his experiments gave only a lower 

l i a i t  o f  40 cal/g for  the “crit ical  dose”, and the calcula- 

tions yielded values o f  abou t  38 cal/g, which are aiich lower 

than  our experimental results with confined samples. These 

early results cannot  be compared t o  our measurements, w h i c h  

were performed under quite different conditions. The experi- 

ments t h a t  are closest t o  those reoorted here are time-to-ex- 

plosion experiments in which confined samples are placed in 
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f i x e d  temperature b a t t ~ s . ~ - ~ A  c r i t i c a l  bath temperature i s  

def ined as the temperature below which no explos ion occurs. 

This c r i t i c a l  temperature i s  dependent on the s i z e  and shape 

o f  t he  sample, and i s  obta ined from experiments which of ten 

i n v o l v e  long heat ing times ( > 10’ sec) du r ing  which much 

of  t he  HE has decomposed. C r i t i c a l  temperature values are 

tabu la ted  i n  several compi la t ions.  ’,’* However, these 

data cannot be r e l a t e d  t o  t h e  data repor ted here, i n  which 

the  thermal energy i s  deoosi ted almost un i fo rm lv  and rap id l y ,  

so t h a t  t he  samples i n i t i a t e  be fo re  apprec iab le decomposition 

has occurred. This p o i n t  w i l l  be decussed i n  d e t a i l  i n  t he  

d iscuss ion o f  r e s u l t s  sect ion.  

This r e p o r t  i s  intended t o  be a survey of t h e  work we 

have done i n  recent  years, so t h a t  t he  data can be a v a i l a b l e  

a t  t h i s  time. An ana lys i s  o f  some o f  t 3e  p o i n t s  associated 

w i t h  t h i s  technique i s  g iven i n  t h e  d iscuss ion sect ion.  A 

more d e t a i l e d  a n a l y s i s  w i l l  be g iven  i n  a subsequent repo r t .  

EXPERIMENTAL PROCEDURES 

The f o l l o w i n q  HE m a t e r i a l s  have been examined i n  t h i s  

i n v e s t i g a t i o n :  HMX,PBX-9404, RDX, HBX-1, Comp. A-3, PBXW-109, 

TATB, TNT, DNP, DIPAM, NDAC, TNB and TNBA.. Some of t h e  HE 

samples were f a b r i c a t e d  a t  t h e  Naval Surface Weapons Center 

i n  t h e  form o f  a p a i r  o f  pressed powder disks,  each 0.718 cm 
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diameter by 0.470 cm th i ck ,  w i t h  a t o t a l  weight o f  0.5 t o  

0.7 9. Other samples were pressed i n  our l abo ra to ry  us ing  a 

d i e  w i t h  a diameter of 0.732 cm. The samples were conf ined 

w i t h i n  a s ta in less  s tee l  c e l l  as shown i n  Fig.  1. The junc -  

t i o n  o f  a small (0.0025 crn diameter) i ron-constantan thermo- 

couple i s  Dressed between the  two HE disks which a re  sur-  

rounded bv ceramic c l o t h  i n s u l a t i n g  ma te r ia l .  Indium solder  

i s  used t o  seal i n  the  r e a c t i o n  product gases. I n  some ex- 

per iaents ,  a pressure t ransducer was at tached t o  o b t a i n  data 

on D y r o l y t i c  gas pressure as a f u n c t i o n  o f  time. The r e a r  

(downstream) window i s  0.08 cm t h i c k  A1 a l l o y ,  and i s  design- 

ed t o  blow o u t  a t  pressures exceeding 2.8 X l o 7  Pa (4000 

p s i ) .  The f r o n t  (upstream) window i s  0.32 crn t h i c k  A1 

a l l o y .  A l l  experiments were performed i n  a i r ,  w i t h  t h e  

e l e c t r o n  beam emerging from a water-cooled e x i t  window. The 

confinement c e l l s  are u s u a l l y  Dlaced about 12 cm from t h e  

Linac e x i t  window t o  ensure a un i form beam p r o f i l e  across t h e  

HE sample. Heating r a t e s  can be changed by va ry ing  t h i s  

distance, o r  by changing t h e  pulse r e p e t i t i o n  rate.  The 

Linac e x i t  window i s  protected from explosion debr i s  bv a 

0.32 cm t h i c k  A1 p la te ,  o r  by bending the beam away from t h e  

e x i t  window w i t h  a magnet. A computer i s  used f o r  data 

a c q u i s i t i o n  and f o r  producing p l o t s  o f  temperature o r  

pressure vs  time. I n  some experiments, data were a l s o  

obta ined w i t h  c h a r t  recorders. 
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The p u l s x !  beaa parameters usually used in these experi- 

ments were a s  follows: 40 MeV average energy, 1 p s  pulse 

w i d t h ,  320 mA peak current, and 360 pulsesls repetition 

rate. A t  a distance of 1 2  cm from the Linac exi t  window, 

tieatinq rates were typically a b o u t  10 cal g-l  s , cor- 

responding t o  abou t  4OoC/s. Heating rates more t h a n  a n  

order of magnitude greater are possible a t  a position close 

t o  the Linac exit  window, b u t  a t  the expense of the unifor- 

m i  t y  of irradiation. 

-1 

The beam profile was measured a t  the sample position 

(12  cm from the Linac exi t  window) by two methods. In the 

f i r s t  method, we exposed 5 X 5 arrays of calcium fluoride 

thermoluminescent detector squares (each with 0.318 cm sides) 

t o  5 9eam pulses, and read them on a calibrated TLD reader. 

These results showed that the beam was uniform within 10 per- 

cent over the HE target area. In the second nethod, radia- 

chromic films (which darken upon exposure) were placed a t  the 

sample position and read o u t  a t  a densitoaeter. A p l o t  of 

horizontal and vertical scans t h r o u g h  an exposed f i l m  i s  

shown in Figure 2. This indicates t h a t  over the area of the 

HE sample, the beam i s  uniform t o  within 8 percent. 

The HE heatinq rates are obtained i n  two ways: from the 

HE i t se l f  and from an A1 calorimeter. The heating rate from 

the HE d a t a  i s  obtained from the slope of the temperature vs. 
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time curve a t  the nidpoint o f  the ini t ia l  inactive region 

(before exothermic reactions o r  phase changes occur). The 

oroduct of this slope and the heat capacity a t  this 

temperature is the observed beam heating rate. This i s  a 

l i t t l e  less than  the true beam heating rate because of small 

conductive cooling losses, b u t  the observed heating rate i s  

the actual rate a t  which the HE sawle i s  absorbinq energy. 

The thermal initiation threshold i s  then the product of this 

observed heating rate and the beam irradiation time until 

explosion, If a latent heat process such as melting or a 

crystal 1 ine phase transformation occurs before explosion, the 

time t o  explosion will increase (because o f  the additional 

beam heating time required t o  affect the phase change), thus 

increasing the thermal threshold by an amount equal t o  the 

latent heat o f  the phase change. The Calorimeter is  an A1 

alloy disk, 0.718 cm in diameter by 0.318 cm thick with an 

attached thermocouple junction, placed close t o  and up- 

stream from the HE sample, as indicated in Fig. 1 .  Data from 

this calorimeter i s  particularly useful when the specific 

heat of the HE i s  not  known.  

A steel collimator, 7.54 cm thick i s  placed upstream from 

the confinement cell to  reduce activation of the cell by 

scattered electrons. I t  i s  important t o  insure t h a t  the cell 

i s  electricallv grounded; otherwise charge build-up from the 

beam produces a very noisy thermocouple o u t p u t .  The low 
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mel t i ng  p o i n t  i na te r ia l s  TNT, NDAC and TNI! presented a r o e c i a l  

problem i n  t h a t  the molten HE would be absorbed by the s o f t  

i r l s u l a t i n q  ma te r ia l ,  thus l eav ing  the beam area. For these 

ma te r ia l s ,  machined i n s u l a t o r s  made from l a v a  rock ceramic 

were used instead o f  s o f t  i n s u l a t i o n .  For most of  t h e  

ma te r ia l s  r e  have exaained, me1 t i n g  o r  c r y s t a l l i n e  Dhase 

changes are observed before explosion. I n  many cases, 

explos ion occurs dur ing o r  immediately a f t e r  mel t ing,  so t h a t  

t he  exolos ion temperature i s  aDproximately the same as the  

n e l  t i n g  Doint. 

EXPERIMENTAL DATA 

I n  t h e  fo l lowing,  we do n o t  g i ve  chemical names o r  f o r -  

mulat ions o f  mix tures f o r  t h e  more well-known HE mater ia ls ;  

these can be found i n  compi la t ions o f  HE p roper t i es ,  such as 

Ref. 1. We q i v e  such in fo rma t ion  on lv  f o r  a few l e s s  w e l l -  

known mate r ia l  s. 

1. HMX - 
This mate r ia l  i s  known t o  e x h i b i t  f o u r  c r y s t a l l i n e  

phases . As the ma te r ia l  i s  heated, a c r y s t a l l i n e  DhaSe 

t ransformat ion from t h e  B t o  t h e  6 phase occurs a t  about 

18SoC, and appears as a p la teau  on a t e m e r a t u r e  vs t i m e  

p l o t ,  as shown i n  Fig. 2. The abscissa i s  a l s o  g iven i n  dose 

u n i t s  a t  t'le too o f  the f i g u r e .  The o r i g i n  o f  a second 

p la teau  which appears j u s t  before exp los ion  i n  most of t he  

t e s t s  i s  no t  c lea r .  

13 

It i s  probably associated w i t h  the  RDX 
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impur i ty  which i s  alwavs present i n  m i l i t a r y  grade HMX, h u t  

we d i d  n o t  have chemical ly pure HMX a v a i l a b l e  t o  perform 

t e s t s  t o  con f i rm  t h i s .  4 com9ination of exothermic reac t i ons  

i n  HMX and me l t i ng  o f  non-uniformly d i s t r i b u t e d  RDX i m p u r i t y  

could produce t h i s  behavior, and the observed f l u c t u a t i o n s  i n  

explosion temperature. It should be noted t h a t  i t  i s  

important t o  study standard HE m a t e r i a l s  which con ta in  

i l l p u r i t i e s  which a f f e c t  t h e i r  thermal behavior. The r e s u l t s  

of n ine experiments on pressed powder HMX p e l l e t s  w i t h  no 

binders are summarized i n  Table 1. Threshold values were 

obtained from the  HE and from t h e  A1 ca lor imeter ,  as 

p rev ious l y  explained. The average th resho ld  values obtained 

by these two methods are i n  good agreement, b u t  t he re  i s  a 

systematic d i f f e rence  between the HE and c a l o r i m e t e r  data. 

This w i l l  be discussed l a t e r .  The u n c e r t a i n t i e s  shown are 

standard dev ia t i ons  o f  t he  mean; i.e., t h e  standard d e v i a t i o n  

d i v ided  by t h e  square r o o t  o f  t he  number o f  experiments. 

This i s  c o r r e c t  i f  we assume t h a t  a f i x e d  mean va lue can be 

assigned t o  each explosive.  Blanks i n  the  t a b l e  i n d i c a t e  

po r t i ons  o f  the data which were poor due t o  a no isy 

thermocouple s ignal  . 
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TABLE 1 

Thermal I n i t i a t i o n  o f  HMX Samples. 

Beam Heating 

( ca l  RatT g- s-l) 

HE Calor. - -  
4.39 4.83 

3.88 4.18 

3.97 4.10 

4.99 5.32 

5.01 5.35 

5.53 7.00 

6.30 ---- 
9.88 8.88 

3.00 2.76 

2. PBX-9404 

T ime Un t i  1 Thermal Threshold Explosion 
Explosion Temperature 

( S )  ( c a l  / q  1 (OC 1 

HE Cal or .  

13.48 59.1 65.1 21 5 

15.80 61 . 3  66.0 _-- 
14.32 56.8 58.7 245 

12.90 64.3 68.7 245 

12.15 60.9 65.0 255 

10.28 67.1 72.0 --- 
9.87 62.2 ---- 235 

7.05 69.6 62.6 260 

+30 - - - 19.11 57.3 58.6 

Averages: 62.1 + 1.4 64.6 + 1.6 241 - t 6 - - 

This often-used ma te r ia l ,  which i s  94 percent  HMX, would 

be expected t o  have thermal i n i t i a t i o n  p r o p e r t i e s  s i m i l a r  t o  

t h a t  o f  HMX. An example o f  data taken w i t h  t h i s  ma te r ia l  i s  

shown i n  Fig.  3. Explosion occurs suddenly and v i o l e n t l y .  

Indeed, i n  two o f  t he  e i g h t  experiments performed, a 

t r a n s i t i o n  t o  high-order detonat ion seemed t o  occur, b lowing 

o u t  the. 0.318 cm t h i c k  A1 entrance window as we l l  a s  t he  

0.08 cm e x i t  window. The data f o r  t he  e i g h t  experiments are 
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TABLE 2 

Thermal I n i t i a t i o n  o f  PBX-9404. 

Beam Heatina Time Unt i  1 Thermal Threshold Explosion 
Rate Expl os i  on Temperature 

( c a l  g-1 s-1 )  ( S )  ( ca l /g )  (OC 1 

HE 

9.65 

11.28 

11.25 

10.51 

11.14 

8.15 

7.62 

9.77 

l i s t e d  

Calor. HE Cal or.  

8.33 6.24 60.2 52.0 271 

9.68 5.91 66.7 57.2 2 76 

10.76 5.81 65.3 62.5 2 78 

9.59 6.00 63.1 57.5 269 

10.54 5.95 66.3 62.7 293 

8.12 7.50 61.1 60.9 277 

6.90 8.30 63.2 57.3 282 

290 9.72 6.44 62.9 62.6 

280 t 5 

i n  Table 2, showing good consistency. The th resho ld  

- - - 
Averages: 63.6 - t 0.8 59.1 - t 1.3 - 

values obtained from the  HE and ca lo r ime te r  d i f f e r  by more 

than one standard dev iat ion.  The threshold obtained from t h e  

HE i s  i n  e x c e l l e n t  agreement w i t h  the  value obta ined w i t h  

pure HMX, b u t  r e s u l t s  from the  ca lo r ime te r  data a re  q u i t e  

d i f f e r e n t .  The explosion temperature f o r  PBX-9404 i s  

considerably h igher  than t h a t  f o r  HMX, probably because t h i s  

ma te r ia l  does n o t  have the RDX i m p u r i t y  present  i n  our HMX 

sarnpl es. 

3. RDX - 
This i s  another bas ic  n i t ramine explos ive o f t e n  used i n  
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combination w i t h  other  ma te r ia l s .  The data f o r  RDX, as given 

i n  Fig.  4, shows evidence of exothermic a c t i v i t y  before the 

m e l t i n g  p o i n t  p la teau a t  about 20OoC, and then a r a p i d  run- 

away r e a c t i o n  t o  explosion from t h e  molten ma te r ia l .  A l -  

though the  exnlosions a re  q u i t e  energet ic ,  t he re  i s  no e v i -  

dence f o r  a t r a n s i t i o n  t o  high-order detonat ion,  as observed 

i n  HMX-based explosives.  I n  Table 3, we l i s t  t h e  data from 

n ine experiments. Agreement between t h e  two th resho ld  aver- 

ages i s  good. The observed explos ion temperature i s  simply 

the m e l t i n g  po in t .  

TABLE 3 

RDX Thermal 

Beam Heat ing Time U n t i l  
Rate Explosion 

( c a l  g-1 s-1) ( S )  

HE 

10.26 

8.95 

10.26 

9.90 

9.59 

11.84 

14.04 

14.80 

6.62 

Cal or .  

9.93 7.29 

9.96 7.06 

9.93 6.80 

7.62 7.43 

9.24 6.79 

11.14 5.13 

14.47 4.58 

12.97 4.52 

6.96 9.30 

Averages : 

I n i t i a t i o n  Data. 

Thermal Threshold Explosion 
Temperature 

( c a l / g )  (OC) 

HE Calor. 

74.8 72.4 207 

63.4 70.3 203 

69.8 67.6 200 

73.6 56.6 201 

65.1 62.8 203 

60.8 57.2 203 

64.3 66.3 196 

66.9 58.6 192 

196 61.5 64.7 - 
66.7 + 1.7 64.1 + 1.9 200 + 2 - - - 

192 

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



4. HBX-1 

This i s  a mix ture o f  RDX, TNT, aluminum powder and wax. 

An example o f  a beam heat ing curve fo r  t h i s  ma te r ia l  i s  shown 

i n  Fig.  5. The f l a t t e n i n g  o f  the curve near 8OoC and 

2OO0C are due t o  me l t i ng  o f  t he  TNT and RDX components, 

respec t i ve l y .  A d e t a i l e d  look a t  t he  exothermic reg ion i s  

shown i n  Fig.  6, where the i n t e r v a l  between p o i n t s  i s  1.39 ms 

(two data p o i n t s  between beam pulses).  The exotherm i s  seen 

t o  s t a r t  from the me l t  plateau, and then t h e  curve f l a t t e n s  

o u t  near 66OoC, where t h e  A1 powder melts. A runaway exo- 

t h e m  t o  explosion occurs a f t e r  a l l  t he  aluminum has melted. 

Also shown are data obtained w i t h  a pressure transducer’ on 

p y r o l y t i c  gas pressure, which shows no s t r u c t u r e  as i t  r i s e s  

monotonica l ly  t o  rupture.  The i n i t i a t i o n  data f o r  t e n  exper- 

iments are l i s t e d  i n  Table 4. The HE and ca lo r ime te r  data 

are i n  reasonable agreement. 

The threshold and explos ion temperature are both s l i g h t l y  

h igher  than those f o r  RDX, poss ib l y  due t o  the  i n f l uence  o f  

t h e  TNT, b u t  RDX seems t o  dominate the thermal i n i t i a t i o n  o f  

t h i s  ma te r ia l .  

193 

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



TASLE 4 

Thermal I n i t i a t i o n  o f  HBX-1 Samples. 

Rate Ex p l  o s i on Temperature 
Beam Heat ing Time U n t i l  Thermal Threshold Explosion 

( c a i  q-1 s-1) ( S )  

HE Cal or.  

20.12 

10.30 

9.18 

9.08 

9.23 

6.84 

6.76 

9.18 

8.87 

9.86 

-- 
9.76 

8.05 

7.80 

8.95 

5.66 

6.95 

9.21 

9.36 

9.20 

3.34 

6.88 

8.36 

7.70 

7.13 

10.50 

10.15 

7.83 

7.98 

7.48 

(ca l  /g 1 

HE Cal o r .  

67.2 -- 
70.9 67.1 

76.7 67.3 

69.9 60.1 

65.8 63.8 

71.8 59.4 

68.6 70.6 

71.9 72.1 

70.8 74.7 

73.7 68.8 

(OC 1 

196 

205 

220 

200 

225 

230 

21 5 

230 

220 

21 0 

215 + 4 Averages: 70.7 - + 1.0 67.1 - t 1.7 - 
5. Comp. A-3 

This ma te r ia l  i s  91 percent RDX and 9 percent  wax b ind-  

e r .  A prev ious i n ~ e s t i g a t i o n ’ ~  had i n d i c a t e d  t h a t  t he  ad- 

d i t i o n  of small amounts ( < - 1 percent)  o f  s a l i g e n i n  w i l l  de- 

s e n s i t i z e  t h i s  ma te r ia l ,  3s demonstrated by impact t es ts .  

Therefore, we performed a se r ies  o f  experiments us ing  e lec -  

t r o n  beam uni form heat ing t o  see i f  the  thermal i n i t i a t i o n  

t h r e s h o l d  i s  a f f e c t e d  by t h e  a d d i t i o n  o f  s a l i g e n i n  . The 15 
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TAOLE 5 

Thermal In i t i a t ion  of Comp. A-3. Small Amounts of Saligenin 
were added as  indicated.  

Beam Heating Time Until 
Explosion 

(cal  g- ( 5 )  

Percent 
Saligenin 

0 

0 

0.1 

0.1 

0.1 

0.2 

0 2  

0.4 

0.4 

0.6 

0.6 

0.6 

0.6 

0.8 

0.8 

1 .o 
1 .o 
1 .o 

HE Calor. - 
4.23 4.90 

10.79 11.28 

14.97 13.93 

5.44 5.49 

5.16 6.56 

9.59 12.80 

5.56 5.21 

8.24 8.52 

6.38 4.84 

4.92 5.72 

10.83 8.90 

4.39 6.25 

5.94 7.90 

15.30 13.20 

12.53 11.35 

14.57 11.27 

5.49 7.30 

4.98 6.63 

Averages : 

Thermal Explosion 
Threshold Temoerature 

14.37 

5.27 

4.16 

12.35 

8.77 

4.10 

8.50 

6.52 

11.77 

9.56 

7.16 

10.22 

7.92 

4.35 

5.49 

4.81 

9.80 

9.25 

HE - 
60.8 

56.9 

62.1 

67.2 

45.2 

39.3 

47.3 

53.7 

74.8 

46.9 

77.5 

44.9 

47.1 

66.5 

68.8 

70.1 

53.8 

46.1 - 

(cal  / g  1 

57.2 t 2.8 - 

(OC 1 

Calor. 

70.4 

59.5 

58.0 

67.8 

57.6 

52.5 

44.3 

55.6 

56.7 

54.5 

63.8 

63.9 

62.6 

57.3 

62.3 

54.2 

71.5 

61.3 - 

, .  

59.7 + 1.6 199 + 6 - - 

191 

191 

192 

208 

180 

170 

192 

191 

240 

190 

225 

178 

176 

238 

21 1 

250 

175 

175 - 
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RDX content  was always 91 percent, w h i l e  t h e  s a l i g e n i n  con- 

t e n t  was va r ied  between 0 percent  and 1 percent.  The r e s u l t s  

a re  l i s t e d  i n  Table 5. An examination o f  these r e s u l t s  shows 

no dependence of thermal i n i t i a t i o n  c h a r a c t e r i s t i c s  on s a l i -  

genin content.  We the re fo re  obtained average values f o r  the 

e n t i r e  s e t  o f  experiments as shown. There i s  a considerable 

amount o f  f l u c t u a t i o n  i n  these data. The average threshold 

i s  a l i t t l e  lower than t h a t  f o r  pure RDX b u t  t h e  d i f f e r e n c e  

i s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  A t y p i c a l  hea t ing  curve is 

shown i n  F ig .  7; i t  looks  very s i m i l a r  t o  t h e  behavior  o f  RDX. 

6. PBXW-109 

This  i s  another RDX-based explos ive.  An example o f  a 

beam hea t ing  curve i s  shown i n  Fig.  8. The m e l t i n g  o f  RDX i s  

seen as t h e  p l a t e a u - l i k e  reg ion  near 2OO0C, b u t  t h e  p la teau  

i s  n o t  completely f l a t .  The beam hea t ing  and r e a c t i o n  con- 

t i n u e  beyond t h e  m e l t  reg ion  t o  explos ion a t  a considerably  

h igher  temperature than observed f o r  RDX o r  Como. A-3. The 

tabulated r e s u l t s  o f  n ine  t e s t s  are l i s t e d  i n  Table 6. The 

s p e c i f i c  heat  f o r  RDX was used i n  c a l c u l a t i n g  t h e  HE beam 

heat ing r a t e  and threshold.  The th resho ld  from t h e  HE data 

i s  i n  agreement w i t h  the r e s u l t  f o r  RDX. The c a l o r i m e t e r  

data y i e l d  a considerably  h ighe r  value. 
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TABLE 6 

Thermal I n i t i a t i o n  o f  PBXW-109. 

Beam Heating Time U n t i l  TClermal Threshold 

(ca l  g-1 s-1) ( S )  ( ca l  /q 1 

HE Calor. HE Cal or .  

Rate Explosion 

-- 
8.11 7.92 8.40 

8.15 7.81 8.01 

9.00 11.24 7.13 

8.91 10.86 7.23 

9.01 li1.46 7.19 

9.68 9.18 7.12 

11.21 11.11 6.06 

10.94 11.73 6.29 

10.08 11.46 6.49 

Averages: 

7. TAT6 - 

68.1 66.5 

65.3 62.6 

64.2 80.1 

64.4 78.5 

64.8 75.2 

69.0 65.3 

67.9 67.3 

68.8 73.8 

65.5 74.4 

66.4 - t 0.7 71.5 - + 2.1 

Explosion 
Temperature 

(OC 1 

265 

255 

240 

251 

245 

250 

248 

248 

245 

250 + 4 - 

This HE i s  known t o  be l e s s  s e n s i t i v e  t o  thermal o r  shock 

i n i t i a t i o n  than the  ni t ramines. We obta ined values o f  

145 - t 4 c a l / g  and 409 - t 6 OC f o r  t he  thermal i n i t i a t i o n  

threshold and explosion temperature, respec t i ve l y .  We have 

p rev ious l y  reported' ex tens i ve l y  on t h i s  ma te r ia l ,  so i t  

w i l l  n o t  be discussed here. 

8. TNT - 
This ma te r ia l  was exper imenta l ly  d i f f i c u l t  t o  work with, 
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because i t s  melting point i s  much lower t h a n  the explosion 

temperature. In  order t o  hold  the liquid TNT in the beam, we 

replaced the soft  insulating material shown i n  F ig .  1 by l a v a  

rock ceramic insulators. The thermocouple signal from the 

liquid HE was often very noisy, nossibly due t o  gas bubbles 

and e r ra t ic  thermal contact. 

pl ode u n t i  1 extraordinary doses were deposited b 3 4 0  cal/g);  

some d i d  not explode a t  a l l .  Only 5 o u t  of 14  experiments 

yielded reasonably consistent resul ts ,  w i t h  relatively quiet 

thermocouple signals. These are tabulated i n  Table 7. An 

example o f  the data i s  shown i n  F i g .  9. The aeltinq plateau 

a t  abou t  8OoC i s  clearly seen, b u t  explosion does not  occur 

until much la te r .  The average thermal threshold i s  greater 

t h a n  any of the other materials we studied. A aor t ion  of 

t h i s  threshold is due t o  the la ten t  heat  o f  fusion. Assuming 

that  the beam i s  the only heating source dur ing  the melting 

process (no exothermic chemical reactions occur a t  80’ C), 

we can obtain values of the la tent  heat o f  fusion from the 

product of the beam heating rate  and  the d u r a t i o n  o f  the p l a t -  

eau; we obtain an average value of 24 - + 2 cal g-loC-’. 

The explosion temperatures are quite h i g h  and exhibit a con- 

siderable amount o f  fluctuation. 

Some of the samples did not ex- 
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Beam Heating 
Rate 

( ca l  9-l s-1) 

HE Calor. 

5.30 5.45 

7.90 7.27 

- -  

32.90 -- ' 

19.97 14.59 

12.21 13.49 

TABLE 7 

Thermal I n i t i a t i o n  o f  TNT. 

Time Unt i  1 Thermal Threshold 
Explosion 

( 5 )  (ca l  /g 1 

HE Cal or .  -- 
33.8 179.2 184.0 

21.8 171.9 158.1 

5.24 172.2 -- 
9.34 186.5 136.3 

10.57 129.0 142.6 
Averages: 168 t 12 155 - t 11 - 

Explosion 
Temperature 

(OC 1 

295 

300 

3 70 

37s 

31 0 
330 t 18 - 

9. DNP (D in i t rop ipe raz ine )  

The thermal behavior o f  DNP i s  shown i n  Fig.  10. It exhib- 

i t s  an unusual ly l ong  q e l t i n g  p la teau  a t  about 215OC, and ex- 

plodes a t  s l i g h t l y  above t h e  me l t i ng  p o i n t .  The du ra t i on  o f  

t h i s  olateau va r ies  considerably between tes ts ,  r e s u l t i n g  i n  

f l u c t u a t i o n s  i n  the  thermal threshold values. The r e s u l t s  are 

tabulated i n  Table 8. The explos ion temperature was n o t  ob- 

ta ined f o r  t he  f i r s t  run because o f  a no isy thermocouple s i g -  

na l .  Since the  s p e c i f i c  heat o f  t h i s  ma te r ia l  i s  unknown, heat- 

i n g  ra tes  and thresholds were obtained from the  ca lo r ime te r  data 

alone. These data can then be used together  w i t h  t h e  s lope o f  

the HE curve (below the  m e l t i n g  p la teau)  t o  o b t a i n  an average 

f o r  t h e  s p e c i f i c  heat be- value o f  0.34 - + 0.04 c a l  9 

tween room temperature and 200°C. 

-1 oc-1 
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TABLE 8 

Thermal I n i t i a t i o n  Data f o r  DNP. Beam Heat ing Rates and 
Thresholds are f rom Cal or imeter  Data. 

Heating Time U n t i l  
Rate Explosion 

( c a l  g-1 s-1) ( S I  

9.12 

9.07 

10.26 

8.79 13.97 

9.30 13.85 

9.63 17.15 

7.00 

4.77 

4.14 

7.22 13.77 

9.25 11.96 

7.00 12.27 

8.91 11.86 

6.73 16.56 

Averages : 

10. DIPAM (Dipicramide) 

N i  ne conf ined samples 

Thermal 
Threshold 

( ca l  / g  ) 

Explosion 
Temperature 

(OC I 

122.6 --- 
128.8 21 3 

165.2 225 

155.0 240 

133.9 

145.1 

99.5 

110.6 

225 

220 

21 4 

222 

85.9 21 5 

105.7 224 

220 - 111.4 

124 2 7 222 2 3 

o f  t h i s  HE were exposed t o  a de- 

f l e c t e d  beam which, un fo r tuna te l y ,  was poor l y  a l i gned  i n  some 

cases, r e s u l t i n g  i n  low heat ing rates.  Four runs were con- 

s idered t o  be u n r e l i a b l e ,  and discarded. The data f o r  t h e  

good runs a re  g i ven  i n  Table 9. 
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TABLE 9 

Thermal I n i t i a t i o n  Data f o r  DIPAM.  

Beam Heat ing Time U n t i l  

( c a l  g-1 s-1) ( S )  (ca l  /g 1 
Rate Explosion Thermal Thresh01 d 

HE 

8.69 

11.49 

11.95 

9.84 

11.77 

C a l  or .  HE Cal or .  

8.83 14.15 122.9 124.9 

10.79 10.62 122.1 114.6 

13.76 8.15 97.4 112.2 

10.45 13.32 131.1 139.2 

10.33 13.40 157.7 138.5 

126 + 10 126 + 6 - - Averages : 

There i s  a considerable amount o f  f l u c t u a t i o n  between these 

r e s u l t s ,  which i s  due t o  l a r g e  v a r i a t i o n s  i n  the  du ra t i on  o f  

t h e  m e l t i n g  p la teau a t  about 30OoC. The agreement between 

the HE and ca lo r ime te r  average values i s  f o r t u i t o u s .  A t y p i -  

c a l  data curve i s  given i n  F ig .  11. The explos ion tempera- 

t u r e  i s  t he  m e l t i n g  p o i n t  i n  a l l  cases. 

11. NDAC (Nitraminodiacetonitrile) 

Since t h i s  HE has a low me l t i ng  po in t ,  we used ceramic 

i n s u l a t o r s  t o  con ta in  the  l i q u i d .  A heat ing curve i s  g iven 

t i n g  p la teau  a t  about 90°C, i n  F ig .  12, showing a l ong  me 

and explos ion a t  about 25OoC. 

10. Since the  HE s p e c i f i c  heat 

The data are g iven i n  Table 

s unknown, we l i s t  hea t ing  
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ra tes  and thresholds obtained from the ca lo r ime te r  only.  

Some o f  the runs were done w i t h  r a t h e r  low hea t ing  rates,  

probably due t o  beam misalignment. Because c o o l i n g  losses 

are a considerable f r a c t i o n  o f  t h e  beam hea t ing  r a t e  f o r  

these runs, we obtained average ca lo r ime te r  hea t inq  ra tes  

from the  midpoint  o f  these curves. For two o f  t he  runs, ex- 

p l o s i o n  temperatures could no t  be obta ined because of noisy 

thermocouple s ignals ,  probab1.y due t o  bubbles i n  t h e  melted 

HE. B,y comparinq the  i n i t i a l  slopes o f  t he  HE and c a l o r i -  

meter curves, we can o b t a i n  values o f  t h e  s p e c i f i c  heat f o r  

t h e  reg ion  between 20°C and 90°C; we thus o b t a i n  an aver- 

age s p e c i f i c  heat o f  0.30 - t 0.04 c a l  g- l  OC-l . Since 

me1 t i n g  occurs w e l l  below t h e  onset o f  exothermic react ions,  

we can a l s o  ob ta in  values for t h e  l a t e n t  heat o f  f u s i o n  from 

t h e  product  o f  t h e  heat ing r a t e  and the  du ra t i on  o f  t h e  p l a -  

teau. This leads t o  an average value o f  t h e  l a t e n t  heat o f  

31 - + 3 ca l /g .  
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TABLE 10 

Thermal I n i t i a t i o n  Data f o r  NDAC. Beam Heating Rates and 
Thresholds a r e  from C a l o r i a e t e r  Data. 

Beam Heating Time Until Thermal Explosion 
Rate Explosion Threshold Temperature 

( c a l  g-1 s-1) ( S )  (cal  /q 1 P C )  

4.37 18.11 79.2 21 5 

16.12 5.70 91.8 225 

9.94 12.05 119.7 --- 
11.55 11.39 131.5 --- 

4.19 26.6 111.5 230 

6.86 16.72 114.8 265 

7.26 16.30 118.4 270 

5.02 25.5 128.0 290 

Averages: 112 - + 6 249 - + 12 

12. TNS (Trini t robenzene)  

This mater ia l  behaved q u i t e  e r r a t i c a l l y .  A1 though ten 

samples were i r r a d i a t e d ,  five o f  them would not  explode a t  

a l l ,  and instrumental  problems developed i n  two others. 

T h u s ,  we obtained data  on only three experiments;  the r e s u l t s  

are l i s t e d  i n  Table 17 f o r  the c a l o r i m e t e r  d a t a  on ly ,  since 
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TABLE 11 

Thermal I n i t i a t i o n  Data f o r  TNB. Beam Heating Rates and 
Thresholds are from Calor imeter Data. 

Beam Heating Time U n t i l  Thermal Explosion 
Rate Explosion Threshold Temperature 

( ca l  g-1 s-1) ( 5 )  ( c a l  /g 1 (OC) 

12.57 10.75 135.2 350 

11.08 13.52 149.8 31 0 

10.27 13.58 139.5 260 

307 + 26 - 142 + 4 Averages: - 

t h e  HE s p e c i f i c  heat  i s  n o t  known. The heat ing r a t e s  a r e  

average values, taken a t  t h e  midpoint  of t he  i r r a d i a t i o n  

time. The threshold and expl  os ion temperature are q u i t e  

large.  Ceramic i n s u l a t o r s  were used t o  con f ine  t h e  melted HE. 

Fig. 13 shows a m e l t i n g  p la teau  a t  about l l O ° C ,  and explos ion 

a t  about 31OoC. By comparing t h e  i n i t i a l  s lope o f  t he  HE and 

ca lo r ime te r  data, we o b t a i n  an average value f o r  t h e  s p e c i f i c  

heat o f  0.32 - + 0.04 c a l  g - l  OC-’, f o r  t he  reg ion  between 

2OoC and 100°C. From t h e  p la teau  lengths,  we o b t a i n  an 

average value o f  t h e  l a t e n t  heat  o f  f u s i o n  o f  24 - + 4 ca l /g .  
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13. TNBA ( T r i n i t r o b u t y r i c  Acid) 

This mater ia l  has a very low me l t i ng  po in t ,  so ceramic 

i n s u l a t o r s  were used t o  keep the  l i q u i d  HE i n  the  beam. A 

t y p i c a l  heat ing curve i s  shown i n  Fig.  14, e x h i b i t i n g  a me l t -  

i n g  p la teau a t  about 6OoC, and explos ion a t  about 235OC. 

The r e s u l t s  o f  seven experiments are given i n  Table 12. The 

TAB,LE 12 

Thermal I n i t i a t i o n  Data f o r  TNBA. Beam Heating Rates and 
Thresholds are f rom Calor imeter Data. 

Beam Heating Time U n t i l  
Rate Explosion 

( ca l  g-1 s-1) ( 5 )  

7.48 15.35 

8.13 11.04 

a. 32 11.62 

10.56 8.37 

9.23 9.76 

10.04 10.18 

8.57 10.49 

Averages : 

Thermal 
Threshold 

( ca l /g )  

114.8 

89.8 

96.7 

88.4 

90.1 

102.2 

89.9 

96.0 t 3.7 - 

Explosion 
Temperature 

(OC 1 

23 5 

235 

235 

228 

240 

225 

237 

234 + 2 - 
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heat ing ra tes  and thermal thresholds were obta ined from the 

ca lo r ime te r  data onlv,  s ince  t h e  HE s p e c i f i c  heat i s  no t  

known. Aqain, we can o b t a i n  values o f  t he  s p e c i f i c  heat from 

the  r a t i o  o f  t he  i n i t i a l  c a l o r i m e t e r  heat ing r a t e  t o  the  i n i -  

t i a l  slope o f  the HE curve. This y i e l d s  an average value o f  

0.28 - + 0.03 c a l  g-l OC-’, f o r  t h e  i n t e r v a l  2 8 C  t o  6OoC. Ye 

a l s o  ob ta in  values o f  t he  l a t e n t  heat of  f u s i o n  from the  

p la teau  lengths;  t h e  average va lue i s  16 - t 3 ca l /g .  

OISCUSSION OF RESULTS 

1. Thermal i n i t i a t i o n  c h a r a c t e r i s t i c s  

A summary o f  t he  thermal i n i t i a t i o n  thresholds and explo- 

s ion  temperatures f o r  t h e  13 HE m a t e r i a l s  we have examined i s  

g iven i n  Table 13. I n  many cases, thermal t h resho ld  values 

obtained from the  HE and c a l o r i m e t e r  data d i f f e r  by several 

standard dev iat ions.  When t h e  s p e c i f i c  heat’ o f  t h e  HE was 

known as a f u n c t i o n  o f  temperature, we have l i s t e d  the  r e s u l t  

obtained d i r e c t l y  from the  HE as t h e  bes t  value, b u t  w i t h  an 

unce r ta in t y  r e f l e c t i n g  t h e  spread i n  r e s u l t s  obta ined from 

t h e  HE and the  ca lo r ime te r .  When t h e  s p e c i f i c  heat was n o t  

p rev ious l y  known, we have l i s t e d  thresholds obta ined from the  

ca lor imeter ,  w i t h  e r r o r s  which i n c l u d e  u n c e r t a i n t y  i n  a geo- 

m e t r i c a l  c o r r e c t i o n  f a c t o r  ( s ince  t h e  A1 c a l o r i m e t e r  i s  n o t  

q u i t e  i n  the  same p o s i t i o n  as t h e  HE).  Thus, a l l  t he  e r r o r s  

quoted i n  Table 13 are l a r g e r  than t h e  s t a t i s t i c a l  standard 

d e v i a t i o n  o f  t h e  mean values g i ven  i n  t h e  prev ious sect ion.  
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TAaLE 13 

Thermal I n i t i a t i o n  Charac te r i s t i cs  o f  High Explosives from 
Elect ron Beam Heating Experiments. 

Explosive Thermal Threshold 
(ca l  /g ) 

Ex p 1 o s i on Temperature 
(OC 1 

HMX 

PBX-9404 

R DX 

HBX-1 

COIITP. A-3 

PBXW-109 

TATB 

TNT 

D NP 

D IPAM 

NDAC 

TNB 

TNBA 

63 t 4 

64 + 3 

- 
- 

67 + 5 

71 + 5 

57 + 5 

66 + 5 

- 
- 
- 
- 

145 + 4 - 
168 + 12 - 
124 t 7 

126 + 10 

- 
- 

112 - 4.10 

142 + 15 - 
96 + 5 - 

240 + 6 

280 t 5 

200 + 4 

215 t 5 

199 + 8 

250 t 4 

409 t 6 

330 t 18 

222 + 4 

304 + 5 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

249 - t 15 

307 - t 30 
234 + 4 - 

The PBX-9404 i n i t i a t i o n  parameters are very s i m i l a r  t o  

t h a t  o f  pure HMX. S im i la r l y ,  the RDX-based m a t e r i a l s  (HBX-1, 

Comp. A-3 and PBXW-109) have i n i t i a t i o n  parameters t h a t  a re  

w i t h i n  about 20 percent o f  those f o r  RDX. It should be noted 

t h a t  al though HBX-1 a l so  conta ins TNT, i t s  thermal i n i t i a t i o n  

i s  dominated by the  more s e n s i t i v e  RDX component. TATB has a 
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threshold which i s  about twice t h a t  of the HMX or RDX-based 

materials. The threshold for  TNT i s  s t i l l  higher. There i s  

much interest  i n  the l a s t  f ive materials l is ted although they 

are not in common usage; they have fa i r ly  high thresholds, so 

they should be thermally stable. The order of explosion 

temperatures does not necessarily foll  ow the order of thermal 

thresholds, because the l a t t e r  i s  affected by la tent  heat 

processes (usually melting). Thus, the threshold for TNT i s  

greater than t h a t  for  TATB, although i t s  explosion tempera- 

ture i s  lower. 

As a by-product of these experiments, we often obtain 

information on other thermal properties of these explosives. 

These are l i s ted  i n  Table 14. We obtained the la ten t  heat of 

TABLE 14 

Thermal Properties of High Explosives from Electron Beam 

Explosive Me1 t i n g  Latent Heat Specific Temperature 

Hea t i  ng Experiments . 

Point of Fusion Heat Range 
( O C  1 (cal /g)  (cal g-1 0c-1) ( O C  1 

-- -- TNT 80 24 - + 2 

D NP 21 5 -- 0.34 t 0.04 20 - 200 

NDAC 90 0.30 t 0.04 20 - 90 31 t 3 

- 
- - 

TNB 115 0.32 + 0.04 20 - 100 24 + 4 

TNBA 60 0.28 + 0.03 20 - 60 16 + 3 

- - 
- - 
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fusion only  fo r  those cases where the melting point i s  well 

below the explosion temperature, so t h a t  we can be reasonably 

sure t h a t  exothermic reactions have not yet begun, and the 

beam is  the only heat source during the melting process. 

Specific heat values were obtained only for those materials 

for w h i c h  i t  was not  previously measured . These are aver- 

age values over the temperature range indicated in the last 

col umn. 

1 

Considerable fluctuation i s  observed between individual 

threshold measurements on the same HE material, and also 

between the HE and calorimeter da ta .  I t  i s  not  clear i f  

these fluctuations are due t o  experimental errors, variations 

between the samples, small differences i n  experimental 

conditions or the statistical nature of energetic material 

behavior. To obtain good average values, i t  i s  necesssary t o  

perform many nearly identical experimental tests. Our best 

results were obtained for materials on which 8 or  more tests 

were done. 

2. Comparison with impact tests 

I t  i s  interesting t o  compare our  thermal initiation pa- 

rameters with impact sensitivity tests, such as drop hammer, 

gap and Susan tests. This is  difficult because impact test 

results are often strongly dependent upon density, grain 

size, binder, humidity and the test  apparatus . Peter- 

sen” has made a critical evaluation o f  these tests, has 

16 
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normalized them t o  a common hazard index and ranked them ac- 

cord ing t o  an average index f o r  a l l  t e s t s .  We have looked 

f o r  c o r r e l a t i o n s  between our  r e s u l t s  and these impact t es ts .  

Since the o r o b a b i l i t y  d i s t r i b u t i o n s  are n o t  known f o r  any o f  

these data, i t  i s  bes t  t o  use a d i s t r i b u t i o n - f r e e  t e s t  such 

as t h e  c o r r e l a t i o n  by ranks18 o r  t he  d i s a r r a y  t e s t  . 
Although e i t h e r  of  these t e s t s  would be appropr ia te,  we have 

used the d i s a r r a y  t e s t  because i t  runs f a s t e r  on a computer, 

g r e a t l y  f a c i l i t a t i n g  Monte Car lo  ana lys i s  o f  t h e  data. I t  i s  

a l s o  more accurate when t h e  number o f  data p o i n t s  i s  small. 

We have assumed t h a t  a negat ive c o r r e l a t i o n  i s  n o t  p h y s i c a l l y  

meaningful, so we have c a l c u l a t e d  the  one-sided s i g n i f i c a n c e  

o f  c o r r e l a t i o n .  l8 Thus, a comparison o f  our thermal i n -  

i t i a t i o n  th resho ld  and explos ion temperature values w i t h  

impact t e s t s  y i e l d  the  s i g n i f i c a n c e  o f  c o r r e l a t i o n  values 

given i n  Table 15, f o r  t he  10 cases i n  which t h e r e  a r e  over-  

1 appi ng data. 

18 

TABLE 15 

Signi f icance o f  C o r r e l a t i o n  Between Thermal I n i t i a t i o n  and 

Average, Drop Average, Average , A1 1 
Hammer Tests Gap Tests Impact Tests 

Impact Tests i n  Percent, f o r  10 Explosives.  

Thermal Threshold 95 85 92 

Explosion Temperature 91 92 95 
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These numbers i n d i c a t e  t h a t  a c o r r e l a t i o n  e x i s t s  between 

our  thermal i n i t i a t i o n  data and the  impact t e s t s ,  b u t  i t  i s  

n o t  strong. I n  fac t ,  t he re  i s  l e s s  than a 0.5 percent chance 

t h a t  t he  data are t o t a l l y  corre la ted.  However, the c o r r e l a -  

t i o n  improves t o  s i g n i f i c a n t  l e v e l s  ( > 9 9  percent)  i f  we use 

the  impact data for cas t  TNT, r a t h e r  than pressed. Apparent- 

ly ,  c a s t  powder samples are much l e s s  s e n s i t i v e  t o  impact 

i n i t i a t i o n  than pressed samples are, b u t  t h i s  i s  no t  t r u e  f o r  

our thermal i n i t i a t i o n  tes ts ,  which are s e n s i t i v e  o n l y  t o  the  

chemistry o f  the mater ia l ,  n o t  i t s  mechanical p roper t i es .  

Monte Car70 checks on these data i n d i c a t e  t h a t  our assigned 

u n c e r t a i n t i e s  are reasonable; i .e., t he  s i g n i f i c a n c e  l e v e l s  

do n o t  change much when the  r e s u l t s  are va r ied  w i t h i n  t h e  

quoted uncer ta in t ies.  The c o r r e l a t i o n  between thermal and 

impact t e s t s  i s  no t  surpr is ing,  because i n  impact t es ts ,  t h e  

k i n e t i c  energy i s  converted t o  heat. 

3. Thermal decoeposi t i o n  

I n  t h i s  section, we present some general features of t h e  

thermal i n i t i a t i o n  process which are app l i cab le  t o  these 

experiments (thermal gradients  assumed n e g l i g i b l e )  based upon 

the  s implest  model avai lab le:  a f i r s t  o r d e r  r e a c t i o n  i n  which 

t h e  r a t e  constant has an Arrhenius temperature dependence. 

The bas i c  equations are: 
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dN/dt = -ZN exp[ -E/RT]  

C v  dT/dt = 4 + QZN expC-E/RTI 

i n  which: 

N = f r a c t i o n  o f  o r i g i n a l  ma te r ia l  

z = frequency f a c t o r  ( s - ’ )  

E = a c t i v a t i o n  energy (cal /mole) 

Q = heat of r e a c t i o n  ( c a l / g )  

4 = beam hea t ing  r a t e  ( c a l  CJ-’ s-’1 

C v  = 

As t he  system approaches i n i t i a t i o n ,  t he  chemical energy 

re lease term i n  Eq. ( 2 )  makes a t r a n s i t i o n  f rom a va lue which 

i s  small compared t o  4 t o  a value which g r e a t l y  exceeds it. 

It i s  na tu ra l  t o  in t roduce a temperature Te a t  which t h e  

chemical term becomes equal t o  ;I: 

-1 O C 4 )  heat capac i t y  a t  constant  volume (ca l  g 

4 = QZN, exp[-E/RT,] - . ( 3 )  

We i d e n t i f y  Te w i t h  t h e  explos ion temperatures found 

exper imenta l ly  and l i s t e d  i n  Table 13. 

To o b t a i n  an e s t i v a t e  o f  t h e  decomposition f r a c t i o n  up t o  

the  explos ion temperature, we d i v i d e  Eq. ( 1 )  by Eq. (21, 

i n teg ra te ,  and note t h a t  t h e  r e s u l t  i s  dominated b.y t h e  upper 

temperature l i m i t  Te. For the  decomposition f r a c t i o n  a t  
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Te, we obta in :  

( I - N ~ ) ~  cv T, 1n2 / Q W R  

I f  we consider TNT, and use t h e  va 

(4 )  

ties Q = 300 cal /g ,  

E = 34.4 Kcal/mole arld C, = 0.33 c a l  g- l  OC-’ from 

Ref.1, and our value Te = 330°C 1603°K), we o b t a i n  

(1- Ne) 5. 0.0163. For HMX, (1- Ne)  <O.O040. I n  gener- 

a l ,  the model p r e d i c t s  very l i t t l e  decomposition up t o  the 

explos ion threshold.  Exper inental  evidence f o r  t h i s  can be 

seen by examining the exothermic reg ion  i n  HBX-1 shewn i n  

F igure 7. Evidence f o r  gaseous decomposition products ap- 

pears as a pressure r i s e  o n l y  a f t e r  t he  i n i t i a t i o n  thresh- 

old.  Fur the r  evidence comes from recent  s tud ies by 

Sharma” o f  electron-beam i r r a d i a t e d  HE samples; he found 

very 1 i ttl e decomposi t i o n  even f o r  doses near threshol  d. 

The temoerature r i s e  a t  t h resho ld  due t o  the  exothermic 

reac t i on  can s i n i l a r l y  be shown t o  be small. It i s  q iven by: 

l n 2  /(E/R). 

For TNT and HMX, ATe i s  l e s s  than 14.7OC and 6 . 7 O C Y  

respect ive lv .  Therefore, almost a1 1 o f  :he decomposition and 

se l f -hea t ing  occurs i n  the  exothermic r e a c t i o n  beyond 

threshold.  

This simple model does n o t  i nc lude  e f f e c t s  due t o  ohase 

changes o r  i m p u r i t i e s  (these cou ld  he modeled). It serves 
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only t o  show how use fu l  i n fo rma t ion  can be obta ined by t h i s  

ntethod, and t o  est imate the parameters of  t he  reac t i on .  

4. Radiation-induced decomposition 

Idhen a h i g h  energy (many MeV) beam e l e c t r o n  s t r i k e s  a 

molecule, an atomic e l e c t r o n  i s  u s u a l l y  e jected,  l eav ing  the  

i on i zed  molecule h i g h l y  exc i ted.  The e jec ted  e lec t ron  

c o l l i d e s  w i t h  o the r  molecules i n  a cascading process u n t i l  

the energy i s  d i s t r i b u t e d  over many e x c i t e d  i o n i z e d  molecules 

w i t h  an average e x c i t a t i o n  energy I. 

The molecules can deexc i te  i n  several  ways, one of which 

i s  unimolecular decomposition, where t h e  r a t e  of decomposition 

i s  p ropor t i ona l  t o  the  energy depos i t i on  ra te :  

dN/dt = - aiN , (6 1 

where Q i s  t h e  f r a c t i o n a l  decomposition pe r  u n i t  deposi%ed 

energy: 

a = (AN/N)/Aq , (7) 

where Aq = 4 At, and AN and Aq are  small. I n t e g r a t i o n  

of Eo. (6) v i e l d s  

N = expC- aq l ,  where q =I 4 d t  
0 

(8) 

i s  t h e  energy deposited i n  a t ime t. 

The q u a n t i t y  N Aq i s  t h e  t o t a l  energy deposi ted per  u n i t  
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mass i n  the undecomposed molecules by a beam elect ron.  I n i -  

t i a l l y  t h i s  energy i s  conf ined t o  a small number o f  mole- 

cules,  AN. I f  a l l  these molecules decompose, N h q  = IAN. 

Comparing t h i s  t o  Eq. ( 7 1 ,  we see t h a t  a-' = I. This i m -  

p l i e s  t h a t  we could use average values of I t o  ob ta in  e s t i -  

mates o f  r a d i a t i v e  decomposition. For a t y p i c a l  HE molecule, 

1 %  80 eV, which i s  a l a r g e  e x c i t a t i o n  energy (due t o  pre- 

dominantly i nne r  she l l  i o n i z a t i o n )  compared t o  the  energy t o  

break a molecular bond. Thus r a d i a t i v e  decomposition i s  en- 

e r q e t i c a l l y  poss ib le .  

I n  order t o  exper imenta l ly  study r a d i a t i v e  decomposition, 

we performed a ser ies o f  experiments i n  which unconfined 

0.12 g samples o f  TNT were i r r a d i a t e d  t o  vary ing t o t a l  

doses. The i r r a d i a t i o n s  were done very d i f f e r e n t l y  from t h e  

o the r  experiments i n  t h i s  repo r t ,  s ince our ob jec t i ve  was t o  

avoid thermal decomposition. The combination o f  a low pulse 

r a t e  (15/s), an A1 conduct ing holder  and a blower fan preven- 

ted  any appreciable temperature r i s e .  The i r r a d i a t e d  samples 

were then chemical ly analyzed by t h i n  l a y e r  chromatogra- 

phy*' t o  determine the  f r a c t i o n  decomposed a s  a func t i on  o f  

deposited energy. The r e s u l t s  are shown i n  Fig.  16. This  

semi-1 ogar i  thmic p l o t  shows t h a t  the r e s u l t s  are reasonably 

cons is ten t  w i t h  the  exponent ia l  form given i n  Eq. (8). From 

the  least-squares f i t t e d  slope, a-1 = 3.70 x 10 rads. 9 

Exnreswd i n  more usefu l  u n i t s ,  a-' = 8850 c a l / g  o r  
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a-’ = 87.1 MeV/molecule. We can now estinnate the  amount 

of  r a d i a t i v e  decomposition a t  explos ion from Eq. (81, us ing 

qe = 1,68 c a l / g  f o r  TNT: 

Ne = expC-168/8850] = 0.98 . ( 9 )  

Thus t h e  non-thermal r a d i a t i v e  e f f e c t  accounts f o r  o n l y  about 

2 Dercent o f  t h e  decomposition i n  the  explosion. 

The average e x c i t a t i o n  o f  a molecule i s  a weighted aver- 

age over the atoms i n  the molecule. For t h e  atoms H, C, N 

and 0, I = 17.6, 77.3, 76.8 and 98.5 ( i n  eV) respect ive-  

l y S 2 l  For  TNT, t h i s  average i s  I = 69.1 eV, which i s  rea- 

sonably c lose  t o  the experimental value a = 87.1 eY. 

Thus, i t  seems reasonable t o  use average values o f  I t o  ob- 

t a i n  est imates o f  r a d i a t i v e  decomposition a t  t h resho ld  f o r  

o t h e r  HE ma te r ia l  us ing Eq. ( 8 ) .  The r e s u l t s  f o r  TATB, HMX 

and RDX are about 2, 1 and 1 percent, r e s p e c t i v e l y ;  i.e., i t  

i s  very small i n  a l l  cases. 

-1 

The r a d i a t i v e  decomposition o f  a molecule i s  accompanied 

by energy absorpt ion (bond break ing)  o r  energy re lease (exo- 

thermic decomposition 1. Le t  11s designate t h e  average energv 

change per  u n i t  mass by Qr, which can be e i t h e r  p o s i t i v e  o f  

negat ive.  Assuming no thermal decomposition, t h e  r a t e  equa- 

t i o n  i s :  

C, dT/dt  = 4 - Qr dN/dt = $1 t a Qr] (10) 
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from Ea. (6), w i t h  N 3  1. We do not  know the maqnitcide o f  

Or; i f  i t  i s  comparable t o  the heat o f  react ion,  then 

~ x Q ~ S 0 . 0 3 .  I n  p r i n c i p l e ,  t h i s  enerqv change would show U D  

as a d i f ference between thresholds obtained f r o m  the  HE and 

the i n e r t  calor imeter.  However, t he  e f f e c t  i s  probably t o o  

s m a l l  t o  see. The data show many d i f f e rences  between HE and 

ca lo r ime te r  average threshold r e s u l t s  which are n o t  

cons is tent .  This suggests a systematic e r r o r  which va r ies  

from run t o  run t h a t  has no t  y e t  been uncovered. However, 

t h e  d i f f e rence  i s  no t  large,  i n d i c a t i n g  t h a t  aQr must be 

small. 

I n  summary, we have shown t h a t  under t h e  cond i t i ons  

s tud ied i n  t h i s  naper, r a d i a t i v e  e f f e c t s  produce o n l y  a very 

small amount o f  decomposition products, which would be 

u n l i k e l y  t o  have any observable e f f e c t  on t h e  thermal 

p roper t i es  o f  t he  HE. The beam eneray i s  deposi ted almost 

e n t i r e l y  thermal ly;  i.e., i t  increases the  i n t e r n a l  energy o f  

t he  system, Droducing t h e  observed temperature r i s e .  

Corroborat ive evidence comes from a study o f  molecular 

fragmentation i n  s r rb - i n i t i a ted  TAT€?’, which showed t h a t  

t he  decomposition products from e l e c t r o n  beam and normal 

heat ing are very s im i la r ,  w h i l e  impact and UV produce 

d i f f e r e n t  products. These considerat ions g i ve  us confidence 

t h a t  r a p i d  un i form e lec t ron  beam heat ing i s  a v a l i d  technique 

f o r  studying t h e  thermal and i n i t i a t i o n  p r o p e r t i e s  o f  

energet ic  ma t e r i  a1 s. 
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5. E f f e c t  o f  beam heat ing r a t e  

We have previously '  i n d i c a t e d  t h a t  t h e  explos ion t e m e r -  

a tu re  and thermal t h resho ld  may be weakly ( l o g a r i t h m i c a l l y )  

dependent on the Seam hea t ing  ra te ,  as can be seen by so l v ing  

Eq. ( 3 )  f o r  Te. HoltkampE3 has examined our  data t o  

search fo r  t h i s .  I n  our  experiments, t h e  thermal thresholds 

a re  ca l cu la ted  from the  product  o f  t h e  beam heat ing r a t e s  and 

times t o  explosion, so t h a t  any experimental e r r o r s  i n  the 

beam heat ing r a t e s  w i l l  be propagated i n t o  the thresholds,  

producing non-physical c a l c u l a t i o n a l  c o r r e l a t i o n s .  To avoid 

t h i s  problem, we look f o r  a n t i - c o r r e l a t i o n s  o f  t h e  times t o  

explosion w i t h  t h e  thresholds,  because the  times t o  explos ion 

are measured w i t h  good p r e c i s i o n  ( e r r o r s  < 1 percent) ,  so 

there are e s s e n t i a l l y  no e r r o r s  propagated t o  t h e  th resho ld  

values. Again, i t  i s  necessary t o  apply d i s t r i b u t i o n  f r e e  

s t a t i s t i c s ,  so we have used the  d i s a r r a y  tes t1 *  ( f o r  t he  

same reasons mentioned i n  t h e  sec t i on  on comparison w i t h  

impact t e s t s ) .  The r e s u l t s  o f  these c a l c u l a t i o n s  are g iven 

i n  Table 16. 

I n  most cases, t h e  f l u c t u a t i o n s  i n  r e s u l t s  (even f o r  

experiments done w i t h  approximately t h e  same hea t ing  r a t e s )  

precludes the  p o s s i b i l i t y  o f  observing a s i g n i f i c a n t  

c o r r e l a t i o n .  I n  t h e  case o f  HMX, a r e a l  a n t i - c o r r e l a t i o n  

appears. On t h e  bas i s  o f  these data, we cannot draw any 
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conclusions about a qeneral dependence o f  thresholds on 

heating rates. 

TABLE 16 

Corre la t ion o f  Times t o  Explosion w i t h  Thermal I n i t i a t i o n  
Thresholds, Using the  Disarray Test 

Expl os i  ve Experiments Ant i  o f  Corre la t ion 
Number o f  Corr. o r  S ign i f icance 

HYX 

PBX-9404 

RDX 

HBX-1 

Comp. A-3 

PBXW-109 

TATB 

TNT 

DNP 

0 I PAM 

NDAC 

TNB 

TNBA 

9 

8 

9 

10 

18 

9 

7 

5 

11 

5 

8 

3 

7 

Ant i  

Ant i  

Corr 

Corr 

Ant i  

An t i  

Corr 

--- 
Corr 

Corr 

Anti  

--- 
Corr 

0.98 

0.82 

0.23 

0.62 

0.27 

0.86 

0.86 

0.00 

0.78 

0.77 

0.45 

0.00 

0.76 

SUMMARY 

We have shown tha t  a high energy e lec t ron  beam can be 

used t o  heat confined HE samples uni formly and rap id l y  t o  

obta in  thermal i n i t i a t i o n  data. Almost a l l  o f  the  thermal 
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decomposition occurs after threshold. Radiation-induced 

decomposition was shown t o  be very small. Thermal thresholds 

and explosion temDeratures were shown t o  be correlated with 

impact tes t  results. An anti-correlation between thermal 

thresholds and beam time t o  explosion was found for HMX, b u t  

not for the other HE materials. 
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a 
W 
I- 

FIGURE 1 
S t a i n l e s s  s t e e l  conf inement c e l l  f o r  HE. The o u t s i d e  d i a -  
meter  o f  t he  c e l l  i s  7.0 CR. 
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DISTANCE (cm) 

FIGURE 2 
Beam profile densitometer plot from radiachromic film 
exposure to 1000 pulses. 
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FIGURE 4 
Thermal behavior of confined PBX-9404 under beam heating. 
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h i n d e r )  h e a t e d  b y  beam. The dashed l i n e  r e p r e s e n t s  t h e  beam 
h e a t i n g  . 
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TEMPERATURE ("C) 

FIGURE 6 
Thermal behav io r  o f  c o n f i n e d  HBX-1 under beam heat ing .  
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TEMPERATURE ("C) 

FIGURE 7 
Exothermic region of thermal i n i t i a t i o n  o f  confined HBX-1. 
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FIGURE 9 
Thermal behavior o f  confined PBXW-109 heated by beam. 
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FIGURE 10 
Thermal behavior o f  confined TNT under beam heat ing.  The TNT 
i s  l i q u i d  above the mel t ing  Plateau.  
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FIGURE 11 
TherTal behav io r  of con f i ned  DNP under beam hea t ing .  
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FIGURE 14 
Thermal behav io r  o f  con f i ned  TNB under beam hea t inq .  
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FIGURE 15 
Thernal behavior o f  TNBA under beam heat ing.  

235 

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



c / 

i 
C O  

0 
0 0  0 0 0 0 0  
P 

FIGURE 16 
Fraction o f  original material for radiation-decomposed TNT v s  

d- 

0 
9 

total dose. 

236 

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



REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

a. 

9. 

See references and data i n  6.3. Dobratz and P.C. 
Crawford, LLNL Exolosives Handbook, UCRL-52997 change 2, 
Jan. 1985. 

D.L. Jaeger, Thermal Response o f  Spherical Explos ive 
Charges Subjected t o  External  Heating, LASL Report 

E. Catalano, R. McGuire, E. Lee, E. Wrenn, D. Ornel las,  
and J. Walton, Proceedings o f  t h e  S i x t h  Symposium 
( I n t e r n a t i o n a l  ) on Detonation, Coronado, Ca., Aug . 1976, 

LA-8332, UC-45, AUCJ, 1980. 

D. 214. 

C.M. Tarver, R.R. McGuire, E.L. Lee, E. W. Wrenn, and 
K.R. Brein, Proceedings o f  t he  17 th  I n t e r n a t i o n a l  
Combustion Symposium, Leeds, England, Aug. 1978, p. 1407. 

R.R. McGuire and C.M. Tarver, Proceedings o f  t h e  Seventh 
Symposium ( In te rna t i ona l  on Detonation, Annapolis, Md., 
June 1981, p 56. 

A.J. Th. Rooyers, M.W. Leeuw and A.C. van de r  Steen, 
I n te rna t i ona l  e Jahrestagung proceedings, Kar l  sruhe, 
Germany, 1982, D. 333, and p r i v a t e  communication. 

J. Wenograd, Trans. Farad. SOC. 57, 1612 (1961 1. 

R.Stolovy, E.C. Jones, Jr., J.B. Avi les,  Jr. and A. I .  
Namenson, Naval Research Laboratory Report 8350, Nov. 
1979. 

A. Stolovy, J.B. Avi les,  Jr., E. C. Jones, Jr. and A.I .  
Namenson, Proceedings o f  the Seventh Symposium 
( I n t e r n a t i o n a l  
p. 50. 

on Detonation, Annapolis, Md., June 1981, 

10. A. Stolovy, E.C. Jones, Jr., J.B. Avi les,  Jr., A. I .  
Namenson and W.A. Fraser, J .  Chem. Phys. 78(1), 229 
( 1983). 

11. P.V. Phung, J. Chem. Phys. 53(7), 2906 (1970). 

12. T.R. Gibbs and A. Popolato, LASL Explosive Prooerty 
Data, Univ o f  C a l i f o r n i a  Press, Berkeley, Ca., 1980, 
p. 233. 

237 

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



13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

T.B. 3 r i l l  and R.J. Karpowicz, J. Phys. Chem. 86, 4260 
(1982). 

J.M. Schnur, R.S. M i l l e r ,  J.P. Sheridan and A.D. B r i t t ,  
U.S. Patent No. 4097317 (June 27, 1975). 

Samples prepared by A.D. B r i t t .  

C. S. Coffey , p r i v a t e  communication. 

R. Petersen, Naval Weapons Stat ion,  Yorktown, VA. r e p o r t  
TR 81-6 (Oct. 19811, and Explosives Hazard Index c h a r t  
(1983). 

M.G. Kendall and A. Stuar t ,  The Advanced Theory of  
S t a t i s t i c s ,  Vol. 2, 3 rd  E d i t i o n ,  p. 496. Gr i f f en ,  
London (1973). 

J. Sharma, p r i v a t e  communication. 

We a re  indebted t o  H.G. Adolph a t  NSWC f o r  p r o v i d i n g  t h e  
samples and performing t h e  chemical analys is .  

S.P. Ahlen, Rev. Mod. Phys. 52, 121 (19801, P. 140. 

J .  Sharma, J.C. Hoffsommer, D.J. Glover, C.S. Coffey, 
F. Santiago, A. Stolovy and S. Yasuda, Proc. o f  APS 
Topical  Conference on Shock Waves i n  Condensed Matter,  
Santa Fe, NM, J u l y  18-21, 1983, P. 543. 

0. Hol tkamp, p r i v a t e  communication. 

238 

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


