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High- tempera ture  se l f -propagat ing synthesis  of inorganic compounds [1-3] has s t imulated r e s e a r c h  
in the principles  and mechanisms of combust ion of m e t a l - n o n m e t a l  sy s t e ms .  Of specia l  in te res t  a re  s y s -  
tems with sol id initial, final, and possibly in termedia te  components,  examples of so -ca l l ed  "gas less"  com-  
bustion, where the vapor  p r e s s u r e  of all reagents  and combustion products P at a combustion t empera tu re  
T c is much less than the exterr .al  p r e s s u r e  P0" There  is little information available on principles of com-  
bustion in such sys t ems ,  mos t  of it being contained in [4, 5]. 

Exper imenta l  cha rac t e r i s t i c s  of gas less  combustion a re  the p rese rva t ion  of specimen weight af ter  
combustion,  and independence of the combust ion ra te  f rom iner t  gas p r e s s u r e .  The l i t e ra tu re  descr ibes  
two sys tems  satisfying these r equ i rement s :  c h r o m e - a l u m i n u m  [4] and i r o n - a l u m i n u m  thermites  [5]. For  
i r o n - a l u m i n u m  thermi te ,  independence of reac t ion  ra te  f rom iner t  gas p r e s s u r e  can be achieved only 
af te r  dilution of the original  mixture  (Fe203 + 2A1) with a ce r ta in  amount of the h igh- tempera tu re  react ion 
product  (aluminum oxide) to the adiabatic combustion t empera tu re  of the mixture  Tad = 2450°K [5]. With- 
out this dilution (Tad ~ 3000°K) the combust ion ra te  of i r o n - a l u m i n u m  thermi te  does depend on iner t  gas 
p r e s s u r e  [4]. A dependence of diluted sys tem react ion ra te  on p re s su re  can be observed by conducting 
exper iments  in a vacuum [6]. 

Determinat ion of the vapor  p r e s su re s  of the components at the combustion t empera tu re  of i r o n -  
aluminum thermi te  diluted by aluminum oxide and c h r o m e - a l u m i n u m  thermi te  indicates that at p r e s su re s  
not too tow both sys t ems  a re  of the gasless  combust ion type (Table t ) .  

The achievement  of synthesis  of a number  of r e f r a c t o r y  inorganic compounds (carbides,  borides ,  
s i l ic ides ,  etc.) by combustion of t ransi t ion metals  with solid nonmetals (carbon, boron,  silicon) has signif-  
icant ly  inc reased  the number of known gasless  combustion sys tems ,  and permi t ted  study of "gas less"  
combustion with models s imp le r  than the thermi tes  - combust ion of pure e lements .  

Calculations revea l  that because of the low vapor p r e s su re s  of reagents and products at the com-  
bustion t empera tu re ,  mixtures  of powdered metals of the IV-VI groups of the periodic sys tem with boron 
are  examples of gas less  combust ion (Table 2). 

This p resen t  s tudy is an exper imenta l  investigation of ce r ta in  principles in the combustion of mix-  
tures  of powdered t ransi t ion metals  (titanium, z i rconium,  hafnium, niobium, tantalum, molybdenum) with 
boron in an iner t  gas a tmosphere .  The effect  of the combustion pa rame te r s  on formation of the des i red  
end products  is also studied.  

M e t h o d s  a n d  P u r p o s e  o f  E x p e r i m e n t  

The exper iments  used powdered metals  with d ispers ion  <50 ~ ,  puri ty  not less than 99.5%, a m o r -  
phous boronwi th  par t ic le  size 0.1/z (98%), and also c rys ta l l ine  boron (UNIKhIM, Sverdlovsk) with d i sper -  
sion <50/~,  puri ty 98%. 

The exper iments  were  pe r fo rmed  with cyl indr ica l  specimens p r e s se d  f rom mixtures  of the powdered 
metals  and boron to a re la t ive  dens ity of 0 2 -0 .7 ,  de te rmined  by divis ion of the absolute dens ity of the spec-  
imen (p) by a fac tor  cor responding  to the maximum powder density Pmax, 
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TABLE I 

o . Reaction 

1 (Fe~O~+2AI~4-O.88XM20a~ 2Fe+ 
+I,88 AI20~" 

2 [ Cr203+fiAl~2Cr+AleO~ 

C a l c u l a t e d  by me thod  of  [7]. 

Tad' I Gomponent vapor pressure~ 

"K _ _  _ _ m ~ _  Hg__£__ _ 

2450 80* 3t0 [8] 5 [9] 3I[i°1 
2t00 17 29 D] 119] 5181 

? E s t i m a t e d  by  c o m p a r i s o n  of know~a ox ide  v a p o r  pl  e s s u r e s  
and bo i l i ng  and m e l t i n g  poin ts  f r o m  l i t e r a t u r e .  

T A B L E  2"  

Reaction 

Ti+2B --+ TiB2 
Zr+2B --+ ZrB2 
Hf+2B ~ HfB2 
Nb+2B --+ NbB2 
Ta+2B --+ TaB2 
Mo+ B ---~ MoB 

Tad, *K 

3190 

3310 

3520 

2330 

2730 

1750 

Component vapor pressure, mm Hg 

2de B 

60 3 
I0-1¢  4 

5. t0-11" I0 
3,5.10 -~ 2,8.10 -2 

3-10-s 3,2.10-1 
t0 -9 3,5.10-~ 

MeB~ 

3.10-2 
5.10-t 

10-1 

* T h e r m o d y n a m i c  d a t a  fo r  c a l c u l a t i o n  of a d i a b a t i c  c o m b u s -  
t ion  t e m p e r a t u r e s  t aken  f r o m  [11]; r e a g e n t  and  b o r i d e  
v a p o r  p r e s s u r e s  f r o m  [8] and [12], r e s p e c t i v e I y ;  v a p o r  
p r e s s u r e s  of r e a g e n t s  in r e a c t i o n s  1-3 ob ta ined  by  e x t r a p o -  
l a t i o n  of d a t a  of  [12]. 
? E x t r a p o l a t i o n  of e x p e r i m e n t a l  d a t a  of [13] to c o m b u s t i o n  
t e m p e r a t u r e  g ives  va lues  of 2.5 and 3.6 m m  Hg fo r  z i r -  
c o n i u m  and ha fn ium,  r e s p e c t i v e l y .  

TABLE 3 

System 

Mo+ B 

Nb+2B 

Zr+2B 

Hfi2B 

Spec, weight, g ] Weight 
befo~-~.-- afte----~-- . - change, % 
comDustron comDustlon~ 

5,82 
6,24 
5,49 
5,02 
4,83 
5.61 
3,59 
3,45 
7,02 

14, I7 
13,41 

5.80 
6.21 
5,46 
5,01 
4,81 
5.59 
3,56 
3,42 
6,95 

14,05 
13,90 

0,34 
0,49 
0,55 
0,2 
0,41 
0,36 
O, 89 
0,87 
1,0 
0,85 
0,82 

TABLE 4 

Original 
mixture Prel 

Nb+2B 0,ill 0,24 
0,5 0,10 
0,25 0.13 

Zr+2B 0,5 0,09 

0.29 0,I1 
Zr+ B 0,5 0,1 

Free [ Phase corn- 
boron ] position of 
content i 
% by wt. productsC°mbusti°n 

NbB2 

ZrB2 

ZrB2+Zr 

nMe*HMe @n B.A B 
Pmax~ nM e.AMe+ nB .AB , 

PMe PB 

w h e r e  nMe,  n B a r e  the  n u m b e r  of g r a m - a t o m s  of m e t a l  and b o r o n  in the m i x t u r e ;  AMe , AB,  PMe, PB a r e  
the  a t o m i c  we igh t  and d e n s i t y  of the  m e t a l  and bo ron ,  r e s p e c t i v e l y .  S p e c i m e n s  with  a r e l a t i v e  d e n s i t y  
P r e l  = 0 .2 -0 .3  (bulk) w e r e  r e a c t e d  in q u a r t z  e n v e l o p e s .  

The e x p e r i m e n t s  and r e a c t i o n - r a t e  m e a s u r e m e n t s  w e r e  p e r f o r m e d  by  the  me thod  of [14] in a c o n -  
s t a n t - p r e s s u r e  bomb  a t  i n e r t  gas  p r e s s u r e s  of  1 -150  a r m .  In s o m e  c a s e s  the  r e a c t e d  s p e c i m e n s  w e r e  s u b -  
j e c t e d  to  r a p i d  qu.enching in l iqu id  a r g o n  by  the m e t h o d  of  [3]. R e a c t i o n  p r o d u c t s  w e r e  s t u d i e d  by  c h e m i c a l  
and x - r a y  a n a l y s i s .  The d e p e n d e n c e  of r e a c t i o n  r a t e  and p r o d u c t  c o m p o s i t i o n  on the fo l lowing  r e a c t i o n  
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Fig. 1. Combustion rate of po~tered 
meta l -boron  mixture versus argon 
pressure; d = 1 cm; Prel  = 0.5. 1) 
T i + B ; 2 )  T a + B ; 3 )  ~ + ] 3 .  
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Fig.  2. Combustion rate  ve r sus  spec-  
imen density, d = l  cm.  1) Zr  + 2 B ;  
2) Zr  + B; 3) Nb + 2B(u • 10). 
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Combustion ra te  v e r s u s  Zr + 
B specimen d iameter .  
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Fig.  4. Combustion rate  of Ti + 2B 
mixture versus  mean titanium part ic le  
s i ze .  

pa rameters  was studied: iner t  gas p res su re ,  specimen d iam-  
e te r  and density, metal-part ic le  d iameter ,  dilution of mixture 
by end products .  Specimens were weighed before and after 
combustion, and changes in form and dimensions were noted. 

The experiments revealed that combustion of the mix-  
tures occur red  in two basic modes : equilibrium and auto- 
osci l la tory.  This was the f i r s t  d i scovery  of autoosci l la tory 
combustion in such sys tems  and is par t ia l ly  descr ibed in [15]. 

E q u i l i b r i u m  C o m b u s t i o n  

Figure 1 presents  the resul ts  of combust ion-ra te  measure  
ments in mixtures of titanium, niobium, and tantalum with 
boron. As is evident f rom the figure, the react ion rate  r e -  
mains constant  over the entire p r e s s u r e  range for  all sys t ems .  

Specimens were weighed before and after combustion. 
Differences in weight were insignificant,  not exceeding 1~ 
(Table 3). 

It is evident f rom the table that the grea tes t  specimen 
weight change occur red  in the sys tems  Zr + 2B and Hf + 2B. 
It was assumed that these losses are  connected with volat i l iza-  
tion of smal l  quantities of impuri t ies,  mainly boron anhydride 
B20~, which is always contained in the amorphous phase.  
Since the mixtures Zr  + 2B and Hf + 2B have the highest  burn-  
ing tempera tures  (see Table 2), evaporation of the impurities 
occurs  in a g rea t e r  amount than in low- tempera ture  sys tems  
such as Me + B and bib + 213. In fact, rep lacement  of a m o r -  
phous bo ronbyc rys t a l l i ne  permit ted reduction of the weight 
loss in Zr + 2B specimens to 0.5%. 

Specimen shape af ter  combustion var ied for  the dif fer-  
ent sys t ems .  Thus specimens of the low- tempera ture  slow- 
burning mixtures Ta + 2B, Nb + 2B retained their  form and 
dimensions af ter  combustion, while specimens consist ing of 
Ti + 2B, Zr  + 2B, Hf + 2B increased  in length during combus-  
tion by a factor of 1.5-2. This effect may be eliminated by in- 
c reas ing  argon p ressu re  to 70 arm or reducing the combustion 
t empera tu re  by dilution of the mixture with an inert  substance 
Jus t  as is the loss inweight,  the change in specimen dimensions 
is related to l iberation of various impuri t ies,  in par t icular  
B203. Evidence of this is that a specimen prepared  by z i r -  
conium and crysta l l ine  boron did not change its dimensions 
during combustion, and introduction of boron anhydride into 
this sys t em in an amount of 1-2% by weight led to noticeable 
lengthening of the specimen,  although less than that when using 
amorphous boron.  

Thus, the independence of react ion rate  f rom inert  gas 
p re s su re ,  low values of component vapor p r e s su re  at combus-  
tion tempera ture ,  and the insignificant weight losses ,  which 
can be attributed to evaporation of impuri t ies ,  pe rmi t  the con-  
clusion that combustion of these sys tems  occurs  by the "gas -  
less"  mechanism.  

The effects of specimen densi ty on reac t ion  ra te  and product  composit ion were  studied in sys tems 
with signif icantly different  react ion ra tes :  fas t -burning Zr + 2B, medium speed Zr + B, and s low-burning 
Nb + 2B. Results are  shown in Fig. 2. The react ion rate of all three sys tems  increases  prac t ica l ly  l inea r -  
ly with specimen densi ty over the range Pre l  = 0 25-0 .5 ,  with smooth motion of the combustion front.  In 
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Fig. 5. Combustion ra te  of two-frac-  
tion Nb + 2B specimen (1), f ree  boron 
content in quenched (2) and unquenched 
(3) specimens versus  mean par t ic le  
d iameter  of coa r se  f ract ion:  d = 1 cm,  

P t e l  = 0.5. 
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Fig. 6. Combustion ra te  of Nb + 2B 
mixture versus  adiabatic t empera tu re .  
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Fig.  7. Combustion rate  versus  quan- 
t i ty of diluent in original  mixture  (in 
moles per  mole of boride obtained). 
1) Ti + 2B; 2) Zr  + 2B; 3) Hf + 2B. 

-ig u/T 

-z~ --~ .3,6 ~,< 1/T.~0 4 

Fig.  8. Combustion ra te  versus  adia-  
batic t empera tu re .  1) Ti + 2B; 2) Zr  + 
2B; 3) Hf + 2B. 

the sys tem Nb + 2B with increase  of specimen density to 
Pre t  = 0.55-0.65 unstable phenomena develop, accompanied by 
a reduction in mean react ion ra te .  

As is well known, the density of the original  mixture can 
have a significant effect on the degree  to which a react ion goes 
to completion in solid s y s t e m s .  To ver i fy  this effect, reac ted  
specimens were  chemical ly  analyzed for unreacted  boron con-  
tent, and the combustion products were also analyzed by x ray  
(Table 4). The data presented show that f ree  boron content de-  
c reases  with increase  in specimen density;  even at ve ry  low 
densities (bulk) combustion of the sys tems  studied is quite 
complete .  

The relat ionship of combustion rate  and specimen d iam-  
e ter  was studied in the sys t em Zr  + B. As follows f rom Fig .3 ,  
at Pre l  = 0.6 the combustion rate  of this sys t em increases  
with increase  in specimen diameter ,  reaching a saturat ion r e -  
gion (adiabatic reg ime) .  The ra t io  of the threshold combustion 
ra te  to that corresponding to the adiabatic reg ime is 0.65. 

Results of chemica l  analysis  showed that change in spee-  
imen d iameter  over  the range 0.6 to 1.5 cm had prac t ica l ly  
no effect on free boron content in the reac t ion  products ,  which 
at this densi ty did not exceed 0.1% by weight. 

As is well known, r ea l  metal  powders cons is t  of groups 
of par t icIes  of different dimensions,  and so a study of combus-  
tion in sys tems  with different par t ic le  s izes  of the compo~ents 
is of g rea t  in teres t .  Figure  4 shows the burning ra te  of a Ti + 
2B mixture as a function of titanium part ic le  dimensions at a 
re la t ive density Prel  = 0.5. The absc issa  shows the memo. 
values of the fract ions with which the exper iment  was p e r -  
formed.  For  increase  in par t ic le  size f rom 50 to 100/~, a 
sl ight drop in combustion ra te  may be seen,  while fur ther  in-  
c r ease  in part icle  size causes a sharp drop in combustion ra te .  

Good information on the degree of completion of the 
m e t a l - b o r o n  react ion in the combustion front  and after  its 
passage can be obtained f rom specia l ly  p repared  mixtures  con-  
taining various fract ions of metal  powders .  Such experiments  
were pe r fo rmed  with a Nb + 2B sys t em.  Mixtures were p r e -  
pared with ~ of the calculated niobium amount as par t ic les  
20 ± 20 ~ in s ize ,  and ~ consis t ing of par t ic les  55 ± 15, 85 ± 
15, or 115 ± 15 ~ in s ize .  It should be noted that mixtures  in 
which all the niobium consis ted of par t ic les  l a rge r  than 20 ± 
20/~ did not reac t .  

The reac t ion  ra te  of niobium mixtures p repared  with 
different fract ions is presented in Fig.  5, curve  1. Addition 
of coa r se  niobium to the fine powder drastically- (about 5 x)  
reduces  the combust ion ra te ;  fur ther  change in combust ion 
ra te  with increase  in par t ic le  dimensions is insignificant.  
Figure 5, curves  2 and 3, indicates that in specimens quenched 
immediately  after passage of the combustion front, the free 
boron content is 1.5-2 t imes as high as in unquenehed spec i -  
mens .  

F r o m  this data it can be proposed that in the combustion 
front  only the fine niobium fract ion (20 ± 20 ~ ) enters  the r e -  
action completely,  while the coa r se  fract ion does not reac t ,  
and acts to some  degree as an inert  diluent, reducing the c o m -  
bustion ra te .  

5 



Fig.  9. Photograph of combustion of Nb + 2B; d = 1.2 cm; Prel  = 
0.6; u = 021  c m / s e c ;  ~ = 2 sec -1. 

To evaluate the amount of boron react ing with the coa r se  niobium fraction the degree of noncombus-  
tion e = B f r e e / B t o t  was calculated (Btot being the quantity of boron neces sa ry  for complete boridization 
of the coa r se  fraction).  These values are  presented below as a function of niobium part ic le  d iameter :  

Original boron fraction,  # 

20 ± 20 
 (20 • 20) + ½ (55 ± 15) 
 (20 ± 20) + ½(s5 • 15) 
~(20 ± 20) + ~(115 • 15) 

Degree of noncombustion of 
quenched samples ,  % 

4 
6 

16 
3O 

Compar ison of this data with that for unquenched samples  shows that the degree of noncombustion ix 
the unquenched specimens is 1.5-2 t imes lower than in the quenched spec imens .  In other words,  bor id iza-  
tion of niobium occurs  in two s tages ,  combustion and postcombustion [16]. Results of chemical  analysis of 
layers  along the length of specimens also indicate the presence  of a postcombustion s tage.  In the upper 
portion of the specimen* containing 100-130 ~ niobium, the degree of noncombustion is significantly lower 
(¢ = 19%) than in the middle and lower portions (¢ = 33 and 37~c, respect ively) ,  i.e., the specimen continues 
to reac t  af ter  passage of the combustion front .  

In light of the above, a cor rec t ion  can be introduced into the calculation of the adiabatic combustion 
react ion t empera tu re  for polydispersed niobium and boron.  

Assuming that the fract ion of coa r se  niobium (~) and the quantity of boron neces sa ry  for  its bor id i -  
zation are  inert  diluents, we obtain a formula  for calculation of Tad: 

(HTad -- H~0~)Nb~ ~ + 0.5 (HTad -- H~0~)Nb + tHrad--~V~9~)~=(-- AH°~s')N~,~. 

The combust ion t empera tu re  calculated by this formula  is 1850°K. 

Also calculated were combustion tempera tures  of the mixture Nb + 2B, diluted by its own product, 
niobium diboride.  F r o m  these was const ructed  a curve  of combustion ra te  versus  calculated tempera ture  
(Fig. 6). It is easy  to see  that the point corresponding to combustion of the two-fract ion mixture (Tad = 
1850°K; u = 0.1 c m / s e c )  also lies on this curve,  which confi rms the assumption of iner t  behavior of the 
coa r se  niobium fraction in the propagation zone. (In accordance  with the terminology introduced in [17], 
the propagation zone is unders tood to be that port ion of the entire zone of t ransformat ion  of initial sub-  
s tances into products wherein the p rocesses  are  control led by the combustion rate.)  

The dependence of combustion ra te  and final product  composit ion on quantity of iner t  diluent (final 
product) was also studied in Ti + 2B, Z r  + 2B, Hf + 2B s y s t e m s .  

The resul ts  presented in Fig.  7 show that the react ion rate  of all the m e t a l - b o r o n  mixtures drops 
with inc rease  of diluent in the original  mixture .  Chemical  analysis of the combustion products showed 
that reduction in the burning tempera tu re  due to dilution does not affect the content of f ree  boron in the 
product,  its amount remaining within the limits 0.1-0.2%. 

There exist  no data in the l i te ra ture  on activation energy of the bet ide  formation react ion at t empera  
tu~res c lose to the combustion t empera tu re .  To determine such values,  resul ts  of experiments  measur ing 
the react ion ra te  of mixtures diluted by the final product  were used. It was assumed that in the mixtures 
Me + 2B (where Me = Ti, Zr ,  Hf) motion of the combustion front  is descr ibed by the law for propagation of 
a combustion front  in a homogeneous condensed medium [18]. In this case ,  assuming a f i r s t - o r d e r  r e a c -  
tion, the experimental  data should appear as s t ra ight  lines in coordinates lg[u/Tad],  1 /Tad [5], where u is 

* C ombus tion propagated downward along vert ic  ally or iented s pec imens.  



Fig.  10. 

TABLE 5 

P a r a m e t e r  

Prel 
u, cm/sec 
~., 1/sec 

Specimen of mix tu re  Nb + 2B, d = 1 cm,  P r e l  = 0.68. 

Ta+B 

0,53 
0,4 
2 

0,64 
0,45 
5 

System 
Ta--', 2B 

0,4 0,63 0,24 
(Doesn't 0,3 0,47 
burn)  

- -  2 , 6  3 

Mo+B 

0,43 

0,57 

3 

Hf+B 

0,62 0,18 ] 0,64 
I 

0,47 1,4 I 2,2 
I 

8 19 I ,~-, 80 
I 

the reac t ion  ra t e  and Tad the adiabatic combust ion t e m p e r a t u r e .  P r o c e s s i n g  of the data in these coord i -  
nates (Fig.  8) by the method of l ea s t  squares  gave the following act ivat ion energ ies :  

React ion E, k c a l / m o l e  

Ti + 2B --- TiB 2 76 
Z r  + 2B --* Z r B  2 74 
Hf + 2B --* HfB 2 95 

A u t o o s c i l l a t o r y  C o m b u s t i o n  

The expe r imen ta l  observa t ion  of an au toosc i l la tory  (pulse) mode of combust ion of m e t a l - b o r o n  pow- 
ders  was announced in [15]. We p r e s e n t  below the resu l t s  of an invest igat ion of s e v e r a l  pr inciples  of auto- 
osc i l l a to ry  combust ion .  

A photograph of the au toosc i l la tory  combust ion is shown in Fig .  9. The mean l inear  combust ion ra te  
(u) was ca lcula ted  f rom the tangent of the s lope of the t r ace  to the hor izontal ,  while the f requency (v) was 
de te rmined  f r o m  the number  of pulsat ions (teeth in the figure) per  unit t ime .  The s p r e a d  of the u values 
r eached  ~= 30%. Specimens  r eac t ed  in the au toosc i l la tory  mode re ta ined their  weight and dimensions ,  but 
cons is ted  of l aye r s  fo rmed  by the pulsa t ions ,  consis t ing of plane tablets  equal to the spec imen  in d i ame te r  
Fo r  the var ious  mix tures  the tablets  were  e i ther  baked together ,  s epa rab l e  only with g r ea t  difficulty, or 
eas i ly  s epa ra t ed ,  flaking by themse lves  and thus often increas ing in height .  F igure  10 shows individual 
table ts  (c), and the spec imen  before  (a) and a f te r  (b) burning.  The tab le t  th ickness ,  ca lcula ted f rom Ah c = 
u /v ,  was c lose  to that  m e a s u r e d  a f t e r  combust ion (Ahm) (Fig. 11, curves  3 and 4). The somewhat  higher  
values of A h m p r o b a b l y  develop because  of dis tor t ion of the shape of the tablet  during combust ion and cool -  
ing. 

Exper imen t s  at P re l  = 0.6 and higher  showed independence of the mean reac t ion  r a t e  and pulsation 
f requency  f r o m  the ex te rna l  p r e s s u r e ;  no c h a r a c t e r i s t i c s  of the au toosc i l l a to ry  combust ion changed for  an 
i nc rea se  in argon p r e s s u r e  by a fac tor  of eight.  

Table  5 p r e sen t s  data  on the c h a r a c t e r i s t i c s  of au toosc i l la tory  combust ion for var ious  mix tures  and 
densi t ies ,  spec imen  d i a m e t e r  being 1 c m ,  The min imum densi t ies  for  each s y s t e m  were  bulk dens i t ies .  

More  detai led studies of reac t ion  ra t e  and f requency were  made with var ious mix tures  of niobium* 
and boron (Figs .  12 and 13). With i nc r ea se  in dens i ty  the f requency either '  does not change s ignif icant ly  

-* The niobium powder  had the following composi t ion (by weight): 0.5% par t i c les  160-200 ~ ; 4.5%, 100-160 
~ ;  20% 5 0 - 1 0 0 ~ ;  7 5 % , - 5 0  # .  
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Fig. 11. Autoosci l la tory combustion c h a r a c -  
ter is t ics  versus specimen diameter ;  Pre l  = 
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Fig.  12. Autoosci l la tory combustion rate 
versus  density; d = I cm.  1) 3Nb + 2B; 2) Nb+ 
B;3)  N b + 2 B .  
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Fig.  13. Autoosci l la tory combustion f r e -  
quency versus  density:  d = I cm.  I) Nb + 
B; 2) 3Nb + 2B; 3) Nb + 2B. 
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Fig. 14. Autoosci l la tory combustion c h a r a c -  
te r i s t ics  of Hf + 2B mixture versus  dilution 
by react ion end product;  d = I cm;  Prel  = 0.65. 

(compositions 3Nb + 2B, Nb + 2B) or  increases  (Nb + B), while the combustion ra tes  have a more  or less 
sharp  maximum. Chemical  analysis of the specimens showed that for all mixtures studied, over  the entire 
density range the free boron content did not exceed 0.2%. The degree of s t ra t i f icat ion of the reacted  spec-  
imens decreased  with decrease  in density, and at densities equal or close to the bulk density tablet layers  
were not formed.  Of the mixtures studied the mos t  significant s trat if icat ion occur red  (in tablets which 
f ree ly  separa ted  f rom each other) in Nb + 2B. 

In experiments with combustion of Nb + 2B at Prel  = 0.6, the effect of specimen diameter  on combus-  
tion charac te r i s t i c s  was insignificant (see Fig.  11, curves 1 and 2). At a d iameter  of 0.5 cm in most  cases 
the specimens did not burn up completely.  It is evident f rom Fig.  11 that in the autoosci l la tory regime 
Ulim/Uad ~ 0.8 (Upr at d = 0.5 cm, Uad at d = 1.5-2.5 cm).  This value is g r ea t e r  than that given by the 
theory  of combustion limit proposed by Zel 'dovich,  according to which it should equal 0.61 [19]. According 
to [20] the l imit  of autoosci l la tory combustion is connected with extinction in depressions and cor responds  
to g rea t e r  values of Ulim/Uad than those of Zel 'dovich 's  theory .  

Using a mixture of Hf + 2B, the effect of reduction in combustion tempera ture  by dilution with end 
product  (HfB2) on initiation and development of autousciUatory combustion was studied (Fig. 14).* No 
pulsation was observed in the undiluted specimen.  Near n = 0.2 equilibrium combustion changes to auto- 
osci l la tory,  and the specimen s t ruc ture  changes f rom spongy porous to s t rat i f ied.  Over the dilution range 
(n = 0.2-0.5) the frequency and velocity of autoosci l la tory combustion dec rea se . t  The autoosci l la tory c o m -  
bustion observed  in some specimens may have a thermal  or a mechanical  nature.  

The thermal  mechanism for autoosciUatory combustion was examined theoret ical ly  in [21], where it 
was shown by calculation with an electronic computer  that in combustion of homogeneous gasless  compos i -  
tions conditions may be c rea ted  for the development of a stable pulse combustion reg ime .  This burning 
mode is caused by an excess enthalpy at the combustion front, formed as a resu l t  of the smal l  role of 

* The absc i ssa  of Fig.  14 denotes n, the number  of moles of HfB 2 diluent per  mole of boride formed.  
The data presented in Fig. 14 were utilized ea r l i e r  by Aldushin et al. [Fiz. Goreniya i Vzryva,  No. 5 (1973)]. 



m a t e r i a l  diffusion as c o m p a r e d  to hea t  t r a n s f e r .  It  was found that  the au toosc i l l a to ry  mode should be ob-  
s e r v e d  at  ~ < 1, the equi l ib r ium mode at  ~ > 1, where  

(3.64 - -  Q/cTad ) c~ ~ 0.4QE 

Here  R is the gas  constant ;  Q and E a re  the t h e r m a l  effect  and act ivat ion ene rgy  of the chemica l  reac t ion ;  
c is hea t  capac i ty .  

It  is evident  f r o m  the fo rmula  that  the t rans i t ion f r o m  equi l ibr ium combust ion  to au toosc i l l a to ry  m a y  
occur  upon reduct ion  of the combust ion t e m p e r a t u r e ,  and that  the au toosc i l l a to ry  r e g i m e  is the p r e f e r r e d  
one for  s y s t e m s  burning at the lower  t e m p e r a t u r e s  and, consequent ly,  s lowes t  reac t ion  r a t e s .  It  was shown 
in a s tudy of pulsat ion dynamics  [21] that  the mean combust ion r a t e  and pulsation f requency  d e c r e a s e  with 
r e m o v a l  f rom the l imi t  of s tab i l i ty  (reduction in ~) ,  and the s t r u c t u r e  of the pulsat ions becomes  m o r e  c o m -  
plex.  The s tabi l iz ing effect  of a t h e r m a l  flux of reac t ion  products  into the burning zone on the combust ion  
p roce s s  was also d i scovered .  

Another  cause  for  the deve lopment  of pulsed burning can be cons idered  - a mechanica l  one. This 
would be name ly  the per iodic  d isrupt ion of continuity (breakoff) of the spec imen  in the combust ion  f ront  (in 
the unreac ted  m a t e r i a l  or  the products)  due to t h e r m a l  and mechanica l  s t r e s s e s  or changes in the s t r u c t u r e  
of the m a t t e r  (for example ,  sh r inkage  upon burning).  In this case  the pulsed burning is a consequence of 
the layer ing ,  and not the con t r a ry ,  as in the t h e r m a l  m e c h a n i s m .  

We will c o m p a r e  the r e su l t s  obtained he re  with the data of [21], which cons ide red  the t h e r m a l  m e c h -  
an i sm of autoosci l la t ion development .  Such a compar i son  can be only quali tat ive at p resen t ,  because  of the 
lack of suff ic ient  expe r imen ta l  and r e f e r e n c e  data on kinetic and the rmophys i ca l  c h a r a c t e r i s t i c s  of the s y s -  
tems cons idered ,  and also because  of the lack in [21] of analyt ical  re la t ionships  between the au toosc i l l a to ry-  
mode p a r a m e t e r s .  According to [21], in the f i r s t  p lace ,  this r e g i m e  should be and is obse rved  in gas l e s s  
s y s t e m s .  Secondly, i t  is r ea l i zed  in s y s t e m s  burning at r e l a t ive ly  low veloci t ies  and t e m p e r a t u r e s .  Fo r  
the s y s t e m s  cons ide red  he re  this ve loci ty  in the ma jo r i t y  of cases  is less  than 1 c m / s e c  at Tad < 3000°K 
(see Tables  2 and 5 and Fig.  12). Thirdly ,  in [21] the poss ib i l i ty  of t rans i t ion  f rom equi l ibr ium to auto-  
o sc i l l a to ry  burning with dec r ea s e  in combust ion t e m p e r a t u r e  was proposed,  jus t  as was obse rved  in the 
s y s t e m  Hf + 2B upon addition of a suff ic ient  quantity of iner t  diluent (0.2 HfB 2) (Fig. 14). Fourthly,  the 
osci l la t ion f requency  and combust ion  r a t e  d e c r e a s e  with r e m o v a l  f r o m  the s tabi l i ty  l imit .  Fo r  example ,  
for  Hf + 2B with an i n c r e a s e  f rom 0.2 HfB 2 to 0.5 HfB 2 the osci l la t ion f requency drops by a fac tor  of two, 
and the combust ion r a t e  by a fac tor  of four .  

The complex  c h a r a c t e r  (with a m a x i m u m )  of the dependence of combust ion r a t e  on densi ty  fo r  
n i o b i u m - b o r o n  mix tu re s  (Fig.  12) m a y  be explained in the following manne r .  I nc rea se  in spec imen  densi ty  
produces  g r e a t e r  l ayer ing  of the combust ion produc ts .  It  is probable  that  the t he rma l  flux f rom the c o m -  
bust ion products ,  which affects  the p r o c e s s  s ignif icant ly  [21], d e c r e a s e s  due to the reduct ion in effect ive 
t h e r m a l  conductivi ty,  which hinders  i nc r ea se  in combust ion r a t e  and at high densi t ies  (s trong layer ing)  can 
even lead to its d e c r e a s e .  The g r e a t e s t  l ayer ing  in r eac ted  spec imens  obse rved  in the N~b + 2B mix tu res  
also produced the g r e a t e s t  reduct ion in reac t ion  ra t e  (Fig.  12). 

The ef fec t  of l ayer ing  on au toosc i l l a to ry  combust ion  f requency,  which can a lso  i nc r ea se  with in-  
c r e a s e  in dens i ty  (Fig. 13, cu rve  2) o r  r ema in  unchanged (Fig. 13, cu rves  1 and3),  is thus quite complex .  
The deg ree  of influence of l ayer ing  on the combust ion p roce s s  is difficult  to evaluate ,  s ince  caking of the 
l aye r s  va r i e s  depending on composi t ion  and densi ty  of the mix ture ,  and breakdown in continuity of the m a t -  
t e r  in the au toosc i l l a to ry  r e g i m e  has not been studied theore t i ca l ly .  

No spec ia l  s tudy was made of the effect  of pa r t i c le  dimensions  on au toosc i l l a to ry  combus t ion .  Above, 
in the d i scuss ion  of equi l ibr ium combust ion,  it was shown that  r e p l a c e m e n t  of fine pa r t i c l e s  by c o a r s e r  
ones d e c r e a s e d  the ve loc i ty  and t e m p e r a t u r e  of the fo rward  combust ion  zone.  The au toosc i l l a to ry  mode 
was obse rved  in mix tu res  of niobium with c o a r s e  p a r t i c l e s .  The lower  combust ion r a t e  value and the v e r y  
ex is tence  of the o sc i l l a to ry  r e g i m e  s t e m m e d  f r o m  this fact .  Deve lopment  of au teosc i l l a to ry  combust ion  
upon addition of c o a r s e  pa r t i c les  indicates p r i m a r i l y  (together with fac tors  such  as incomplete  c o m b u s -  
tion) that  the effect ive  kinet ics  of these  s y s t e m s  c o r r e s p o n d  to s t rong  braking  of the reac t ion  r a t e  with 
pene t ra t ion  depth [17]. 

Using the rmodynamic  calcula t ions  of  the combust ion t e m p e r a t u r e  [11] and the act ivat ion ene rgy  
va lues ,  we e s t ima te  the value of the c r i t e r i on  ~ in the above formula :  



Mixture (~ 

Zr + 2B 1.0 
Ti + 2B 0,8 
Hf + 2B 0.55 
Hf + 2B + 0.2 HfB 2 0.5 
Hf + 2B + 0.5 HfB 2 0.35 

Considering the approximate nature of the kinetic and thermophysical character is t ics ,  it can be con- 
s idered that these data agree with experiment.  Thus, for mixtures with a ~ 1 (Zr + 2B, Ti + 2B) the auto- 
oscil latory regime was not observed, while for  the diluted hafnium-boron mixture burning in the pulse 
mode the value of (~ was much lower (~ -< 0.5). 

The existence of autooscillation in Mo and Ta mixtures is interesting in that, according to thermo-  
dynamic calc~at ions ,  the metal in such mixtures does not melt.  There are at present  no weighty facts in 
favor of the existence of mechanical autooscillation, while some experimental results  seem to contra-  
indicate this possibility. If layering of the material  occurred due to increase in density of reaction prod- 
ucts and packing with shrinkage (density of the borides formed is 1.5-2 times as great  as specimen density), 
this would be reflected more strongly in the low-density specimens, which was not observed in experiment. 

The development of pulsations predicted by the theory of [21] and the layering of reacted specimens 
occurring upon dilution of the mixtures are more indicative of a thermal than a mechanical nature of auto- 
oscillation. With dilution, velocity and temperature of combustion are  reduced, leading to reduction in tem- 
perature gradient and thermal  s t resses  in the combustion front.  The difference between properties of the 
unreacted mixture and final product also becomes less, together with related effects (shrinkage, etc.). 

To sum up the above, it can be said that the available experimental data evidently indicate that auto- 
oscil latory combustion is a thermal mechanism. The effect of layering and possible disintegration of the 
specimen in autooscillatory combustion require special experimental and theoretical study. 

The authors thank B. I. Khaikin and A. P. Aldushin for their  discussion and evaluation of the study. 
The authors are indebted to the V. Sh. Shekhtman Institute of the Academy of Sciences of the USSR, and to 
co-workers  V. I. Kozlova for performing the x - r ay  analysis and E. A. Knyshev (UNIt~hIM, Sverdlovsk) for  
providing the crystall ine boron for the experiments.  
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