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ABSTRACT 

The s i n t e r i n g of p u r e and doped boron ca r bid'- was 
i n v e s t i g a t e d ovei t\v- t e m p e r a t u r e r ange 1898 to 23(30 K and a t 
a d d i t i v e level ." r a n g i n g : t i n 0 .75 t o 10. O i . The d-jdit.ion of 
0 . 7 5 and 3.8 wt% of A l F j , Ni , I"e, and Cu d e a c t i v a t e d the 
s i n t e r i n g of B^C a t a l l t e m p e r a t u r e s . In c o n t r a s t , the 
a d d i t i o n of 10.0 wt'i t h e s e a d d i t i v e s r e s u l t e d in enhanced 
s h r i n k a g e in B4C foi t h e t e m p e r a t u r e s 1898 and 2133 K. At t h e 
h i g h e s t t e m p e r a t u r e , 1'idU K, t he a d d i t i o n of 10 .0 wt% AI.F3 was 
t h e on ly ca se where enhanced s h r i n k a g e was o b s e r v e d . In t h i s 
r a s e , x - r a y a n a l y s i s showed the fo rma t ion of a B ^ 2 C 2 A 1 

compound and the r e l e a s e of f l u o r i n e . These r e s u l t s a r e 
i n t e r p r e t e d in t e rms of a g r a i n - b o u n d a r y d i f f u s i o n p r o c e s s for 
p u r e and dopec E<;C. 
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INTRODUCTION 

I n t e r e s t in u s i n g c o v a l e n t l y bonded s o l i d s in a v a r i e t y of 
h i g h - t e m p e r a t u r e a p p l i c a t i o n s has r e c e n t l y r e f o c u s e d a t t e n t i o n on 
t h e i r s i n t e r i n g b e h a v i o r . M a t e r i a l s such a s S iC , S i3N4, and 
B4C have been c o n s i d e r e d for a p p l i c a t i o n a s h i g h - s t r e s s components 
i n g a s t u r b i n e s , a s Lysho lm-expander b l a d e s in t opp ing c y c l e s , and 
a s m a t e r i a l s i n n u c l e a r r e a c t o r s . 1 ' 2 I n c o n t r a s t t o m e t a l l i c s u b ­
s t a n c e s , c o v a l e n t s o l i d s a r e not e a s i l y s i n t e r e d . V a r i o u s p r o p o s a l s 
have been advanced t o e x p l a i n t h i s phenomenon and numerous a t t e m p t s 
have been made to s i n t e r t h e s e m a t e r i a l s by a l t e r i n g t h e i r c h e m i c a l 
and p h y s i c a l c h a r a c t e r i s t i c s . 

P r o p o s a l s for e x p l a i n i n g the low d e n s i f i c a t i o n a s s o c i a t e d w i t h 
t h e s i n t e r i n g of c o v a l e n t s o l i d s have i n c l u d e d t h e r o l e o f g r a i n -
b o u n d a r y ene rgy^ and p o i n t - d e f e c t f o r m a t i o n and m i g r a t i o n . ^ ~ 6 The 
l a t t e r p r o p o s a l i s e x p l a i n e d in t e r m s o f h i g h a c t i v a t i o n e n e r g y fo r 
s e l f - d i f f u s i o n i n t h e h i g h l y d i r e c t i o n a l bond s t r u c t u r e s of c o v a l e n t 
s o l i d s . 

R e l a t i v e l y l i t t l e work has been done on t h e s i n t e r i n g o f B4C. 
The l a t e s t and mos t e x t e n s i v e r e s e a r c h i s t h a t o f B o r c h e r t and 
K e r l e r , ? who measu red s h r i n k a g e i n B4C a s a f u n c t i o n of t e m ­
p e r a t u r e , p a r t i c l e s i z e , and g r e e n d e n s i t y . T h e i r r e s u l t s showed 
t h a t t h e s i n t e r i n g p r o c e s s for B4C c o n s i s t s of two e a r l y s t a g e s , 
a m i d d l e s t a g e , and a l a t e s t a g e , which a r e d i f f e r e n t i a t e d by t h e 
d i f f e r e n t t r a n s p o r t mechanisms t h a t t a k e p l a c e . 
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EXPERIMENTAL MATERIALS AND METHODS 

M a t e r i a l s 

In our measurements to determine the s i n t e r i n g k i n e t i c s of 
B4C, we used h igh-pur i ty powders produced by the Ceradyne 
Chemical Company and C a l l e r y Chemical Company.* These powders 
had p a r t i c l e s i zes of 2 to 5um (high-pur i ty Ceradyne powder) 
and approximately 0.03ym (Cal lery powder) and were used in a 
mixture of 25 to 75 wt%, r e spec t i ve ly . A t y p i c a l impurity 
a n a l y s i s showed them to con ta in Fe, Ti , and Zn in the range 
150-200 ppm and others e lements (Ca, Al, Si) a t considerably 
lower concentra t ion (50 ppm). 

We inves t iga ted the e f f e c t o i a c t i v a t o r s on the s i n t e r i n g 
k i n e t i c s of B4C by mixing d i f f e r en t percentages of various 
a d d i t i v e s in to the base m a t e r i a l . 

Sample Prepara t ion 

The mixture of 25 wt% h igh-pur i ty Ceradyne powder and 75 wt% 
Cal le ry powder were blended with approximately 2.7 wt% 
polyethylene g lycol (carbo-wax 6000) in toluene a t a volume 
r a t i o of 1:3, r e s p e c t i v e l y . The blending was done in p l a s t i c 
b o t t l e s . The glycol was used as a binder to he lp in the 
p res s ing of the powder compacts. 

P e l l e t s were pressed in a t o o l - s t e e l dye employing a double 
p i s ton a c t i o n . Compacting was accomplished with a pressure of 
800 MPa (117 k s i ) . This p ressure resul ted in p e l l e t s with green 
d e n s i t i e s in the range 42-46% of the t h e o r e t i c a l value, 
depending on the amount of add i t ive present in the powder 
mix ture . Each p e l l e t requi red two p re s s ings : After the f i r s t 
p r e s s i n g , the p e l l e t s were broken up and then repressed . This 
produced crack-free p e l l e t s , which were then measured with a 
micrometer to an accuracy of +2.Sum and weighed with an 
accuracy of jflOug. 

Reference to a company or product name does not imply approval 
or recommendation of the product by the Unive r s i ty of Ca l i fo rn ia 
or the U.S. Department of Energy to the exclus ion of o thers t h a t 
may be a v a i l a b l e . 
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Equipment and Procedure 

The system used for a l l s i n t e r i n g runs consis ted of a 
top-loading vacuum chamber with a tungsten-mesh heating element 
capable of a t t a i n i n g a maximum temperature of approximately 
3000 K. The system was evacuated to a minimum pressure of 13.3 
mPa, flooded with argon to approximately 50.5 kPa and then r e -
evacuated with so rp t ion pumps to a p r e s s u r e of 66.5 Pa. The 
argon atmosphere was maintained at t h i s l eve l throughout the 
s i n t e r i n g run by use of the sorpt ion pumps whenever needed. A 
heat ing r a t e of 20 K/min was used to ob t a in a temperature of 
1373 K. The p e l l e t s were allowed to outgas at t h i s temperature 
for 30 min to dr ive off any remaining v o l a t i l e s . Then the 
heat ing was resumed a t an increased r a t e of 40 K/oin u n t i l the 
s i n t e r i n g temperature was obtained. Al l s i n t e r i n g was 
isothermal . Three s i n t e r i n g temperatures—1898, 2133, and 
2380 K—were used. These corresponded to 0.66, 0.76, and 0 .86 , 
r e s p e c t i v e l y , of the melting point of pure B4C. Three 
s i n t e r i n g times (60, 120, and 240 mini were used at each 
temperature . 

RESULTS 

The change in the l inear shrinkage of s in te red B4C p e l l e t s 
with the isothermal s i n t e r i n g time i s shown as a log-log p l o t in 
P i g . 1 for the th ree s i n t e r i n g tempera tures . Prom the s lopes of 
these l i n e s , the c h a r a c t e r i s t i c exponent N of the mechanism was 
c a l c u l a t ed to be 6 .4 , 6 . 3 , and 6.2 for the temperatures 1898, 
2133, and 2380 K, r e s p e c t i v e l y . The l i nea r shrinkage is p l o t t e d 
a a a i n s t the inverse of the s in t e r ing temperature in Fig. 2 for 
the th ree s i n t e r i n g t imes . The exper imenta l ly obtained va lues 
for the ac t iva t ion energy for the s i n t e r i n g of B4C compacts 
for 60- , 120-, 240-min s in t e r ing times a re 162.0, 160.7, and 
164.9 kJ/mol, r e s p e c t i v e l y , with an average value of 162.4 + 
2.1 kJ/mol. 

Figures 3 and 4 show the va r i a t i on in l inear shrinkage with 
s i n t e r i n g time for B4C with AIF3, Ni, Fe, and Cu a d d i t i v e s , 
where the s i n t e r i n g was done in argon a t 1898 K. The p l o t s a t 
the s i n t e r i n g temperatures 2133 K and 2380 K are s imilar for 
B4C with these a d d i t i v e s . 

For these doped B4C powders s i n t e r ed in argon for 60 min, 
we used plots of l i n e a r shrinkage vs the inverse of s i n t e r i n g 
temperature to ca lculate ac t iva t ion e n e r g i e s . The r e s u l t s , 
presented in Table 1, show the dramatic inf luence of the 
impurities on the s inter ing of B4C. Addi t ions of approxi­
mately 0.75 and 3.8 wt% of AIF3, Ni, Fe, or Cu reduced the 

4 



n ?JBU r 

Fig. 1. Variation in i*.ni-u: Jhi ! nr.̂ 'je 
time tor B,jC powders sintered 
temperatures. 
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Fig. 2. Temperature dependence cf linear shrinkage- for B4C 
powders sintered in Ar tot various times. 
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Fig. 3. Effect of AIF3 and Fe additives on the variation in 
linear shrinkage with sintering time for B4C powders 
sintered in Ai at 1898 K. 

linear shrinkage, i.e., deactivated the sintering process, of 
B4C for all the temperatures and times under investigation. 
Also, additions of 10 wt% of AIF3, Ni, Fe, or Cu increased the 
linear shrinkage, i.e., activated the sintering process, of 
B 4C at the temperatures of 1898 and 2133 K. Only the addition 
of 10 wt% AIF3 activated the sintering process at the highest 
temperature (2380 K). 

Table 1 shows definite trends for the effect of sintering 
additives on the activation energy Q and the characteristic 
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V Pure B 4C 
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m 0.771 Wt"n Cu 
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F i g . 4 . E f f e c t of Ni ari'j Cu >;Gdit..vGS on t h e v a r i a t i o n in 
l i n e a r s h r i n k a g e With s i n t e r i n g t ime for B4C powders 
s i n t e r e d i n Ar a t 1398 K. 

exponen t N. For 11 '•'• c,i~<-^ vl »•:>• t:»" : n ' . e ; : ng ;;••• .:-••.•;•..•. wae 
d e a c t i v a t e d , the ,:n-< iv.tit lor, •••norne: 1 ."•>" a n t e n n a t h>'- ciopen 
m a t e r i a l g e n e r a l l y n e a r l y e q u a l ot exceed t h e a c t i v a t i o n e n e r g y 
for t h e w i n t e r i n g c f p u r e B4C. For t he c a s e s where the 
s i n t e r i n g p r o c e s s was a c t i v a t e d , t he a c t i v a t i o n e n e r g i e s a r e 
s i g n i f i c a n t l y l o w e r . G e n e r a l l y , t h e c h a r a c t e r i s t i c exponen t N 
d e c r e a s e d w i t h i n c r e a s i n g amounts of a d d i t i v e s . 

A n a l y s e s of s u r f a c e s of B4C with a d d i t i o n s of AIF3, N i , 
F e , and Cu were made by means of e l e c t r o r . - m i c r o p r o b e 
t e c h n i q u e s . These a n a l y s e s i n d i c a t e d t h e p r e s e n c e of .3 
s i g n i f i c a n t amount of aluminum and t h e a b s e n c e of f luor ] np in 
t h e B4C m a t r i x . T h i s s u g g e s t s t h a t AlF?, c o m p l e t e l y 
d i s s o c i a t e s d u r i n g s i n t e r i n g . R e s u l t s on t h e B4C p e l l e t s t h a t 
had 10 wt% Ni and were s i n t e r e d for 120 mm a t 1898 and 2380 K 
i n d i c a t e d t h a t Ni r e m a i n s in the B4C a t t h e lower s i n t e r i n g 
t e m p e r a t u r e b u t i s t o t a l l y a b s e n t from B4C s i n t e r e d a t t h e 
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higher temperature. Similar r e su l t s were obtained with 10% Fe 
a d d i t i o n s . In the case of 10% Cu a d d i t i o n s , the microprobe 
analyses on the samples s in te red a t 1898 and 2380 K for 120 min 
ind ica ted the absence of Cu. 

DISCUSSION 

Of major i n t e r e s t in t h i s work i s the r o l e of the var ious 
a d d i t i v e s in the s i n t e r i n g of B4C. The elemental analyses 
conducteo with the e l e c t r o n microprobe, and di f f ractometer scans 
of pure B4C and of B4C with 10.0 wt% AIF3, provided an 
i n t e r e s t i n g in s igh t i n t o the method by which s in t e r ing can be 
enhanced, or a c t i v a t e d , through the add i t i on of impur i t i e s . I t 
was f i r s t believed t ha t addi t ions of AIF3 provided a t h i n 
layer of AIF3 on the B4C p a r t i c l e s and t h a t t h i s thin layer 
would enhance grain-boundary dif fus ion and thus produce an 
increase in the s i n t e r i n g r a t e . I t was a l so thought tha t the 
add i t i ve would sublime in s i n t e r i n g , leaving behind a pure , 
dense compact of B4C. However, in the p re sen t study we found 
t h a t a cons iderable amount of Al was incorporated into the B4C 
matr ix but the F was f u g i t i v e . X- ray -d i f f r ac t ion scans of 
samples with AIF3 ind ica ted a cons i s t en t downward s h i f t in the 
peak loca t ions , compared with those of pure B4C. These peak 

Table 1. Calcula ted Average Values of N and t for the 
S in te r ing of Boron Carbide Powders in Argon with Addit ions 

of A1F3# Ni, Fe, and Cu 
Average Q, 

Mater ia l Add i t ive , wt% Aver; age N kJ/mol 

B 4 C 0.00 6.3 + 0 . 1 162.4 + 2.2 
B4C + AIF3 0.751 6.4 + . 7 180 + 24 

3.850 6 . 1 + . 6 163 + 12 
10.000 5.97 + . 0 1 105.0 + 1.2 

F 4 C + Ni 0.757 6 . 5 + . 1 188 + 4 
3.810 6.2 + . 3 159 + 12 

10.000 6.02 I+
I 

. 04 105.1 + 0.8 
B4C + Fe 0.764 6.6 I+

I 

.4 163 + 16 
3.800 6 . 1 + .4 134 + 20 

10.000 6.00 + 0.03 104.2 + 2.3 
B4C + Cu 0.771 6 . 1 + 0 . 3 167 + 16 

3.800 6.2 + 0 . 3 163 + 8 
10.000 5.97 + 0.04 105.5 + 1.2 
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s h i f t s provide strong evidence tha t Al is s u b s t i t u t i o n a l ^ 
incorporated into the B4C l a t t i c e , r e s u l t i n g in a s l i gh t 
expansion of the uni t c e l l . Some formation of a B i 2 c 2 A 1 _ 

type s t r u c t u r e is probably occurr ing . In suppor t of these 
conc lus ions , i t is noted t h a t the s t ronges t new B4C peaks 
correspond c lose ly to the s t ronges t peaks of B12C2AI a s 

repor ted by Lipp and R o d e r . 8 These observa t ions a lso agree 
with previous work on hot -pressed B4C conta in ing addi t ions of 
AIF3.9 

The incorporat ion of Al into the b 4C l a t t i c e provides an 
explana t ion for the observed loss of F. Carbon and f luorine can 
combine to form CFX gas , most l i ke ly CF3 or CF4 or a 
mixture of both. Therefore , i t is qu i te l i k e l y that B4C 
r e a c t s with AIF3 in the following manner: 

3B 4C(s) + AlF 3 (s) = B 1 2

C 2 A 1 < S ) + CF 3(g) 

The absence of thermodynamic data for the compound B12C2AI 
makes the assessment of the energet ics for t h i s react ion 
imposs ib le . We conclude t ha t addi t ions of 10 wt% AIF3 in 
B4C a c t i v a t e the s i n t e r i n g process by lowering the diffusion 
energy b a r r i e r for the dominant t ranspor t mechanism of 
grain-boundary di f fus ion by a l t e r i n g the chemical nature of the 
grain-boundary l aye r . As s t a t ed e a r l i e r , the ca lcu la ted 
a c t i v a t i o n energy for the s i n t e r i n g of pure B4C decreased from 
162.4 to 105.0 + 1.3 kJ/wol as a r e su l t of the addi t ion of 10.0 
wt% AIF3. 

The other add i t ives tha t ac t ivated the s i n t e r i n g process of 
B4C were Ni, Fe, and Cu for the 10.0 wt% l e v e l a t the lower 
two temperatures . The d i f f e rence between these addi t ions and 
AIF3 i s tha t they a lso deac t iva ted the s i n t e r i n g of B4C at 
2380 K. Electron-microprobe and x - r a y - d i f f r a c t i o n analyses of 
B4C conta in ing these a d d i t i v e s offer i n t e r e s t i n g c o n t r a s t s . 
For the add i t ives of Ni and Fe the e lect ron-microprobe analyses 
showed the presence of Ni and Fe p r e c i p i t a t e s a t 1898 K but not 
a t 2380 K, but the microprobe analyses of samples with Cu 
a d d i t i v e s showed no Cu a t e i t h e r temperature. Furthermore, the 
x - r a y - d i f f r a c t i o n scans ind ica ted poss ib le compound formations 
of Fe with carbon and boron a t 1898 K. 

These r e s u l t s i nd i ca t e t h a t addi t ions of 10.0 wt% Ni, Fe, and Cu 
to B4C w i l l a c t i va t e the s i n t e r i n g process a t 1898 and 2133 K 
by poss ib ly the same mec' ..in ism as that proposed for AIF3. For 
these th ree a d d i t i v e s , r.:ie ac t iva t ion energ ies for the s i n t e r i n g 
of pure B4C decreased from 162.4 to 105.1 + 0 . 8 , 104.2 + 2 . 3 , 
and 105.5 +_ 1.2 kJ/mol as a r e s u l t of the add i t i ons of 10.0 wt% 
Ni, Fe , and Cu, r e s p e c t i v e l y . The apparent deac t iva t ion of 
B4C s i n t e r i n g in the presence of 10.0 wt% Ni, Fe, and Cu a t 
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s i n t e r i n g in the presence of 10.0 wt'«. Ni, Fo, and Cu a t 2380 K 
i s explained by the r e l a t i v e l y high vapor pressures of these 
elements at t h i s temperature . I t is be l ieved that at t h i s 
temperature the a d d i t i v e s sublimate and leave the compacts 
before s in te r ing can take p lace . Furthermore, the rapid 
sublimation of these add i t i ve s at the higher temperature may 
cause gases to be trapped in closed pores and thus reduce 
shr inkage. This loss of addi t ive is supported by r e s u l t s 
obta ined in the e lect ron-microprobe and x - r ay -d i f f r ac t i on 
ana lyses . 

The addi t ion of about 0.71 wt% and 3.8 wt% AlFj, Ni, Fe, 
and Cu is believed to DO insuf f ic ien t to provide the compacts 
with an evenly d i s t r i b u t e d layei of the add i t ive on the B4C 
p a r t i c l e s . The compacts with approximately 0.75-wt% add i t ions 
provide a layer of only 0.03 mi: th ick ; the compacts with 
approximately 3.8 wt% add i t ions , a layer of approximately 0.16 
nm th i ck . Therefore, the addi t ive is l i ke ly to occur in 
i so la t ed is lands throughout the powder, and such islands would 
a c t as e i ther obs t ac l e s or sinks lor the migration of vacancies 
along the grain boundar ies . I'-ipin subl imat ion of these 
a d d i t i v e s can also produce entrapped gases in closed pores . 
Because the ca lcu la ted ac t iva t ion energies for the- s i n t e r ing of 
B4C with approximately 0.75-wt'i and 3.8-wt% addi t ions of 
AIF3, Ni, Fe, and Cu are nearly equal to the ac t iva t ion energy 
for the s in t e r ing of pure B4C, another mechanism, e . g . , 
sur face d i f fus ion , must be cont r ibut ing to the s in te r ing 
p rocess . Thi. would explain the observa t ions that oven though 
the shrinkage was reduced the ac t iva t ion energy for the ove ra l l 
process did not inc rease . 
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