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ABSTRACT 

Composites of boron nitride (BN) have been made by the cnemlcal 
vapor deposition CCVD) of a BN matrix on a BN felt fiber substrate, 
Reactant gases were boron trifluoride and ammonia. The composites 
had a relatively high density (1-7^ g/cm ), a crystallite size 

o o 
L - 150 A and an interlayer spacing d D 0 2 = 3-35 A- Measurements 
of elastic modulus and thermal conductivity and expansion showed 
some anisotropy as a result of the preferred fiber orientation of 
the substrate. 
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INTRODUCTION 

Borsn n i t r i d e prepared by chemical vapor deposi t ion (CVD), 

also knorfn as p y r o l l t i c boron n i t r i d e (PBN), has been extensively 

inves t iga ted In the l a s t few yea r s . Due t o i t s unusual s t r uc tu r e 

and p r o p e r t i e s , i t has caused a great deal of s c i e n t i f i c and 

technological i n t e r e s t . I t i s a c r y s t a l l i n e mater ia l and, Lr. 

i t s most common form and the one considered here 5 i t i s composed 

of layer:; of hexagonal pseudo ce l l s of a l t e r n a t i n g atcns of boron 
. o and nitrogen with a basal plane l a t t i c e constant a * 2.50** A, a 3-ti 

o o 
bond lf;nf;th * - 1-4U6 A and a spacing between layers ^ 0 Q 2

 = 3-330 A 

(Fig. 1), Such a c rys t a l s t ruc tu re is very s imi la r to graphi te 

with the difference t h a t , in boron n i t r i d e , the hexagons are 

stactf*'d d i r ec t ly on top of each other whereas, in g raph i te , the 

carbon atoms in one layer l i e over the midpoint of the hexagons 

In the layer immediately above. The bonding energy between 

layers i s low (reported at 4 kcal/mole) and considerably l ess 

than the boron to ni trogen bond s t rength (reported a 152 kcal /mole) . 

This leads to a high degree of anisotropy in the p roper t i e s of the 

n o n c r y s t a l l i n e mater ia l as shown in Table 1 ," The differences In 

thermal expansion cause large in t e rna l s t r e s s e s that develop during 

cooling fcnich In turn lead to delaminaticns between the as p lanes , 

A s imi la r problem of microstru^ture anisotropy Is found in 

pyro ly t ic carbon and has been successfully mitigated by deposi t ing 

the carbon on a randomly or iented carbon f iber subs t ra te such as 

f e l t . Although the carbon deposit on each f iber i s s t i l l aniso­

t r o p i c , thu randomness of the subs t ra te leads t o a composite with 
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Fig. 1 Crysta/ffne structures of boron nftride (a) 
and graphite (b). 



TABLE I 

Anlsotropy of Crystalline Borcn Nitride (Ref, 5 and 12) 

Direction of Measurement 
ab 1 

C 

Flexural Strength 
r 

KN/HW 10 3 10 

Flexural Modulus 
GN/m 2H.8 _ _ _ 

Thermal Conduc t iv i ty 
rt W/raK 

at 25 c 62.7 1.15 
a t 300°C 75 _ _ _ 

C o e f f i c i e n t of Thermal 
Expaneion m/mK 3.2JJ x I D " 6 81 x 1 0 ~ 6 

E l e c t r i c a l r e s i s t i v i t y 
a t 437 C fi-cm l 0

7 3.0 x 10 9 
E l e c t r i c a l r e s i s t i v i t y 
a t 437 C fi-cm 3.0 x : l 0

7 3.0 x 10 9 



e s s e n t i a l l y i so t rop ic macroscopic c h a r a c t e r i s t i c s , A s imi la r ap­

proach has been taken in t h i s study: boron n i t r i d e is chemically 

v^por deposited on a boron n i t r i d e Telt with the Intent of obh^ininr 

n composite with i so t rop ic macroscopic p rope r t i e s . 

Development of Boron Hi t r ide Felt 

The technique of f e l t i n g can provide an e s s e n t i a l l y randomly 

oriented f iber array and can be applied to boron r i t r i d e f ibe r s . 

T;;is was demonstrated by the Carborundum Co. under contract to 
7 

Ssr.dia Laborator ies . Several f e l t i n g methods were t r i e d . The 

best was found to be 1} carding the boron n i t r i d e roving, 2) forminr 

the web in a Tappi machine by means of a water s lurry* 3) mechani­

cally needling the webs. The f e l t obtained in t h i s manner had an 

average bulk density of 0,0** t o 0.05 g/cm , was uniform in appear­

ance, could be handled without damage and was su i t ab l e for i n f l i t r e -
*_ i :ion-

The fibers used in these felts were produced by a commercial 
process by nitrlding a b jron oxide filer precursor. Their pro-

Q rerties are summarised ;n Table II. 

Chemical Vapor Deposition of Boron Nitride 
Various chemical reactions nave been used to deposit boron 

nitride- The major ones are: 
1, Thermal decomposition of trlchloroborazole (3-N-Ci^HO 1* 1 0 

?, Reaction of trimethyl borate (BfOCH^K) and ammonia (NHO 
3. Reaction of boron trichloride (BCfc-) and ammonia (NH^) 1'-' 1 2 

These reactions were studied extensively by Dungan and Gilbert at 
1 ̂  Sandia Laboratories. •* Their study showed that tricbloroborazole 



TABLE I I 

Q 

P r o p e r t i e s of Boron N i t r i de Fibers 

Fiber Diameter 5-7 pn 

Apparent Density 1.8-2.0 g/cnr 

T h e o r e t i c a l Density 2,25 g/cm 

Color: white 

Tens i le S t rength iilO-1300 KS/n 2 

Kodulus or Elasticity up tc S3 QV/zid 

Elongation 2-3 <f 



would not be satisfactory for a bulk deposit due to the low deposi­
tion rate and the very high cost of the material. The trir.ethyl-
borate and ammonia reaction produces a low density deposit in the 
range of 1.^ to 1-5 g/cm3 even at 1700 C deposition temperature. 
Because of the low densities, the strength of the material is not 
high and this system was ruled out. 

Dungan and Gilbert found that the boron trichloride/ammonJo 
reaction produces deposits with densities of 1,5 g/cm-* at 1300°C 
deposition temperature increasing to 2,0 ^/cm^ at l600°c. However, 
at these temperatures, solid intermediates are formed In the vapor 
phase which interfere with infiltration within the felt. This ob­
servation was also reported by Gebhardt. ' 

Yet another potential source of boron nitride comes from the 
reaction of boron trifluoride and ammonia- ^ 

BF, + NH 3 •+ BN + 3HF . 

Boron trifluorio j *ve stable thermodynamically than boron tri­
chloride and it U likely that the number of subsidiary reactions 
and zhe formation of intermediate products are fewer. These con­
siderations led to the choice of BF^ as a source of boron, 

EXPERIMENTAL PROCEDURE 

CVD Process 
The CVD apparatus is shown schematically in Fig. 2. Heat was 

supplied by a 50 KW, 3000 cycle induction generator and a cylindri­
cal graphite susceptor, Temperature was monitored with a type S 
thermocouple (Pt + pt, 10? PJi) located in the center of the infil-
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Fig. 2 Schematic of apparatus used for the chemical 
vapor deposition of boron nitride. 
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t r a t i o n zone- The low pressure was obtained with a two stage water 

j e t vacuum pump with an u l t imate vacuum capabi l i ty of l e ss than 1 

Torr. Ammonia and boron t r i f l u o r i d e were supplied from standard 

p ressur i sed cyl inders and metered through mass flowmeters- The 

gases were preheated and mixed in a coaxial nozzle, 

A block of f e l t measuring 5 x 2.5 x 1 cm was placed with the 

long axis v e r t i c a l l y ins ide the graphi te susceptor- The I n f i l ­

t r a t i o n then proceeded as follows: 1) Te:nrerature was s t a b i l i z e d 

under vacuum, 2) The required gas flow was metered i n , 3) and the 

pressure was s t a b i l i z e d . I t was found that3 a f t e r 6 to 8 hours 

of opera t ion , a large quant i ty of so l id intermediate would form 

cons i s t ing mostly of ammonium ch lo r ide , which would clog the ex­

haust l i n e . I t was a t he re fo re , necessary t o shut down, clean the 

furnace and s t a r t again several times during i n f i l t r a t i o n of the 

f e l t . 

Parametric Study 

Two deposi t ion temperatures were inves t iga ted! 1100°C and 

1200°C. These were automatically i t ro l led to ± 10 C\ On the 

basis oV Dungan's work , i t was expected that the deposi t ion r a t e 

would be too low belrw; 1100°C, Temperatures much above 1200CC 

on the other hand wore expected to r e su l t in too high a deposit ion 

ra te and a tendency to denasit nostl ; : on th* outside por t ion of tne 

f e l t and crust over. 0 > ^ 

Pressure was maintained between 30 and Ah0 Torr- The se lec t ion 

of t h i s pressure level was based on the r e s u l t s obtained by Dungan 



A balanced reac t ion would require an e s s e n t i a l l y equal flow 

* ,^e of the two r e a c t a n t s . The flows were a r b i t r a r i l y fixed at 

300 cnr/min of ammonia and c

l30 cirr/min cf boron t r i f l u o r i d e , thereby, 

using an excess of ammonia to insure that most., i f not a l l , of the 

boron t r i f l u o r i d e was reac ted . 

The duration of the i n f i l t r a t i o n experiments was usual ly over 

100 hours to obtain sa t i s f ac to ry dens i f ica t ion of the f e l t . 

Material Charac te r i s t i c s 

The proper t ies of the boron n i t r i d e f ibers and the i n f i l t r a t e d 

mater ia l were measured to determine the degree of anisctropy of 

the composite and compare i t to bulk PBN. 

Fiber l ens i ty was determined by acetone displacement. Bulk 

densi ty of the composite was determined by dimensional and weight 

measurements on machined samples. Porosi ty of machined samples 

of the composite was measured in a helium pycnometer (Beckman 

Instruments Model 130) and both t rue and apparent volurres and 

dens i t i e s were recorded, 

Metallographic examination was accomplished with a 3ausch and 

Lomb Research Metallograph equipped with a xenon l i gh t source. 

Each sample, including samples of u n i n f i l t r a t e d f e l t , was encap­

sulated in epoxy and polished with s i l i c o n carbide to 600 g r i t 

followed by diamond paste- Some samples were then cathodical ly 

etched with argon. This treatment etched the f ibers at a d i f fe ren t 

r a t e than the matr ix, thereby increasing visual con t ras t . The 

samples were then examined -ith an image analyzing computer (Quantl-

met, Metals Research L td , ) . This instrument i s capable of discrim-

U 



i n a t i n g o p t i c a l l y between f i b e r , n a t r i x and void and, t h u s , e s ­

t a b l i s h e s f i be r volume c o n t e n t , t o t a l p r o o s i t y and pore s i z e 

d i s t r i b u t i o n . 

X-ray d i f f r a c t i o n da ta were obtained from r i a t p l a t e samples 

with a General E l e c t r i c XRD-6 d i f f rac torae te r us ing M i - f i l t e r e d Cu Ka 

r a d i a t i o n . The l n t e r l a y e r spacing AQQO a r i d a PP^rent c r y s t a l l i t e 

s i ze L were obta ined from the p o s i t i o n and width of the (002) peak. 

The thermal d i f f u s i v i t y was measured by the l a s e r f l a sh t e c h -
1^ n ique . The thermal conduc t iv i ty was c a l c u l a t e d from the d i f f u s -

i v i t y by the r e l a t i o n . 

a = K/pC P 

where "a is the thermal diffusivity, K the thermal conductivity, p 
the bulk density and C the specific heat- The conductivity was 
determined in the direction parallel to the surface of the CVD 
felt plate and the direction perpendicular to the surface. 

The linear thermal expansion was measured with a Brinkman 
dilatometer in the range of 0-60D°C, in the directions parallel 
and perpendicular to the surface of the plate. 

The sonic modulus at room temperature was obtained by standard 
ultrasonic through transmission by measuring the delay time of the 
ultrasonic wave to travel from one face of the sample to the other 
using two 1/V diameter 5 MHz transducers. Measurements were made 
parallel and perpendicular to the surface of the plate. The sonic 
modulus was calculated from the delay time by the relation 

E = pV2 

wheie E is the sonic modulus, p is the density and V the sonic 
velocity. 
12 



RESULTS AND DISCUSSION 

:--atrix Depos i t ion 

Under t he c o n d i t i o n s used in t h i s s t u d y , a d e - ' s , low p o r o s i t y 

composite was o b t a i n e d . The d e n s i f i c a t i o n of t he f e l t v s , t ime i s 

p l o t t e d i n F i g . 3* Dens i ty i n c r e a s e s r a p i d l y a t f i r s t then l e v e l s 

off as t h e s i z e of t he open po re s dec rease and an i n c r e a s i n g amount 

of pores becomes c l o s e d . The d e n s i f i c a t i o n i r a l s o a f u n c t i o n of 

the t h i c k n e s s of t he f e l t . A f e l t of l e s s than 0,25 cm t h i c k was 

i n f i l t r a t e d t o a d e n s i t y of 1.75 g/cm i n 16 h o u r s , wh i l e i t took 

150 hours t o r each t he same d e n s i t y wi th a 1 cm t h i c ^ f e l t . 

The chemical a n a l y s i s of t h e composi te i s shown In Table I I I , 

I t i s e s s e n t i a l l y s t o i c h i o m e t r i c boron n i t r i d e ( s to i ch iozne t ry i s 

43.55? b o r o n ) . The p re sence of carbon (0 .21?) I s p robab ly due t o 

r e a c t i o n of t he source gas with t he g r a p h i t e s u s c e p t o r . This 

p e r c e n t a g e i s s m a l l e r than t he p e r c e n t a g e r e p o r t e d fo r hot p r~3sed 

boron n i t r i d e (0 ,4? i n a high grade commercial m a t e r i a l ) -

Mi c r o s t r u c t u r e 

X-ray d i f f r a c t i o n r e s u l t s a r e shown in Table I I I . The m a t e r i a l 
o 

has a c r y s t a l l i t e s i z e L c = 150 A> an i n t e r l a y e r s p a c i n g d n o 2 = 

0 Op 
3-35 A, which i s close t o the t h e o r e t i c a l value of 3,33 A. These 

f indings con t ra s t with those of Li and Gebhardt ° who r epo r t t h a t , 

with o ther source gases such as BC5L- or 3-.N '-* CiL̂  and depos i t i on 

temperatures of 1100°C t o 1200°C, the depos i t s were e s s e n t i a l l y 

amorphous. Even for a 2000 C depos i t ion tempera ture , Li r e p o r t s 
0 

a d 0 0 2 3% g r e a t e r than t h e o r e t i c a l which wcuia be " 3.^3 A, con­
s ide rab ly above the r e s u l t s of t h i s study- Thus the use of BP- as 

12 



0 20 40 60 80 100 
HOURS 

DEPOSITION TIME 

120 140 160 

Fig. 3 Denstftatfon of BN felt as a function of 
deposition time. 



TABLE I I I 

Chemical Composition an<3 X-ray 

D i f f r a c t i o n C h a r a c t e r i s t i c s of BN Composites 

Chemical Composition fweight p e r c e n t ) 

B U3% Al 80 ppm 

0 0 - Tl 25 -

C 0.21S Cu 10 -

Na 250 Ppm Fe 25 -

Li 0 . 3 - Mg 25 -

K ifO - Si 250 -

Ca 160 -

r-ray diffracticr. '.3 sz^l-2) 
d 002 = 3 -35 X 

L = 150 1 



a source gas seems to produce deposits with low interlayer spacing 
even at low deposition temperatures, Figure k is a photomicro­
graph of a typical section of the composite. 

n hysical Properties 
Both Li and Gebhardt mention colors of the deposit varying 

from white to light yellow to brown; these colors were also noted 
in this study. They varied from run to run in a random way and 
could not be correlated with the deposition conditions. 

The boron nitride fiber has a density of 1-76 g/cm3 (h measure­
ments) as compared to a theoretical density of 2,25 g/cm . An 
average fiber diameter of 6*0 ym ± 5% (20 measurements) was ob­
tained by measuring on 800 X photomicrographs of the metallography 
samples-

Table IV shows the results of the pycnonetry and Quantimet 
studies- The Quantimet analyses of the felt prior to infiltration 
gives a fiber volume of 5?. As mentioned in the introduction, 
the role of the fiber is to act as a substrate for the deposition 
of the boron nitride matrix. The Quantimet was also used to measure 
the angle of each fiber with the surface of the sample (by measuring 
the area of each fiber cross section). Figure 5 pHots the fiber 
population as a function of the angle of the fiber to the surface 
of the felt. It also plots the fiber population of a truly random 
fiber array. The plot shows that the felt is not truly Isotropic 
and that the fibers tend to align themselves parallel to the 
surface-

T6 
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FIGURE 4. PHOTOMICROGRAPH OF 
BORON NITRIDE COMPOSITE 
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TABLE IV 

Pycnometry and Quantimet Analysis 
of BN Composite 

Fiber Volume 
{Quantimet) 

Apparent Bulk Density 
(Dimensions and Weight) p^ 

5* 

1.70 ± 0-03 g/cm 

Helium Displacement 
Dens i ty (Pycnometer) 

pHe (1) 1.81 i 0.02 g /cm 3 

Open P o r o s i t y (2) 
(Pycnometer) 6.OS 

T o t a l P o r o s i t y 
(Quant imet) 11.03 

True Densi ty P 
(Es t ima ted ) 1.90 K/cm 3 

(1) U samples tested 

(2) given by 100 •* H * B ) 
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Fig. 5 Fiber population as a function of the angle of 
the fibers to the surface of the BN felt. 



Table IV also gives the helium displacement density, the open 
porosity of the components as measured by pycnometry and the poro-

r 

s i t y measured by the Quantlmet. The porosity measured on the 

Quantimet (11$) includes both open and closed pores as well as 

delaminations between layers of BN matrix and i s thus higher than 

the poros i ty ca lcula ted from pycnometry ( 6 . 0 ? ) . Furthermore, op­

t i c a l contras t between f i b e r s , matrix and voids i s sometimes 

d i f f i c u l t to obtain and the porosi ty determination with the 

Quantimet i s subject to i n t e r p r e t s on. The porosi ty might be 

fur ther reduced by addi t iona l i n f i l t r a t i o n . 

The closed poros i ty of the composite (Impermeable to helium) 

as seen on the Quantimet screen i s estimated at 5?, Using t h i s 

value the t rue densi ty of the composite (matrix and f ibers ) from 

the measured helium densi ty i s estimated at 1.90 g/cm « This Is 

high cojr^ared to the density obtained by other inves t iga to r s 

using other source gases . With boron t r i ch lor ide> Li repor ts t rue 

dens i t i e s of - 1.35 g/cm 3 a t 1100°C and 1,12 g/cm 3 at 1200°C de-
l ? 13 

posi t ion temperature. Dungan and Gilbert J quote a t rue densi ty 

of - 1.5 g/cm with t r imethyl borate over a wide range of tempera­

ture and 1.6 g/cjrr* for BCJU at 1200°C, 
Mechanical Proper t ies 

Table V gives the sonic moduli of the BH composites. I t 

shows tha t the modulus in the d i rec t ion p a r a l l e l to the surface i s 

39* higher than in the d i rec t ion perpend! c-ular to the surface . 

This anlsotropy may be r e l a t e d to f iber n r i an ta t ion in the follow­

ing manner. 



The deposit ion o»" the BI-J matrix on the B.V f iber produces 

a sheath around each f iber with the basal planes (ab d i r ec t ion ) 

aligned f ^ a l l e l t o i t s long ax i s . Since the s t rength and 

modulus of the PBN in the ab plane i s considerably higher than 

in the c d i r ec t ion (Table I ) , i t follows that the higher 

s t rength and modulus o r i en ta t ions of the matrix wi l l be aligned 

w*th the f ibe r . 

Therefore, the high s trength and modulus of the r.iatrix in the 

d i rec t ion of the f iber mean the s t rength and modulus of the com­

pos i t e should be higher in the d i rec t ion p a r a l l e l t c the surface 

since the majority of the f ibers tend to be aligned in that 

d i rec t ion- The observed trend in the sonic modulus measurements 

(Table V) i s consis tent with t h i s f iber matrix or ien ta t ion 

e f f ec t . I t i s expected tha t the s t rength of the composite would 

have the same d i r e c t i o n a l dependence as the modulus. 

Thermal Proper t ies 

Table VI gives the thermal conductivity of the 311 composite 

at 300°C. 7D0°C and 1130°C. The conductivity measured in the 

d i rec t ion p a r a l l e l t o the surface i s 5^% higher than in the 

d i rec t ion perpendicular to i t . Table VII gives the l i nea r thermal 

expansion from 25°C to 600°C. The expansion measured in the 

d i rec t ion p a r a l l e l to the surface i s 10? lower than in the d i r ec t ion 

perpendicular to i t . 

As in the case of the sonic modulus, th i s anisotropy may be 

rea l t ed to fiber o r i e n t a t i o n s . The basal planes of pyro ly t ic BN 

(ab d i r ec t ion ) have a much higher thermal conductivity than the 
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TABLE V 

sites 

0.401 cm/psec 
0.315 — — 

25-56 GN/n2(3.71 " psi) 
15-77 — (2.28 K psi} 

(1) 4 measurements 

(2) c a l c u l a t e d by t he r e l a t i o n E = 93-5^ x V x p where E 
i s in GN/m > V in cm/psec and p in ^ / cn r ( d e n s i t y of 
samples was 1<70 g/cm ) . 

Sonic Modulus of Bft Cornpo 

Sonic Velocity (1) 

Sonic Kodulas (2) 

Direction 
Parallel to surface 
Perpendicular to surface 

Parallel to surface 
Perpendicular to surface 

22 



t+ J 

TABLE VI 

Thermal Conductivity of BN Composite 

T e s t i n g 
d i r e c t i o n 

(3 3 a r p l e s ) 

Test Average 

P a r a l l e l t o 
s u r f a c e 

300 

700 

11 .51 

13.05 

2130 12,60 

P e r p e n d i c u l a r 
t o s u r f a c e 

300 

700 

7 .21 

7.92 

1130 8.91 

Note: Estimated uncertainty 15 i J 



TABLE VII 
Thermal Expansion of BN Composite 

Testing Direction 

Parallel to surface 
Perpendicular to surface 

Test 
Temperature 

25-600 

25-600 

C o e f f i c i e n t of 
Thermal Expansion 

ppn °C 

6.4 

7 . 3 



out of plane (c direction} (Table I); the anisotropy ratio is more 
than 0̂ to 1. These basal planes are aligned parallel to the fiber 
axis and the highest conductivity will therefore be along the 
fiber- Since the majority of the fibers tend to be aligned 
parallel to the surface, it follows U' '"he highest conductivity 
should be higher parallel to the surfâ -. * lower perpendicular 
to it. The observed trend (Table vl) is consistent with this fiber 
matrix orientation effect, As might L expected, the thermal 
conductivity measurements of the composite in tither direction, 
fall between the measurements for pyrolyti^ BN-

Likewise, the basal planes (ab direction) have a much lower 
thermal expansion than the out of plane (c direction) (Table I); 
the anlsotropy ratio is 25 to 1, The lowest expansion will there­
fore be along the fiber and, in the composite, the lowest ex­
pansion vrlll be parallel to the surface and the highest perpen­
dicular to It. The observed trend (Table VIZ) is consistent with 
this fiber matrix orientation effect. 

The failure to achieve an isotropic material can be attri­
buted to the lack of isotropy of the fiber substrate. Since both 
mechanical and thermal properties appear to be related to fiber 
orientation, It may be assumed thatj if a truly random felt sub­
strate were used, a composite would be obtained with essentially 
isotropic mechanical and thermal properties -

SUMMARY 
Boron nitride (BN) composites have been prepared by the chem­

ical vapor deposition (CVD) of BN on a DN felt substrate. Boron 

25 



trlfluoride and ammonia were reactei at low pressure (30 to ^0 
Torr) and at temperatures of 1100°c to 1200°C. Under these 
conditions a deposit was obtained which exhibited a higher degree 
of crystallinity than deposits obtained with other CVD reactions. 
Denslfication of the felt was achieved with only a relatively 
snail anount of open residual porosity (62) and an apparent bulk 
density of 1.70 g/cm . The orientation of the fibers in the felt 
showed a certain degree of anisotropy with the fibers tending to 
align themselves parallel to the surface of the felt. This aniso-
tropy was reflected in the properties of the comoosite (sonic 
modulus, thermal conductivity, and thermal expansion). One may 
assume that, with a truly randon W felt, an essentially isotropic 
composite would be obtained. 
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