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Composites of boron nitride (BN) have been made by the cnemical

vapor deposition (CVD) of & BN matrlx on a BN {felt fiber substrate,.

Reactant gases were boron trifluoride and ammonia.

The composltes

had a relatively high density {1.7C g/:mBJ, a cigstalliite slze

r

Q

Lp = 150 A and an interlayer spacing dDDE =

o

3.35 A.

Measurements

of elastic madulus and thermal conductivity and expansion showed

some anisotropy as a result of the preferred flber orlentation of

the substrate,

.
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Roren nitrlde prepared by chemical vapor depositicn (CVD),
also kngwn as pyrolltic boron nitride (PBN), has been ©xtenslvely
Investlpated In the last few years. Due to 1its unusual structure
znd propercles, 1t has caused a great deal of sclentlific and

1 It 1s a ecrystalline material and, Iir

techrncloglical 1ntéerest.
its most common Torm and the one considered here, 1t is composed

of layers of hexagonal pseudo cells of alterratling atems of boron

i

-

and nitrogen with a basal plane lattice constant a = 2,504 i, a =2-
vond length = 1. LLE E and 2 spacing Letyeen layers dOOE = 2.330 E
{(Fig. 1),2 Such a erystal structure 1s very simllar to graphite
with the difference that, 1n boreon nitride, the hexagons are
stac#ed directly on topr of each cther whereas, in graphlte, the
carbon atoms 1n one layer lie over the midpeolint of the hexagons

‘n the lsyer immedlately above. The boriding energy between

iayers 1s low (reported at 4 kcalfmﬂle}3 and conslderably less

than tle boren to nitrogen bond strength (reported a 152 lct:alz"rrn::u]‘.ﬁ-).)’-I
This leads to a hlgh degree of anlsotropy in the preopertles of the
polyerysz=talline material as ashown In Tahle 115 “he differences 1n
thermal =xpanslon cause large {internal stresses that develop &urling
cooling which In turn lead to delaminatiens between the 2b planes.

A sinllar prablem of micrastruzture anisotropy 1s found in
pyrolytle carbon and has been suceessfully mitlmated by depositing
the carbon on & randomly oriented carbon f{iber substrate such as

felt., " Although the carbon deposlit on each flber is s5tlll anlso-

trople, the randomness of the substrate leadas ¢ 2 compoesite with
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ossentlally lsotrople macroscople characterdstlics., A slmllar ap-
nroach has been taken In thils study: boron nitride 1s chemlcally
7zpor deposited on a boron nitride felt with the Intent of obuainine

2 romposlte with Isotrople macroscople propertles.,

Jevelooment of Boron Nitrlde Felt

The technique of feltlng can provide an essentlally randomly

ariented fiber array and can be applied to boron rltride flbers,

15 was dernonstrated by the Carborurdum Co. under contract to

7

szndia Laboratories. Several felting methods were :ried. The

best was found Lo be 1} carding the boron nltride roving, 2) farmini
hé web 1n a Tappl machine by means of a water slurry, 3) mechanl-
cz2)lly needling the wWebs. The felt obtained in thls mamnner had an

3

zverage bulk density of 0.04 to 0.05 g/ecm”, was unlform in appear-

zn2e, could be handled wlthout damage and was suitable lor Inflitre-
Tion.
The flbers used In these felts were produced by a commerclal

crocess Dy rnitriding a brron oxide fliter precursnr.a Thelr nro-

rertlies are summarized .n Table II.g

Chemlcal Vapor Deposition of Boreon Nitride

Various chemical reactlons have been used to depos.t Loron

nitpride, The major ones are:

1. Thermal decomposltion of trilchloroborazole (53H3813H3)1'10

2. Reactlon of trimethyl borate (E{GCH3)3) and ammonia (HH3)11

3. Reactlion of boron trichloride {ECEB) and ammonia (NH3)113!13
These reactlons were studled extensively by Dungan and Gllbert at

Sandila Lahnraturien.13 Thelr study showed that trichloroborazegle
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Properties of Boron Hitride rFibers

Fiber Diameter
Apparent Density
Theoretical Density
Coiar:

Tensile Strength
Modulus of Elgsticlty

Elongatlon

9

5-7 um

1.8-2.0 gfcmB
2.25 gfcm3
white

510-1360 ¥N/m°
up te 83 GH/mE

2-3%



wouic not be satlsfactory for a bulk deposlt due to the low deposi-
tion rate and the very high cost of the material. The trirethyl-
porate and ammonla reactlon produces a low density deposlt In cthe
range of 1.2 to 1.5 g/cm3 even at 1700°C depositlon temperature.
Secause of the low densities, the strength of the material 1is rnol
high and thls system was ruled out.,

Dungan and Gllbert found that the boron trichloride/ammoni.
reaction produces geposits with densltles of 1.5 gfcmB 2t 13DDDC
deposition temperature increasing to 2.0 gicma at 1600°C. However,
at these temperatures, solid lntermediates are formed 1In the vapcr
bhase which interfere with infiltratlon within the felt. This ob-
servatlion was also reported by Gebhardt.lﬂ

Yet another potentia. source of boron nitrlde comes [rom the

reaction of boron trifluoride and arnmnnia.l3
+ N + BN + 3HF
BF3 H3 3
Boron trilluoria e stable thermodvnamically than boreon tri-

chloride and it 1. iikely that the number of subsldlary reactions
and vhe formation of intermediate products are fewer. These con-

s*derations 1l=d to the choice of EF3 as a source of boron,
EXPERIMENTAL PROCEDURE

CVD Process

The CVD apparatus 1s shown schematlceally in rig. 2. Heat was
supplied by a 50 KW, 3300 eycle Iinduction generiator and a cyllindri-
cal graphlte susceptor. Temperature was monltored wlth a CLype 5

thermocouple (Pt + Pt, 10% Ph) located in the center of the infill-
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tratlon zone. The low pressure was o¢obtalned with a two stage water
jet vacuum pump with an ultimate wvacuum capabllity of less than 1
Torr. Amaonia and boron trilluoride were supnliad f'rom standard
pressurlzed eylinders and metered through mass flowmeters. The
gases were nreheaved and mixed in a coaxial nozzle,

A block of felt measuring 5 x 2.5 x 1 c¢m was placed wlth the
long axls vertically inslde the graphlte susceptor. The infll-
tratlon %4hen proceeded as follows: 1) Tenrerature was stabilized
under vacuum, ¢) The requlred gas low was metered in, 3) and the
cressure was stabllized, It was foura that, alter € to 8 hLours
of operatlion, a large quantity of sol:d inftermedlate would laorm
conslsting mostly of ammonlum chloride, wnich would clog the ex-
nzust lire, It was, therefore, necessary to shut dowr, clean the
furnace and start again several times durlng Inflltration of the

feltr,

Parametric Study

Two deposition temperatures vere investlgated: 1100°C and
1200°C, ‘These were automatleally  atrolled te % 1Q C. On the
basis of Dungan’'s wnrkla, it was expected that the deposlition rate
would be too low belrw 1100°C. Temperatures much above IEUGGC
on the other hand were expected to result 1n tco high a deposition
rate and a tendency to denoslt nmostl:: on th2 outside portion cf tre
felt and crust nver.lu’13

Pressure was maintained between 30 and 40 Torr. The selectioen

of thls prescure level was based on the results obtained by Dungan13'

10



A halanced reactlion would raqulre an essentially equal {low
» .+2& of the two preactants. The Tlows were arbltrarily fixed at
300 cm3fmin of ammoniz anad 230 cmafmin ¢l boron trifluorlde, thereby,
using an excess of ammenla to insure that most, 1f not all, of the
boron trifluorlide was reacted.

The duration of the Infliltration experiments was usually over

100 hours to obtain satlsfactory densification of the felt,

Materlal Characterlistics

The properties of the boron nltrlide fibers znd the 1nTiltrated
material were measured to determine the degree of anisoctropy of
the composlte and compare 1t tc bulk PBN,

Flber 1density was determined by zcetone displacement. Bulk
density of the composite was determined by dimensional and welgit
measurements on machined samples. Porosity of machined samples
of the composite was measured 1n a helium pycnometer {(Beckmzn
Instruments Model 130) and both true and apparent volumes and
densitles werc recorded.

Metallogrephlec examination was accomplished wlth a 3ausch znd
Lomb Research Metallograph ecuipped wlth a xenon light source.

Each sample, Including samplss of uninfiltrated felt, was erncap-
sulated in epoxy and pollshed with sl12lcon carblde to 600 grit
followed by diamond paste. Some samples were then cathodieazlly
etched with argon. Thils treatment etched the flbers at a different
rate than the matrix, thereby 1lncreasing visual contrast. The
samples were then examlined -ith an 1mage analyzlng computer (Quanti-

met, Metals Research Ltd.). This instrument 1s capable of discrim

1



inrating optically between filber, matrix anc vold and, thus, es-
tablishes flber volume content, total prooslty and pore size
distribution.

i-ray diffraction data were obtalned from Tlat nlate samples
with a General Electrlc XRD-6 diffractometer using Ni-filtered Cu Ka
radiation, The interlay=er spacing d002 and apparent crystaliite
size Lc were obtalned from the posltion a2ad wildkth of the {(002) peak.

The thermal dliffuslvity was measured by the laser flash tech-
nique.l14 The thermal conductivity wag ealculated from the élffus-
ivity by the relatlion.

a = KprP

where @ 1s the thermal diffusivity, K the thermal conductivity, p
the bulk density and Cp the specific heaﬁ.ﬁ The conduetlvlty was
determined in the dlirectlon parallel to the surface of the CVD
felt plate and the directlon perpendicular to the surface,

The linegr thermal expanslon was measured wlth a Brinkman
dllatometer 1n the range of D-EDDDC, in the dlrections parallel
and perpendlcular to the surface of the plate.

The sonliec modulus at room temperature was obtalned by standard
ultrasonic through transmisslion by measurlng the delay tlme of the
dltrasonlec wave to travel r'rom one face of the sample to the other
using two 1/4" diameter 5 MYz transducers. Measurements were made
parallel and perpendlcular to the surface of the plate. The sonlc

modulus was calculated from the delay tlime by tne relation

nvz

it

E

whe:2 E is the sonle modulus, p is the denslty and V the sonice

veloclty.
12



RESULTS AND DISCUSSION

“atrlx Deposition

Under the condltlons uscsed 1in thls study, a de--=, low poreosity
composlte was obtalned. The denslficatlon of the felt ws. tvime 1s
plotted in Fig, 3. Density 1ncreases rapldly at first then levels
off as the gilze of the open pores decrease and an increasing amount
of pores becomes closed. The densliticatlon 1~ alsc a funetlon of
the thlckness of the felt. A felt of less than 0.25 cm thick was
inflltrated to a density of 1.75 g!cm3 in 16 hours, while 1t took
15C¢ hours to reach the same density with a 1 em thicr Celt.

The che~ical) analysls of the compesite 1s shown 1n Taole III.
it 1s essentlially stoichlometrie boron nitride (stoichiometry 1s
43.55% bporon). The presence of carbon (0.21%) is probably due to
Tedaction of the source gas with tne greohlte susceptor. Thls
percentage 1s smalle:s than the percentage reparted for heot pr-ssed

boron nitride (0.4% in a high grade commerclal materiallﬁ}.

Microstructure

X-ray diffraction results are shown in Table III. The materlal

0
has a crystallite size L, = 150 A, an interlayer spacing djg,,
0

0
3.35 A4, which 15 close to the theoretical value of 3.33 A.E These

2 10

and Gebhardt #ho repor»t thart,

findings contrast with those of Li?

#ith other source gases such as ECla or EEHBHEClF and deposition

temperatures of 1100°C to lEGDGC, the deposlts were essentlally

amorrhous, Even for a 2000°C deposition temperature, L1 reports
0

a dy5, 3% greater than Sheoretical which would de 7 2,483 A, con-

siderably abgve the results of thls study. Thus the use gf EF3 as

13
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"TABLE IIT

Chemlcal Composition and X-ray

Diffraction Characteristlcs ol BN Composites

Chemical Conposltion (welght percent)

B £3% Al 8¢ ppm
¢ o - T1 25 =

C 0.21% Cu 10 -
Na 250 ppm Fe 2H -
L1 0.3 - Mg 25 -

K 4o - 51 250 -~
Ca 160 -

Y-ray giffracticr {2 szmplcz)
dgo> = 3-35 K
O
L =150 &

13



a source gas seems to produce deposits with low interlayer spacing
even at low deposition temperatures. Filgure 4 is a photomlcre-

graph of a typical sectlon of the composite.

Physical Propertles

Both Lilz and Gehhardtlﬂ mentlon colors of the deposit varylng

from whilte to light yellow to brown; these colors were also noted
in thls study. They varled from run to run in a random way and
cculd not be correlated with the denesitlon condlitions.

The boron nitride flber has a density of 1.76 g/cm3 (4 measure-
ments) as compared to a theoretlcal density of 2.25 gfcmB. An
average fiber diameter of 6.0 um *+ 5% (20 measurements) was ob-
tained by measuring on 800 X pheotomicrographs of the metallography
samples.

Table IV shows the results of the pycnometry and Quantimet
studles. The Quantlmet analyses of the felt prior to Infiltratlon
glves a fiher volume of 5%. As mentloned ir the introduction,
the role of the fibher 1s to act as a substrate for the deposltilon
of the poron nitride matrix. The Quantlimet was also used to measure
the angle of each fiber with the surface of the sample (by measurlng
the area of each fiber cross section). Figure 5§ plots the filber
population as a function of the angle of the flber to the surface
of the felt. It also plots the fiber population of a truly random
fiber array. The plot shaows that the felt 1s not truly lsotroplc
and that the flbers tend to align themselves parallel to the
16

surface.

16



l —

100um

FICURE 4, PHOTOMICROGRAPH QOF
BORON NITRIDE COMPOSITE

V7



18

TABLE TV

Pycnometry and Quantimet Analysis

ol BN Composite

sJlber Volume

{Quantimet) 59
Apparent Bulk Denslty 3
(Dimensions and Welght) py 1.7¢ = 0.03 g/cm

Helium Displacement Pro

Density (Pycnometer) {1) 1.B1 = p.o2 gfcm3
Cven Porosity (2)

(Pycnometer) 6.0%

Total Poroslty

(Quantimet} 11.0%

True Denslty p
(Estimated)

1.80 H/cmE

(1) 4 samples tested

PHe™Pn)

(2) given by 100 (

nHe
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Table IV alsgo gives the hellum disvlacement denslty, the open
rorosity of the components as measured by pycnometry and the poro-
slty measured by the Quantimet. rThe porosity measured on the
Quantimet (11%) includes both open and closed pores as well as
delaminatlions between layers of BN matrix and 1s thus higher than
the porosity calculated from pycneometry (6.0%). Furthermore, op-
tical contrast between f*hers, matrix and voids 1iIs sometimes
difficult to obtain and the porosity determination with the
Quantimetr 15 subject to interprets: on. The porosity might be
further reduced ty additional infliuvration.

The closed porosity of the composite {impermeable to helium)
as seen on the Quantimet screen 1s estimated at 5%. Using this
value the true density of the composlte (matrix and flters} {ram
the measured hellum density 1s estlimated zt 1.90 g/Ema. This 1s
high compared to the density obtalned by other investlgators
uslng other source gases. With boron trichlorlde, bl reports true

3

denslties of - 1.35 gfcm3 at 11009¢ ana 1.42 g/em™ at 1200°¢ de-

position temperature.12 Dungan and Gilbertl3

qupnte a true density
of - 1.5 gfcm3 with trimethyl berate over a wlde range of tempera-

cure and 1.6 g/cmS for BCL, at 1200°¢C.

Mechanical Propertles

Table V¥V gives the sonic modull pf the BN composites. It
SHOWS th;t the modulus in the directlon parallel to the surflace 1s
39% higher than in the direction perpendlzular to the surface.
This anisotropy may be related to flber onrizntation in the follow-

ing manner.

20
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The depnsition o the BN matrlix on the BN lter produces
a sheath around each flher with tne basal planes (ab directlon)
aligned v rallel 4o 1ts long axils. Since the strength and
modulus of the PBN 1n the ab plane 1s conslderably higher than
in the ¢ dlrection (Table I}, 1t follows that the higher
strength and meodulus orlentations of the matrix will be allgned
with the flbher.

Therefore, the hlgh strength and rmodulus of the aatrlix 1In the
direction of the flber mean the strerngth and modulus of the com-
posite should be hlegher In the dlrec.lon parallel ©¢ ke surfzace
since the majarity of the fihers tend to e allgned In that
direction. The observed trend in the sonic modulus measurements
(Table V) 1s consistent with this fiber matrix orientatlon
elfect. It is expected that the strength of the compesite would

have the same dlrectional dependence as the modulus.

Thermal Propertlies

Table VI gives the thermal conductlvity of the BN composite
at 3DD°C, 700°C and 113000. The conductivilty measured in the
direction parallel to the surface is 543 higher than in the
direction perpendicular to it, Table VII glves the llnear thiermal

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

direction parallel to the surface 1s 10f lewer than in the directlon

perpendicular to 1it.

As 1n the case of the scnle modulus, this anlsotropy may he
realted to Tiber oricntations. The basal planes of pyrolytic BN

(ab directlion) have a much higher thermal cenductivity than the

21



Sonic velncity{l)

(2)

Sonic ¥odulaus

TABLE V¥

Sonie Modulus of BN Composites

Direaztion
Parallel to surfzace

FPerpendicular to surface

Parallel to surface

Perpendicular to surface

(1) 4 measurements

(2) calculated by the relatlon E = 33.05 x UE

Q,40)1 cm/uzec

0.315 ~- ==

25.56 GN/m°(3.71 ¥ psi)

15.77 -- (2.28 K psl)

x p where E

is 1n GH/mE, ¥V in em/psece and p in g!ema (density of

samples was 1.70 g/cm

22
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r4BLE VI

Thermal Conductlivity of BN Composite

Testing Test Average
directlon Tamner3avire Mhaywemes] I R S R
(3 aarples) “C “/me
Parallel to 300 12.591
surface
700 13,05
2130 iz.,60
|
Perpendicular 31Q 7.21
to surface
700 7.92
1230 8.91 ’

Note: Estimated uncertainty 15 = ¥



TABLE VII

Thermal Expansion of BN Composite

24

Test Coelficient of
Testing Direction Temperature The~mal zxpanslon
_ _ppn °C
Parallel to surface 25-600 6.4
Perpendlicular tu surface 25-600 7.3




out of plane (¢ dlrectlon} {(Table I); the anlsotropy ratloc 1s more

than 40 to 1. These basal planes are allgned parallel to the flber

axis ard the hlghest conductlivity wlll therefore be along the
floer. BSlnce the majJority of the ribers tend to be allgned
parallel t¢ the surface, it follows ttr- “tie highest conductivity

sahould be higher parallel to the surfa... 2 - lower perpendicular

to it. 'The okserved trend (Table VI) 1s conslistent with thils fiber

matrix orlentation effect. As mlight ¢  expected, the thermal
canductivity measuréments of the composlte in c¢ither directlon,
fali between the measurements for pyrolytie BN.

Likewlse, the basal planes {(ab directlon) have a2 muchk lower
ttermal expansion than the out of plane {c¢ direction) (Table I)};
the anisotreopy ratlio 13 25 tp 1. The lowest expansion will there-
fore be along the flber and, in the composite, the lowest ex-
panslon w11l be parallel to the surface and the hlghe~t perpen-
dicular to 1t. The observed trend (Table VII} 1s consistent wlth
this fiber matrlx orientation effect.

The fajilure to achleve an i1sotroplc material can be attri-
buted to the lack of isotropy of the f{iber substrate. Since both
mechanical and thermal propertles appear to be related to fiber
orientation, it may be aszumed that, il a trnly random Jelt sub-
strate were used, a composlte would be obtalined with essentlally

1satroplc mechanlceal &nd thermal propertles.

S UMMARY

Boron nitricde (BN) corposites hzve been prepared by the chem-

1ecal vapor depositlon (CVD) of BN on a BN lelt substrate., Doron

23



trifluorlde and ammonla were reactei at low pressure (30 to 40
Torr) and at temperatures of 1100% to 1200°cC. Under these
conditlons a deposit was nbtaineﬁ whirh exhlblted a nigher degree
of crystallinity than deposits obtained with other CVD reactions.
Densification of the felt was achieved wilth only a relatively
small amount of open residual porosity (6%2) and an apparent bulk
density of 1.70 gfcma. The orientation of the fibers in the felt
showed a certailn degree of anlsotropy with the fibers tendlng %o
align themselves parallel to the gurface of the felt. Thils anlso-
tropy was reflected in the properties of the composlte (sonlc
modulus, thermal conductivity, and thermal expansion). One may

assume tnat, wlth a truly random BN felt, an essentlally isotrepic

composite would be obtained.

24
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