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RESEARCH LABORATORIES FOR THE ENGINEERING SCIENCES

Members of the facu lty who teach at the undergraduate and graduate levels and a number of
profess iona l engineers and scientists whose primary activity is research generate and conduct the
investigat ions that make up the school’ s researc h program. The School of Engineering and A pplied Science
of the University of Virginia believes that research goes hand in hand with teaching. Early in the
development of its graduate training program, the School recognized that men and women engaged in
research should be as free as possible of the administrative duties involved in sponsored research. In 1959,
therefore , the Research Laboratories for the Eng ineering Sciences (RLES) was established and assigned the
administrative responsibility for such research within the School.

The director of RLES—himse lf a faculty member and researcher—maintains familiarity with the
support requirements of the research under way. He is aided by an Academic Advisory Committee made up
of a faculty representative from each academic department of the School. This Committee serves to inform
RLES of the needs and perspectives of the research program.

In addition to administrative support , RLES is charged with providing certain technical assistance. I
Because it is not practical for each department to become self-sufficient in all phases of the supporting
tec hnology essential to present-day research , RLES makes services available through the following support
groups: Machine Shop. Instrumentation, Facilities Services , Publications (including photographic facilities) ,
and Computer Terminal Maintenance.
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In troduc tion and Background

I Boron filaments are perhaps one of the most technolog ica l ly

imDortant developments in the materials industry in many years .

The hi gh specific strength and modulus of this  material  makes i t

I ideal as a reinforcement for organic and metal matrix composites.

Many applications for the material can be envisioned , however ,

I there has been a certain reluctance by desi gners and manufac turers

to u t i l i z e  boron composi te mater ials  pr imar i ly  because of their

I hi gh cost. There are limited apolicatiors today , particularly in

the aerospace industry ,  where boron composites are cost effective .

In the lar ge par t however they have been excluded from incorpora tion

I into specific hardware items because of the stigma of high cost .

Conventional materials are then used without long-range considera-

I tions of cos t savings due to improved performance and service lif e .

Several factors can be cited which would reduce the cost of

the filaments and hence the ultimate composite cost, the primary

one of which is volume . But it is difficult to create a volume

market  wi tho ut f i r s t  reducing the price to a cos t compet i t ive

level. Based on this premise , a secondary fac tor  to reduce the

cost of th e f i l amen t  is to increase produ ction speeds. I t  is

ohysically possible to increase production soeeds of boron filaments

by 2-3 times using existing manufacturing equipment and techniques;

however , the f i l amen t ob tained is of i n f e r i o r  qual i ty hav ing ,

generally , a low tensile strength makinq it unacceptable for

existing composite specifications. The reason for the low tensile

— t
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I
strength has been at tributed to an internal defec t called the

“crack t ip ” mode of f a i l u r e  and is believed to be related to

an undesirable residual stress distribution in the boron filament

(Figure  1) . This is based on the f a c t  that  the low tensi le

streng th is occasionally accompanied by spontaneous splitt ing

of the filament . Consequently , if one could understand the

residual stress dis t r ibut ion in boron f i laments, its relation-

shi p to f rac ture  of the f i l aments , and what factors influence

it, then it mi gh t be possible to determine techniaues to al ter

the residual  stress pa t te rn  to a more favorable configurat ion .

This would lead to fa ster production speeds and considerably

lower cost boron filament.

Several limited studies have been conducted on residual

1,2,3,4,5
stresses in boron filaments . The essence of these

studies was to determine the configuration , magnitude and apparen t

cau ses of the st resses in the f i l aments. Virtual ly nothing has

been done to relate specif ic process cond itions or f undamental

material properties to unfavorable stress distributions . Un—

fo r tuna tely , this  area of research was igno red wh en accelera ted

ernohasis was placed on fabricating and study in g the f i l amen t in

composites. The res ilts of the above studies were all basically

in agreement showing the outer surface layers being in residual

compre ssion , the layers of boron next to the tungsten boridc

core bein g in res idual  tension and the core i t se l f  being in

residual compression . Figure 2 is a schem atic d iagram dep ic t ing

the typ ical  residual  stress conf i guration in the boron layer for

a filame nt ‘roduced on a carbon substrate. The magnitudes for

______________ I 
— —  —-- — — —
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I
the residual  stresses in this  f i gure were determined by two

d i f f e rent techniques and gave remarkable agreement . In general ,

the repor ted magnitudes fo r  the stresses vary depending on th e

techniques used for  measurement , however , all are wi th in  reasonable

agreemen t .

The primary causes of the residual stresses were attributed

to: thermal expansion mismatch between de’osited boron and the

boride core ; volume expansion within the core due to diffusion

and reaction to form borides ; quenching in the mercury electrode

at the exi c~ end of the reactor ; and elongation in the boron dur ing

deposition . Both boron filaments produced on tungsten and carbon

substrates contain residual stresses , however , f i lament produced

on carbon do not appear to g ive as hi gh values as boron on tungsten.

This is p robably due to the fac t that  there is no d i f f u s i on and

reaction and hence volume expansion in the core region el imina ting

th is  cause.

Of the aforementioned contributors to the residual stresses

in boro n f i laments , it is felt that boron elongation during de-

pos it ion is perhaps the predominant cau se of un favo rab l e  res idu al

stress patterns when atttempting to increase production soeed.

Tall ey 7 f i r s t  detected the phenomena when he noted that boron

deposited on a tungsten substrate elongated by 1005. More recently

other investigators
8’9 have conducted a broader study of the

e f f e c t whi l e  at temp ting to deposi t bo ron on car bon monofi larn e n t

substrate. It was observed that the boron elongated sufficiently

to break the carbon substrate . This is (tue to the fact that the

boron layer formed a sufficiently strong bond with the carbon

substrate and the elongation during deposition exceeded the strain

____  I - - ~~~~~ - - -
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I
to failure of the non—elongating carbon monofilament , causing

fracture . Fracture of the carbon substrate created local electricai.

discon t inu ities and hence hot spots which gave r ise to c r y s t a l l i n e

boron of very low tensile strength.

.•leasurements showed that boron elongation was primarily

dependent on deposition temperature being the greatest for the

low temperature end of the deposition range (i.e. approximately

2.5% elongation at 1000°C versus 1% elongation at 1200-1300°C

at a diameter of 2 mils) . Other factors such as reactant gas

composition , selected impurity additives or tension of the sub-

strate appeared to have little or no effect. A technique was

devised to circumvent this phenomenon by pre-depositing a thin

layer of pyroly tic graphite which did not bond with the carbon

monofilarnent thereby allowing the boron to slide and rearrange

dur ing  e longa t ion .

Boron elongation , in general , is one of the leas t unders tood

funda men tal proper t ies  of the ma ter ia l .  It is cer ta inly  a prime

contributor to the residual stress distribution in the as produced

filament and this stress distribution has a strong beari ng on

t ens i le  and transverse streng ths (s ol i tting )

Along  these same lines , observations have been made by

Soviet ~cientists
10 ’11’12 which may also be strong ly rela ted

to elonjation and residual stresses in boron filaments . These

studies showed that annealing the filaments at approximately

300°C for short tir~os increased the t ens i l e  streng th by 12 % .

This increase was accompanied by a decrease in flexural strength

which was not unders tood. Of interest is the fact that the

- --. -—______________ 
— —
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I
material displays an internal friction peak (a relaxation

maximum ) at approximately the same temperature. ?lso , it

was no ted that there is anomalous behavior  in the thermal

expansion characteristics and in resistance in the filaments

in this same tempera ture reg ion. These observations along

with boron elongation may be influenced by or related to the

anel astic behavior disp layed by boron f i laments  and recently

described by DiCarlo13. Some evidence in the present program

suggests that there is a relationship. All of these appear

to be fundamental phenomena which are probably controlled by

a structural rearrangement in the material and have a possible

rela tionshi p with the elongation and residual stress phenomena.

The steps taken to minimize the influence of boron elonga-

tion on carbon substrate were really circumventing or ignoring

the basic problem in order to achieve a viable product. The

procedure to pre-deposit the PG layer while successful has its

limitations and adds to the cost of producing the filament .

This emphasizes the puroose of the proposed work that if we can

un ders tand the fundamen tal property of elongat ion and henc e

res idual  stresses in boron then the re may be cer t ain measures

one can take to eliminate or control it.

The pr imary  ob jective of thi s investigation is to perform

a fundamen tal s tudy on elonga tion in boron produced by chemical

va oor deposition in an attempt to unders tand the basic na tua r e of

this phenomenon. It is then planned to determine what factors

influence boron elongation and how it is related to the elastic

prope rt ies and the ul tima te res idual stress dis tr ibu tion in as
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( produced boron filaments. Using these results it will be

possible  to invest igate techniques to minimize the elongation

which wi l l  poss ibly lead to f aster f i l amen t produc tion speeds

and lower cost f i l amen t .

Experimental  Procedure

A typical boron production reactor is schemat ica l ly shown

in Fi gure 3. The reaction to form boron filaments is carried

out by the hydrogen reduction of boron trichioride in the manner

described by the equat ion

heat
25C1 + 3H -

~ 2B + 6HC1.
3 2

The substrate wire, typica l ly  13 micron t ungs t en , or 36 micron

carbon is pul led  th rough  the chamber by a subs t ra te  t akeup

moto r and is heated e lec t r ica l ly  to the des i red  t empera tu re

(1000 — 1300°C) . Mercury serves as electrical contacts as well

as gas seals in the chamb er .  A mix ture of the reactan t gas

is passed th rough the deposi t ion ch amber at pos itive pressu re

where it con tacts the heated subs tra te wire and deposi ts boron .

Also shown in this f i g u r e  is the tempera tur e p r o f i l e  assumed

by boron f i l ament on tungs ten whi le  i t is being produced . Th e

highest temperature along tho profile is called the deposition

or “ho t spot” temperature and is normally locatod jus t a few

inches below the entrance end of the reactor. The temperature

at the exi t end of the reactor is 200—300°C lower than at the

“hot sno t” and is due to a resistance decrease in the filament

as the diameter increases (current t 3  maintained constant through
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a filament during production) . Hence one can see that “norm a l ”

as produced boron (on tungsten) filaments are cleoosited over a

rather severe temperature gradient which considering the con-

tr ibut ion of boron elonga tion leads to a complicated r esidual

stress situation .

In sp ite of the apparen t undesi rabi l ity of the tempera ture

p r o f i l e , it is this profile that has produced the highest quality

filamen t. Speeding the process up be creating a uniform tern-

pera tuare p ro f i l e  in the reactor by means of aux i l i a ry  VHF .

heating or by other techniques (of a propr ietary na ture ) have

lead to poor qual ity f i l ament that predom ina tely f a i l  as a

result of the charac teristic “crack tip” mode of f a i l ure , rep-

resentative of abnormal residual stresses.

Th e program being conduc ted at UVa is to produce boro n

filament, by chemical vapor deposition using a static reactor.

Usi ng th is type reac tor wi l l  elim inate many of the var iab les

encoun tered in a con tinuous proces s and al low much grea ter

control over growth of the filament and consequently greater

ease of obse rva t ion and recording of th e grow th and elongation

proces s . A very important factor using this type reactor will

be the ab i l ity to achieve and main tain  a un i f o r m  tempe rature

along the leng th of the f i l ament dur in g boron growth .

Elongation measurements are made using the device constructed

du r i n g the pro gram and shown schem at ical ly  in Fiqure 4 .  The

basic concept is one of a chance in inductance of a coil located

in a hrjj-~o circuit. A small steel rod is attached to the sub-

strate m d  positioned in the coil. The meter is then set at

- I  ~~ - -  . - -~~ 
— -  

- -



I

zero by a balanc ing  r e s i s to r .  As the f i l ament elonga te s dur ing

growth , r ead ings can be taken  f rom the ~et-a r or traced b~: a

recorder for a permanent record. The substrate is heated resistively

by a DC power supoly and the temperature measured by a :~till etron

Ratioscope .

Subs tra tes used to date in this  study have include d tungsten

of diameters  5 , 13 , 18, 33 38 and .13 microns and carbon of 36

microns in diameter. The carbon substrate was coated with a

thin layer (aeproximately 1 i i )  of p~ rol~ t ic graphite to r~inimize

“l i gh t bulb ing ” .

Primary deposition variables investicated have been deposition

tempera ture, f i lament tension , subs tr a t e  d i~ meter and doping

(impurity addition) .

In addition to elongation measurements the filament s were

subjected to a series of characterization experiments to define

structural and microstructural ohenomer.a. A Philips 400 analytical

electron microscope was used to obtain electron microeraphs and

e lectron dif f r a c t i o n  pa tterns from inner  an d outer por tion s of

the filaments. Filaments subjected to electron micrcscot.~: were

appropriately thinned (either from the outer surface to the inner

surface or vice versa) using an ion micrornilling instrumc~ t

(Commonweal th Scien ti f i c  Model II I ) .

Exnc’riments to measure the anelastic effect in the filaments

were made us ing the previously  described elongation measurement

device while heating to various temperatures in a hydroc;on, h e l i u m

nitrogen and argon atrnospher~�s.

_______



Re~ ul ts an d Di scussion

The ini tial CVD expe r imen ts we re designed to generate data

to define a model for elongation in boron filaments. Initial

emphas is was on using tung sten subs t ra tes  of var io us sizes . The

res ults of these experiments are shown in Figure 5. It was noted

th at wi th the lar ge tungsten subs trates , the elongation was li near

wi th  time ; whereas  the smal ler the diameter  of the su bst rate , the

greater was the deviation from linearity.

The shape of the se curves can be explai ned by the grow th

mechanism of boron on tu ngs ten f i l a m e n t .  Dur ing growth of the

boron f i l aments , a boron sheath is formed around the tunes ten

subs tra te and simul taneously boron d i f f uses into the wi re. It

has been shown tha t d i f f e rent  t ungs ten bor ides ar e formed in the

core due to this boron diffusion (i.e. W2B , -SWB , W2B5, U04)

The r ap id increase in length , for the smaller diameter tungsten

substrates (up to l 0~~) si g n i f i e d  the bon di ng of the tung sten ,

whereby diffusion and reaction is such that all of the tungsten

is depleted resulting in only tungsten borides in the core . This

leads to a rather large volume change  (a p p r o x i m a t e ly  30~~) in the

core region which  is par tial ly  tran sm i t t ed  a x i a l l y  wi thi n th e

f i l ame nt leadi ng to the  large elonga tions obs e rved in f i l amen ts

produced on small diameter tungsten substrates. This imp lies

that the 1eno~~itcJ boron must undergo considerable deformation

to acco:-~mociate L:i~~ large  s t r a i n s  imparted to it. AL least part

of t h i s  lef  -~~ct ion has been renorte’J to be anolastic
13 an d is

r e c o v e r a bie .  Ex~~e r ir n e n L~ were  at t e r nut e d  to d e t e r m i n e  if  t h e
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f i l aments  undergo plastic deformation under application of

tensile forces at elevated temperature (anpro:•:imately 1000°C)

in an argon envi ronment .  All tests resul ted  in prem atu re f a il ure

of the boron filaments without any evidence of plastic yie:dire~

as previous reported
14
.

The large diameter sub strate samples shown in Figure 5

have a considerable amoun t unreac ted tungsten remaining in the

core which constrains the axial expansion . This leads to muc ’n

lowe r elonga tions (~ 2 % )  bu t in general a more hi ghly  stressed

(b r i t t l e)  and weaker f ilament.

In general , elonga tion measuremen ts on the tungs ten substrates

are meaningless when considering boron elonga tion alone . The

expanding core domina tes , distorting the results. Consequently,

this makes it virtually impossible to def ine  an elongation model

per Se. These are real data though , in a real system and when

combined with anelastic effects in boron lead to a very complex

in ternal  stress si tuation in the f i l amen t .

To obtai n the most mea ning f u l  data on boron elongatien , the

i n f l u ence f rom the substrate must be m i n i m i z e d .  This can be mos t

closely accomplished by us ing a carbon subs trate  in which  there

is no d i f f usion and react ion in the cor e . Figur e 6 shows some

data taken us ing a car bon monof i l ament  subs trate  (P G coated)

under static conditions in a production reactor. Of interest

here is th e lower ul timate elon gat ion than eviden t in the  us e

with the tungsten substrate . This is expected since there is

no volume expansion in the core. Also the higher  deposi t ion

tempera tur e sampl es elon ga te less and do no t have the pronounced

a ______ -~ ______________ — 
— — 
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di~ in the curve that  the 1200°C samples have . That the hi gher

deposition temperatures produce filame ntsthat elongate less is

a fact already reported by Nehalso and Diefendorf . (The substrate

used in earlier exoeriments and used in oresent oroduction have

a d i f f e r e n t teerma l his tory  wh ich may i n f l uence any comparisons

of data. )

The dip in the lower temperature samples occurs as a result

of “ l i gh t bulbing ” or fracture of the carbon substrate . The more

this  occurs the less cons tra in t  the carbon core has on the elonga ting

boron and the greater the recorded elongation . Typically the amount

of elonga tion at 12 50°C was approxima tely 3.5~ in 30 seconds

(filament diameter approximately l3Ou ). In filament produced
0

at lower temperature (1200 C) and which exhibited ‘light bul bing ”

elongation extended to above 4.5%. Use of deposition temperatures

lower than l2000C led to p r o f u s e  “ l i g ht bulbi ng ” which tended to

dis tort elongation measureme nts.

Th e carbon monof i l ament subs trate used in these stud ies is

ro ut i n e l y  hea r t rea ted to above 2000°C pri or to its usage. Thi s

le~ (t s to lower creep in the s u b s t r a t e  than  p r ev ious ly  r eoorted 8 .

Apply ing a load of 12gm (15 ,000 osi) and heating the substrate

to deposition temperature (1250 °C) produced only 0.1GT. elonqation .

Substrate used in the previous studies exhibited approximatel y

3~ creen with ~ tension of 30 ,000 psi applied aL deposition tern—

nerature.

F i g u r e  7 gives additional data obtained on carbon substrate .

The upper  curve  is e l o n g a t i o n  da t a  p roduced  on s u b s t rat e  t h a t  had

been pr e st r e s s e d  ( i n  the creep s t u d i e s)  anu t hen  used fo r  depos i t ion
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of boron w h i l e  s u b j e cted to a g rea ter load (app ro x i m a t e l y  10 t imes)

It can be- seen thet tension does anpear to have an influence

on the iilament elongation (comnare with the other curves) . No

no ticeable “ l i ght bulbing ” occurred in these runs .  Sin ce the

subs tra te had been pres tressed at deposition tempera ture prior

to deposi tion and there was no obvious “ l i g h t bulb ing ” then the

greater elongation appears to be due to a tension effect on the

8,9
elongating boron. This is contrary to previous ooservations

Reactant  ga s his tory does not apoear to have an i n f l u ence

on elonga tion. The curv es in Figur e 7 fo r plan t BC13 and “deple ted ”

BC13 are no t sign i f i c a n t l y  d i f f e r e n t . The prima ry d i f f e r e n c e

be tween these reactant gases is t h a t  the p lan t 5C13 con tains

di borance (approximately , 4~~) whereas  the “depleted” 3C1
3 

is of

rel at ively hi gh purity . The presence of this species in the

reactant . gas leads to a faster deposition rate than obtained in

the pure BC13.

Pr el iminary expe r iments to determ ine the i n f l u ence of impu ri ty

add i tions indica te tha t there is no i n f l uence on elonga t ion

oronerties at all. Silicon from SiC14 and tungsten from WF .

were added in small amounts (less than 2°) to the 13Cl 3 for co—

deposition onto the carbon substrate . ~o sig n i f i can t d i f f erence

in elo nga tion was no ted.

I

.0 .
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E longa t ion  Model and S t r u c t u r a l  S tud ies

A mech anism for  boron f i l ame nt elonga tion h as been sugges ted

in earl ier work by Mehalso 1~~. The essence of this model is tha t

each layer  of boron is deposited wi th less than max imum dens ity

(i.e. many vacancies , par t i a l  icosahedra and individual atoms)

~7ith  cont inued deposi t ion there is a radial  d i f f u s i o n  of bo ron

atoms towards the core and vacancies toward the s u r f a ce of the

f i l a m e n t .  The d r iv ing  force for th is  d i f f u s i o n  is overall  loweri ng

of the energy of the sys tem where by the boron atoms are seeking

a more ordered state (i.e. their lowest energy position) . The

d i f f us ion of atoms into the interio r por tions of the boron ma nt le

creates a net volume increase resulting in elongation and densi-

f i c a t i o n  of the boron .

Atomic mobi l ity is of cou rse tempera ture  dependent con sequent ly

the elongation behavior  as a fu nction of temperature can be

ra tiona l ized  from this  phenomena . At the hi gh deposition tem-

perature , surface mobility of the boron atoms is sufficiently

grea t tha t they can immediate ly  mi grate to their lowest energy

position . This leads to little or no elongation in filament

preoared at temperatures such that they are crystalline . On

the other  ex treme at ex tremely low deposi tion temperatur e (for

example 1000°C) su r f ace mob i l ity of the boron a toms is minima l

resulting in t h e i r  bei ng traoped by depos it ion of subseq uent

layers of deoosited boron. This leads to a less than theoretically

maximum densi ty in the deposiLed boron. With time , bulk  d i f f u s i on

of boron atoms inward towards the core an ) vacancies outward
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towards the su rface create s the observed e longat ion phenomenon

and densi f ication of the inne r reg ions of the boron filament.

Fvidence for this model is aiven by the fact that the greatest

elongations are observed at the low deposition temperature de-

cr easi ng in mag nitude as the tonr erature is incre ased. Also ,

suppor t ing  evidence was g iven by Di Carlo 16 who recent ly  made

measuremients which allow one to suggest that there is a radial

density variation whereby the surface layers are less than the

average densi ty in the bulk of the fiber .

Assuming the validity of the above model for elongation

it was fe l t tha t  one should be able to detect loca l ized  structura l

and/or microstructural  var ia tions be tween the fi r s t  deposi ted

boro n layers and those on the sur f ace . In order to test for

th is , long i t u d i n a l l y  split  boron f i l aments wi th the core removed

were thinned (wi th  an ion mi l l i ng  machine) f rom th e outside in

(to study the hulk otaterial) and from the inside out (to study

the su r f a c e  layer s ) . Figu res 8 and 9 depic t tr an~;rniss ion electron

rnicrographs along with electron diffraction patterns from the inner

and outer por tions of the f i l a m en t . Th e prim ary di f fe r e nce observed

between the inner and outer microstructure is a regularly spaced

rod-like annearance a )nroximatel y 1000 in diame ter sepa rated by

less dense areas for the outer surface (Fiqure 8) . The inner sur-

face exhib i ted a ra ther un i f o r m  micro stru cture wi th no pronou nced

features.

The electron d i f f r action pa tterns f rom bo th regions wer e

basical ly ident ica l , being the  normal  pa tte rn of d i f f u se halos

at 4.3 ~~~, 2 . 5  ? , 1.7 ~, l.~ previously shown fo r “amorphous ”

boron . No difference in line wid th or snacings was noted for

.0_ ~~
j - . - - -
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the two regions nor was the presence of other crys ta l l i ne  phas es
17

detected as p rev ious ly  repor ted . Fi gu re 10 shows a reg ion

near the surface between two of the rod—like structures. What

ap oears to be small den se areas or pa rt ic les  (up to 100 in

diameter) are present in the material between the rods . Electron

diffraction patterns of these areas did not yield any addit iona l

information other than reported above . If , in fact , these are

microcrystal l i tes  of B-rhojnbohedral boron as has been previously

sugges ted 17 they do not  appe ar to produce a characteristic

d i f f r a ction pa ttern .
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Ane la s t i c  D e f o r m a t i o n

DiCarlo 13 has recently suggested that all non-elastic de-

formation in boron fibers can be explained by an anelastic model.

In other words deformat ion in the boron is recoverable w i th  t ime

and temperature upon removal of the deforming stress. This was

demonstrated by apply ing a ben ding s t ress  to a f i l ament whi le

heating and th en al lowing to cool. Af ter cool ing the f i l amen t

retained the imposed curvature. Upon reapplication of heat ,

the f i l amen t ret urned to its orig inal s traight confi gura tion .

To determine if anelasticity was , in fac t, ac tive ax ia l ly

in the f i lamen ts experiments were made to hea t the f i laments at

900°C whi le  measur ing elongation ( con t raction) as a func tion of

time. Figure 11 de picts these resul t s  for  boron f i laments  with

four  d i f f e r e n t  his tor ies .

There were :

1. s t anda rd  oroduct ion  4 mu boron on tunqsten (B/W)

r ecen t ly  made

2. standard uroductiori 4 mil boron on tunesten stored for

‘! years

3. standard production 4.2 mu boron on carbon (B/C)

4 .  s t anda rd  production 4.2 mu boron on carbon etched on

2. 95 rnils diame ter .

Th e f i~ uro shows that all of the boron filaments contract

upon applica tion of heat (L~-ierrna1 expansion effects have been

substracted from the data) . A f t e r  10 m i n u t e s  the standard

product ;.t n 3/W contracted by l.7’~. Standard production filament

that had been stored for 4 years contracted somewhat less (1.4%)
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indicating some recovery even at room tempera ture .  Boron on

carbon filament exhibited a contraction of approximately 1%

after 10 minutes. Similar B/C filament that had been reduced

in diameter by etching thereby r e d i s t r i b utin g res idual  stre sses

in the filament contracted only by approximately 0.3°~. E tc h i n g

the filament removed the compressive layer on the outer surface

of the f i ber letting the high tensi le  forces in the inner port ion

to relax.  This in itself permi ts some contract ion in the f i lame nt

thereby lessening the contribution from the annealing .

The surpris ing f acto r in these data is the magni tude of the

contraction. The magnitude of contraction from etching is 0.l7°~,.

This places the tungsten  boride cor e, which is bonded to the

boron sheath , in very high comprssion (a value of -163 ,000 psi

has been calculated 18 for the change in core stress). Consequently

wi th the core cons tra in ing the boron it is d i f f i cult to see how the

f i lament can contrac t f u r ther without debondi ng from the core .

In addit ion f ilament that had been annealed in the various

atmospheres exhibited slight curviness and was extremely brittle.

There was no evidence of c rys ta l liza t ion .  To determine i f , in

fac t , there was some internal factor leading to the large con-

tract ions measured , f i l a m e n t  tha t had been annealed  was cleaved

(i.e. scratched with diamond paste and then flexed to fracture

the filament smoothly across the cross section. This presents

an undis turbed sur f ace  such as wou ld be obtained if the f i l a m e n t

were polished .) . It was then examined in a scanning electron

microsope. Figure 12 is a scanning electron micrograph of the

cross section of ~ f i l a m e n t annealed  in 
~2• 

Large voi ds can be

a 
—
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de tected around the core in terfac e separa t ing  the core from

the bulk boron.

To determ ine i f th is  ph enomenon was atmosphere sensi tive

a series of experimen t was cond ucted to anneal f i l amen t s  at

900°C for 10 minutes in various inert environments . Figure 13

shows the data obtained from these experiments. It can be seen

tha t in H 2 , N2 and Ar environmen ts contraction ranged between

1.0 and l.7~ after 10 minutes. In the helium environment ,

however , the contraction was near ly 4% after 10 minutes. Fila-

ments f rom each of these runs were cleaved and examined in the

SEM . Fi gure 14 dep icts representative cross sections from

each of these environmen ts. It can be observed that  in every

ins tance there are voids formed arou nd the core an d separation

from the core . The mos t dramatic case is tha t of the f i lamen t

annea led  in He (Fi gure l4 d )  . A very large vo id has formed in

the center allowing separation of the tungsten boride core.

The core is displaced to one side of the void and probabl y is

buckling along the length of filament. The buckling of the

core and hence lack of cons tra in t  on the bulk boro n al lows the

large contraction observed (: 4%) . Fiqure 15 presents higher

magni f ica tion micrographs of the core region show ing vari ous

stages of void formation and core separation.

The p resence of the voids around the core allows the boron

sheath to be released from the cons tr ai n ing core wh ich permi t s

the large con t r ac t i on  observed.  By this separ ation , the la r qe

res idua l  tensi le  s t r esses in the boron shea th ar e a l lowed to

re lax  p lus  any a n e la s t i c  e f f e c t  is al lowed to recover leading

a . - .~~~~~. —~~
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to the large cont raction. I t migh t be noted tha t there is no t

radial crack in any of the cross sections implying that the void

formation relieved residual stresses in the filament.

The immediate  question tha t  is suggested by the abo ve

observations is where did the boron go which formed the voids .

One poss ible explanat ion is fur ther d i f f u s i o n  and reaction in

the tun gsten boride core.  Me asurements show , however , that there

is no increase in diameter of the core as would be expected if

fu r t he r  boride formation occur red.  To determine if the cor e

had any in f luence on the void forma tion a boron on carbon f i lamen t

was annealed in Ar and subjected to SEM examination . In this

type of filament there is no reaction in the core to form boride

phases. Figure 16 shows the cro ss sec tion of a boron on carbon

f i lamen t annealed in A r .  Ex tensive void forma tion around the

core region is obviou s and is s imi lar  in magnitude to those

observed in B/W filar-Lent. Carbide formation in the core is

minimal as can be seen in the micrograph in Fi gure 17. The boron

carbide d i f f u s i o n  layer ( indica ted by an arrow) is onl y slightly

th icke r  (approx ima tely 1 to tal th ickness) than in as produced

B/C filament. This suggests that core influence on the void

forma tion is minimal.

The above observa tions indica te tha t th ere is a net outward

d i f f u s i o n  of boron atoms and an inward  d if f u s ion of vacancies

which coalesce to form the internal voids. This type of phenomenon

has been preivously observed in boron filaments when fabricated

into a titanium matrix composite at 1000°C for 10 minutes.
19’20

I t was also noted in one of these studies th at the  boron f i b e r



— 2 1 —

di ameter does not change s i g n i f i c a ntly 20 . This is also the

case in the present study. There is no detectable change in

diame ter as a result of the annea l ing  stop.  Also no obv iou s

su r face change occur red in the f i l aments af t e r  anne al ing .

As a f ur ther  experimen t B/ t’7 f i lame nt was heated in va cuum

( l0~~ Torr) to approximately the same temperature as the annealing

temperature (900°C) previously  us ed . Figure  18 dep icts th i s

filament. It can be immediately seen that the filamen t has

crystallized at this temperature in vacuum . However it can be

noted that there is no pronounced void formation as was detected

when the filament was annealed in an inert environment. This

in forma tion , along wi th  the  core evi dence , impl ies tha t the

boron atoms are diffusing to the surface and being removed from

there in some manner. This could occur for trace amounts of

residual oxygen in the iner t ga ses forming bor on ox ido a t the

surface. Since the annealing temperature is considerably higher

than the melting point of 13203 this species would be transported

away in the vapor. The only other possibility for an explanation

of wh ere the boron is goin g wou ld be a densif ica t ion  of the

remainder of the boron sheath. Althoug h this  is ob v i o u s l y

occurring to some extent (due to the net inward diffusion of

vaca nci es) it i s no t f e l t tha t this  is the pr imary  mech an i s m .
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Summary and Conc lus ions

Measurements  have  been made to de te rmine  elongat ion in

boron f i l a m e n t s  whi le  they are being produced by chemical  vapor

deposi tion . To date the pri mary var iab le  tha t  appears to i n f l ue n c e

the elongation is deposition temperature which verifies earlier

results. Small amounts of additives of silicon and tungsten have

been incorpora ted into the filaments via the gas phase to determine

if this approach would minimize the elongation . No positive

resu l t s  were obtained .

Structural and microstructural studies on the filaments

using transmission electron microscopy and d i f f r a c tion have

shown an apparent difference in boron at the surface and that

near the core . Th e surface  mater ial ap pears to grow in a column

type structure approximately 1000 in diameter . The inner sur-

face presents no signi ficant struc tu ral fea tures . El ec tron

diffraction studies show consistently the characteristic broad

halo pattern for “amorphous ” boron with little apparent deviation.

No evidence of microcrystals of one of the crystalline polymorphs

has been ob ta ined ( as was repo rted in r e f e r ence 17 )

Very in teresting and impo r tant resul ts were obtained whi l e

anneal ing boron filaments in inert environments. The filaments

were observed to contract by almost 2~ after 10 minutes at 900°C.

Examination of the cross section of these filaments show extensive

void formation in the region adjacent to the core . The experiments

suggest that boron is being removed by a surface reaction jf some
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sort but at the  present  time mus t  remain u n s p e c i f i e d. The large

amount of recovery d u r i n g  a n n e a l i n g  suggests  tha t  a n e l a s t i c i t y

is ac t ive  a x i a l ly  in the f i l a m e n t s .  

a 
— — —
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Fi gure 1

Typical Frac ture Surface  for a “Cr ack Ti p ” Mode of Fa ilu re
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Fi-Ture 8

Tran~ mjss~ on plectron Micror~raphs of Boron Filament (outside of filament)
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Fi gure  9

Tr an a m i s si o n  lec t ron  ~icro’~r i n h c  of Boron Ci la-’ont (inside of fila e ~t )
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Fi gure  10

T ra n s mi s sio n  E l e c t r o n  ~a i c roqra  hs of Poron F i l a m e nt

(outs ide  of f i l a m e n t )
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Fi gure 17

L SEM of I n t e r f ac i a l  Region in Annealed Boron

on Carbon Filament
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Measurements have been made to determine elongation in boron
f i lamen ts whi l e  they are being pro duced by chemic al vapor

-~ecosition. To -Late the primary variable that appears to influenc
the elongation is deposition temperature which verifies earlier
results. Small amounts of additives of silicon and tungsten have
been incorporated into the filaments via the gas phase to
de termine if this approach would minimize the elongation. No
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positive results were obtained.
St ructural  an d mi crostructural  studies on the f ilamen ts usi ng

tran smission electron m icroscopy and d i f f raction have shown an
aPparent difference in boron at the surface and that near the core.
The surf ace ma teri a~ appears to grow in a column type str ucture
app rox ima te ly  1000 Z~ in d iameter .  The inner  s u r f a c e  p resen t s  no
sig n i f i c a n t  s t r uc tu r a l  f e a t u r e s .  E lec t ron  d i f f r a c ti o n  s tudies
show cons istent ly the charac ter istic bro ad ha1o~~ attern for
“amorphous” boron wi th l i ttle appa rent devia t ion . —~No evidence of
microcry sta ls of one of the c rys ta l l ine polymo rphs has been
obtained. (as was reported in reference 17)

Very in eresting and important results ~~~re obtained w h i l e
annealing boron filaments in inert environments. -~ The f ilaments
were observed to contract by almost 2% after 10 minutes at 900°C.
Exam ina tion of the cross section of these f i l aments  show extensive
void form ation in th e region ad j acent to the core. The experiments
sugges t tha t boron is being removed by a su r face  reaction ,,~ f some
sor t but at the present time must  remain unspecif i e d .  Th~ large
amount  of recovery dur ing anneal ing sugges ts tha t anelas t icity is
active ax ial ly in the f i laments .
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