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RESEARCH LABORATORIES FOR THE ENGINEERING SCIENCES

Members of the faculty who teach at the undergraduate and graduate levels and a number of
professional engineers and scientists whose primary activity is research generate and conduct the
investigations that make up the school’s research program. The School of Engineering and A pplied Science
of the University of Virgin ia 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 tree as possible of the administrative duties involved in sponsored research. In 1959,
therefore , the Research Laboratories for the Engineering Sciences (AL ES) was established and assigned the
administrative responsthi(ity for such research within the School.

The directoi of RL ES—h,mself a faculty member and researcher—maintains familiarity with the
support requirements of the rese arch 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 admin~strattve support , RLES is charged with providing certain technical assistance. - -

Because it is not practical for each department to become self-sufficient in all phases of the supportingtechnology essential to present-day research , RLES makes services available through the following support
groups: Machine Shop, Instrumentation , F acilit ies Services, Publications (including photographic facilities) .and Computer Terminal Maintenance,
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NY’ ABSTRACT

Elongation in boron filament during fabrication was

investigated and found to be as great as 16% under certain

conditions. It was also found to obey a relatively simple

empirical relationship which yielded effective activation

energies. A model for the elongation was proposed , and a

computer program was designed to simulate the deposition and

elongation of boron on a tungsten wire substrate. Internal

residual stress distribution of boron/ tungsten filament were

also generated by the computer program. Good agreement was

found between the proposed model and experimental results.

Negative elongation (contraction) of boron filament was

observed during annealing and found to be dependent upon the

concentration of oxygen present in the annealing atmosphere .

The contraction was also found to be the result of void

formation at the core-boron sheath interface. The contrac-

tion obeyed an empirical relationship , which represented an

exponential decay toward equilibrium from a non-equilibrium

state and an effective activation energy was determined for

boron/tungsten filament.
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SECTION I

INTRODUCTION AND BACKGROUND

Boron filaments are perhaps one of the most technolog-

ically important developments in the materials industry in

many years. The high specific strength and modulus of this

material makes it ideal as a reinforcement for organic and

metal matrix composites. Many applications for the material

can be envisioned, however , there has been a certain reluc-

tance by designers and manufacturers to utilize boron

composite materials primarily because of their high cost.

There are limi ted applications today, particularly in the

aerospace industry, where boron composites are cost effective.

In the large part however they have been excluded from

incorporation into specific hardware items because of the

stigma of high cost. Conventional materials are then used

without long—range considerations of cost savings due to

improved performance and service life.

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 marke t without fir st reducing

the price to a cost competitive level. Based on this

premise, a secondary fac tor to reduce the cost of the

filament is to increase production speeds. It is physically

possible to increase production speeds of boron filaments
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by 2-3 times using existing manufacturing equipment and

techniques ; however , the filament obtained is of inferior

quality having, generally, a low tensile strength rtaking it

unacceptable for existing composite specifications. The

reason for the low tensile strength has been attributed to

an internal defect called the “crack tip” mode of failure

and is believed to be related to an undesirable residual

stress distribution in the boron filament. This is based

on the fact that the low tensile strength is occasionally

accompanied by spontaneous splitting of the filament.

Consequently , if one could understand the residual stress

distribution in boron filaments , its relationship to

facture of the filaments , and what factors influence it,

then it might be possible to determine technigues to alter

the residual stress pattern to a more favorable configura-

tion. This would lead to faster production speeds and

considerably lower cost boron filament.

Several limited studies have been conducted on residual

stresses in boron fi1aments~~
7. The essence of these

studies was to determine the configuration, magnitude and

apparent causes of the stresses in the filaments. Virtually

nothing has been done to relate specific process conditions

or fundamental material properties to unfavorable stress

distributions. Unfortunately, this area of research was

ignored when accelerated emphasis was placed on fabr icating

2
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I
I and studying the filament in composites. The results of

the above studies were all basically in agreement showing

I the outer surf ace layers being in residual compression, the

layers of boron next to the tungsten boride core being

I in residual tension and the core itself being in residual

compression. Figure 1 is a schematic diagram depicting

the typical residual stress configuration in the boron layer

for a filament produced on a tungsten and a carbon substrate .

In general , the reported magnitudes for the stresses vary

depending on the techniques used for measurement , however ,

- - all are within reasonable agreement.

The primary causes of the residual stresses were

attributed to: thermal expansion mismatch between deposited

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 exit end of the reactor; and

elongation in the boron during deposition. Both boron

filaments produced on tungsten and carbon substrates contain

residual stresses , however , filament produced on carbon do

not appear to give as high values as boron on tungsten .

This is probably due to the fact that there is no diffusion

- and reaction and hence volume expansion in the core region

eliminating this cause.

Of the aforementioned contributors to the residual

stresses in boron filaments , it is felt that boron elongation

r L
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J during deposition is perhaps the predominant cause of

unfavorable residual stress patterns when attempting to

increase production speed. Talley8 first detected the

phenomena when he noted that boron deposited on a tungsten

substrate elongated by 10%. More recently other investi-

gators9’10 have conducted a broader study of the effect

while attempting to deposit boron on carbon rnonofilament

substrate. It was observed that the boron elongated

sufficiently to break the carbon substrate. This is due

to the fact that the boron layer formed a sufficiently

strong bond with the carbon substrate and the elongation

during deposition exceeded the strain to failure of the

non-elongating carbon monofilament , causing fracture.

Fracture of the carbon substrate created local electrical

discontinuities and hence hot spots which gave rise to

crystalline boron of very low tensile strength.

Measurements 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% elonga-

tion at 1200—1300°C at a diamnter of 2 mils) . Other factors

such as reactan t gas composition , selected impurity

additives or tension of the substrate appeared to have little

or no effect. A technique was devised to cirvumvent this

phenomenon by pre—depositing a thin layer of pyrolytic 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—,- ~~~~~~~~~~~~~~~~~~~~~~~



graphite which did not bond with the carbon monofilament

thereby allowing the boron to slide and rearrange during

elongation.

Boron elongation , in general , is one of the least

understood fundamental properties of the material. It is

certainly a prime contributor to the residual stress dis-

tribution in the as produced filament and this stress

distribution has a strong bearing on tensile and transverse

strengths (splitting).

Along these same lines, observations have been made

by Soviet scientists11’’2’13 which may also he strongly

related to elongation and residual stresses in boron fila-

ments. These studies showed that annealinq the filaments

at approximately 300°C for short times increased the tensile

strength by 12%. This increase was accompanied by a decrease

in flexural strength which was not understood . Of interest

is the fact that the material displays an internal friction

peak (a relaxation maximum ) at approximately the same temp-

erature. Also, it was noted that there is anomalous behavior

in the thermal expansion characteristics and in resistance

in the filaments in this same temperature region. These

observations along with boron elongation may be influenced

by or related to the anelastic behavior displayed by boron

filaments and recently described by DiCarlo~
4. Some

evidence in the present program suggests that there is a

L
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J relationship. All of these appear to be fundamental

phenomena which are probably controlled by a structural

rearrangement in the material and have a possible relation-

ship with the elongation and residual stress phenomena.

The steps taken to minimize the influence of boron

elongation 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 purpose of the

present work that if we can understand the fundamental

property of elongation and hence residual stresses in boron

then there may be certain measures one can take to eliminate

or control it.

The primary objective of this investigation is to perform

a fundamental study on elongation in boron produced by

chemical vapor deposition in an attempt to understand the

basic nature of this phenomenon. It is then planned to

determine what factors influence boron elongation and how

it is related to the elastic properties and the ultimate

residual stress distribution in as produced boron filaments.

Using these results it will be possible to investigate

techniques to minimize the elongation which will possibly

lead to faster filament production speeds and lower cost

filament

. 6
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EXPERIMENTAL PROCEDURE

A typ ical boron production rt ,~‘tor is schematically

shown in Fiourt’ 2. The reaction to form boron filaments is

carried out by the hydrogen reduction of boron trichioride

in the manner described by the e~1uIition

~~lt L i
3 ~ 

heat 2B + 611c1.

The substrate w i r e , t y p i c a l ly  13 micron tungsten , or 3~

micron  carb on in pul led t hr o u oh  the chamber by a substrate

tak eup motor and is heat ed  e le c t r ic a l l y  to the desired

1. temperature (1000 — 13000 °C)  . Mercu r serves as e l ec t r i ca l

co n tac t s  as wel l  as oas seals in the chamber.  A m i x t u r e

of the reactant ~ias is passed thr ouoh the deposi t i on  chamber

at p o s i t  ive pressure where i t  contacts the heated substrate

wire and deposits  boron. Also shown in  this f i ~m u r e  is the

temperature profile assumed by boron filament on t unqsten

while it is being produced. The highest temperature alonc

the profile is called the deposi t ion of “hot spot ” temperature

and is normally located j u s t  a few inches below the entrance

end of the reactor. The temeprature at the exit end of the

reactor is 2 0 0 — 3 0 0 °c lower than at the “hot spot ” and is due

to a r e s i s t an ce decrease in the f i l a men t as t he d iameter

increases (current is m a i n t a i n e d  constant through a filament

dur ing  p roduc t ion) .  Hence one can see tha t  “ normal”  as

produced boron (on tunqs ten~ f i l a m e n t s  are  deposited over

a ra ther  severe temperature  c ir adiont  wh ich con siderin ~ the

1. 
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contr ibution of boron elongation leads to a complicated

residual stress situation.

In spite of the apparent undesirability of the temp-

erature profile , it is this profile that has produced the

highest quality filament . Speeding the process up by

creating a uniform temperature profile in the reactor by

means of auxiliary VHF heating or by other techniques (of a

proprietary nature) have lead to poor quality filament that

predominantely fail as a result of the characteristic

“crack tip” mode of failure , representative of abnormal

residual stresses.

The program being conducted at UVA is to produce boron

filament by chemical vapor deposition using a static

reactor. Using this type reactor will eliminate many of

the variables encountered in a continuous process and allow

much greater control over growth of the filament and con-

sequently greater ease of observation and recording of the

growth and elongation process. A very important factor

using this type reactor will be the ability to achieve

and maintain a uniform temperature along the length of the

filament during boron growth .

Elongation measurements are made using the device

constructed during the program and shown schematically in

Figure 3. The basic concept is one of a change in inductance

of a coil located in a bridge circuit. A smdll steel rod

8
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is attached to the substrate and positioned in the coil.

The meter is then set at zero by a balancing resistor.

As the f i lament elongates during growth , readings can be

taken from the meter or traced by a recorder for a permanent

record . The substrate is heated resistively by a DC power

supply and the temperature measured by a Milletron Ratioscope .

Substrates used to date in this study have included

tungsten of diameters 5, 13, 18, 33 , 38 and 43 microns and

carbon of 36 microns in diameter.  The carbon substrate was

coated with a thin layer (approximately 1 ~) of pyrolytic

graphite to minimize “light bulbing ” .

Primary deposition variables investigated have been

deposition temperature, filament tension , substrate diameter

and doping (impurity addition).

In addition to elongation measurements the filaments

were subjected to a series of characterization experiments

to define structural and microstructural phenomena. A

Philips 400 analytical electron microscope was used to

obtain electron micrographs and electron diffraction

patterns from inner and outer portions of the filaments.

Filaments subjected to electron microscopy were appropriately

thinned (either from the outer surface to the inner surface

or vice versa) using an ion micromilling instrument

(Commonwealth Scientific Model III).

9
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Experiments to measure the anelastio effect in the

filaments were made using the previously described elonga-

tion measurement device while heat ing to various temperatures

in a hydrogen, nitrogen and argon atmospheres.
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SECTION II

EXPERIMENTAL RESULTS AND DISCUSSION

Boron/Carbon Chemical vapor deposition of boron by

hydrogen reduction of boron trichioride onto a heated

substrate generates characteristic axial residual stress

patterns (see Figure 1). Understanding the mechanisms

that develop these stresses is essential to the compre-

hen sion and con trol of the mechanical and physical  properties

of boron filament S One of the major factors believed to be

involved with  the development of the residual  in te rna l

stresses is the elongation of boron dur ing  deposition .

Nehalso15 studied the deposition o~ boron onto a carbon

mor iof i l a rnen z  substrate and observed the filament elongation .

Boron on carbon filament elongation was measured and found to

be great enough to cause fracture of the carbon substrate .

Figure 4 shows a plot of elongation vs. deposition

time for different runs using a carbon substrate. One curve

depicts a run at a deposition temperature of 1250 °C , which

utilized “plant BC13 t’ in the reactant gas. The term “plant

DCI ” was used to identify boron trichioride which was

recovered and recycled from other deposition runs , and it

was known to contain small amounts of diborane (B H ). Also
b

shown in Figure 16 is a curve of a run at a deposition

temperature of 1250°C, which used “depleted EC1 3 ” in the

r e a c t a n t  gas m i x t u r e .  “Deple ted BC13 1’ refers to boron

trichloric~e which  contain .~ no d~ b~ rane (B.U ,-, ) a:~d ccrresponds

11
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’
to the boron trichloride as received from the commercial

j supplier. It was noted that a small difference in elongation

is seen between the two types of BC13 . However, the

di f fe rence  was shown to be insignificant when compared to

the e f f e c t s  of deposit ion temperature.  By addition of wei ih t

at tached to the substra te, an increase in tension was imposed

on the f i l a m e n t .  The e f f e c t  of increased tension on elor iga—

tion is also shown in Figure 4. This change in elongation

seems reasonable since the phenomenon of elongation is such

that a tensile stress is transmitted to the substrate , and

if the tensile stress is increased by an outside influence ,

then one should expect an increase in the elongation .

Deposition temperature has a most interesting effect

on the elongation of boron/carbon filament. As stated

previously, the elongation of the boron during deposition is

sufficient to cause fracture of the carbon substrate. If

the deposition temperature is high enough , then creep can

occur in the carbon substrate allowing it to elongate with

the boron sheath , thu s minim iz in g fracture of the core. At

lower deposition temperatures , the creep rate is not suffi-

cient to prevent fracture of the core. 15 The result is a

phenomenon called “light bulbina .” An electrical discon-

tinuity arises at the region of core fracture , and the

increased electrical resistance causes an increase in

filament temperature at the discontinuity . Rapid deposition

and crowth of boron occurs .~t these points and is oenerally

12
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c rys t a l l i ne. F igure  ~ shows deposit ion runs  of boron/car~~m

at two different te~ perarures . It can be st”n f ~~~cm t he s e

curves that creep in the carbon substrate is not suffici.’nt

to prevent  f r a c t u r e  at 1200 ° C; whereas i t  is grea t  enough

at 1250 °C for the core to conform wi th the elongating boron.

These two curves show t h a t  f r a c t u r e  of the carbon core occurs

at about l~ strain. After fracture the el o ng a t i o n  incr~~~~~d

r a p i d l y  s ince  the constraint to the elongation by the

subs t r a t e  was reduced . The f i n a l  e l o ng at i o n  was also

dene ndt ’n t on the  number  c si t:e~; where  f r a c t u re  of the

s u b s t rat e  o c cur r e d , and t h is  t ’f f c ct :  is shown in the di f fer—

once o t t he e lonca t .lon cu rves  for  “ some 1 i g ht  bu 1bin~i 
“ an d

“ r .mch 1 i ; h t  bu lb ing  ,1~ T h i s  “ l i g h t  bu 1bin~i ” of oct can ho

reduced somewhat , b ut  not el i m i n a te d , by coa t ing  the c a r h c u

monof i  la:~ent  with a thin (~ l ~m) l ayer  of pyrolytic ~~~ap1~ i t  ~~‘

( P G)  . An a n a l y s i s  of boron elonga t ion  ~..‘i  th t~~~~spect ~ to

deposi t ion t e m p e rat u r e  canno t  easily he made because of th

“ l io ht  b u lb i no ” phe nomenon .

F igure  6 shows tha t. the f i n a l  r a di u s  squared is

l inear  w i t h  t ime at  a Ii ~gh depos.i t ion t e m per at u r e  t or heron

ca rbon f i l a m e n t .  T h i s  graph ~mp l ion d i f f u sio n rate 1 im i t t d

it ki net  Lc~~, 
1)  

and i t  al lows one to c a l c u lat e  the  r a d i us  (or

d i a m e t e r )  of the f i l a m e n t  a t  any g iven  t ime  dur  n’~

si t i on .

A p lo t  of e lo a g at i on  (A)  vs.  f i n a l. d i  anie t~’r ot  t he

i lament is shown in ~‘ i~~urc 7 ,  S e v or i  I d i  b r en t  run s ,

13
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‘!I
using “depleted” and “plant ” Dcl,, were averaged together.

I The resultant curve somewhat resembled a parabola , implying

t ha t  the e longa t ion  may be linear w i t h  respect to the r a d i us

I squared . A plot of A vs. R2 is shown in Figure 8 , and i t

I 
was noted that the elongation was linear with l~ f o r  t he

ea rly stages of deposi t ion and n o n - l i n ear  for  the la ter

I stages of deposit ion . T h i n  r e su l t  suggests  t hat  the

elongation is a more complex function of the radius of the

I boron filament than a simple dependence on the cross-

sectional area of the boron deposit.

An importan t e x p e r i m e n t a l  r e s u l t  was found by using a

1’ carbon subs t r a t e. E longa t ion  measurements were made during

deposition of boron on carbon at a temperature above the

I. v a l u e  at which a crystalline boron deposit is formed

- 
(>1300° C) . It  was found  tha t  a n e g a t i ve  elongation of

approximately 1~ occurred at these temperatures. A

crystalline deposit implies that the boron atoms arc

deposited at definite lattice sites , and that little , if any ,

rearrangement of the lattice occurs after deposition. This

is in support of the model which is discussed later.

Boron fi1ar~ent with a carbon monofilament or a py ro-

l y ti c  g r aph i t e  coated carbon monof i  lament s u b str a te  ar e  a t

present not widely used in the commercial market , and are

stJll in the developmental stage of produciion)6 COflSt� —

que n t l y ,  th is  i n ve s t i g a t i o n  c o n cen t rat e d  on the more w i d e l y

used boron/tungsten f i l am e n t  for evaluation of the elongation

14
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phenomenon.

Boron/Tungsten Talley 8 f i r s t  observed the elongation

of boron on tungsten to be approximately 10%. Little has

been reported since to quan t i t a t i ve ly  charac ter ize  the

elongation of boron , except for work performed by Diefendorf

17 and MehalsoJ5 Conclusions from these studies indicate

that boron elongation is dependent upon : (1) deposition

temperature; (2) substrate type and size; and , (3) amount

of boron deposited .

An elongation vs. deposition time plot is shown in

Figure 9 to give the reader an idea of ho~ the elongation

proceeds in real time during a typical deposition run . The

substrate used was a 13 ~m (0.5 mil) diameter tungsten wire ,

which is the standard substrate used ccmmercially . The total

• gas f l ow  in the static reactor was approximately 1 liter/m m

and was a 60% H~ — 40% BC1 3 stoichiometric mixture . The

deposition temperature was 1200°C. By changing the compo-

sition or the total gas flow , one could alter the deposition

rate of boron , and hence , change the shape of the curve . A

change of the dependent variable (i.e., time ) to the final

radius of the boron f i l a m e n t  results  in a more rundamental

relationship, so that the only parameters which have a sicni—

ficant effect on the shape and slope of the curve are : ( 1)

deposition temperature; and , (2) substrate.

Figures 10 and 11 show the ef~ cct of deposition

temperature on boron elongation vs. final radius of boron . ’

15
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tungsten filament. The final elongation was found to

increase wi th  increasing depos i t ion  temperatures fo r  f i l a m e n t s

w i th  small radi i  ( i . e . ,  R ‘— 3 1  i~m ) .  For f i la m c ’n t sw i th  large

radii ( i . e . ,  R -‘31 1.~m) , the elongation was found to decrease

with increasing deposition temperature. The temperature

dependence experiments were all carried out usin~ 13 tim (0.5

m u )  tungsten wire as a substrate. The fact that the

elongat ion increases w i t h  in cr e a s i n~1 temperature fo r  s m a l l

radi i  f i l a m e n t s  (R <3 1 ti m) , an d decreases  w i  th  incr oas  i nq

temperature for l a rg er  radii f il:iments (R N3l ~m) , most .

probably results from the e longa t i o n  phenomenon heine

dominated by the volume expansion of the tungs  ten cc~~e du n :i ~

the ear ly  st ages  of depos i t ion .  A f t e r  the core is c o m p 3 o t c~~y

developed in to  t’7 , 1~ cThd WB~ , the ci enoa t  ion  is then  pr i i u a r i  v

due to the e long a t ion  of the  boron s h e a t h .  This eftect is

mo re c lear  lv seen in F i gu r e  10, w h i c h  shows the di f t  e rcnco

in e longa t ion  vs . final radius between a set of deposit ion

experiments performed at: 1200°C , and a set performed at

900 ~‘ C . Figure  11 shows the resu l. t s  of exper. i  mon t s  ea rn  od

out at intermediate t e m per a t u r es  ( 1000 ° C and 1100 ~‘ C)  . An

i n ter e st  m o  resu l  t f rom the (our  d •i ( be r en t  temperature curves

in Figures 10 and 11 is ,i common point which  occur s  at an

elonga t ion  of 6 . 5~ and a Ii  l am en t  r a d iu s  e 1 31 ti m.  The

e:~perimenta1 data had s u f f i c i e n t  s c a t ter  as to preclude any

spoon 1 at ion abou t  the common pci n t . However  , t he f o u r

di t: fer e n t  t empe ra tur e  curves do b eg in  to d~ ver ge  f r o m  t h i s

16 
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point. The lower final elongation at the hichon deposition

temperatures could be attributed to the fact that at higher

temperatures atomic mobility was increased , allowinc: the

atoms to form a more dense , lower energy configuration.

Indeed , if the deposi t ion  temperature  is raised above l300~ C ,

crystailu~e boron forms in the depos i t .

The curves  used to fit the exper~~mcnt a1  da ta  in

[ 
Fi~ ures 10 and 11 are least squares f~ ts of an empirical

re at ‘. onshir~ . The oeneral for-’-~ of the elo n o at ion  curves  can

be a~ nrex ~ma ted by the ecuat.icn

/ :~ — r~~\ n
~~~~~~~~ 

_ _ _

‘5

w hor e

A e l on~~:t i en  a: b oron  f i l a m e n t

R rad ~as of boron f

r~ r ad iu s  of s ub st r at e
‘5

• .\~~ and n arc fitting parameters.

Di ferontiatien and r e ar r a ng e me n t  of equat  an (~ r e su l  a

another  r e l a t i o n s h i p :

n

~E A
1 4~~

dR ~ : -
L

T h L S  imp lies  tha t  d~ /dt~ inc reases l i ne ar l y  wi  ~h A , and is

in v er s el y  proportional to the cross—se ctional, area  of the

de~ os j  ~~~ b oro n .  The f i t  ag ~‘at -a m.’t e r s A • and a listed in

Tables I and 2 show a re~iu1ar  \ ‘ariation i n  the deposition 

-~~~~~--- • , . — - --- _ _ _ _ _ _ _
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tem p er a t u  r e—de p en d enc e  set of runs  , but  are r a t h e r  i ri- c—

qular in the filament core si:e variation set of runs.

F igu r e  12 is an A r r h o n i u s  plot of the two fittinc

pa r a m et e r s  A~ and n f o r  the deposi t  ion t e m p e r a t u r e  v a r i a t i o n

set of e x p e r i m e n t s , w h i c h  wor e  p e r f o r :~1eL1 u s i ng  the standard

13 :. m ( 0 . 5  m u )  d i a m et e r  t un g s t e n  w i r e  as a s ub s t r at e .  The

reader max’ note the remai-~ ablo re~ ui an tv of the v al u e s  of

A 1 and n , which cives  st r o n c  su p p or t  to the v a l i d i t~ - O t

e a:at~ o’.t (3) as the a n a l v t  i c a l  f or m  of hor~~n t .un c s t e n

~~~~;a t i c n  . A l ea s t  ~~ a~~es f i t to the  d a t a  i n

Ft~~t1tO 12 y i e l d s  the •-
~~~~~~~~~~~ 

*

n = 0 . 7o 
• .c F

and

— , .-~— I _ •  ~~~~~

s result m~ I ics two of ~cct  i ye act ~ v a t  ion en erc  i os of

0. 33c\ ’ and 0. 2 7 e V .  ~r hOSC , l c t i~ .at i o n  e n er g i e s  seem g u i  t o  low

fo
~ 

a :i a t o m ic  ni i g r a t  ion p h en o m en on  and  no d e f i n  i to ext~ la

S n at  i o n  of those .‘ner g i es can be o f f e r e d . The o l e n c at  ~~~

I • ph en em en on  c l e a r l y  i nvo lves  the  d i :  b u s  ion and r ea c t  i o n  of

boron  w i t h  tunes  t e n , bu t  th~~re i s  a iso a pro~’ess occurr I

i n the ho ran i tso 1 , .is ev ~ienced 1w the  rcsu i t - s a e l e n—

• t e n  cx e n i  m o n t - s using a carbon co:-a .

l ’ i & t u r e s  13 , 14 and 15 show t h e  r e s u l ts  at  t h e  core

s i  s~’ v a r :  at . ion  so t . of expt ’r im e n t  s. The subs t r a t e s  used were

~~. 2 - m (0. 2 mi ~ , 17. 0 ~. m ( 0 .  7 m i  1) , 31 ~ m (1 . 3 nil) , 30 ~m

C 1 . 1 mi 1) a ml •~ 3 ni ( 1 . 7 i ~ ) d i . re t - t tin -~ t n w : r e

18 
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supplied to the author by AVCO Specialty Materials Division .

All experiments were conducted at a constant flow rate and

BC].3 — 
~~ 

mixture of 1 liter/mm and 40% — 60% respectively .

A deposition temperature of 1200°C was also used for all

runs. A least squares fit of equation (3) was used to

generate the curves shown in Figures 13 , 14 and 15 , and

values of the fitting parameters A 0 and n are shown in Table

2. The irregular variation of the parameters A 0 and n were

presumably the combined result of possible differences in

experimental conditions and differences in the microstructure

and surface texture of the various sized tungsten substrates ,

which aff ect these parameters in an unknown way. The experi-

mental results , given in Figures 13, 14 and 15 show the

profound effect that the substrate size has upon the elon-

gation of the boron/tungsten filament. The difference in the

filament elongation can be explained by the difference in

boridization of the tungsten core. For the small diameter

(5.2 ~m) tungsten substrate , the distance which the boron

must diffuse through the core to achieve comp lete boridi-

zation is obviously smaller than for a large diameter (43 pm)

substrate. It has been shown 18that a 13 pm (0.5 m u )

diameter tungsten substrate was completely bon ded when

subjected to similar deposition conditions as were used in

the present set of deposition experiments ; therefore , one

may assume that a 5.2 tim diameter tungsten substrate would be

completely bon ded under the same conditions. The presence

19



F

of unreacted tungsten in the core of a B/N filament would

tend to restrain the expansion of the outer regions of the

core, thereby restraining the elongation of the entire

filament. This type of behavior is reflected in the results

shown in Figures 13 , 14 and 15.

Boron/Boron Several experiments were conducted by

depositing boron on a commercially produced 102 tim (4 m u )

diameter B/N filament. The result of these experiments is

shown in Figura 16 . It was noted that this elongation curve

was an extension of the 1200 D C elongation curve shown in

Fia-cre 10 . This result was reasonable since the B/N filament

used as a substrate for the experiments shown in Figure 16

also had a 13 pm (0.5 m u )  tungsten substrate. Also shown in

Fi;ure 16 are results of deposition experiments using a 142

~~~~~ (5.6 m u )  B/N filament as a substrate. Again , this curve

can be seen to be a continuation of the 1200°C curve of

Figure 10 . The data for this 142 pm B/N curve was submitted

to the authors by AVCO Specialty Materials Division . These

results implied that the elongation phenomenon was a contin-

uous function of the filament radius whether the deposition

was interrupted and performed in steps , or was continuous .

Figure 16 shows the results of boron elongation only as

opposed to filament elongation influenced by core development.

Doping Experiments A number of experiments were

performed by introducing an additional chemical vapor or gas

into the standard boron deposition gas mixture . Three
20
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different dopant cases were used : tungsten hexaflouride

• (~~~F )  ; silicon tetrachlcnide (SjC! ) ; and methane (CII
p

Tungsten doping of the boron dopcsit was achieved by

• including tungsten hexaflouride in the deposition gas mixture.

Preliminary experiments indicated that small additions of

tungsten hexaflounide to the deposition gas mixture had no

s i g ni fi ca nt  e f fe c t  on t he  e l o n gat i o n  of boron f i l a z~o:~t .

However , an interestinc experimental result was revealed from

x—ra~ diffraction measurement3 . ~ oron and t uncs t en  were

s~~mu l t a n e c t~slv decosi ted onto  a 13 rm ( 0 . 5  mU )  tun c st o n

substrate . The f l c- -; r a t e  r a t io  of W F . : 5 C 1 3 was e s t: m a t ej  to

be 1:1 , and the deposition temperature was approximately

l 2 0 0 D C. A cross—sectional micrograph (5PM) of the tunasten—

boron f i l a m e n t  is shown in Figure 17 , and the x—ray

diffraction analysis of this f i l a m e nt  is civen in T a b le  3

Nct ed  were the h i ch lv  convoluted surface and the presence of

regularly spaced radial cracks in the deposit. The filament

was quite brittle and had a low tensile strength. The

interesting result was t ha t  the x—ray diffraction measure-

rnents revealed the deposi t  to be tungs t en  diboride (WD ~~) ,

an infrequently observed Tungsten boride phase. Woods et al’9

have reported the formation of WB2 on a boron

filament by heating the filament to 800°C for 30 m inu t e s  in.

a reduced pressure atmcschere of argon and WF 5 .

I. Silicon was used as a dopant in the boron derosition -

[ 
by the a d d i t i o n  of silicon t et r ach icn id e  (SiC1j vo or to the



reactant gas mixture. The addition of silicon tetrachioride

I vapor was accomplished by bubbling hydrogen through SiC1,

j liquid at room temperature . A gas washing bottle was used to

contain the SiC14 liquid. Hydrogen was bubbled through the

I liquid by means of a porous glass frit submerged in the SiC1 , ,

in order to maximize the amount of vapor carried over into

the deposition chamber. The flow rate of the carrier gas

(H) was recorded for the different sets of deposition

experiments . A 13 pm (0.5 mil) tungsten substrate was used

for the silicon doping experiments . The elongation of the

filament was recorded , and the results are shown in Figure

1. 18. The numbers in parentheses shown with the data points

• are related to the flow rate of the hydrogen carrier gas

and the actual values are: (0) = 0 liters/mm ; (40) 0.12

liters/mm ; (60) 0.19 liters/mix’.; (80) = 0.3 liters/mm ;

(120) = 0.54 liters/mm . No definite effect on elongation

of the filament was seen from the silicon doping experiments ,

but analysis of x—ray diffraction results indicated that

silicon did become incorporated in the boron deposit.

• As a matter of fact at the:-maximum concentration of SiC14

(0.54 1/mm ) the strongest two diffraction peaks for

SiB6 were detected in the deposit.
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I
Carbon was also used as a dopant in several boron

deposition experiments. Methane (CH~ ) was used as the source

of carbon in the different runs , and pyrolytic graphite (PG)

coated carbon filament was used as a substrate . Results from

these experiments are shown in Figure 18. The numbers in

parentheses shown with the data points correspond to the flow

rate ratio of Sd 3 to CU , (i.e., (10) = 10:1 BCl D :CH k , (20) =

20:1 5C13 :CH ,, etc.). The increase of the flow of methane

(CU .) in the deposition gas mixture was found to have a

definite influence on the elongation of the filament. As

the amount of cit was increased , the elongation as a function

of the radius of the filament decreased . This was a very

important result. Unlike tungsten and silicon , carbon can

substitutionally enter the boron lattice and form a variety

of solid solutions and crystalline compounds. X-ray

diffraction measurements were made on each set of carbon

docing experiments. A qualitative examination of these

x—ray patterns reveals changes in width of the primary

halos of amorphous boron and appearance of crystalline

lines at the higher concentrations of methane in the

deposition gas. These analyses show that discrete carbon-boron

• compound s are not detectable in the ‘ ilament until the

BCl 3:C1114 flow ratio reaches a value of approximately 20:1.

At the 20:1 ratio a very very weak line was observed and found

to correspond to the strongest line of the x—ray diffraction

L
23



I
1-

pattern of boron carbide (B~,C). Increasing the methane

content of the reactant gas mixture to a BC13:C114 ratio of

15:1 revealed an interesting result. The increase in

carbon content of the deposit resulted in the formation of

a boron-carbon compound with a molecular formula of

B~ 8B2C2,
20 (B25C). B 13 C2,, which closely resembles 814C,

was also detected , although the line was very weak. An

anomalous line appeared in the diffraction pattern of

this set of filament and it was identified as the strongest

line of an impure graphite . This line was possibly due to

small islands of graphite formed in the deposit with boron

• present as an impurity. Further increase of the methane

flow corresponding to a BC13:CH4 ration of 10:1 resulted in

filament which exhibited greater crystallinity . Analysis

of the x-ray diffraction pattern showed that lines per-

tam ing to B2 5 C were the predominant lines. A small

amount of B 13 C2 also appeared to be present.

These results show that by doping the deposition gas

mixture (3C 13-H2) with methane, carbon is included in the

boron deposit and forms crystalline boron-carbon compounds

plus small amounts of graphite with boron as an impurity.

Elongation was shown to decrease as the amount of carbon

in the deposit was increased. The increase of carbon

content in the deposit was also accompanied by an increase

p .  

2.1
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in crystallinity , as evidenced by the diffraction patterns.

These two factors seem to imp ly that an increase in

crystallinity results in a decrease in the elongation of

boron. This statement must be qualified; the incorporation

of silicon and tungsten into the boron also increases the

crystallinity of the deposit. However , silicon and

tungsten do not substitutionally enter the boron lattice ,

and an expansion is involved in the formation of three

dimensional cages of boron atoms around the metal atoms

in metallic borides.21 Nevertheless , the experimental

results presented here support the model for elongation

discussed below.

TRANSFORMATION MODEL

Considering the phenomenon of elongation and the

experimental data that has been presented ,

the question remains as to the basic source of boron elon-

gation. When a tungsten substrate is used for the production

of boron filament , the diffusion of boron into the tungsten

and the resultant expansion is clearly a major contributor to

the elongation that is observed . However , when a carbon

substrate is used , there is no significant diffusion of boron

• into the carbon , yet the elongation of the boron is s u f f ic e nt

to fracture the substrate .. Also , when depositing boron onto

large diameter boron filament with the core already developed,

25
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one observes elongation . Consider the deposition process ,

mentioned earlier , that is involved in the fabrication of a

boron filament. Boron trichloride and hydrogen react at the

surface of the substrate , boron atoms are deposited onto it,

and hydrogen chloride (HC1) diffuses away from the surface of

the substrate . There are other by-products and intermediate

species formed by partial reduction of the BC13 by H,, such

as HBCI, and 8’~~~r ,  but these are not the predominant reaction

produc t s  and the boron is p r i m a r i l y  deposited as i n d i v i d u a l

atoms . Consider also , that is has been shown2 2 2 8 that

the B
~
, icosahedron is the integral subunit of structure

found in all the known polymorphs of boron. While it is not

inconceivable for 
~~j 2  icosahedra to form in the gas phase and

then deposit on the surface , it seems improbable that this is

the actual deposition process which takes place during the

fabrication of boron filament. A model can be developed as

follows : the assumption was made that nearly all the boron

atcms were deposited individually and in a random configu—

raticn. Each layer of atoms deposited were continually being

covered by fresh deposit. These buried atoms transformed ,

at some rate , from a random distribution of individual atoms

into a random distribution of B 1 2  icosahedra. The edge

length of the icosahedra is 1.78 ~~~~ By treating the

boron atoms as hard spheres , the volume of each boron atom ,

using 1.78 ~/2 as the radius of the boron atom , is VB = 2.95

26



.~Y. The volume of twelve boron atoms would then be V

35. 4 ~ A ~~. If one aDproxlmates ~n ico~ahedrc1n ~~ a sphere ,

then the  v c l u~~e of a B ic~~~~ ed~ a wclu ~ he = 72. l.~ :\ 
1

This re~;ult imp1ie~ a volume expansion when t ra n s~~o rmin g  fr e :~:

i so l at e d  ~ite.a~ in to  icosahe~i r a .  In fact , there would be a

~~~~~~~~~~~~~~~~~ ex~~in s i on  r~~~u l t T 1 n~ i r ~-~m t h i s  p-~r t icu l ar  t r a n s f o rm a t ie n

fc ’ :- an I ~;c I a a tc :n nac~: inc ~ac ~cr a~ low is 0 . 50

In vic~; e: the at c:~ ic \ e nine con s  ~.J e r a t i o n  g i v e n  nL ’ove

he f al  tow :~~ :no~.e is p r ‘~;en eti ~c c ive a cuc ii tat lye

~~ lana t ~~~ ~e ~he c lonc a t i on open de p o si t i o n  of am phens

boren en t un o st e n :

( 1)  as bor n ienos i t:e 1 , i L F er:ns an amorphous

l aye r  of boron atei:~s en the  surf ice;

(
~~

) thic ~~~ r i ’u s  ia-:~-T r o~ ~~~~~~ t r a n sf o r m s  to an

amorphous  laye r  of ic o s a h e d r~i wi th 1 resul tant vo lume

exp ansion ;

( 3~ i f  the st~ ~ss hc co~~es x f h c i cn tlv l a r oe  at an’

L pa int , in t h -~ ~‘o~:on sho.i  rh , the e~ on ~io o ~ms to l i r n i  t

the s tress to a . ;i . v eu  m a x imu m  value ;

(4) boron ~ ii~ uses into the  t un q sL e  n co re ;

( 5 )  the t un q st e n— b o r o n  so lu t i on  t ra n s t orm s  to

tungs ten  borides w i t h  a r e s u l t a n t  volume expans ion ;

( 6 )  U the s tress becomes su f f i c ien t l y large  at any

point in the core , the diffusion — t r an s fo r mat i o n

process is retarded ;

27
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(7) the inte~ir~tted axial stress across a cross-

section of the fib er is zero .

.-\ computer procram was des igned  to check whethe r this

10¼h� l c o u ld  y i e l d  a rou~~h ~;n a nt i t a t i .ve compar i son  w i t h  the

ox p e ri  m en t a l  r e s u l ts  . Since  approxima t ions had to be made in

t h i s  model and it c o n t a i ns  a number ot u n k n o w n  p a r am e ter s ,

de t a i led  fitt’. m o  was not carried out.

I~uns  wer e  m ade  w i th  cc’ : -
s d~ ~u a e t c r s  e~ 4 • , 12 5in ~.

~~~~~~ I t  w a s  assii:ted t he  r a d i us  i n c r~~ised I inea~~lv w i t h

m e n  t i me  at. a r a t i o of 4 - S  a m - m m  , and that th e L’or~oi

weu Li reach t he c ent er  of the  12 am d i ~ime t or core ramp le ii

1. minute . Yc’uno ‘ modu 1.us wa s tak en as the same i i :  t ho

shea th  ( E )  and t h r o u o i m e u t  the core ( P  (whether trans

or no t ) . I t  wa~ a l so  assumed the trans orma r i en of t he

doposi  t ed  boron , it it was not  cou r t  : a i i  ne~1 , wee~~d pi cooed ~1::

( see Ap u on d ix  )

+ ( f  - ~ (1 ~.
-k t -

)]

.1 —_ ,, Ii~ -

t the t~ me it  wL oh t he h o : o n  I av e r  was  ~ieoos : C I

f expanston factor

k a rate constant- .

This function varied from 1 to f am; t oet’s f r om  ) to in i ni t y .

The expansion factor (f) was taken as 1 .1  and k as 0. ~7/~~e~’ ,

so that the t r ans fo rmat ion  was h a l f  com pl e te  by the tmm o a

deposi ted  layer was covered by 1.5 tim e~ add i t  i o n a  11
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deposited boron . The core expansion factor was taken as 1.2,

and the maximum elastic strain permitted in the core or the

boron sheath was taken as (E) = 0.3%. Results from these

computer runs are shown in Figure 19 and are the result of

the equation:

~~ [R
z
÷(~~~~

_ ~) rc
a] (6)

xn =
E ,r

C C rdr

0 1+5(
rc 

- 

r
~_r)(

) [
i_exP(Kc(’~~

’
~ 

— 

r
_r))]

çR ~~(r  ) rdr

Jr ~~(r )  [i~~ (f-i) (l-e 
_r

C))]

Also shown in Figure 19 are curves generated from the

empirical fit discussed earlier . Certainly , the correct

behavior is seen , as compared to the experimental results

shown in Figures 13 , 14 and 15 .

• The model presented in this investigation assun~es that

an expansion takes place in the deposited boron sheath as a

result of the transformation from isolated boron atoms into

B,~ icosahedra. With ccnst~aints on the expansion , imposed

by the surrounding material , a state of coi~pression would

develop in the transforming layer of boron atoms (at some

filament radius Ri), and this state of compression would

exert a tensile stress onto the underlying material. As

deposition continued , the layer at R~ would successively be

29
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buried deeper and deeper by a d d i t ien al  layers  of boron . E ach

layer would  deve lop  its own internal state of compression

1. which in turn would exert a tensi to stress onto the u n d c r —

lvtn

~ 
Livers of m at e r ia l .  A :t e r  some t h i c k ne s s , R ~ R - ,

P 
- 1

reached , the in it mal layer considered would have its r t i ~~c

o cc’mt~r es r  ion r cm e w n ct  re iovod . When the radius of the

f i l am e n t  ~~~ ~~ •1 V s ~U~’ u f f m c i e n t l y  lar ~i c v  th~m n ~~j

the sta to 0 c c m p v ’r : ;  on rut is 1 ly developed i n  R~ w ou l d  he

cemm ’ ~e t  ~ I ’ - ’ r~’ ~ L L V O 5 .  ~~: t-h f u r t h e r  dope:; i t ion , the lever

dte m; ~ -::ia r- ‘d a •~~ won Id e>5 h i h i t  a p r c c r .’ss lye  1 ~~ i :-i c r ea s  In~

S t - S t e  C~ t z ’ r i s m c r m  u :i t i l  he N-risile stra n reached a c r i t i c a l

‘ee1nc,  whmch wcmi~ d r~’ru LL in ci t -h e r r . : ctur e  or n o n — e l a s t i c

d~’formm tion . : \ x m : 1  r cs~~ iuc l  stress si .istributiotis were

~: o m  ‘v - it  d by t he c :nt~~~~er ’ncde I and the re :1 ts we re of the

sam e cone ra form as that d ot e  m in e d  expt ’r imen t a l ly 2 (I- ’ i o u m - e

1) • In the  srn~m I b r  two samn 1cr ( 4  . S ~m and 12.  0 man ) , the

core was under  cc rc~;s ion near  t he  max imum a h ewed str e :

the  in n er  p o r t i o n  of t Ime sheath war unde r t e n : ;i e n  nt~ i ,  t h e

:,nnn a It cued :; t moss , and t In ’ et it  -~ r p o r t  ion  of  the he

t- I i  is  un dt ’r ermp m~’r on near  t h t ’ :uur; a 1 1 owed t y e

• -:‘ Imo o c m : - n t - ’r mc ~ot  axial. res~ du a~ St  ? - :n; ~I m r ~ v i t ’u t  ‘L O f l  ~ov

t -h .~ lam:ort come •;i :- ‘ ( I C ’  • :~i~ 1:; m~~ -. ‘ n P m o m : r  - ‘ 20 , an’i i t

Jo
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was n o t ed  t :h.tt the cent or port ion of the come wa;; u n de r

t en s  ton , rm net ’ d i f  f u r  m e n  and resultant tr.i ;ms formation to

t un c r  t e n  t ’or i d e  had not taken p l a c e .  rhe c ha n c e  ro :n t e n s  ion

to cer.;~rers m e n , in  the  b o r on  s h e a t h , occ ur s  :nc’ r - e abrmn ’t lv i :~

t Ime  mod el than r e p o r t e d  e xp e r i m e n t a l ly  ( F i q t m r e  1) ,  but a t

abou t- the same radius . A p o s s ib l e  r ea son  for t he di femcrm -e o

L b etw e e n  the  ex ;~o m i men t a 11 v d ot e  i-ri I t ied ax 1 a l  r t  me ss  d I s t  i —

• 
- - Un t i ens  an .  the eerm mr t or i-mode 1 axia 1 s t re:;:; d s t r hut ions is

the  t the mo~ i 5 ’ 1 doe :~ no t m .  ko i r i t e  accou :m t t l i e t l ie rma 1

cc at  m eet  i o t he  t t ak e r  p 1 .iee af  t or do ‘0 t i c m  i s corn ’ I e t eLi

The co:-n ’ Ic t o  - ni t hema t i ca l  dove  c;~r len t o the model presen od

ahovo 15 ~ ivo;-  I n t he -‘r~;’e;md I x

Anne il i no xm ’~’r~~rme ;; t - 5 The t sot tha m b o r o n  dis~~l aved

I ms c heh iv i o r i r id  i c at  eLi t hat i t -  m i oh t r -I~ew so:me r000vs ’ia

r em th e  or i - ma I e once  t en .  Or i ins  I lv , bor on  i l  ,un ent : ;

w er e  am1e~il~-~I i n  d r r e -r - en t  i n e r t  a t  :r o r n I m e r e :~ ( N .  , Ar , i i . )  . A

coat  r~ic t  ion  e t  1.3 to 1. ~~~~ - was  ehm ;erve~t t o m  a l l , oa ses  used ,

t e l  1 ow inc  . innea 11 :n~ i t  ~00 ~c f or  10 ml. n u t s ’r • A nt i c s  I i  no w. im ;

.i 1 so c o r r e u c  ~‘d :i a vacua::: 1 ~) ‘rorr) , and ~5-heu c r y s t a l —

i i  . a t  i o n  d i d  n o t  o e e m r r  , no contract ion war; obs~’:ved

l~~a:n in e t  ion  of  t he  d a t  a :;uO. ;e:; ted a cer;mnon :mmech. in i r r :  i nvo  lv ~’d

w i t  I ; the s;,::;eotn; en v i r o n m en t ’ ; . 1 ti is known t h a t -  th e  I~r e5t ’n~’e

of wa t- e m  v ap o r  h a:; under ; r.:hle et  oc t s  en her on  q row t Ii du r  i nq

t l m o  deposi t i e n  process , and care  war  t ak en  t o  e nsu r e  t h a t  a l l

L 
~t . r r ~~n m~

-
~ ’ ro d t v  he o r e  en t  01 1 110 t l i t ’ r~v~~t e r r .  The ~‘orimon f 5 -t5 ’t  • ‘r

l’o l eyed t o  ho i ru o 1v’d  m~- : ’ ;  t r a c~’ ,une : r n t  s of t ’x v e o n  ;‘r ~~’r e r r t
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4,

in the annealing environments. Consequently, experiments

were carried out in dry air to accelerate the mechanism.

Boron filaments with different histories were used , and the

results are shown in Figure 21. The different filaments were:

(1) standard production 102 ~;Tfl ( 4  m u )  d i ame te r  B/W f i l a m e n t

stored at room temperature for 4 years; (2) standard produc-

tion 102 1~m (4 m u )  diarmc trr B/N filament recently made ; (3)

standard production lO ’ ;r1 (4.2 m u )  diameter B/C filament;

and (4) standard m roduction 107 mm (4.2 mil) diameter B/C

filament etched to 74 ~.m ( . 9  n i l )  . Fiuure 21 shows that

all of the boron filam-?nts contract upon annealing . The

temperature was kept constant at 900 ’C. After 10 minutes ,

• the standard production B/h’ filaments contracted by 1.7%;

whereas , the B/~J filaments t h a t  had been stored for

4 years contracted somewhat lcss (1.4~ ) , indicating some

recovery, even at room temperature . Boron on carbon filaments

contracted to a lesser extent , approximately 1~ , but this

should be expected because of the difference in magnitude and

distribution of the residual stresses2 and less original

elongation as compared to B/N filament. Similar B/C

filaments that had been reduced in diameter by etching ,

thereby redistributing residual stresses in the filaments ,

contracted by only 0.3~~. Etching the filament removed the

compressive layer on the outer surface of the filament ,

allowing the tensile Stresses in the inner portion of the

32
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boron sheath to relax . This , in itself , permitted some

contraction in the filament , which reduced the contraction

resultant from annealing .

All annealino experiments that were previously

conducted resulted in ccat~ ng the inside walls of the chamber

w i t h  a w h i t e  f i l m  th at  m~h v s i c a l l v  resembled boron ox ide

(3.O~ ), (i.e., it was sol u b l e  in hot  wa te r  and s l ic mh t lv

soluble in e t hy l a l c o h o l , .~nd he:~aaon c ry s t a l s  were observed).

Therefo re , Oxvcen was cons:aered the  most likely ~aseous

s~~ec I e r  in  t he  , i n n c al in ~ e n v i r o n m en t  resmonsible for the

me L~~t i ’,’o lv l a r m e  c o n tr a ct i on s  cU:;or ’’od . Research  pa r :  tv

n it r c~~o:m ( cu ar a n te e d  to co :mt a :n  — 1  t - mmnm 0 .  was used as a

ca r r i er  car , w h i l e  s:na 11 amo u nt s  of J my  air we me added to

low to chance thc o x v c e r m  c o n te n t  of the anneal inc

P ic : rr e  22 shows the  r e s u l t s  of these

ext’erime ;mt-s . The s o li d  c ir c le s  shown on the c reph  r e pr e se nt

1:md v :dual  e x p e m.  i rments , eu cep t  for  the one correrpond:.no to

0’~ Ox y c o n .  i~evera  runs  were  ;;iado in t h i s  pure  n~~troccn

a t~ o sm)he ro  f o r  per iods  of t ime exceeding 20 m i n u t e s  ( 1 20 0

sec) in o rder  to a c c u r at e ly  de :Tino  the r e s u l t .  The sol id

l ine  r ep r e sen t s  an e x p on e n t i a l  decay toward e q ui l ib r i u m ,

w h i c h  w i l l  he discussed l a ter .  The c o n t rac t i o ns  obs e rved

were f o u nd  to be the result of oxidation of boron at the

surface of the f i l a m e n t .  Boron oxide is volatile at the

n a m e s  used n-h en a n n e i l i ne  the f i  I a rmcnt  , as •~v i d e n c e t i

by the  i In of be ro;m ox mde or-i the ch.mn± o r n’s 11:; , so t- ha t- th  ~
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oxidation was an effective method of removing boron frcm the

surface of the filament. A micrograph of the surface of an

annealed boron filament is shown in Figure 23a. It was noted

that the surface was considerably smoother than that of an

as-produced boron filament but the original diameter did not change .

The observation of voids in boron filament , both in

metal matrices 29 32 and in the present work , suggests that

the mechanism of void formation is related to the diffusion

of boron atoms outward to the surface and vacancy diffusion

inward to the core - sheath interface. A critical factor in

understanding all diffusion phenomena is dependence on

temperature. Many boron filaments were annealed in dry air at

constant periods of time, (300 sec) at temperatures ranging

from SOO °C to 1200°C. The lower limit of 800°C was imposed

by the optical pyrometer and the upper limit of 1200°C was

due to the transformation of amorphous boron to a crystalline

• 
- phase or phases. The results from these experiments are

shown in Figure 24. The solid circles on the graph are the

mean values of contraction with bars representing the

• standard deviation for each set of experiments . The solid

line represents another exponential decay (see Equation ~I)

which allows for contraction to take place , even at room

temperature . An interesting point to note is that the

maximum slope of this curve occurs in the region between

900 ’ C a nd 1000 ° C. Fi gure 23b shows tha t  macroscopic voids

were f i r s t  observed in th i s  temperature  range at  300 seconds

34



annealing time .

Fiqures 22 and 24 both exhibit an exoonential decay

toward equilibrium . This is common in nature; (radioactive

deca y ,  amp l i t u d e  of v ibra t ion  of a s t r i n g , diffuzion , etc.)

therefore a simple exponential decay was postulatad :

A A (1 — e~~~t) (~~\

where

A contraction of boran filament expressed in ~

a s v r ip t ct i o  val u e  of cont rac t ion  at i n f i n i t e  t i ne

K rate constant deoendent on boundary  c o n d i t i on s .

I~ order to fit the ex~ erinenta . data , K was found to

be a n r c d u c t  of two rate constants , ~ and K - :

- -E/kT

by subctitutior., one obtains the equation:

A .~~ 
- exp [_t :~ , e~~~ ”kT ( 1 — e [°

~
])]~~. (8~

Fittinq this equation to the experimental data cave v a l ue s

for E , A , K ,v , and -
~ shown below :

A: =

= 37.87 scc ’

40

E 0.97~~ V

It must be emphasitod that e q u a t i o n  (~~) is an emp i r i c a l

• relationshi p constructed to f i t  the exper imen ta l  da ta

presented , and that the o~r’sical meaning of the values found

rs as vet  not conpletelv ~ncwn. An~~ n terostine nrmnt to
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note was t ha t  the e f f e c t i v e  a c t i v a t i o n  ene rgy , di ’ t e m : - m i n~~l by

the p resen t  work , ( 0 . 9 7  eV)  was n ea r the midpo int of  the

range in activation enercies determined by DiCorlo 33 in

similar experiments.

Several  examples of the sp e c t a c u lar  i nt e r f ac i al  v o i d

f o r m m a t i o n s , t ha t  were  observ ed  in the  a n n e i l e d  bor on  t i  la:-~ent

are shown in Figures 25, 26 and 27. Figures 25 end 26 are

m ic r ogr a ph o  ( S E I )  of B/ h ’  f i l~~:’ient t h a t  had been a nn e a l e d  at

d: f f e r c nt  t e m n or at u r e s  in a :r .  C o m m o l e t o  s em m ar a t i o n  of the

be mr-n sacs th from the core was 500arcn t in f 1 1 wmcr~t t h a n

were  an a e a l e . i  at  tempera b ares  of 1100 ~C one above . Th i s

al lc-.-.’ed the core to buck le  a 1on~; the l e n gt h  of the f i l a m e n t

Co r e buc hlimi~j was p robab ly  due to t h e  h i ch  ax i a l  commpt - ess ive

st r e sses p m - u r c n t  in the core , c a u s i n g  i t  to inc rease  i t s

l e n gt h  w h e n  the conr ~t ra in t  of the boron sheath war removed

by se~~ar.~ t ion  t h r o ugh  v o id  for :ra t :  ion. Consider that the

{ 
voids ~ommei en annular rInc around  the core.  ~ eas u r em en t s

were  made f r o m  a number  of SE~-I m ic rogi - aphs  of a n n ea l e d

f i l a m ~’rr t  c r o s s — sec t i o n s , and hose me i ru r em en t s  indicated

the t the average thickness of the a n n u l a r  r in q s  we r e :  3. 1

~ 
ll00~ C; 4 . 5  ~m -~ l150~~C; and 7.7 ~m ~ i200~ C. A ll ~ f

these  measurements pertain to boron f i l am en t  a n ne a l ed  in a i

for 300 seconds (5 m i n ut e s )  . Fiquro 27 shows a cross— sect i-

27~ and core reg ion ( 2Th view of a 13/C f i l a m e n t  that. was

annealed at 1/00 tm C in ai r fo r  5 m i n u t e s .  F~~qu r e  27 seemed

to imply that the interm ’ic i a I void formation was not:

36
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dependent upon the core material , but rather a phenomenon

of the boron sheath. X-ray diffraction was employed to

determine whether any structural changes had taken place in

the tungsten boride core , or the boron sheath , during

annealing at 1200°C for 5 minutes. Analysis of the x—ray

pattern for as-produced and annealled filament revealed them

to be identical. Split boron filament were annealed in air

at 1200°C for 3 minutes , and then , the tungsten boride core

was removed by etching with a 30% hydrogen peroxide (1170 2)

solution. Voids were observed to have formed at the core -

boron shea th  interface , and an example of such a filament

is shown in Figure 28. Figure 28 is an oblique view of the

split filament , and Figure 28b is a view of the core - sheath

interface. The voids shown in Figure 28b appeared to have

formed axial rows corresponding to die marks on the tungsten

substrate , which probably served as preferred nucleation

sites for the void formation. This indicated a pctssiblo

similarity between the interfacial void formation , and the

nucleation and growth of the boron deposit and the formation

of “proximate voids”34. These annealed split filament were

thinned from the outside with an ion beam , and examined by

transmission electron microscopy . Small voids were observed

at the core - boron sheath interface . Two examples of these

voids are shown in Figures 29 and 30b. Figure 29 dep icts a

void that appeared to have been in the early stages of

37 
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development. Electron diffraction revealed that small

crystals were present at the interface near the center of

I 
the void , and the d spacing values determined from the

diffraction pattern corresponded to i~-rhomboh edral boron. 15

1.. Figure 3Gb shows another void at the core — sheath interface

of an annealed boron f i l a m e n t .  It  was noted t h a t  the
• L st ruc tu ra l  appearance of the void region resembled t he

I 
“ tangerine peel” processes , which are clearly seen on the

surface of the voids shown in 1-’Igure 26. Electron diffraction

1. of t he process shown in Fig ure 30b revealed t hat  they a l s o

L 

contained small crystals of ~—rhombohedra1 boron . The

format ion  of L~-bo ron c rys tal s  at the su r face  of the voids

was cons is tent  wi th  ea r l i e r  observation 36 t ha t  amorphous

bo ron c rys ta l l i zed  by su r face  n u c le at i o n , r a t h e r than

I nucleat ion in the bulk .  X — r a y  enerqy di~~pe r sive  analyses

of the interfacial void regions  detected no tungsten in

the core - sheath interface region of the boron mantle.

I 
Microstructural Observations — Split as-produced boron

• filament were thinned on an ion—milling machine fo r  ex a m i n a t  ion

1 in a transmission electron microscope (TEM) . Specimens

were thinned from the outside and from the inside , in orde r

•1 to observe m i c r o s t r u c t u r a l  fc at ur c s  present  in the core -

sheath i n t e r f ace  region and the outer  s u r f a ce  r e gi o n ,

— respect ively.  Figure 30a is a typica l examp le of a core -

sheath i n t e r f a c e  region.  Dark regions  of ~‘a r i o u s  sires ,and

1 
_______- 
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shapes were observed to be imbedded in the otherwise

featureless material of the interface region , and electron

diffraction revealed the entire region to be “amorphous ”

boron disp lay ing the typica l halo pattern with d values of

4.3, 2.5, 1.7, and 1.4 anqstroms . It appeared that the dark

islands observed were small regions of more dense boron

imbedded in a less dense boron matrix. Figures 31 and 32

are TEM microgr aphs of the outside surface region of boron

f i l a ments .  An i n t e re s t ing  fea ture  was noted to be present

in the outer surface region of more than 50% of the filaments

examined . This “ rod” structure appearec~ to be composed of

rodes of dense boron with less dense boron between the rods.

Also shown in Figures 31 and 32 are large voids that had

formed in some, but not all, of the less dense regions

surrounding the rods. The size of the voids ranged from

approximately 100 to 1000 R. It was presumed that the

ion-beam thinning process could have enlarged the voids;

however , the mere presence and consistent locations of the

voids in the less dense regions indicated the existence of

voids in these regions prior to thinning . A typical “rod ”

diameter was found to be on the order of 2000 ~~~~. The

distance which the rods extended into the boron sheath was

(-stimated to be approximately 3 pm . Electron diffraction

patterns of the “rod ” structure regions revealed no differ—

enc e in structure between the dense “ rods ” an d the less

_ _ _ _  -—--~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- -



dense areas. It was noted that the d values for the outside

and inside regions of an as—produced boron filament were

the same. The “rod” structure shown in Figures 31 and 32 could

possibly have a relationship with the “hillock” feature

observed by Wawner. 1 Figure 33 shows regions of the outer

surf ace por tions of boron f i lament in which the “rod”

structure was absent. These regions did , however , reveal

the presence of small voids , with a typical diamter of

approximately 100 ~~, which appeared to be randomly distributed

throughout the areas examined. Again , electron d i f f r ac t ion

patterns of the regions shown in Figure 33 indicated the

same “amorphous” structure as shown in Figure 30. These

observations suggested that a low concentration of voids

existed in the interior portions of the boron sheath; whereas ,

a high concentration of voids, some auite large, existed in

the outer regions of the boron sheath. This was in agree—

ment with the result found by DiCarlo,37 which showed that

the density of the boron sheath increased from the outside

to the core interface.
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SUM ~-1ARY AND C~~~CI t ’ SIONt -~

The elongation o b o r o n’ca r bon  f i l a men t  war  s t u d i e d ,

and  i t  was determined t hat  incroas  inq the t ens  ion on th e

subs t ra  te , by addi.  t ion of we t~~ht , increased the elongation .

D i f fe r e n t  d e posi tio n  gases  were used , ( 1 .e • , “d epleted” PL ’l

and “ p lan t ” BCI ~
) and the d i f f e ren c e  in elongation produced

by the use of th er e  gases wa s found  to ho i n s i g n i f i c a n t  w h en

‘d to  o t h er  f a c tor s  , such ~a s do nes i t ion  t e mp e r a t u r e .

Denesi t i on  t empera ture has an i n ter e s  t . i aq  of fo ot  on the B/ C

El l am e n t .  The e l on c at ic o  of the boron d ur i ng  d ep o s i t io n  was

s u ff i c i e n t  to cause  f ra c t u r e  et  t h e  carbon core .  I f  the

donor  I t ion t emp o re tu no h i gh  o n o m i g  h , then creep  can occu

i n  the c n-l-~~n substrate , a l l o w i n g  it t o  e l on g a te  w i t h  t:ho

boro n shea th , t h u s  m i n i m  L mm i nq f r a c  t u n e  of  the  corc . A t  lower

cn-~ r i t i on  t en i m - r a t ur o s  , .1 p u en o m o n en  ~~~i l  led “ i i  ohl -  bulbi .no

resu t t ed . The “ l igh t :  bu l  h i  n i ” war  due to e lec t r i c a l  d i s c o n —

t i nu i  t i es an s ing  f r om  core f r a c t u re .  1~a-p i d gr o w t h  of boron ,

which war en -ra  l y  c r y s t a l l i n e , resulted at these poi u ta ; .

The emoun t of “ 1  i qh t  bU t h i n g  in  f l u & ’n~~ed the elongation

since the fracture of the  m ; u l u ; t  i- a to  i - educed the constra i n t t o

t h e  e lono i t : i o n .  This “ l i g h t  b u lb  i no ” ~ f i e c t :  can he i~~~~~ccd

• but  not  c i i  mmi i :iated , l iv  co - i ti nq t h e  carb on  s u b r t  i a t e  w I  Lii a

t h i n  l ay er  C 1 ~m ) of py i - o l v t -  i c g r a p h it e  (PG )  . An ~ n s l  yris

o:. ho ron ‘ I an ia t- ion con I d n o  t toes i I lie made boos use  of Lii

i i  oh t. bu l i - i  mi s ’ p h en o men on  . I t  w i ’.; f o un d  the t the e 1 cug i t ion
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I 
was l inear  wi Lb the f i nd radius S t i U  u - cd ( R ? ) fo r  t h e  e~ir lv

stages of de p osit i o n , and n o n — i  i n e ar  f o r  the  l a ter  st  ~ige s (0

depos i t ion .  An import  an t  r e s u lt  was found Iiy us i ns  a ca u - i  ~m i

substrate. It was f o u n d  t h at  a ne~~i t i ye  e lou is t i on  of

I. approximately 1% occurred  wl i e i i  c rv m ;  t a 11 i no boron w~im ;

/ deposited .

1 Boron deposit ion e r pe  y i mn e n t w o r e  - iso i ~~~~~ e nm - 1  on

I different d isine ter t u u i g s t  en ru b s  t r at e s  i .e • , 5 .  1 ~m , 1 3
1 17. ~3 ~m , 33 inn , 3~i rm s r i  4 3  rm~ . The t ’i e n -~~i t :  i o n  was  I curd

I 
to he as c r e st  a m ;  i t  • ~~~~ - ~ei t h e  sm.i  i h - st  t un r - t eu w i no

subs t~~ i t a nd ho low •~ - or t ho 1 a ~- m c s  t I i  i n n — I en sub: ;  t n a t o .

I ‘rhi s di fL ’nence could he a t  n i i ’ii t ed  1 e t I i ’  p r t st ’ nce e

I 

u: inc ic tcd  t u n g s t e n  ui t lie larson cci em ; of t h e  f i l a m e n t  , wh i c h

w o u l d  r e s t r u  i n  lie e l e r i ; t i o n  due  t o  d i  f ~u s i o n  end r eac t  i on

I of ti~’~- m  w i  ‘i t l ie tun g s  on subs t m a t e . T b ’  e l er i.i  t ion war

StUdied  is a t u n c t  i O n  of dol e;: t- i on  t ~- m a n e ’ i t  n r c , u s 115 1

13 1~m d i t ine  t ci: t u n u st en subs 1 n i t  e . i t  w i  s fo und  t list ~iu r i i - ;

-~~ the o i r l y  r t ~ o u e m ;  of dop es i I i o n  t h e  e t ’mi ~~~t i on  was dom i  n e t  od

by core dove lopme n t in t: e ~ I i ~ and  li~ - . Ii . , and  I h a t  dun  i ng t he

t l a t e r  s ta g e r  of dopes i t  i on , t h i t ’ e I c i i~l e t  i cii w ar  t ine  to t h e

o l o u i ; - u t  ion of the  b ou - on m ; l le . l t h i .  A u e n m p i i i  c - i l  r , ’l e t  i i u i ’ ; l i  i p

I 
was found  t h a t  gave  a s i t  i s l i ct  c r y  ~ i t  t o  i i i  t I i ’  U ~

‘ ‘ I entia ~Ofl ~Ie t i

-\ ( ~~~

- -  
; 

ii

1.
1:’ 
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R final radius of the filament

rc radius of the core

A 0 and n were fitting parameters.

The deposition temperature variation experiments a l l owed

evaluat ion of A 0 and n , wh ich  yielded two effective acti-

vation energies , 0.33eV and 0.27eV. These energies were

quite low for atomic migration phenomena , and no definite

explanation of these energies can be offered at this time.

As-produced boron filaments were also used as substrate.

I t  was found that the elongation phenomenon was a con t inuous

function of the filament radius , whether tiie depos i t i on was

interrupted and performed in steps , or was ContinuoUS .

Elongation of boron filaments was studied in rel a t i o n

to small amounts of doping of the deposition gas mixture

using tungsten hexaflouride (I:F’ ) , silicon tetrachioridci

(S1C1 ,,) and methane (Cli ,) . No dofinite effect on elongation

was found by the addition of small amounts of W via WF
6 

or

Si via SjC1L,. However , at h ighe r  concentrations the co—

deposit ion of boron and t u n g s t e n  onto a tungsten subs t ra te

produced a filament composed of WB,. Incorporation of carbon

in the boron deposit via Cli , did have a definite effect on

the elongation (i.e., the  h igh e r  the carbon content:, the

lower the elongation). X—ray diffraction analysis of each

set of f i l a m e n t s  t h a t  had a d i f f e r e n t  carbon con ten t  revealed

t h a t  the decrease in e longat ion  war accompan ied  by en

increase in c ry st a l l in i t . ’ of the  boron-carbon  d ep o s i t
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A model was presented in an effort to explain the

origin of the boron elongation phenomenon. The assum pt ion

was made t hat  t he boron atoms were deposited individually

and i n a random d i s t r i b u t i o n .  A f t e r  be ing  covered by f r e sh

deposit , boron atoms underwent a transformation into icosahedron

that resulted in an expansion that proceeded as:

[i + (f — 1) (1 — 0 1\t)~

where

t the t ime at which  the boron layer  was do om; t ed

exnsns ion  f a c t o r

K r a t e  constant

An expans ion  r e s u l t i n g  f rom the b o r idina t i o n  of the

tun~;s ten core was also tahen into account. The correct

b e hav ior  was seen from the elonqe  t i o n  c u r v e s  sen e rat ed  I’v the

model , and the  r e s i d u a l  st  r - s s em ~ qi von by the trans form i~~ien

L 

model were in f a i r  agreement :  w i t h  t i -u c r o  de t e r m i n e d  experi-

mentally.

Boron f i l a m e n t s  were annea led  in various atmospheres

and c o n t rac t i o n s  of the f i l a m e n t s  were  observed . It was f o u nd

t h a t  the c o n t r a c t i o n  was d e p e n den t  upon the con c ent r . t i Ofl  0

oxygen in the  a n n e a l  lug atmosp here  and a n n ea l  lug  tempo r a t - n r c

A s im u  le cx p on en t i i  1 decay to e q u i l i br i u m  f rom a n o n — c q u i  I —

brium state wis p o st u l a t e d :

A = A (1 — ~
_ K t

~)

who r ’

A isvnint-etic value of c o n t ra c t i o n  ( , )

1

i
~ 

- -  .~ 
._ __ __,1 __ _

~_ _ _~
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K E rate constant

t annealing time .

The ra te  cons tan t  K was found  to be the product of t w o  r a t

constants: K K 1 K 2

where
— E /k T

K 1 =

and

K, = ~~~ ( 1 —

Fittiri c this equation to the e x p e r im en t - i l d a t a  cave the

v al u es :

A = — l . 2°’~

K~~) = 37.87 sec~
1

— 40

E = 0. ° 7eV

Th o e f f ect :  ~ve act  i va t i o n  eu:orcv  E = 0 . ~ 7eV w a r  f o u n d  to 1 ie

near the  m i d p o i n t  oIl the e ner g y  r an~, L ob t a ined  P1 D i  C ar l o 33

in sim ilar experiments. Large inter facial void format ioui; ;

were observed in the a n ne a l e d  boron f i l a m e n t .  These wore

most  p robab l y due to the di f f us i o n  of boron a t  ems ou t -wand

and subsequen t  “ vaca ncy ” di  f f u s i o n  i n war d  , wh I cii cemideu: ;od

at the  core — s he at h  i n t e rf ac e . Snia ii cr \’;; t:a Is of .~~~
— : hemrbc—

hcdra I boron were f o u n d  to have fo rnied i n “ t en q e n  i no p e e l ”

processes v i  s i ble  a t  t h e  i flS do s u r f a c e  of the voids

A p p r o p r iat e ly  t h i n n e d  split boron f i lam e n t  were

ox -  u :ii i red in a t r an  smi sm ; i on e l e ct  ron m i cr0;;  cope . A “

- 
- s t r u c t ur - .~ was f o u n d  to ex i s t -  n ea r  t h~ ou t -  er su i - f e o c  i i i  ine r t
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of the filament examined . Voids of vary ing size were

observed to be present near the outside surface in all the

filamen t studied . The inside surface (core - sheath inter-

face ) of as-produced filament revealed no significant

concentration of voids. Electron diffraction disclosed that

the ou ter reg ions , whether the “rod” structure was observed

or not, and the inner regions had the same “amorphous ”

structure.

It was concluded that the elongation was fundamentally

dependent upon : (1) deposition temperature; (2) substrate

type and size; and (3) quantity of boron deposited . The

origin of the B/W filament elongation could be explained by

an expansion in the boron sheath due to a transformation

of boron atoms into random icosahedra and expansion of the

tungsten substrate due to boridization. Annealing boron

filament in an environment that allows boron atoms to be

removed from the surface at a sufficiently high temperature

resulted in recovery of the elongated boron sheath from its

initial elongation . This was caused by interfacial void

formation. The density gradient found experimentally by

DiCarlo33 was most probably the result of a void concentration

dif ference between the outer and inner surface of the boron

sheath. 
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f
TABLE 1

Values of Fitting Parameters A 0 and n in the Equation ;

/ R - r  \fl
l A = .~~ I , by Least Squares Fit to Experimental

Data of Depositicn Temperature-Dependence Set of Runs.*

TeniDera ture  A o

L 

900 D
0 2.50 18.93

1000 C 1 .96 15.52

l l O O~~C 1.60 1 2 . 5 4

12O0 ~~C 1 .29 11.14

* r = 6 5 ~~~~

Li 
_ _ _ _  

_ _1 - -~~-- 
,
~~
---  --



TABLE 2

Values of Fitting Parameters A 0 and n in the Equation ;

1R — r ~~~~
A = A ( 

C \  , by Least Squares Fit to Core Size
° \ R + r j

Variation Set of Runs .*

• r
c n A ,

2.6 jim 2.43 22.33

9.1 ~im 0.98 5.54

16.9 ~n 1.96 5.92

19.5 ~..im 2.20 6.67

22.1 urn 2.17 6.11

*T = 1200 0C

i- i
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TABLE 3

X-ray Diffraction Analysis of Tungsten Doped Boron
Filament Produced With a BC1 3 :WF 6 Flow Rate Ratio of 1:1.

Intensity 28 d Compound hkl

VW 2 8 . 8 4  3.0961 WB2 001

S 34.25 - 2.6180 WB2 100

VS 45.28 2.0026 WB2 101

W 61.42 1.5095 WE2 110

- W 6 9 . 0  1.3610 WB 2 111

VW 79.71 1.2029 WE2 201

I_ f

L

L
L
I
11
I 52
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I

APPENDI XI Development of Transformation Model Let L(r) be the

unconstrained length of an infinitesimall~’ thin cylindrical

shell of a filament at a distance r from the filament axis ,

I and let Q(R) be the actual length of a filament wi th outside

radius R• Assume that the r ad ial  growth  of the filament is —

-1 linear in time :

-- R = r
~ + ctt

t = R — r / a  (a)

• where

r the core radius

the growth rate

- Assume that the boron outside the core tra:-~sform s from i ts
ini tial  deposited len gt h to a st ruc tu re wi th an uncon st rai :~~~
len cth that is f times greater with a r a te  c o n st a n t  K such

L 

that: I:
L ( ~~~) = L 0 (r )  + (f  - 1) (1 - -K ( t  - t ’(r) )]  ( h )

where , L0 (r) : leng th when deposited , or

L 0 (r) = ~ ( R )  ( c )

R = r

a~~ t t (r) the time at wh i c h  i t  was ~~~5it eLi , or

t ’ (r) = t ( R )  ( ‘ i )

R = r

Th en , b’.’ Subst1tut1o~ into  eau a~~ion (b) from (a) , (c) ~nd
(i) :
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V

r
L (r) = ~(r) [1 + (f - 1) (1 - e~

<”
~~~ 

- r)
)] r~ < r< R (e)

• The axial strain and stress in the boron sheath are then :

- — ~(R) — L(r)
— 

L(r)
r~

<r-
~-R (f)

a(r) = EE(r)

where

E Young ’s modulus of the boron sheath , (assumed

constant)  -

However , if ~ ( r )  > or ‘- - assun~e non—elastic defer—— max nun

mation takes place such t h a t :

Q ( R ~ _________________________
= 

emax + i i + (f - 1) (1 — e ”~~~ 
- r)) (c~

or
~(R) 1

= emin + 1 1 +  C f  — 1) (1 — 0 — K - ’a ( R  — r))

As boron diffuses into the core , assume that the core

transforms from its initial state to a structure w i t h  an

unconstrained length f , times greater with a rate constant

K
~ 

such that:
r .~~~ ( t — t ” ( r ) )l

L(r) = ~ (r ) Li + S (t — t” (r)) (~~ — 1) (1 — e C JC C

O~-r<r~ (1) -

where

t ” (r) the time at which th i s  t r an s f o r m a t i o n  st ar t

taking place

S ( t  — t” ( r )  ) a step f u n c t i o n  such t h a t  S ( N )  = 0 ,

X 0; S(X) 1, X 0

Now assume the d i f f u s i o n  of boron i n t o  the  core is l i ne a r  in

87
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I:
I.
t time so that the radius at which the transformation is

- starting to take place is:

( 
r = r

~ 
- st” , O<r<r~ 

. (i)

- 
Then , from (a)

— = 
R .  r~ + 

r - r~ ( j )

Substitution into equation (f) gives :

L(r) = Q (rc)[1+S 
~~~~~~~~ 

- 
rC_r)(f _l)(l_e~~c (a 

- 
r
;_r))]

O r <r
~ - ( k )  

—

The axial strain and stress ía the core are then:

I 
- ~ ( R )  - L(r)c(r) — L (r)

0<r<r
~ 

(1)

- p 0 ( r )  = Ec~
: ( r )

where

E
~ 

Young ’s modulus of the core (assumed constant).

However , if sir) -~-~~ 
or <c~ , assume the t r a n s f o r m a t i o n

max mm
is limited such that: -

L(r) = 
Q (R)

max

- 
or

- I l
1 1 - )  — __________1~ 1 J  

- + 1
- 

cnu n

For equilibrium , the integrated axial stress is zero , so:

J
2~ 

~~~ 

= 0 (n) 

--- --- -- -
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-

I

I or , since a is independent of 0 ,

L 
~~r d r = O .

I 
Thus ,

E
~ 1

r~ 
r~r + Ef [

~.~ (~~)
(~~~ (r ) ]  rdr = o.

By rearranging terms : -

E
~~~

( R )  + EZ(R) = Ec + E (
R 2

~~~~~~~~
c

2

)
~~~~~~~

t Subs ti t u tion and rear rangement  gives:

Z ( R ) ~~~[R
2 ÷ (

~~ 
— ~~) rc2] 

(q)

E Pr
- 

~~~
- c C rdr

I 

- ‘o i+~ ( r c 
- 

rc_r) (
~ c~~

) [i_e~~~ 

(R_ r 
- 

r
_r)]

(R 
~

(r
~~

) rclr

~~~rc 
s ir )  [i + ( f  - 1) (1 - e 1

~~~~~~~~)]

- L This equation respresents the elongation as a function of

filament radius.

Let R~ r
~ + ni~r, and X~ = ~~ ( R~~~),

I where

- 
Rn E filament radius after n~~ shell  is deposited

IL n number of n~~i shel l

\r shell thickness .

Divide the core into m shells. Set U. = 1,, i 0 . . . in

I 
and let:
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z~ j  = ~+s - 
( l_ i/ ~~) r

c) [1~~~
_ K

~ (~~~r _ l_ i ~~m~~~~)]
(r)

1 0  - • r n
x N

U- < - 
n ,~~~~~~

1 — Z~~~(c + j
~ + U

If X r set N ( s )

— U j .~ - + i~ 
‘ (J ~ = 

~~
—:--

~~~~ + 1nun nJ. ~~~~~~~~~

Then ,
rr c

I 
rdr  

- —

s ir )  
I •j n r ( 1_ i , a ) rC\ - I 

-~~ ( n r  ( i_ i /m )r c~

J ~(F~T ~~lr S —  — - ——--~----——j :~ — u L~ 0 - C \

1. rc ’ ç-~ 
v~ i

— m~ L_.,, (t)

V .  1/2; i 0 , m
V1 

= 1; 1 ~

Also let ,

~ ni ~ + (f - 1) [1 - ~~-~<“~~ (a - i) ~r] ( u )

X
-I- -I- n , set 

- _ _ _  _ _ _ _ _ _

~ni ~~max + 1) 
~ f li~~~max ± 1)

n , set 
- — ____________1 

~ni~~~min  ~~~~~~~ 
X j 

- 
+ 1)

T h e re f o r e , w i t h  = i / ;

1; 1 ~ 0,1
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ç R rdr

sir e
) [~ + ( f  - 1) (1 - 0-~ i’siA - i)~~r )j  = 

(w )

n — l
~~r ’S’  W1 ( r C + i \r ) 

~r 
r
~ + n~~r

L_i X - Y -  - +  
2 N

i=0

by substitution and rearrangemeat of terms yields ,

i I~c -

~ L~ r~~ + 2r~ n -~r + n \ r ~jX = — n — i
fl E c r , 2

~~~~~ V . !  ‘
~~~

-
~~~~~~

; .  , r -t- j~~~r )  .~~~~~r - f n \ r
- -  — - -  U— + — 

- 
— + X

1 0  1 fl~~ 1 I~11

or 

~ 
r + 2r~~n~~r + n~~~r

2 — r~~\r  — n~~r 21 )

E
~ ~~~~~~ 

V1 ~ ~è~% ~I ( r C + i~~ r ) 

-— --—

~~ 
÷ ~\ r 4~ m n i

i= O

and X~ = 1 + A/ l 0 0

where

A elongation expressed in ~~. 
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of boron/tungsten filament were also generated by the computer
program. Good agreement was found between the proposed model
and experimental results. Negative elongation (contraction) of
boron filament was observed during annealing and found to be
dependent upon the concentration of oxygen present in the
annealing atmosphere. The contraction was also found to be the
result of void formation at the core-boron sheath interface.
The contraction obeyed an empirical relationship, which
represented an exponential decay toward equilibrium from a
non-equilibrium state and an effective activation energy was
determined for boron/tungsten filament.
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UNIVERSITY OF VIRGINIA

[ School of Eogin..ring and App lied Science

The University of Virginia’s School of Engineering and Applied Science has an undergraduate

I- enrollment of approximately 1.300 students with a graduate enrollment of approx imately 500. There are
125 faculty members, a major ity of whom conduct research in addition to teaching

Research is an integral part of the e~ducationaf program and interests parallel academic specialties.
These range from the classical engineering departments of Chemical , Civil , Electrical , and Mechanical and

( Aerospace so departments of Biomedical Engineering Engineering Science and Systems. Materials
Science. Nuclear Engineering and Engineering Physics and Applied Mathematics and Computer Science
In addition to these departments , there are interdepartmental groups in the areas of Automatic Controls and
Applied Mechanics All departments offer ‘he doctorate , the Biomedical and Materials Science
Departments grant only graduate degrees

The School of Engineering and Applied Science is an integral part of the University (approximatel y
1.530 full•time faculty with a total enrollment of about 16.000 tull time students), which also has
professional schools of Architecture , Law, Medicine, Commerce , and Business Admin istration In addition,
the College of Arts and Sciences houses departments of Mathematics , Physics, Chemistry and others
relevant to the engineering research program This University community provides opportunities for
interdisciplinary work in pursuit of the basic goals of education, research , and public service.
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