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investigations that make up the school’s research program. The School of Engineering and Applied 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 Engineering Sciences (RLES) was established and assigned the
administrative responsibility for such research within the School.

The director of RLES—himself a faculty member and researcher—maintains familiarity with the
support requirements of the research under way. He is aided by an Academic Advisnry 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.
Because it is not practical for each department to become self-sufficient in all phases of the supporting
technology essential to present-day research, RLES makes services available through the following support
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ABSTRACT

Elongation in boron filament during fabrication w?s
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 desigﬁed 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.




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
compogite materials primarily because of their high cost.
There are limited 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 market without first reducing
the price to a cost competitive level. Based on this
premise, a secondary factor 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 making 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 relafed 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 filamentsl-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 fabricating
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and studying the filament in composites. The results of

the above studies were all basically in agreement showing
the outer surface layers being in residual compression, the
layers of boron next to the tungsten boride core being

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
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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-

gatorsg'10

have conducted a broader study of the effect
while attempting to deposit boron on carbon monofilament
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 diamter of 2 mils). Other factors
such as reactant 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 scientistsll'12'13

which may also be strongly
related to elongation and residual stresses in boron fila-
ments. These studies showed that annealing 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

14

filaments and recently described by DiCarlo™”., 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 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 J
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.




EXPERIMENTAL PROCEDURE

P e

A typical boron production re¢actor is schematically
shown in Figure 2. The reaction to form boron filaments is

carried out by the hydrogen reduction of boron trichloride

’ . '

in the manner described by the equation

heat
»

ZBC13 + 3H2 2B + GHC1.

S

The substrate wire, tvpically 13 micron tungsten, or 36
micron carbon in pulled through the chamber by a substrate

takeup motor and is heated electrically to the desired

temperature (1000 - 13000°C). Mercury serves as electrical
contacts as well as gas seals in the chamber. A mixture

of the reactant gas is passed through the deposition chamber
at positive pressure where it contacts the heated substrate
wire and deposits boron. Also shown in this figure is the
temperature profile assumed by boron filament on tungsten
while it is being produced. The highest temperature along
the profile is called the deposition of "hot spot" temperature
and is normally located just a few inches below the entrance
end of the reactor. The temeprature at the exit end of the
reactor is 200-300°C lower than at the "hot spot” and is due
to a resistance decrease in the filament as the diameter
increases (current is maintained constant through a filament
during production). Hence one can see that "normal" as
produced boron (on tungsten) filaments are deposited over

a rather severe temperature gradient which considering the




contribution 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 smull steel rod
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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 filament 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 déte 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 u) 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).




x Experiments to measure the anelastic effect in the
’ filaments were made using the previously described elonga-

tion measurement device while heating to various temperatures

in a hydrogen, nitrogen and argon atmospheres.

i,




SECTION II

EXPERIMENTAL RESULTS AND DISCUSSION

Boron/Carbon Chemical vapor deposition of boron by :

hydrogen reduction of boron trichloride 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-

hension and control of the mechanical and physical prcperties |

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

involved with the development of the residual internal
stresses is the elongation of boron during deposition.

.‘-'!e'nalso15

studied the deposition of boron onto a carbon
monofilament substrate and cobserved the filament elongation.
Borcn 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 BCl," in the reactant gas. The term “"plant
BCl," was used to identify boron trichloride which was
recovered and recycled from other deposition runs, and it
was known to contain small amounts of diborane (Bzﬁé). Also
shown in Figure 16 is a curve of a run at a deposition
temperature of 1250°C, which used "depleted BCl;" in the
reactant gas mixture. “Depleted BCl;" refers to boron

trichloride which contains no diborane (B.H;) and corresponds

il
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to the boron trichloride as received from the commercial
supplier. It was noted that a small difference in elongation

( is seen between the two types of BCl,. However, the

difference was shown to be insignificant when compared to

the effects of deposition temperature. By addition of weight
; attached to the substrate, an increase in tension was imposed ‘l
on the filament. The effect of increased tension on elonga-
tion is also shown in Figure 4. This change in elongation

seems reasonable since the phenomenon of elongation is such

that a tensile stress 1is 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. 1If

the deposition temperature is high enough, then creep can

occur in the carbon substrate allowing it to elongate with

the boron sheath, thus minimizing fracture of the core. At

lower deposition temperatures, the creep rate is not suffi-

cient to prevent fracture of the core.l® 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 qrowth‘of boron occurs at these points and is generally

12
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crystalline. Figure 5 shows deposition runs of boron/carbon
at two different temperatures. It can be seen from thesec
curves that creep in the carbon substrate is not sufficient
to prevent fracture at 1200°C; whereas it is great enough

at 1250°C for the core to conform with the elongating boron.
These two curves show that fracture of the carbon core occurs
at about 1% strain. After fracture the elongation increased
rapidly since the constraint to the elongation by the
substrate was reduced. The final elongation was also
dependent on the number of sites where fracture of the

substrate occurred, and this effect is shown in the differ-

A lins

ence of the elongation curves for "some light bulbing" and
"much light bulbing." This "light bulbing" effect can be
reduced somewhat, but not eliminated, by coating the carbon
monofilament with a thin (=1 um) layer of pyrolytic graphite

(PG). An analysis of boron elongation with respect to

x|
F
J

deposition temperature cannot easily be made because of t!
"light bulbing" phenomenon.

Figure 6 shows that the final radius squared is
linear with time at a high deposition temperature for boron/
carbon filament. This graph implies diffusion rate limited

. 15 ;
kinetics, and it allows one to calculate the radius (or
diameter) of the filament at any given time durina depo-
sition.

A plot of elongation (A) vs. final diameter of the

filament is shown in Figure 7. Several different runs,

13
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using "depleted" and "plant" BCl,, were averaged together.
The resultant curve somewhat resembled a parabola, implying
that the elongation may be linear with respect to the radius
squared. A plot of A vs. R? is shown in Figure 8, and it
was noted that the elcongation was linear with R® for the
early stages of deposition and non-linear for the later
stages of deposition. This result suggests that the
elongation is a more complex function of the radius of the
boron filament than a simple dependence on the cross-
sectional area of the boron deposit.

An important experimental result was found by using a
carbon substrate. Elongation measurements were made during
deposition of boron on carbon at a temperature above the
value at which a crystalline boron deposit is formed
(>1300°C). It was found that a negative elongation of
approximately 1% occurred at these temperatures. A
crystalline deposit implies that the boron atoms are
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 filament with a carbon monofilament or a pyro-
lytic graphite coated carbon monofilament substrate are at
present not widely used in the commercial market, and are
still in the developmental stage of production.16 Conse=~
quently, this investigation concentrated on the more widely

used boron/tungsten filament for cvaluation of the elongation

14




phenomenon.

I Boron/Tungsten Talley8 first observed the elongation

o of boron on tungsten to be approximately 10%. Little has
been reported since to quantitatively characterize the

elongation of boron, except for work performed by Diefendorf

17 LS

and Mehalso. 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 how the elongation
proceeds in real time during a typical deposition run. The
substrate used was a 13 ym (0.5 mil) diameter tungsten wire,
which is the standard substrate used commercially. The total
gas flow in the static reactor was approximately 1 liter/min
and was a 60% H, - 4C% BCl; 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 filament results in a more fundamental

relationship, so that the only parameters which have a signi-
ficant effect on the shape and slope of the curve are: (1)
deposition temperature; and, (2) substrate.

Figures 10 and 11 show the effect of deposition

temperature on boron elongaticn vs. final radius of boron/
15




tungsten filament. The final elongation was found to
increase with increasing deposition temperatures for filaments
with small radii (i.e., R <31 um). For filamentswith large
radii (i.e., R >31 pym), the elongation was found to decrease
with increasing deposition temperature. The temperature
dependence experiments were all carried out using 13 uym (0.5
mil) tungsten wire as a substrate. The fact that the
elongation increases with increasing temperature for small
radii filaments (R <31 um), and decreases with increasing
temperature for larger radii filaments (R >31 um), most
probably results from the elongation phenomenon being
dominated by the volume expansion of the tungsten core during
the early stages of deposition. After the core is completely
developed into szS and WB the elongation is then primarily
due to the elongation of the boron sheath. This effect is
more clearly seen in Figure 10, which shows the difference

in elongation vs. final radius between a set of deposition
experiments performed at 1200°C, and a set performed at
900°C. Figure 11 shows the results of experiments carried
out at intermediate temperatures (1000°C and 1100°C). An
interesting result from the four different temperature curves
in Figures 10 and 1l is a common point which occurs at an
elongation of 6.5% and a filament radius of 31 ym. The
experimental data had sufficient scatter as to preclude any
speculation about the common point. However, the four

different temperature curves do begin to diverge from this

16
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point. The lower final elongation at the higher deposition
temperatures could be attributed to the fact that at higher
temperatures atomic mobility was increased, allowing the
atoms to form a more dense, lower energy configuration.
Indeed, if the deposition temperature is raised above 1300°C,
crystalline boron forms in the deposit.

The curves used to fit the experimental data in
Figures 10 and 11 are least squares fits of an empirical
ralationship. The general form of the elongation curves can

be approximated by the equation:

K= . yh =
A =2 (S . (3)

9 R*.-rc

where

A © elongation of boron filament
R £Z radius of boron filament
= radius of substrate

A, and n are fitting parameters.
Differentiation and rearrangement of equation (3) results in

another relationship:

. T S—_ (4)
an R

This inplies that dA/dR increases linearly with A, and is
inversely proportional to the cross-sectional area of the

deposited boron. The £fitting I

parameters A, and n listed in

Tables 1 and 2 show a regular variation in the deposition
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temperature-dependence set of runs, but are rather irre-
gular in the filament core size variation set of runs.

Figure 12 is an Arrhenius plot of the two fitting
parameters A, and n for the deposition temperature variation
set of experiments, which were performed using the standard
13 ym (0.5 mil) diameter tungsten wire as a substrate. The
reader may note the remarkable regularity of the values of
A, and n, which gives strong support to the validity of
equation (3) as the analytical form of boron/tungsten
filament elongation. A ioast squares fit to the data in
Figure 12 vields the result:

n = 0.097e°" /KT
and,
Ap = 1.31e?*27/KT,

This result implies two effective activation energies of
0.33eV and 0.27eV. These activation energies seem quite low
for an atomic migration phenomenon and no definite expla-
nation of these energies can be offered. The eiongntion
phencmenon clearly involves the diffusion and reaction of
boron with tungsten, but there is also a process occurring
in the boron itself, as evidenced by the results of elon-
gation experiments using a carbon core.

Figures 13, 14 and 15 show the results of the core
size variation set of experiments. The substrates used were
Svd um (0.2 mil), 17:9 pym (0.7 wmil), 33 pm f1.3 mil), 39 um

(1.5 mil) and 43 um (1.7 mil) diameter tungsten wires,

18




supplied to the author by AVCO Specialty Materials Division.
All experiments were conducted at a constant flow rate and
BCl, - H, mixture of 1 liter/min 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 paraheters A, and n are shown in Table
2. The irregular variation of the parameters A, and n were
presumably the combined result of possible differences in
experimental conditions and differences in the microstructure
and surZace texture of the various sized tungsten substrates,
which affect 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 um) tungsten substrate, the distance which the boron
must diffuse through the core to achieve complete boridi-
zation is obviously smaller than for a large diameter (43 um)
substrate. It has been shownl8that a 13 um (0.5 mil)
diameter tungsten substrate was completely borided when
subjected to similar deposition conditions as were used in
the present set of deposition experiments; therefore, one
mav assume that a 5.2 um diameter tungsten substrate would be

cocmpletely borided under the same conditions. The presence

19
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of unreacted tungsten in the core of a B/W 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
derositing boron on a commercially produced 102 pm (4 mil)
diameter B/W filament. The result of these experiments is
shown in Figur=216 . It was noted that this elongaticn curve
was an extension of the 1200°C elongation curve shown in
igure 10. This result was reasonable since the B/W filament
used as a substrate for the experiments shown in Figure 16
also nad a 13 uym (0.5 mil) tungsten substrate. Also shown in
Figure 16 are results of deposition experiments using a 142
ym (5.6 mil) B/W 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 um B/W 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

oprosed 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 borcn deposition gas mixture. Three
20




different dopant gases were used: tungsten hexaflouride
(WFS); silicon tetrachleride (SiCl ); and methane (cub).
Tungsten doping of the boron deposit was achieved by
including tungsten hexaflouride in the deposition gas mixture.
Preliminary experiments indicated that small additions of
tungsten hexaflouride to the deposition gas mixture had no

on the elongation of boron filament.

ot

significant effec
However, an interesting experimental result was revealed from
x-ray diffraction measurements. Boron and tungsten were

simultaneously deposited ontc a 13 um (0.5 mil) tungsten

t

substrate. The flow rate ratio of WF, :BCl, was estimated to
be 1:1, and the deposition temperature was approximately
1200°C. A cross-sectional micrograph (SEM) of the tungsten-

boron filament is shown in Figure 17, and the x-ray

|81
rn

diffraction analysis of this filament is given in Table 3.
Noted were the highly convoluted surface and the presence o
regularly spaced radial cracks in the deposit. The filamen
was quite brittle and had a low tensile strength. The
interesting result was that the x~-ray diffraction measure-
ments revealed the deposit to be tungsten diboride (WB,),
an infrequently observed Tungsten boride phase. Woods et al19

have reported the formation of WB2 on a boron
filament by heating the filament to 800°C for 30 minutes in
a reduced pressure atmocsphere of argon and WF,.

Silicon was used as a dopant in the borcn deposition

1 ~

con tetrachloride (SiCl,) vapor to the
2

pae

by the addition of sil

h
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reactant gas mixture. The addition of silicon tetrachloride
vapor was accomplished by bubbling hydrogen through SiCl,
liquid at room temperature. A gas washing bottle was used to
contain the SiCl, 1liquid. Hydrogen was bubbled through the
liquid by means of a porous glass frit submerged in the §icCl,,
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 usad
for the silicon doping experiments. The elongation of the
filament was recorded, and the results are shown in Figure
18. The numbers in parentheses shown with the data points
are related to the flow rate of the hvdrocgen carrier gas

and the actual values are: (0) = 0 liters/min; (40) = 0.12
liters/min; (60) = 0,19 liters/min; (80) = 0.3 liters/min;
(120) = 0.54 liters/min. 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 SiCl4

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

SiB6 were detected in the deposit.
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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 BCl, to CH, (i.e., (10) = 10:1 BC1l,:CH, , (20) =
20:1 BCl,:CH, , etc.). The increase of the flow of methane
(CH,) in the deposition gas mixture was fcund to have a
definite influence on the elongation of the filament. As
the amount of CH_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
doping 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
compounds are not detectable in the filament until the
BCl;3:CH, 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

23




pattern of boron carbide (B;C). Increasing the methane
content of the reactant gas mixture to a BCl3:CH, 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
BuaBZCZ,ZO (B5C). B;3Cy, which closely resembles B,C,

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 BClj:CH, ration of 10:1 resulted in
filament which exhibited greater crystallinity. Analysis
of the x-ray diffraction pattern showed that lines per-
taining to B,;5C were the predominant lines. A small

amount of B;3C, also appeared to be present.

These results show that by doping the deposition gas
mixture (BClj3-H;) 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



in crystallinity, as evidenced by the diffraction patterns.
These two factors seem to imply 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

21 Nevertheless, the experimental

in metallic borides.
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 sufficent
to fracture the substrate. Also, when depositing boron onto

large diameter boron filament with the core already developed,
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one observes elongation. Consider the deposition process,
mentioned carlier, 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 cnto it,

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

the substrate. There are other by-products and intermediate
species formed by partial reduction of the BCl, by H,, such
as HBCl, and B,H,, but these are not the predominant reacticn
products and the boron is primarily deposited as individual
atoms. Consider also, that 1is has been shownzz_28 that
the B,, icosahedron is the integral subunit of structure
i; found in all the known polymorphs of boron. While it is not
inconceivable for B,, 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 filamen=. A model can be developed as
follows: the assumption was made that nearly all the boron
atoms were deposited individually and in a random configu-
| ratiocn. Each laver of atoms deposited were continually being
covered by fresh deposit. These buried atoms transformed,
1 at some rate, from a random distribution of individual atoms
into a random distribution of B,, icosahedra. The edge
length cf the B , icosahedra is 1.78 A. By treating the
boron atoms as hard spheres, the volume of each boron atom,

using 1.78 3/2 as the radius of the bhoron atom, is Vg = 2.95

26
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A'. The volume of twelve boron atoms would then be V“B

35.43 A', If one approximates an icosahedron as a sphere,

then the volume of a B, , icosahedra would be V = 72,12 R’.
12

This result implies a volume expansion when transforming from

isolated atoms into icosahedra. In fact, there would be a

volume expansiocn resulting from this particular transformation

for an isclated atom packing factor as low as 0.50.

In view of the atomic volume consideration given above,
the following model is presented to give a qualitative
explanation to the elongation upon deposition of amorphous
boron on tungsten:

(1) as boron is deposited, it forms an amorphous
laver of boron atoms on the surface;

(2) this amorphous layer of atcocms transforms to an
amorphous layer of icosahedra with a resultant volune
expansion;

(3) if the stress becomes sufficiently large at any
point in the boron sheath, the boron deforms to limit
the stress to a given maximum value;

(4) boron diffuses into the tungsten core;

(5) the tungsten-boron solution transforms to
tungsten borides with a resultant volume expansion;

(6) if the stress becomes sufficiently large at any
point in the core, the diffusion - transformation

process is retarded;
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(7) the integrated axial stress across a cross-

section of the fiber is zero.

A computer program was designed to check whether this
model could yield a rough guantitative comparison with the
experimental results. Since approximations had to be made in
this model and it contains a number of unknown parameters,
detailed fitting was not carried out.

Runs were made with core diameters of 4.8, 12 and 36
um. It was assumed the radius increased linearly with

deposition time at a rate of 48 um/min, and that the boron

would reach the center of the 12 um diameter core sample in
1 minute. Young's modulus was taken as the same in the
sheath (E) and throughout the core (EC) (whether transformed
or not). It was also assumed the transformation of the

N

deposited boron, if it was not constrained, would proceed as

(see Appendix): :
[1 AR c_kt)] (5) ‘
where
t Z the time at which the boron laver was deposited
f = expansion factor

k £ a rate constant.
‘ This function varied from 1 to f as t goes from 0 to infinity.

The expansion factor (f) was taken as 1.1 and k as 0.37/sec,

so that the transformation was half complete by the time a

} deposited laver was covered by 1.5 um of additiocnally
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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 eguation:

1 2 EC_, 2 (6)
2 [R *(? ?> }

R
+j‘ 2 (x) rdr .
. L(x) [1+(f-1) (1—e‘-’~/¢‘(R‘rc))]
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 assumes that
an expansion takes place in the deposited boron sheath as a
result of the transformation from isolated boron atoms into ’
B,, icosahedra. With cocnstraints on the expansion, imposed
by the surrounding material, a state of compression would
develop in the transforming layer of boron atoms (at some 1
filament radius Ri), and this state of compression would
exert a tensile stress onto the underlying material. As .

deposition continued, the layer at Ry would successively be




buried deeper and deeper by additional layers of boron. Each
layer would develop its own internal state of compression
which in turn would exert a tensile stress onto the under-
lying layers of material. After some thickness, R > R;, was
reached, the initiallayerconsidered(Ri) would have its state
of compression scmewhat relieved. When the radius of the
filament (R) reached a value sufficiently larger than Ry,

the state of compression initially developed in Ri would be

completely relieved. With further deposition, the layer

L

esignated as Ry would exhibit a progressively increasing

state of tension until the tensile strain reached a critical
‘ value, which would result in either fracture or non-elastic
deformation. Axial residual stress distributions were

i generated by the computer model and the results were of the
| same general form as that determined experimentally2 (Figure
i X}« In the smaller two samples (4.8 uym and 12.0 um), the
core was under compression near the maxinum allowed strec s,
the inner portion of the sheath was under tension near the
maxinmum allowed stress, and the outer portion of the boron
sheath was under compression near the maximum allowed stress.
The computer model axial residual stress distribution for

N

the largest core size (36 um) is shown in Figure 20,and it




was noted that the center portion of the core was under

tension, since diffusion and resultant transformation to
tungsten boride had not taken place. The change from tension
to compression, in the boron sheath, occurs more abruptly in
the model than reported experimontallyz (Figure 1),  but at
about the same radius. A possible reascn for the difference
between the experimentally determined axial stress distri-
butions and the computer model axial stress distributions is
that the model does not take into account the thermal
contraction that takes place after deposition is completed.
The complete mathematical development of the model presented
above is given in the Appendix.

Annealing Experiments The fact that boron displayed

anelastic behavior indicated that it might show some recovery
from the original elongation. Originally, boron filaments
were annealed in different inert atmospheres (N,, Ar, H,). A
contraction of 1.3 to 1.9% was observed for all gases used,
following annealing at 900°C for 10 minutes. Annealing was
also conducted in a vacuum (10_7 Torxr), and when crystal-
lization did not occur, no contraction was observed.
Examination of the data suggested a common mechanism involved
with the gaseous environments. It is known that the presence
of water vapor has undesirable effoects on boron growth during
the deposition process, and care was taken to ensure that all
gases were dry before entering the system. ‘he common factor

beliceved to be involved was trace amounts of oxygen present
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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 ym (4 mil) diameter B/W filament
stored at room temperature for 4 years; (2) standard produc-
tion 102 ym (4 mil) diameter B/W filament recently made; (3)
standard production 107 ym (4.2 mil) diameter B/C filament;
and (4) standard production 107 ym (4.2 mil) diameter B/C
filament etched to 74 uym (2.9 mil). Figure 21 shows that

all of the boron filaments contract upon annealing. The
temperature was kept constant at 900°C. After 10 minutes,
the standard production B/W filaments contracted by 1.7%;
whereas, the B/W filaments that had been stored for

4 years contracted somewhat less (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
2

distribution of the residual stresses® and less original
elongation as compared to B/W 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
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borcen sheath to relax. This, in itself, permitted some
contraction in the filament, which reduced the contraction
resultant from annealing.

All annealing experiments that were previously
conducted resulted in ccating the inside walls of the chamber
with a white film that physically resembled boron oxide
(8,0,), (i.e., it was scluble in hot water and slightly
soluble in ethyl alcohol, and hexagon crystals were observed).
Therefore, oxygen was considered the most likely gaseous

speci

>
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u
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the annealing environment responsible for the
relatively large contractions observed. Research purity

-

nitrogen (guaranteed to contain <] ppm O;) was used as a

carrier gas, while small amounts of dry air were added to
the flow to change the oxygen content of the annealing
atmosphere. Figure 22 shows the results of these
experiments. The solid circles shown on the graph represent
individual experiments, except for the one corresponding to
0% oxygen. Several runs were made in this pure nitrogen
atmosphere for periods of time exceeding 20 minutes (1200
sec) in order to accurately define the result. The solid
line represents an exponential decay toward equilibrium,
which will be discussed later. The contractions observed
were found to be the result of oxidation of boron at the
surface of the filament. Boron oxide is volatile at the

temperatures used when annealing the filament, as evidenced

bv the film of boron oxide on the chamber walls, so that this
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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

29-32 413 in the present work, suggests that

metal matrices
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 800°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 Egquation 8),
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 and 1000°C. Figure 23b shows that macroscopic voids

were first observed in this temperature range at 300 seconds
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annealing time.

Figures 22 and 24 both exhibit an exvonential decav
toward equilibrium. This 1s common in nature; (radioactive
decay, amplitude of vibration of a string, diffusion, etc.)
therefore a simple exponential decay was postulated:

A=2a (1- ekt (

o

~3

where

A = contraction of boron filament expressed in &

A_ Z asymptotic value of contraction at infinite time
K 2 rate constant dependent on boundary conditions.
In order to £it the experimental data, X was found to

be a product of two rate constants, K, and K,:

. ~E/kT
K, = ve E/k

X, = K, (1 - e2[02]),

By substitution, one obtains the eguation:

A=A 31 - ex: [—tK.ve—E/kT (1 - e—d[O:])]s_ (8)

Fitting this equation to the experimental data gave values

n

cr E, A , K,v, and a shown below:

®
A_ = ~1.89%

Kou = 37.87 sec”!
& = 40

It must be emphasized that equation (8) is an empirical
relationship constructed to fit the experimental data

1

presented, and that the physical meaning of the values found

is as yet not completelv known. An interesting pcint to
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note was that the effective activation energy, determined by

the present work, (0.97 eV) was near the midpoint of the
range in activation energies determined by DiCarlo3? in
similar experiments.

Several examples of the spectacular interfacial void
formations, that were observed in the annealed boron filament,
are shown in Figures 25, 26 and 27. Figures 25 and 26 are
micrographs (SEM) of B/W filament that had been annealed at
different temperatures in air. Complete separation of the %
boron sheath from the core was apparent in filament that
were annealed at temperatures of 1100°C and above. This 4
allowed the core to buckle along the length of the filament.

Core buckling was probably due to the high axial compressive
stresses present in the core, causing it to increase its
length when the constraint of the boron sheath was removed

by separation through void formation. Consider that the

voids formed an annular ring around the core. Measurements
were made from a number of SEM micrographs of annealed
filament cross-sections, and these measurements indicated

that the average thickness of the annular rings were: 3.lum

i il e R N bl Sl

@ 1100°C; 4.5 uym @ 1150°C; and 7.7 ym @ 1200°C. All of

these measurements pertain to boron filament annealed in air
for 300 seconds (5 minutes). Figure 27 shows a cross-section |
(27a and core region (27 view of a B/C filament that was ‘
annealed at 1200°C in air for 5 minutes. Figure 27 seemed ;

to imply that the interfacial void formation was not

i
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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 (H,0;)
solution. Voids were observed to have formed at the core -
boron sheath 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 possible
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 depicts a

void that appeared to have been in the early stages of
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development. Electron diffraction revealed that small
crystals were present at the interface near the center of
the void, and the d spacing values determined from the
diffraction pattern corresponded to B-rhombohedral boron.35
Figure 30b shows another void at the core - sheath interface
of an annealed boron filament. It was noted that the
structural appearance of the void region resembled the
"tangerine peel" processes, which are clearly seen on the
surface of the voids shown in Figure 26. Electron diffraction
of the process shown in Figure 30b revealed that they also
contained small crystals of g-rhombohedral boron. The
formation of B-boron crystals at the surface of the voids

) ; i A 36
was consistent with earlier observation

that amorphous
boron crystallized by surface nucleation, rather than
nucleation in the bulk. X-ray energy dispersive analyses
of the interfacial void regions detected no tungsten in

the core - sheath interface region of the boron mantle.

Microstructural Observations = Split as-produced boron

filament were thinned on an ion-milling machine for examination
in a transmission electron microscope (TEM). Specimens

were thinned from the outside and from the inside, in order

to observe microstructural features present in the core -
sheath interface region and the outer surface region,
respectively. Figure 30a is a typical example of a core -

sheath interface region. Dark regions of various sizes and
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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 displaying the typical halo pattern with d values of
4.3, 2.5, 1.7, and 1.4 angstroms. 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 micrographs of the outside surface region of boron
filaments. An interesting feature was noted to be present
in the outer surface region of more than 50% of the filaments
examined. This "rod" structure appeared 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 8. 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 R. The
distance which the rods extended into the boron sheath was
estimated to be approximately 3 um. Electron diffraction
patterns of the "rod" structure regions revealed no differ-

ence in structure between the dense "rods" and the less
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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.l Figure 33 shows regions of the outer
surface portions of boron filament 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 diffraction
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 quite 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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SUMMARY AND CONCLUSIONS
The elongation of boron/carbon filament was studied,
and it was determined that increasing the tension on the
substrate, by addition of weight, increased the elongation.
Different deposition gases were used, (i.e., "depleted" BCl,
and "plant" BCl,) and the difference in elongaticn produced

by the use of these gases was found to be insignificant when

compared to other factors, such as deposition temperature.

Deposition temperature has an interesting effect on the B/C
filament. The elongation of the boron during deposition was
sufficient to cause fracture of the carbon core. If the
deposition temperature is high enough, then creep can occur
in the carbon substrate, allowing it to elcongate with the
boron sheath, thus minimizing fracture of the core. At lower
deposition temperatures, a phenomenon called "light bulbing"
resulted. The "“light bulbing” was due to electrical discon-
tinuities arising from core fracture. Rapid growth of boron,
which was generally crystalline, resulted at these points.
'he amount of "light bulbing" influenced the elongation,
since the fracture of the substrate reduced the constraint to
the elongation. This "light bulbing" effect can be reduccd,
but not eliminated, by coating the carbon substrate with a
thin layer (=1 ym) of pyrolytic graphite (PG). An analysis
of boron eloncation could not casily bemade because of this

"light bulbina" phenomenon. It was found that the elongation
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was linear with the final radius squared (R?) for the early
stages of deposition, and non-linear for the later stages of
deposition. An important result was found by using a carbon
substrate. It was found that a negative elongation of
approximately 1% occurred when crystalline boron was

deposited.

Boron deposition experiments were also performed on
different diameter tungsten substrates (i.e., 5.1 um, 13 um,
17.8 ym, 33 um, 38 pym and 43 um). The elongation was found

1

to be as great as 16.6% for the smallest tungsten wire
substrate and below 2% for the largest tungsten substrate.
This difference could be attributed to the presence of
unreacted tungsten in the larger cores of the filament, which
would restrain the elongation due to diffusion and reaction
of boron with the tungsten substrate. The elongation was
studied as a function of deposition temperature, using a

13 ym diameter tungsten substrate. It was found that during
the early stages of deposition the elongation was dominated
by core development into WB, and W,By, and that during the
later stages of deposition, the elongation was due to the
elongation of the boron sheath. An empirical relationship

was found that gave a satisfactory fit to all the B/W

elongation data:

where




R = final radius of the filament

e B radius of the core

A, and n were fitting parameters.
The deposition temperature variation experiments allowed
evaluation of A, and n, which yielded two effective acti-
vation energies, 0.33eV and 0.27eV. These encrgies were
quite low for atomic migraﬁion phenomena, and no definite
explanation of these energies can be offered at this time.

As-produced boron filaments were also used as substrate.
It was found that the elongation phenomenon was a continuous
function of the filament radius, whether the deposition was
interrupted and performed in steps, or was continuous.

Elongation of boron filaments was studied in relation
to small amounts of doping of the deposition gas mixture
using tungsten hexaflouride (WFB), silicon tetrachloride
(SiCl,) and methane (CH“). No definite effect on elongation
was found by the addition of small amounts of W via WFG or
Si via SiCl,. However, at higher concentrations the co-
deposition of boron and tungsten onto a tungsten substrate
produced a filament composed of WBz. Incorporation of carbon
in the boron deposit via CH, did have a definite effect on
the elongation (i.e., the higher the carbon content, the
lower the elongation). X-ray diffraction analysis of each
set of filaments that had a different carbon content revealed
that the decrease in elongation was accompanied by an

increase in crystallinity of the boron-carbon deposit.
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A model was presented in an effort to explain the
origin of the boron elongation phenomenon. The assumption
was made that the boron atoms were deposited individually

and in a random distribution. After being coveredby fresh

deposit, boron atoms underwent a transformation into icosahedron

that resulted in an expansion that proceeded as:

[1 +(£=-1) (1 - e‘Kt)]

where
t = the time at which the boron layer was deposited
f =z expansion factor
K = rate constant

An expansion resulting from the boridization of the
tungsten core was also taken into account. The correct
behavior was seen from the elongation curves generated by the
model, and the residual stresses given by the transformation
model were in fair agreement with those determined experi-
mentally.

Boron filamentswere anncaled in various atmospheres
and contractions of the filamentswere observed. It was found
that the contraction was dependent upon the concentration of
oxygen in the annealing atmosphere and annealing temperature.
A simple exponential decay to equilibrium from a non-cquili-
brium state was postulated:

A=a_ (1-e "

where

A_ = asymptotic value of contraction (%)
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K = rate constant

t = annealing time.
The rate constant K was found to be the product of two rate
constants: K = K,;K;
where

Ky = Ue—E/kT
and
X, = %, (1 - ¢ 2%,

Fitting this equation to the experimental data gave the
values:

A = =1.89%

3787 scc‘1

=
<
]

a = 40

E = 0.97eV
The effective activation energy E = 0.97eV was found to lie
near the midpoint of the energy range obtained by DiCdf]O33
in similar experiments. Large interfacial void formations
were observed in the annealed boron filament. These werc
most probably due to the diffusion of boron atoms outward,
and subsequent "vacancy" diffusion inward, which condensed
at the core - sheath interface. Small crystals of B-rhombo-
hedral boron were found to have formed in "“tangerine pecl"
processes visible at the inside surface of the voids.

Appropriately thinned split boron filament were
examined in a transmission electron microscope. A "rod"

structure was found to exist near the outer surface in most
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of the filament examined. Voids of varying size were
observed to be present near the outside surface in all the
filament studied. The inside surface (core - sheath inter-
face) of as-produced filament revealed no significant
concentration of voids. Electron diffraction disclosed that
the outer regions, 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) gquantity 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
T formation. The density gradient found experimentally by
DiCarlo33 was most probably the result of a void concentration
l difference between the outer and inner surface of the boron

sheath.
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TABLE 1

Values of Fitting Parameters Au and n in the Equation;

R=-x \BD
A=a ——= ) , by Least Squares Fit to Experimental
R
c

Data of Depcositicn Temperature-Dependence Set of Runs.*

Temperature n Ao
900°cC 2.50 18.93
1000°c 1.96 15.52
1100°C 1.60 12.54
1200°C 1.29 13,34
*rc ="6:5 um
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TABLE 2
Values of Fitting Parameters Ao and n in the Eguation;
R ~-r n
A=A i , by Least Squares Fit to Core Size
°\ R + rc

Variation Set of Runs.*

E
(= n A,

{ 2.6 um 2.43 22.33
9.1 um 0.98 5.54
b 16.9 um 1.96 5.92
| 15.5 um 2.20 6. 67
3 22.1 um 5.17 §.11

*T = 1200°C

51




i TABLE 3 ?
,} X-ray Diffraction Analysis of Tungsten Doped Boron 1
A Filament Produced With a BCl,;:WFg; Flow Rate Ratio of 1l:1.
{
J {' Intensityv 29 s Compound Bkl 4
| VW 28.84 3.0961 WB, 001
t s 34.25 . 2.6180 WB, 100
vs 45,28 2.0026 WB, 101
1 W 61.42 1.5095 WB, 110
’3 W 69.0 1.3610 WB, 111
| VW 79.71 1.2029 WB, 201
i
|
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APPENDIX

Development of Transformation Model Let L(r) be the

unconstrained length of an infinitesimally thin cylindrical
shell of a filament at a distance r from the filament axis,
and let L (R) be the actual length of a filament with outside
radius R. Assume that the radial growth of the filament is

linear in time:

t =R -1r /o (a)

the core radius

Hl

r
(o
= dR
a@ = the growth rate IE) -
Assume that the boron outside the core transforms from its

.nitial deposited length to a structure with an unconstrained

length that is f times greater with a rate constant K such

that:
L(r) = L, (r) [1 ® 4 = 1) (L - g7RE = BHE) ’] (b)
where, Lg(r) 2 length when deposited, or
Lo () = 2(R) (c)
R=r
ard t'(r) = the time at which it was derosited, or :

t'(r) = t(R)

R=r

Then, by substitution into equation (b) from (a), (c) and
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bn = 2m 1+ 021 Q- K®R-IH] L (o

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

clr) = L (R)L (—r)L(r)
ro<r<R (f)
o(r) = Ee(r)
: where
E = Young's modulus of the boron sheath, (assumed
constant) .
However, if c(r) > ¢ or < assume nen-elastic defor-

R
max - AN

mation takes place such that:

kir} = — E

emax sl 1l + (f = l) (1 - e-K/'/CA.(R = r)) (g)

ey ¢ (R) 1

) = egin * 1 1+ & - 1) (1~ e-K/u(R - r))

As boron diffuses into the core, assume that the core
transforms from its initial state to a structure with an
unconstrained length fc times greater with a rate constant

K~ such that:

C

L) O i w6 o )
L) = l(rc) [l i T P T ¢ (fc = 1l = = e ],

0<r<rq (h)
where ]
t"(r) = the time at which this transformation starts
taking place
S(t - t"(r)) = a step function such that S(X) = 0,
X<0; sS(X) =1, X>0

Now assume the diffusion of boron into the core is linear in
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time so that the radius at which the transformation is

starting to take place is:
T moy = gk, Qtrex (1)
Then, from (a):

(3)

Substitution into equation (f) gives:

el 2 (R—rc rc-r>]
s o -r -K =
Eix) = i(rc)[hs( i cs )(fc—l)(l—e e 8 .

T (k)

The axial strain and stress in the core are then:

L(R) - L(r)

€e(r) = AED
0<r<r, (1)
gle) = Ec:(r)
where
Ec = Young's modulus of the core (assumed constant).
However, if e (r) o Or <€, , assume the transformation
max min

is limited such that:

L(r) = - Q(R) (nl)
£c +. 1
max
or
L(r) = ‘_Q(R) T
“Cnin

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

2T R
/ f ¢ rdxrd9 = 0 (n)
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or, since o is independent of 8,

R
j[ o rdr = 0.

Thus, 0
r

(o R
L(R)=L(xr) 2 (R)-L(r)
Eg L(x) rdr + E L(r)
0 Te

By rearranging terms:
T o R r 2
s rdr + ER Hedn: E C 4+ E
Egh (W) f L(x) B L(xr) %72
0 e

Substitution and rearrangement gives:

B
& 2 C ) 2
- [R +<—E— -1 rc_

frc rar
B R-1 Y .-r R-r =
M o e o

Q B

/R U(ry) rdr
+ N
L (r) [l $ (f = 1) (1 ~ e K/a (R rh]

e

This equation respresents the elongation as a function of
filament radius.
Let Rn = ro + ndr, and Xn =2
where
Rp = filament radius after nth shell is deposited
n = number of nth shell
Ar = shell thickness.

Divide the core into m shells. Set Ui =

and let:




nir (1-i/m)Te i &’Q_l:_(l-i/m)rc)
z.; = 148 (T s s || HES U S P R 3
(r)
i=0 e
B G xn , Set N Xn
3 o zni(gcmax + i zni(ccmax 1)
- (s)
It EEL Xn » Set o _ *n 1
1 o (e & v LE
o “emin * ni Ceyin * 1)
E
Then, j
r
= rdxr
3 e A o
| A ] frsr o (-i/mTe) . = —KC(L];- i o “)
L(r) o 3 (fem1) [1-e R
o
2 .
w0 o
= m? 2 (t)
Tty % A
Vi = 1427 1 = 0, m "
Vi = 1y 1 # 0,m \
Also let, i
¥ . =14 (-1 [1 gl - i)-\r] (u)
ni |
17 ¥, xn 2 BEE kn
1 = Ypjlepax + 1) " Ypilepae ¥ 1)
4 (v)
EE % Xn voSek o S
Mo X V€, + 1) . S e + 1}
ni'“min R ain
Therefore, with Wy = 1/2; i =0
W, = 15 4 % 0,
i
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R rdr
TN (£ - D) (- KA Dan] - i
: ”(rc)
n-1
AIZ Wi (Fc + 1.\r) 3 .L\_. rc 3 niAr 3
i Xj Yni . *n
1=0

by substitution and rearrangement of terms yields,

I E:C 2 ” ~ (2\)
519 B * 2ranr + noART

m ) n-1

E. rc2 Ve & :E: Wy (T * ibr) o B, - AT

— + Ax ~ -+ == —a

E Y R X X -

. i=0 Ul ni i=0 \1 ni 2 \(n
o)
E 3

Floe < A > 2 2

5l E *e + 2r nAr + n Axc = rCAr = N4x (v)
> N = ) . S5
h EC rc-z Vi & * E Wi(rc + 1;&1‘)

— -~ + -r > ¥ .

1=0 1=0

and Xn = 1 + A/100
where

W
N

elongation expressed in §.
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