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1) INTRODUCTION

Advanced composite materials have becgun to be more widely used as struc-
tural und surface compcnents in wodern aircraft. Immediate questions arise
concerning the effects of lightning upon composite structures, the shielding
effectiveness of the materials against electromagnetic interference and elec-

tromagnetic pulse cffects, the radar cross-scction and precipitation static
effects.

Research has shown that ¢Oomposites are more likely than metals to degrade
structurally under simulated 1lightning excitations! and that the electrical
shielding effectiveness of typical composites (graphite/epoxy, boron/epoxy
and Kevlar/epoxy} 1s less than that of metals over the range of frequencies
DC to 3 GHz,2o3 although the shielding effectiveness of graphite/epoxy ap-
proaches that of metals for frequencies above 100 MHz.

Partial sclutions to the problems of lightning susceptibility and shield-
ing have involved conductive coatings, embedded conductive grids and diverter
strips.

However, a more fundcmental approach could offer significant advantages.
To anyone concerned with the problem of shielding the interior of a vehicle
agajnst electromagnetic hazards, the possibility of a material with the spe-
cific strength of a graphite/epoxy or a boron/epoxy composite and the conduc-
tivity of aluminum is appealing. 1In order eo improve the shielding effective-
ness and lightning strike resistance of these materials, it 1s natural to
consider ways in which the electrical conductivity and/or permeability can be
increased without significant decreases in specific strength.

A necessary prelude to developing such materials is a determination of
the fundamental mechanisms responsible for the electrical behavior of compos-
ites. Previous work® indicates that low frequency conductivity depends on
fiber conductivity and fiber-to-fiber contact. This leads to the possibilitry
of increasing fiber cenductivity by doping techniques. For example. poly-~
crystalline boron is a semiconductor and it should be possible to identify
dopants which, when added to the fibers in parts per billion concentrations,
result in orders of magnitude increase in fiber and ccmposite conductivity.
Polycrystalline carbon 18 less well characterized electrically Lut, in view
of carbon's position in the fourth group of the periodic table, doping should
be possible in this material also.

Permeability increases would improve snielding effectiveness and could be
accomplished by doping composite fibers with atoms of high magnetic moment.
Increases in mass density are a possible problem with this approach and in-
creased permeability would not improve response to lightning.

Further, such doping of fibers should add little to composite fabrication
costs because it could probably be accomplished by aimply changing the gas
mixture in which the fibers are formed (either by graphitization of a hydro-
carbon precursor or by chemical vapor deposition of boron on tungsten).

To examine these ideas, a research program was initiated with the follow-
ing three gereral goals:



1) <Characterfze the electrical behavior of as-manufactured graphite and boron
fibers by measuring the low frequency conductivity, ¢. This taskrequires
developiig reliable teclhiniques of making ohmic electrical contact to the
fibers.

2) Experimentally and theoretically determine the fundamental physics of cur-
rent flow in advanced composite materials; in particular, if the poly-
cryscalline fibers are semiconductor-like, what elements could be used to
dope the fibers to change their electrical conductlivity?

3) Experimentally investigate various doping methods to increase the intrin-
sic conductivities of composites.

The following specific tasks were accomplished during the year. Tech-
niques were developed for making electrical contact to graphite and boron
fibe... and the DC electrical conductivities of fibers provided by three
manufacturers (Narmco and Hercules (graphite) and Avco (boron)) were measured,
Dittusions of boron into jraphite fibers and carbon intu boron {ibers were
carried out and the resultant changes in electrical conductivity were measured.
The high field non-linear thresholds of the fibers were measured in order to
assess failurc mechanisms under high-level 2lectrical excitation. Models were
conductivities of the constituent fibers and matrix. It was theoretically
concluded that attempts to increase the magnetic permeabilities of advanced
composite materials would result in unacceptable decreases in specific
strength and this approach was not investigated experimentally. Such a spe-
cific strength decrease will result from the mass density increase as rela-
tively dense high permeability materials are added. For example, loading the
composite with 10 volume percent high permeability iron-nickel alleoy would
increuse the composite density by 40% - a change which would be unacceptable
in many applications although the relative permeability would be 20,

The next section of this report develops simple models of current flow in
advanced composites. The large differences in the conductivities of graphite/
epoxy and boron/epoxy are demonstr: ted and the central role played by the
fibers in determining overall wnaterial conductivity is illustrated. Thesc re-
sults indicate that increasing fiber conductivity will indeed lead to high
composite conductivities. Although such materials would have to be thoroughly
tested, & comparison of the responses of metals and presently manufactured
advanced composites to electromagnetic hazards indicates that enhanced com-
posite conductivities would lead to reduced electromagnetic velnerability.

Section 3 introduces the theory of impurity diffusion in cylindrical
geomet: fes germane to fibers.

The experimental investigations of as-manufactured graphite and boron
fibers are discussed in Sections 4 and 5 respectively. Techniques used to
characterize, clean and form electrical contacts are described. The DC
electrical conductivities and anisotropies associated with the fibers are
datarmined.

The experimental techniques used to introduce impurities into the fibers
are detailed in Section 6. Thermal diffusion was used for both boron and
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graphite while the intercalation of super-acid radicals into graphite was
also investigated. The results of these processes are given in Section 7.

The last section summarizes the progress made and indicates the direc-
tions along which the research will continue.

2} CURRENT IN COMPOSITES

The materials considered in this report are inhomogeneous, consisting of
arrays of fibers (each fiber, in general, electrically anisotrapic) in a
matrix (electrically isotropic for all materials presently under investiga-
tion). The theoretical situation is worsened by the lack of periodicitywhich
precludes the use of translational invariance symmetry as commonly applied in
the theory of crystalline solids.

It is possible to identify two major lines of analysis of suchmaterials.
The first may be termed the statistical study of iInhomogeneous materials and
has been developed primarily by individuals studying problems of heat flow in
disordered media (thermal insulation, for example). The basic theme 1is the
determination of upper and lower bounds of the transport coefficients (thermal
conductivity, elmctrical conductivity,...), in terms of the properties of the
two phases and the volume fractions of each phase. Although such models have
been developed pgimarily for solids consisting of spheres dispersed in a ma-
trix, extensions- have been published for dispersions of fibers. It must be
norted that the theoretical snalyacs do not assume any touching between the
fibers but rather assert that each fiber is murrounded by the matrix material,

We begin by examining the applicability of these bounds to the case of
graphite fibers in either an epoxy or a polyimide matrix. It is most con-
venient to examine the ratio of the u%?er bound (au) to the lower bound (cL).
The general expression takee the form -

oy/9, = a” (1 + of -A) / (f + a (1-f) + B)

with A= .Saf(1-f) / [f + zcl(l-f)2 - zczle

B = .25 af(1-£) / [f202 - (1-f)2c11

where o 1s the ratic of fiber to matrix conducrivities, f the volume frac-
tion of the fibers and Gl' 62 are empirical shape factors (see below).

In writing the above equation, available experimental evidence indicating
that fiber conductivities are several orders of magnitude greater than matrix
conductivities was invoked. As long as neither f nor 1-f closelyapproaches
zero (a condition which is satisfied in both typical graphite/epoxy and graph-
ite/polyimide samples), the bounds ratio (o /o ) simplifieg further and numer-
ical values for the shape factors may also He &ubgticuted,

Ll - 62 = 0.25
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For a samjle of graphite/epoxy or graphite/polyimide representative of
the materials used in aircraft, the following approximate numerical values
apply.

f « 0.7, o = 10& mhos /meter, 9, = 10 -8 mhos /meter

The bounds may bz evaluated directly as

g
Y4 6100'9)
L

This value is significantly greater than the experimentally measured
values,7 .

0
U
5 = 230.

L

It may be concluded that these Beran-Silnutzer bounds are not sufficient-
ly tight to realistically predict the electrical properties of graphite/resin
cemposites., Although the bounds are valid, thev are more than ten orders of
magnitude apart and are of little value in predicting the conductivities to
be expected Iin a given composite, These results imply that the basic diver-
gence between this theory and experiment involves the theoretical neglect of
fiber-to-{iber contact. This contact is a dominant feature in configurations
in which current is directed orthogonal to the fiber axis and cannot be ig-
nored i1f useful bounds are to be derived theoretically.

The second approach to the analysis of the electrical properties of com-
posites rests upon deterministic models in which one attempts to solve for
the precise distributions of currents in a sample excited by an external volt-
age and, in this way, determine an effective conductivity for the material.
Such models become intractable when large numbers of fibers must be considered
but insight cap be obtained into the basic electrical behavior by examining s
few simple models.

We begin our development of such models of electrical conductivity in
advanced composites by considering the most simple system--the unidirectional,
single-ply system. If care if taken to abrade any epoxy-rich regions from
the upper and lower surfaces of such a sample, we find that the conductivity
may be characterized by two quantities: o , the value assoclated with current
along the fiber axis and o_, the value associated with current orthogonal to
the fiber axis (either from top to bottom or in the sample plane at right
angles to the fibers).

We use the symbol f to denote the volume fraction of fibers in the
unidirectional sample, ¢, for the fiber conductivity and o, for the epoxy
matrix conduvctivity. Fo} current in the longitudinal direction (along the
fibers), the total sawple cunduciance (Figure 1) is simply the summation of
the conductances of the individval fibers plus the conductance of the epoxy.
This may be written as
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o fA o,(1-0)A
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trom which it follows that the longitudinal conductivity m.y be written as

= + ¢ -
o o][ az(l 1)
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MODEL FOR DETERMINATION OF OL

FIGURE 1

Although minor deviacions from this result are observed in some unidirec-
breaks in fibers and ckewing of fibers
it yifelds acceptable results. For_example , the

DC conductivity of 'typical' graphite fibers has been measured7aq 2(10%)mhos/m.
(S2ction 4). For unidirectional samples with a fiber volume fraction of 0.6
the above equation predicts the longitudinal cenductivity to be

tional samples primarily as a result ot
from the lengltudin.l axis,

I
0, = 2(10°)(0.6) + 02(0.4)

= 1.2(104) mhos/m,

The second term is, ol course, negligible when the matrix is epoxy. This

value is In excellent agreement with low frequency exgeriantal measurements
(DC ta 5 MH7)  which have keen in the range of 1-2{10%) whos/w for uniditec-
tional samples.
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The cajculation of the transverse conductivity o J¥c significantly more
difficule. 1In order to develop insight into this priblem, consider a simple
composite composed of two fibers with vectangvlar cross-sections, which touch g
cach other via a rectangular '"meck." This model is shown in Figure 2. ‘

DIRECTION QF CURRENT
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MODEL FOR CALCULATION OF o H
g
FIGURE 2 a
Consider a slab snick, depth W and length L) of thils sample as

sketched in Fégure 2

w conductance of this section can be calculated
directly as

AG = olWAx/L for - %—+ B < x < % -8
= -a)
AG OlOZWAx/(Ula + gz(L a)) otherwisge

The various geometric terms are defined in Figure 2. a, B8 are used to
define the 'neck' connecting the two fibers as shown in the figure.

o g, i BB o bl st

The total conductance is

G(+t/2) .
¢ = |dc = M L] 9%V - %% s
L g + UZ(L—a) L
G(-t/2)

Th?+ result may be sewritten in terms of a transverse conductivity O
defined as

G = oTtw/L,

L .t
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which implies that

oluz(ZB/t)
ol(a/L) + 02(1 - a/L)

o 1 - 28/t) ¢

=9 ¢

When B + t/2 and o + L, the model simplifies to pure matrix and the con-
ductivity takes the form

op =0, (L=-1) + 0102/(01 +0, (0)) = 0y-

When B + 0 and a + 0, the model simplifies to pure fiber and the conduc-
tivity is

0, =0 as expected.

The general expression for o, is of interest bzcause of the information
it contains about the situation iin which the fiber- 4o not touch. This is
described by the geometric condition B = t/2, and the equation for trans-
verse conductivity reduces to

Op = UZ(L/G).

The low probability of non-touching fibers in graphite/epoxy materials
is demonstrated by experimental results. The transverse conductivity for
graphite/epoxy has been measured to have a value of 200 mhos/m., while the
quantity L 1s approximately 2(10~2)m. Estimating the conductivity of the
epoxy matrix to be 10-8 mhos/m yields

& = 11071y n.

Such a small separation is, for all meaningful purposec, equivalent to
contact between fibers and it may be concluded that, in a transverse sample
of graphite/epoxy, fiber-to-fiher contact is esgential to describe ‘the conduc-
tion of charge in directions orthogonal to the fiber axis.

It is important to note that such fiber contact does not occur in boron/
epoxy and, ir these materials, the flow of charge across fibers 1is limited by
the conductivity of the epoxy matrix. _In unidirectional samples of boron/
epoxy 7, o, = 30 mhos/m and Oy = 2(10'8) mhos/m.

In composites which have an insulating matrix, two factors determine the
conductivities of unidirectional samples; the fiber conductivity and the
degree of fiber contact. For multiple-ply lay~ups, a simple model’ describ-
ing the overall conductivity o 1is given by the equation
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where N 1s the number of layers and o is the conductivity ir che direc-
tion of interest of the ith layer. This“equation follows from the assumptions
that the conductances ¢f the layers may be treated as effectively in parallel
and that each ply has the same thickness.

All of these results pertain to situations in which current is moving
between opposites faces of rectangular slabs of the material. Physical sit-
uations of interest cften display, of course, more complex geometries. 1Inthe
case of lightning attachments or precipitation static, the current 1s injected
into a series of points along the surface and then distributes itself (via a-
relaxation process) through the three-dimensional aircraft fuselage. Although
detailed modeling of the process is difficult, it is clear that the above
description will hold qualitatively. There will be differences in various
formulas as a result of the geometric complexity but the basic conclusion that
fiber contact dominates the observed composite material conductivity will hold.

The introduction of advanced composite materials causes a large number
of problems for individuals concerned with the electromagnetic compatibility
and survivability of defense systems, A significant effort has already been
expended to predict electromagnetic scattering and penetration for all metal-
lic structures. The applicabllity of this research to advanced composite
materials 1s not known. If fundamental physical changes in composites could
be made so that their electrical properties more closely approach those of
metals, existing scattering and penetration algorithms could be applied to
composites with improved accuracy.

The models of this section indicate that this goal could be approached
in one of two ways: either increase the conductivity of the fibers or in-
creage the fiber contact. The second path 1s ruled out by mechanical require-
ments. The resistance of composites to microbucklinug is primarily determined
by the fiber contact. As fiber contact increases, resistance tomicrobuckling
decreases and, in general, these materials are fabricated so as to minimize
fiber contact. Attempts to increase conductivities by increasing fiber con-
tact would lead to an unacceptable degradation in mechanical behavior.

This forces us to examine fiber conductivities more carefully and develop
techniques for increasing the conductivities without an accompanying decrease
in specific strengths. This implies that the basic mechanical strengths of
the fibers must be unchanged and, at the same time, their densities should not
increase. These requirements, in conjunction with processing difficulties,
ruie out plating the fibers with metallic sheaths.

The model used above to calculate o, is the simplest possible in that it
involves two rectangular fibers with a rectangular neck between them. It is
of incterest to examine a more realistic model--che random fiber model. The
transverse conductivity is to be calculated for current through a series of
parallel planes. The rectangular fibers are distributed across each plane
with a probability f, the macroscopic volume fraction of the fibers. For a
sample composed of two such planes (Figure 3), the transverse conductivity is
calculated under the assumprion that the boundaries of the two loyerc arc
equipotentials.
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RAWDOM FIBER MODEL
FIGURE 3

At any lateral point X, there are four possibilities concerning the
material in the z direction:

1) both layers are fiber; probability fz,

11) che first layer is fiber, the second matrix; probability f(1-f)
1i1) the first layer is matrix, the second fiber; probabiiity (1-f)f,
iv) both layers are matrix; probability (l—f)z.

The total current flow is the sum of the currents associated with each

of the fouv cases. For case i,

Ji = olE = 01(A¢/t)

because the electric field is uniform through the two layers and has a value
Ap/t where A¢4 is the total potential drop and t/2 is the thickness of asingle

layer. (Figure 3.)

in type 11 situations, the electric field in the fiber, E., and in the
matrix, EZ’ are determined from the conservation of current density.

J J

R b B L
and the recognition that the total potential drop across the two layers is ¢,

El(t/Z) + Ez(t/Z) = A¢
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Solving these latter two equations simultaneously yields

0’\
E, =2 | — %~ __ ) A9
1 9, + 9, t

The associated current density is

J = g.E =2 _Slggm_.\ A
11 171 01 + 02 ! t

/

Similarly, for the other two cases,

J = 2 (=

P
1y =% GEGD) Be/n)

1
1 2

Jiy = 0, (28/€)

The total current density i8 found by weighting each of the four individual

probabilities and summing

2 . o2
I= £+ EQ-DI + (DR L+ QDT

Recognizing that J = o, E and E = A¢/t yilelds

T
op = 0 F% + 4EE— °1%2 —)E(1-£) + 0, (1-£)°
T 1
1 z
For cl >> o, (the situation with graphite/resin composites), this re-
duces to
g, = g f2 + 40, f(1-f) + 'l-f)z
™% 9t 9!

As long as f doesn't approach zero, it may be further concluded that

In graphite/epoxy samples with f = 0.6, direct measurement indicates that

op = 200 mhos/meter and g, = 2(104) mhos/meter

1

while the above equation predicts that g, = 7200 mhos/meter,

T
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If the basic random plane model is extended from two to three layers,
the method of analysls remailns the same but the algebraic complexitv in-

creases., Agailn, for o, >> 02 and f not near zero, the transverse conduc-
tivity may be written as

Extending this reasoning produces the following table

Number of
Laye?s in Mode}r FT/Ol 9 {mhos /m.,)
1 £ 1.2(10%)
2 £? 7.2010%)
3 £ 4.3(10%)
9 £ 2.0(10%)
10 £10 1.2(10%)
11 g1l 7.3(10)
The above values for GT were calculated using f=0.6 and Ol = 2(104)
mhos/m.
For g single ply of graphite/epoxy, the nominal thickness 1s 0.005 inches

while the fibers have diameters of 0.0003 inches. This implies that the ran-
dom plane model should contain approximately 17 layers (.005/.0003 = 16.67).
However, the leading term converges to the experimental value for only ten
layers. However, with f=0,75, the random plane model yields a value of Op
close to the experimental value with the number of planes equal to 17.

This strong dependence upon the number of planes in the model results
from the use of only the ieading term in the full expression for o.. As the
number of planes increases, the calculation of terms other than thé leading
term becomes quite complex because one has to count all pessible fiber-to-
fiber paths through the sample,

vaanm eemle — b o
A FORTRAN nrogram hae haeen written to count such patns

w bit it is uwoi, at
present, operating correctly. The algorithm does not find all paths and
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results 1n incorrect values of conductivity. The program details are not
included in this report and this aspect of the research is continuing.

Although the models examined in this section have been simple, they lead
to an important conclusion. The intrinsic conductivity of graphite/resin and
boron/resin advanced composite materials can be increased by increasing the
fiber conductivities.

3) ELEMENTS OF MICROSCCPIC FIBER CONDUCTIVITY AND IMPURITY DIFFUSION

Given the desirable goal of increasing fiber conductivity, it is neces-
sary to observe two implicit constraints., If the e.hanced conductivity fi-
bers are to be useful in advanced composite materials, it is necessary that
any process used to increase fiber conductivity must not decraase thespecific
strengths of the fibers to any significant degree.

To gain insight into possible methods for attaining these goals, the
equations for the conductivity o of a semicenductor provide a starting point.

Q
"

q(uen + uhp)

where q 1.6(10—19) coulombs,

b . u oare the electron, hole mobilities and

n, p are the densities of "free'" electrons,
holes per unit volume.

In the case of a metal, the hole concentration is, of course, zero.

The electron and hole mobilities essentially measure the ease with which
charged particles move through the material under the influence of an exter-
nal electric field. The mobilities depend primarily upon the atemic species
of which the solid is composed as well as the crystalline perfection. In

general, a higher degree cf crystalline order implies a larger value of

sl a2l Sclsaalle DIdsl

mobility.

These remarks lead to the observation that the conductivities of the
graphite and boron fibers used in advanced composites could be increased by
more careful attention to the processes whereby the fibers are formed
(graphitization of a hydrocarbon and chemical deposition cf Loronm on tung-
sten) to insure a higher degree of crystalline order. Such eiforts have not
been, to our knowledge, made.

Increases in electron and hole densities can result in large increases
in conductivities and orders of magnitude increases result from relatively
small additions of the proper impurity atoms. In a typical semicoanductor,
an addition of 0.] parts per million of a domor impurity increases the con-
ductivity by over five orders of magnitude.l .
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Although future confirming experiments will be necessary, it seems likely
that such a small impurity addition to the fibers will not have a major effect
upon either the mechanical strength or the mass deasity.

This process of adding small amounts of electrically active impurity
atoms (either donors or acceptors) to semiconductors is known as "doping."
It is widely used in fab—-icating solid state devices in silicon, germanium
and compound semiconductors.

The next germane question is "Are graphite and boron fibers semiconduc-
tors?". Available evidence indicates that both mat :rials are semiconductors
in their normal composite forms. Semiconductor behavior has been observed
in polycrystalline specimens of both graphite8 and boron”.

One caveat is essential at this point. As impurity atoms are introduced
into a host solid, their degree of electrical activity depends upon the crys~
talline perfection of the host medium. Given the high degree of atomic dis-
order present in the fibers used in advanced composite materials, it is highly
probable that the doping process will not be as efficient as it 1s in single
crystal silicon. This inefticiency will lead to limits upon the amounts of
conductivity enhancement attainable in both graphite and boron fibers.

The most natural method of adding impurities to fibers utilizes the ther-
mal diffusion of impurity atoms under the influence of a concentration gradi-
ent. Before describing the experiment.l aspects of impurity diffusion, the

asic elements of linmear diffusion theory will be reviewed.

The first order theory assumes that the impurity atom flux 3'(atoms/cm2—
sec) 1is linearly related to the spatial gradient of the impurity concentration

N (atoms/cm3). The relationship between J and N is called Fick's First Lawl0
and is writcten

J = -DVN

where D 1s the diffusion coefficient (cmz/se
operator. The diffusion coefficient's numer
from experiment.

he spatial gradient
g usually cbtailned

= 0
O
‘R
=
(=9
<]
p- 1

Invoking the conservation of impurity atoms results in Fick's Second
Lawll which may be written as

N _ 5. =
ot v.* DN

where t is the time.

The problem of interest involves the diffusion of impurity atoms into
fibers. For analytical case, the fihers are mndeled as heing infinitely long
gso that end effects may be neglected and the fibers are also assumed to have
circular cross-szctional areas., Given that the source of impurity atoms is
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uniformly distributed either on or near the fiber surface, it follows that
the distribution of the diffused impurity species (N(r,t)) will be independ-
ent of the polar angle. The impurity concentration depends only upon the
radial distance, r and the¢ time, t. In this case, Fick's Second Law takes
the form

a»
=

AN

.
ar ar’

]
re

]
"

If the initial distribution of impurities in the fiber is known and the
source used to add impurities to the fibers during diffusion is suitably
characterized, solutions to thils partial differential equation will predict
the resultant impurity profile for a diffusion at a given temperature T and

time t. The coefficient D is a measure of the relative ease with which

impurity acoms move through the host material. The larger the value of D,
the faster the impurity atoms diffuse. Although diffusion theoretically oc-
curs in any physical system in which a non-zero spatial gradient of impurity
concentration exists, the diffusion mechanism is so slow at room temperature
in solids as to be negligible. As a consequence, any intentional diffusion
processing is carried out at elevated temperatures. A suitable range of
temperatures for a given system may be predicted from a knowledge of the dif-
fusion coefficient D.

A solution to Fick's Second Law has been foundll in closed-form for the
situation in which a cylinder of radiug R is initially impurity free and
exposed to a constant surface impurity concentration during an elevated teom-
perature diffusion cycle for a time t . It is assumed that the diffusion
coefficient D is a constant. The solfition is

2
- 2 ¢ -a't ;
N(r,t) = N_ (1 - R nzl e n (Jo(run) /3, "Ra )]

where Jo is the Bessel function of the first kind of order zero,

E R S R - e ey S T P, - L)
o Liieé Bessel runciion oL tue IL!-SL oLdeLl audq

1

a_  are the roots of J (Ra ) = 0.
n o n

Numerical evaluationll of this formula reveals that

N(o,:o) = N (R,to) = No to within 1% for

Although little information could be found regarding the diffusion co-
efficients of impurities of interest in graphite and boron, estimates of the
time required to produce a uniform impurity distribution may be made using

14
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values of D for electrically active impurities in silicon. For example,
D = 10714 cm?/sec. for phosphorous diffusing in silicon at 1200° C. The
time to required to produce a nearly uniform impurity concentration is

pa
t, = R/D = 1012R2

TFor graphite fibers, AR

3(10“‘) cm

1

R

9(104) sec = 25 hours

n

and t
o

This time may be reduced significantly by increasing the temperature at
which the impurities are diffused since D has an exponential dependence on
the temperature T, i.e.,

D(T) = DO exp (-Q/T) (Do, Q constants)

In summary, thermal diffusion is a process whereby imprrity atoms move
into a solid under the influence of an impurity concentration gradient, There
is, on the average, a net flux of impurity atoms from regions of high concen-
tration to regions of low concentraticn. This aggregate motion is a conse-
quence of the random walk motion of the impurity atoms. This process is well
characterized theoretically and has been widely used experimentally to intro-
duce impurities inuto semiconductors., For these reasons, higzh temperature

diffusion has been chosen as the method to add selected impurities to graphite
and boron fibers,

It is evident from the discussion of this section that little quantita-
tive information ie, at present, available concerning impurity diffusion in
graphite and boron. Hust importantly, numerical values for the diffusion
coefficients as a function of temperature for various impuritics in graphite
and boron a:e not known. The experimental work described in the following
sections contains no quantitative analysis of the impurity distributions re-
sulting from the diffusion cycles. The experiments were internded to assess,
in a preliminary way, the feasibility of modifying fiber conductivities via
impurity diffusion. In follow-on work, secondary ion mass spectroscopy will
be used to cbtain detailed impurity profiles resulting from specific temper-
ature-time diffusion cycles and, from this information, specific numerical
values for diffusion coefficients will be derived. Such detailed informacion
was not a goal of this year's research activities.

In the next sections, the physical and electrical properties of as-grown

fibers are examined. 1n addition, cechniques used to make repeatable, elec-
trical contacts to both graphite and boron fibers are discussed in detail.
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4) GRAPHITE FIBERS

There has been a significant amount of research conducted concerning the
response of graphlteéeggxxacomposites to laboratory simulations of electro-
magnetic excitations®“*~ """, Such material behavior must be thoroughly under-
stood before aircratt made primarily of composite materials can he safely de-
signed and flown. The research to date has been empirical and has resulted
in the conclusion that protective metal thin films or mesh are necessary to
prevent severe gtructural degradation from lightning attachment. Some con-
trary opinicms1 have also been expressed.

A complete model of graphite/epoxy response to elec:romagnetic excita-
tion involves several complex elements. Pre-requisites include a knowledge
of the low-~level (linear) response, current-voltage characteristics of the
graphite fibers, the high~level (non-linear) response, a statistical knowledge
of fiber arrangements and some description of fiber-to-fiber contact, solu-
tions detailing the distribution of currents in fiber/epoxv structures and a
thermal transient analysis of such systems. The first task 1s to examine the
electrical responses of the fibers. The low frequency conductivity of uni-
directional graphite/epoxy composites has been reported4 and the negd for
careful sample preparation and standardization has been discussed.} In this
section, we examine the linear current-voltage characteristics of graphite
fibers as well as the threshold electric fields and current densities asso-
clated with failure.

Preliminary investigation revealed that flbere produced by variocus com-
panies had different conductivities. To simplify the following discussions,
the work renorted involved only one fiber type--Thornel T300 as used in
Narmco 5208 pre-preg tapes.

Individual graphite fibers have radii on the order of a few micrometers
and are difficult to handle. In general, it was convenient to immerse a seg-
ment of graphire tow in methanol and use teflon coated tweezers to separate
individual fibers from the bundle. Microscopic observation and a steady hand
during this procedure improved the success rate. The fibers, in lengths from
two to four centimeters, were mounted on pre-cleaned glass microscope slides.
This was accomplished by applying elecirically conductive silver paint to the
ends of the fibers. When dry, this paint holds the fiber to the glass slid»
and provides an ohmic electrical contact.

QOther resea:ch7 indicates that the conductivity of graphite/epoxy com-
posite materials is independent >f frequency from DC to 50 MHz. Becauge the
electrical behavior of composites is governed by the electrical conductivity
of the fibers, electrical examination of the fibers at DC using a voltage
source-voltneter-ammeter combination or at 400 Hz using a standard curve
tracer provided sufficient information. The fiber cond: ctance, G, for low-
level excitation is simply the ratio of the current I tu the voltage, V. With
this ratio, the conductivity o for current flow along the fiber axis may be
calculated from a knowledge of fiber length L and cross-sectional area A.

16

Ay

-

B o Pty S 11 NI o0 g™ - T

W~

et

NTTET



bR R R L

R

To further characterize the fibers physically, both optical and scanning
electron micrographs of the individual fibers were made, Some fibers, as re-
ceived, werc partially covered with a white ash-like substance but this was
rcadily removed when the fibers were immersced in methanol.

All measurcments were taken with the fibers in room atmosphere with a
temperature of 20”C and a relative humidity on the order of 60%. In some
situations, it was usetful to vary the temperature of the fibers and this was
accomplished by means of a resistance heated air gun.

The fibers measured had an averrge DC conductivity of 20,000 mhos/m with
a range of 14,000 to 30,000 mhos/m. All of the fibers displayed linear elec—
trical resprases up to maximum clectric fields of approximately 4000 volts/m.
Thirty percent of the samples broke at clectric fields below this value.

In some geographic configurations graphite/epoxy composites display non-
linear electrical characteristics at much lower values of clectric field. To
further understand t!' » difference between the bare fibers and the graphite/
epoxy, a number of graphite fibers were coated with epoxv. These fibers had
lower threshold power densities. If the ambient temperaturcs were increased
via heat gun, the epoxy coated fibers would break at excitation levels at
which they were stable at room temperature. In one case, the electric field
across the sample was held at 3500 volts/m and the curvent remained constant.
Upon application of the external heat, the current increased and the fiber
failed. The current increcase observed would scem to rule out the force of
the heat gun's air stream as the cause of fiber breaking.

The detailed electric field and current density thresholds associated
with breakdown are shown in Table 1 below.

Breakdown Thresholds

E(volts/m) J(amp/mz)

minimum 3.2(10°) 57.6(10%)

average 3.7(10°) 103.2(10%)

maximun 4.4(103) 125.](!06)
TABLE 1

These results indicate that thermal mechanisms are involved in the fail-
ure of the graphive fibers. However, the modeling required to analyze the
situation is complex. The energy generated in the fiber via resistive heating
will be, in steady state, balanced by three processes: hcat coonduction into
the glass slide, heat convection into the air and radiation. No models for
conductive heat flow from a cylinder into a rectangular glass plate could be
found with the desired attributes of accuracy and computational simplicicy.
As mentioned above, no visible color changes in the fiber were observed which
would have indicated increases in temperature as large as 1000“C. ¥or this
reason, it is likely that local temperatures increase at points along the
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fiber, possibly due to the presence of local constrictions in the fiber cross~
s22tlonal area. These defects give rise to locally enhanced temperatures and
the resultant incandescent failure which we observed.

Figure 4 illustrates a simple model in which a local defect of length § .
decreases the area from A to A'. The DC current must be constant along the
fiber,

J'A' = JA, E'=1"/o, E=J/o,

=

where primed quantities denote those in the constricted area.
Define n = A/A', J' = nJ, E' = nE -

The power density P {s the produce of curren: density and electric
field.

P'' = nzP

A 30% reduction in area will result in a doubling of the local power
density. This naturally produces a rise in fiber temperature with an accom-
panying increase in the probability of fiber failure as a result of oxidation.

CURRENT CONSTRUCTION MODEL

FIGURE 4
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Scanning elcectron microscopy revealed significant surface defects but it
was not possible to determine the vestriction In areas assoclated with the
defect structure. Numerical estimates of the local heating of the fiberscan-
not be made without this information,

The relationship between this mechan®sm and lipghtning degradation is
clear although quite difficult to model analytically. When a large current
is Injected into a graphite/epoxy composite, the several orders of magnitude
difference between the conductivities of the graphite and the epoxy result
in the total current being confined to the fibers. In the vicinity of the
attachment point, these currents will certainly exceed the threshold currepts
for fiber failurc. As fibers break, the current is forced into other fibhers

and more breakage occurs. Assoclated with this is epoxy softening and mech-
anical tailure.

In summary, although individual graphite fibers are difficult to separate
from tows and handle, they are casily characterized electrically. Their
current-voltage characteristics are linear until the fibers break and the
fibers have an average conductivity of 2(10%) mhos/meter.

5) BORON FIBERS

Boron fibers were supplied by Avco in three different dizmeters: &4, 5.6
and 8 mils (0.01, 0.14 and 0.02 cm). Thrse fibers are produced by chemically
depositing boron on a heated tungsten wire of 0.0018 ¢m. diameter in an atmos-

-— P ) . P
phere of I, + 5C13. A Teducilon reaciion occurs.

3H2 + ZBCl3 ~+ 2B + 6HC]

The boron 1s deposited on the heated tungsten wire and complete reaction
of the tungsten occurs. The remaining core consists of a mixture of WB, and

WZBS. ;hc core diameter iIs unchanged and is essentially coated with pure
1

All of the processing de
rates) ietary a

t
y an

ails (exact temperature, gas concentrations and
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In order to characterize the as-grown fibers clectr’cally, it was neces-
sary to make ohmic electrical contact and this proved to be challenging. A
procedure icentical to that used for graphite was tried initially. Boron
fibers were cleaned via ultrasonic agitation in tiichlorethylene and rinsed
in acetone and methanol. The fibers were dried in prepurified nitrogen and
mounted on microscope slides using a conductive silver ink. Care was taken
to insure the isclation of the fiber ends so as to force cuvrrent to flow
through the boron sheath radially inward as shown in Figure 5. The resultant
current-voltage characteristics are sketched in Figure 6. Not only are they
non-linear but they display memory.

Ir was evidenr that thece reeculte coutld

]

be used

9]

T A fem
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Nt Fey - ~n l"tC 7
trinsic conductivity of the boron fibers. Variations of the cleaning procedure
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FIGURE 5
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1-V CHARACTERISTI(.S OF BORON FIBERS WITH INDIUM CONTACTS
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were tried in actempts to etch any contaninated surfaces which could have
been responsible for non-linear effects, These treatments included etches
in both nitric and sulfuric acid. The rectifying nature of the silver-boron
interface and the non-linear current-voltage characteristics persisted al-
though various acid concentrations and etching times were tried,

Contact formation was next attempted by "dipping' boron fibers into
molten indium. Relatively pure indium (99.999%) was melted in a Pyrex beaker
over a hot plate in an argon atmosphere. Cleauned boron fibers were dipped
into the molten indium using a glove box. This procedure naturally resulted
in the formation of contacts between the indium and the central tungsten
boride core as well as the boron sheath, In situations in which electrical
isolation was desired between the ndium contact and the relatively conduc-
tive core, the ends of the fibers were cleaved using a straight edge razor
blade and the indium caps removed. Figures 7 ang 8 illustrate this procedure.
It was during this cleaving process that a lack of good metallurgical contsct
between the indium and the boron was observab.ie. 1In some cases, the entire
indium contact would pull away from the fiber as the razor blade was cutting
through., '

This lack of mechanical adhesion was troubling and, although some lincar
current-voltage characteristics were observed using this process, instabili-
ties and hysteresis persisted. The measured current-voltage curves were not
necessarily truly indicatfve of current through tite fibers only, Rectifying
effects were still in evidence and another contacting procedure was needed
before a conductivity could be uniquely assigned Lo the chemically vapor de-
posited boronm.

The phase diagrams for boron and various metals were next examined.
Although it 1s difficult tc generalize about the complex subject of metal-
semiconductor contacts, it 13 generally found that the probability of fabri-
cating an ohmic contact between a given semiconductor and a given metal
increases as does the number of low temperature phases formed betweon the
two constituents.

The various phase diagrams revealed relatively few candidates among the
easily deposited metals. Nickel was chosen hecause It is gssily clectroplated
and forms compounds with boron at temperatures above 1000°C, The detailed
procedures used for fiber cleaning and nickel electroplating are given 1in
Appendix A.

The nickel-boron contacts proved quite satisfactory from both mechanical
and electrical viewpoints. Although formal tests of the mechanical adhesion
of the electroplated nickel to the boron were not conducted, no separation
during routine laboratory handling of the fibers were observed. In addition,
the current-voltage characteristics of the boron fibers, with and without
electrical isolation of the tungsten boride core, have hbeen linear.

The geometry used in the i-v measurements 18 shown in Figure 9. Inorder
to relate the measured conductance to the boron conductivity. the conductive
core was isolated from the nickel plating using a suitable wax (Appendix A).
To model current flow in the fibers, it is assumed initially that the core
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INDIUM CONTACT TO FIBER CORE

FIGURE 7

_~ INDIUM

BORON g

INDIUM ISOLATED FROM CORE

FIGURE 8
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vonductance is large compared to that assoclated with the boron and voltage
drops along the borlde core are neglected. Further, the contacts are circu-
larly symmetric and this implies a circulsrly symmetric electrostatic poten-
tial, For the geometry shown in Figure 9, we write the static potential as

¢(r) = B £n(a/r)

where a 1s the radius of the boride core,
R the outer radius of the boron sheath and

B 1s a constant fixed by the boundary conditions.

GEOMETRY FOR CALCULATION OF g

FIGURE 9

By symmetry, a voltage drop of V/2 will appear acruss each nickel coated
boron segment when a voltage of V is applied across the entire fiber. Using
this fact, the constant B in the above equation can be evaluated. The total

potential takes the form.

-V &n(a/r)
¢(r) = 3 Tnta/m)

From this, it is straightforward to calculate the electric field and the

s - b

current dengity and finally the totul current I,

"mnog VL
I = =2nrl] = “En(a/R) or o = ( ) (——=

(the minus'sign 1is needed on cheleftsincepositive.]impliescurrentflowingout)
23
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The {irst measurcments were made on samples with 8 mils diameter and
yielded the following results.

Sample Number V{volts) I(amps) o(mhos/m)
AA 6 0.5 .54(1073) .0837
AA T 1.0 1.05(107%) L0814
AA 8 1.0 1.05(107) .0814

(for all samples, L =1 cm.).

It all cases, the current-voltage curve was linear for both polarities
of appliced voltage and displayed no evidence of any rectifying behavior at
the nickel-boron interface. 1In addition, the calculated values of conduc-
tivity are consistent from fiber-to-fiber.

Subsequent measurement of a total of seven samples taken from the same
spool of fiber yielded essentially identical current-voltage curves and
resulted in an average boron conductivity of

o = 0.N93 mhos/m.

Next, four fibers of 5.6 mil diamater were nickel plated and the conduc-
tivity calculated using the model developed above. The results of this
analysis were

Sample Number (mhos/m)
BB 1 0.1
BB 2 0,155
BB 3 0.097
BB 4 0.1

0 = 0.113 mhos/m.

Although there is more scatter in these values than the corresponding 8
mil diameter fiber values, the cluster is good and yields a comparable value
for the average conductivity of the boron sheath. It is likely that thick-
ness variations in the boron sheath are greater in 5.6 mil fibers than in 8.0
mil fibers and produce larger conductance scatter.

The above set of experiments provided initial electrical characteriza-~
tion of the "as~grown" boron fibers. In order to more fully understand the
mechanism of current flow in thes~ fibers, a series of electrical measure-
ments were made on tibers in which nickel contacts were plated directly to
the tungsten boride core as well as the boron sheath. The fibers were 5.6
mils in diameter and typical results are shown in the following table,
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Length Plated length DC
Sample (cm) (each end) DPirect Contact Resistance
(cm) to Core? (ohms)

1 9.0 1.0 No 800
2 9.0 1.0 Yes 300
3 16.0 1.0 No 1120
4 16.0 1.0 Yes 500
5 2.8 1.0 No 714

These five samples are sketched in Figure 10.

O ISOLATED CORE

OV : - —— sy X CONTACTED CORE
FIBER
g NICKEL
(T — I
Y — —
ONRNES——— LW

SAMPLE GEOMETRIES
FIGURE 10

It is assumed that the core.is homogeneocus with respect to fiber length
and the core is characterized by a resistance per unit length, r_ (ohms/cm).
When this value is determined, the electrical conductivity of thé core will
be fixed because the core area is known. The symbol R, 18 used to denote the
resigtance of a nickel coated boron cylinder of l=ngth”l cm. This is the
resistance associated with a radial current from the nickel to the conductive
core. In terms of these symbols, expressions for the resistances of eacn of
these five samples may be written.

The factor of 2 before R_ 18 a reflection of the existence of two radial
paths Lhrough the boron sheath in each sample.
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Sample Expression for Resistance

1 Brc + ZRB
2 9r
c
3 lSrC + ZRB
4 1l6r
c
S 1.8rc + 2RB

The algorithm used to write these equations should be clear. The quan-
tity R, does not appear in the expressions for Samples 2 and 4 because the
resistance of the boron sheath is shorted by the direct contact between the
nickel and the core. Electrical isolation in Samples 1, 3 and 5 was provided
by masking the ends of the boron fibers with a non-conductive wax prior to
the electroplating. '

Using these five expressions and the measured values of resistance,
values for r and R, can be obtained. The measured values of resistance for
Samples 2 and 4 leag directly to

2 (9 cm.) .= 33.3 ohms/cm
4 (16 cm) r = 31.3 ohms/cm

The average value of the core resistance obtained for all of the samples
measured during the research period was 32 ohms/cm. Using tlis average value,
the quantity RB may be culculated using the experimental results from Samples
1, 3 and 5.

?

1 (9 cm.) Ry = 800 - ga)(sz) = 272 ohms
3 (16 cm.) Ry = 1120 ’2(15)(32) = 320 ohms
5 (2.8 cm.) Ry = 714 - él's)(”) = 328 ohms.

There are, of course, variations in this value caused by differences in
the "as grown'" fibers as well as uncontrollable variations in the total length
of the plated electrodes. The averaging of all available data yields a value
of 300 ohms for RB-
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This result allows a more accurate calculation of the boron conductivity
than was possible in the last section in which the resistance of the tungsten
boride core was assumed to be zero. The value gbtained is

op = .25 mhos/m.

This value is two to three orders of magnitude greater than that reported
by other investigators for pure, single crystal boron. This discrepancy is
not alarming in view of the large differences between the fibers and the
materials used by other investigators. In particular, the boron of which the
fibers are made 18 polycrystalline and the impurity content 1is simply not
known. As mentioned above, the details of growth are proprietary information.
Because boron is a semiconductor, the presence of relatively small amounts of
impurities would account for a large change in conductivity as discussed in
Section 3 of this report.

For a fiber of 0.01 cm. diameter, it is possible to defire an effective
conductivity for current along the {iber. The fiber conductance G 1is
written

Oeff A

G = L

where A 1s the fiber area and L the length. But this condructance is the
sum of the conductances of the core and the boron sheath.

G=G +G
c

B
. ocAC . OBAB
L L

where the subscript ¢ denotes core quantities and B implies boron sheath
quantities.

The effective fiber conductivity can be vritten as

Ooff ™ cc(Ac/A) + Oa (AB/A),

All three areas and d_ are known. The core conductivity can be readily
calculated from the known value of resistance/length, i,e.,

L llocAc or o= llrcAP

The core diameter is C.0018 cm, r. - 32 ohms/cm and the core conductivity is
calculated as

o =3 (10°) mhos/m.
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The effective fiber conductivity is then determined.

o = 2,3 (l03) mhos/m.

eff

Essentially all of the current is confined te the highly conductive core.

The above information concerning the electrical conductivity of graphite
and boron fibers was gathered at room temperature, 300°K. It is of interest
to investigate the temperature dependence of the conductivity because this
behavior provides information as to the relative amounts of impurities present
in a given semiconductor sample. It is well known in semiconductor device
physics that such materials display a conductivity versus temperaturecurve17
similar to that shown in Figure 1ll1l. It is important to recognize that the
logarithm of the corductivity is plotted versus the reciprocal of the abso-
lute temperature T. This means, of course, that temperature increases as one
moves from right to left along the horizontal axis.

There are three distinct reglons associated with this curve., The first,
occurring at high temperatures, 1s termed the intrinsic region and the conduc-
tivity displays an exponential dependence on the reciprocal of temperature.
Although the theoretical details are not of interest here, the physical reason
for this behavior is simply that the thermally generated electrons and holes )
increase in number as the temperature increases and finally attain such large ;
values that they swamp out any effects assoclated with electrically active
impurities. All semiconductors will eventually attain this intrinsic behavior
as their temperature is increased.

The second segment, the so-called extrinsic region, is one in which the
thermally generated holes and electrons are insignificant in number in com-
parison with those associated with donors and/or acceptors. In this region,
changes in temperature still affect the thermally generated carriers but,
since they are present in negligible quantities, this has no effect on the
sample conductivity. Finally, at very low temperatures, a third regime be-
comes appatent in which the conductivity decreases with decreasing temperature
because the electrical effects of the donors and the acceptors are vanishing
as the electrons and holes associated with these impurities “freeze® back
onto their parent impurity atoms. This process normally begins at tempera-
tures in the vicinity of 100°K and is not considered significant in our
temperature investigations,

No detailed studies of conductivity variaticns with temperature were
performed but a series of preliminary measurements were made using 0.02 em.
diameter boron fibers. The plated nickel contacts were isolated from the
sample ends and, consecuently, from the highly conductive boron tungstide
core.

The fiber was mounted on a glass slide which was placed atop a large
aluminum block on a hot plate. The block provided additional thermal mass
aud preveuied rapid fluciuvaiivus in tewpeiaiuie as the ol plate healliug
elements cycled on and off. A chromel-alumel thermocouple was placed
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adjacent to the boron fiber and the voltage developed across this junction
when compared to a reference junction kept in an ice water bath was measured
on & potentiometer.
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INTRINSIC

EXTRINSIC

FREEZY,
ouT

= - » 1/T

CONDUCTIVITY-TEMPERATURE PROFILE

FIGURE 11

o This fiber resistance R 1s shown as a function of the temperature
T ( C) in Figure 12.

The sample resistance R may be written in terms of the resistivity p
as

R= yp

where y 1s a constant determined by the details of the sample geometry.
Frow this it follows that

£nR = £ny + £np

and, neglecting thermal expansion effects,

3€nR o onp_ _ _3lnn
a(1/T) 3 (l/T) 2(1/T)
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17
Simple semiconductor theory*’ revecels that

o =K e—Eg/Z&T

vhere K 1s effectively a constant, Eg the forbidden energy gap and k 1is
Boltzmann's constant.

It follows that

~l

2dng = - Egflk.
/1)

o)
-

The slope of a plot of £nR vs 1/T is simply the negative of the forbidden
energy gap divided by 2k. The values c¢f Figure 13 imply a value of

E = 0,19 eV
& 30
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The results reveal that the boron fibers are in the intrinsic range at
room temperature and are characterized by a forbidden energy gap of 0.19 eV.

In R
204

3.2 3.6 1000
™)

BORON FIBER ENERGY GAP

FIGURE 13

This completes the initial phase of the low frequency electrical charac-
terization of graphite and boron fibers, Thg methods of contacting alcng with
the derived values of conductivity for both fiber types provide a benchmark
against which the results of various doping techniques can be evaluated., 1In
the next section, the details of the diffusion experiments are presented.

6) DIFFUSION EXPERIMENTS

The basic equipment used to introduce impurities into both graphite and
boron fibers was a simple diffusion furnace as sketched in Figure 14. It is
composed of an open ended quartz tube which is embedded in thermal insulation
and heated by adjacent carbon resistive heeting elements. The elements are
excited by 60 Hz currents and, when necessary, the amount of heating is con-
trolled by a feedback system which uses as inputs the desired tube temperature
end the actugl tubc tempéialure as mesasured by & thermocouple. In this simple
furnace, the thermocouple is slid along the horizon:ial axis of the quartz tube
through one of the open 2nds until it is in the zone in which the fibers will
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be placed. For our initial experiments, it was unnecessary to have precise
temperature control and the feedback system was not used although the furnace
temperature was coustantly monitored using the thermecouple itself. Temper-
ature fluctuations werc controlled to +50°C manually.

One end of the quartz tube 1s connected to a fitting which allows the
introduction of any gases desired. In thls work, nitrogen and argon have both
been used to provide inert furnace atmospheres. Since the purpose of the
experiments is to examine the effects of intentionally introduced impurities,
it is egsential that no extraneous impuritie: be allowed access to the system.
Both nitrogen and argon are chemically and electrically inert and serve this
function adequately; although problems did arise in the case of nitrogen as
will be discussed below, and the later experiments used argon exclusively.

The other end of the furnace is fitted with a removable quartz cap which
provides access to the tube for the insertion of the fibers. The small size
of the graphite fibers caused some difficulty and quartz slides, grooved to
provide secure locations for the fibers, were used as convenlent carriers.

As discussed in Section 3, the addition of suitable impurities to graph-
ite and boron fibers is expected to *ncrease the intrinsic electrical conduc-
tivity of these fibers via a semiconductor, doping mechanism. It 1is ijaportant,
at this point, to cxamine the possible atomic species which could be used as
electrically active impurities. Both single crystal -and pclycrystalline boron
are semiconductors and are composed of aroms from the third group of the
Periodic Table. Applying standard semiconductor concepte, ir is anticipated
that impurities from the fourth column of the Periodic Table would act as
donors while impurities from the second column would act as acceptors. Of
the Impurities in these two categories, carbon was selected as an easily
obtainable species. Silicon and germanium could also be used but they have
higher atomic masses and are likely to diffuse more slowly than carbon.

Graphite describes an allotropic form of carbon which occupies the fourth
group of the Periodic Table and column five impurities should be donorswhile
column three impurities should be acceptors. These impurities are widely used
in preparing silicon integrated circuits and are easily available in a number
of useful forms. Boron, phosphorous, gallium, indium, and alumipum are all

possible candidates but only boron was used so as to reduce the number of
experimental variables.

Having chosen the impurity species, a method was needed whereby they may
be introduced into the fibevrs. Again, Section 3 discusses the prccess of
thermal diffusion in general terms without specifying suitable ways of intro-
ducing impurities. There are two such processes in common use: the first
involves introducing the impurities via the gas flow into the quartzdiffusion
tube while the second requires that the fibers be coated with a suitable com-
pound containing the impurity species of interest. In both techniques, the
goal 1s to insure a high concentration of the impurity species at the surface
of the fiber. It was considered important that the impuritles ditfuse into
the fibers with cylindrical symmetry so as to avoid any complications intro-
duced hy angolar vgriations in ihe [inal impurity profile. For this reason,
a method was selected by which the fibers could be uniformly coated using a
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dipping procedure. In any situation in which the impurities were introduced
in the gas stream, the surface of the fiber lying on the quartz flat would be
shielded from the impurity atoms. This is not a fundemental objection because
the fibers have small diameters and uniform impurity distributions would
undoubtedly result from the second method if the diffusion times were suffi-
ciently long and the diffusion temperatures were sufficiently high. There
was, as mentioned above, no literature data to predict suitable times and
temperatures and it was felt that the coating procedure would produce the most
uniform results in this set of initial investigations.

All fibers were cleaned prior to coating and insertion into the diffusion
furnace. The graphite fibers were cleaned by means of a three-step solvent
sequence; they were first immersed in trichlorethylene, rinsed in acetone and
-methanol and dried under a heat lamp. The boron fibers were etched in hot
sulfuric acid, rinsed in distilled water and methanol and dried in a purified
nitrogen stream. No attempts at varyirg these cleaning procedures were made.

ol a

(LR P

The graphite fibers were then dipped into a commercial borosilicate solu-
tion (Emulsitone Corporation, New Jersey) and placed under an infrared heat
lamp. The solution dries to a glass~like material which is rich in boron.
This coating process is siinilar to one widely used inthe semiconductor industry.

The boron fibers were coated with a proprietary carbon slurry (CTS Corpo~-
ration, Elkhart, Indiana) which air dries to an adherent coating. Although
other carben sources are of interest, none were investigated.

sabilly

The coated fibers were placed in grooves in a quartz slide which was then
inserted into the furnace. Of course, the graphite and boron fibers were
never mixed and separate quartz tubes were used for each to avoid cross con- s
tamination of impurities which build up on the walls of the tubes. !

The tube endcap was then replaced, the thermocouple moved into position
and the entire system flushed with either nitrogen or argon (each was used
at first but argonwas used exclusively in the later experiments) for 30 minutes :
before the resistive heating elements were excited. The temperature was then i H
raised at a rate limited only by the capabilities of the power supplies and
the samples were held at elevated temperctures for various times.

¥

The temperature was then decreased by reducing the current in the heating
element and the transition to room temperature normally took from one to two
hours, The inpert gas continued to flow during this cool down process to avoid
the introduction of impurities at the surfaces of the hot fibers. At thevery
least, the introduction of atmospheric oxygen would resuit in some oxidation
of the fiber surfaces which would decrease the measured conductivities.

Once the fibers were removed, the residual coatings were etched using
hydrofluoric acid. They were then rinsed in distilled water and methanol and

dried in nitrogen and were then ready for attachment of electrical contacts
as described in Sections 4 and 5.

The results of these diffusion experiments are summarized in the next
section.
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A brief investigation was also made of the Intercalation of graphite fi~
bers. This process is under investigation et the University of Pennsylvanial9
and optical data for intercalated graphite indicates conductivities compara-
ble to that of copper. The intercalation process involves the introduction
of large quantities of super acid radicals into graphite where the radicals
act as electrical acceptors thereby increasing the density of mobile posi-
tively charged holes. It is unlikely that this process would produce fibers
suitable for advanced composite materlals because of the corrosive effect of
the acid upon the integrity of the fiber-matrix bond which is critically im-
portant if the mechanical strengths of composites are to be maintained.

Following published proaedurelg, graphite fibers were immersed in a
mixture of antimony pentafluoride and hydrofluoric acid for various times.
Resultant changes in mass density allowed the calculation of a stage number.
This undex, in crude terms, refers to the percentage of basal graphite planes
which are filled with the super acid radicals, For example, a stage 1 inter-
calation implies thai every basal plane has accepted as much acid as possible
while a stage N intercalation implies that one out of every N planes is
filled.

The first intercalations resulted in stage numbers in the range of 10 to
20 and, at such low acid concentration, nc changes in electrical conductivity
were observed. In a second set of experiments, stage 5 intercalations were
achieved and obgerved electrical conductivity increased by a factor of 8 to a
value of 1.6(10”) mhos/m. Although no mechanical testing was performed, an
apparently significant reduction in strength of the inrercalated fibers was
nbserved in that such fibers were more prone to break under normal laboratory
handling than were untreatea fibers.

No significant expenditure of time was devoted to the intercalation
process in view of the efforts presencly underway at the University of
Pennsylvania and the Naval Regearch Laboratory.

7) ELECTRICAL BEHAVIOR OF DIFFUSED FIBERS

The first set of diffusion experiments used borosilicate coatings on
graphite fibera and involved rimes trom one to twelve hours and temperatures
from 600°C to 1200°C. Sixteen diffusions were carried out using four differ-

ent times (1,2,6,12 hours) and four different temperatures (600°C, 800°C,
1000°C and 1200°C).

Significant embrittlement of fibers occurred in the diffusion cycles
involving tempevatures of 1000 and 1200°C. These fibers appear to retain
some surfece residue after the normal post-diffusion cleaning procedures.

In terms of electrical behavior, the fibers dif used at temperatures above
800°C display large resistivities when initially examined. When a puls~d
electric field of about three hundred volts per centimeter was applied, the
resistivity of the fibers dropped dramatically and reaches a value of approx-
imately 50 percent of the pre-diffusion value. Fibers diffused at the lower

H
;
i
3
H
3

ties wnich are somewhat greater than the starting fibers themselves. Thig
increase in conductivity was as large as a factor of five in a few fibers
and, in others, as small 48 ten percent.
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Nitrogen was used as the diffusion furnace gas in this set of experiments
and another set was carried out over the same range of temperatures and times
using argon. A borosilicate compound was again used as a source of boron as
described previnnsly. The results were essentially equivalent to those ob-
served with nitrogen. Significant fiber embrittlement was observed at the
highest diffusion temperatures, conductivity enhancement was clear in many
samples, and gome residuali coatings remained after chemical etching.

A litereture survey was conducted in an attempt to identify the compound
which might be forming on the surfaces of the fibers. BN, is a possible
candidate because it 1s inscluble in acids. To check this hypothesis, graph-
ite fibers were immersed in fused NaCl held at a temperature of 801°C. The
time of immersion was 10-30 seconds. The fibers were electrically lineas
after this treatment and displayed no evidence of a surface residue. It was
felt that the use of borosilicate as a source of boron impurity atoms,although
successful in improving conductivity, leads to the formation of chemically
resistant coatings which are removable in fused alkalis. The experimental
difficulties involved in this procedure induced a search for alternate sources
of boron for che diffusion experiments.

A boron nitride (BN) source was purchased from Materials Research Corpo-
rativn and placed into the diffusi: tube upstream (in terms of a gas flow)
from the quartz slide carrying the graphite fibers. The bcron atoms released
from the heated boron nitride are carried along in the gas stream and provide
a boron rich layer at the surface of the fibers. A set of experiments using
this scurce was carried out at temperatures of 600 and 700°C for periods of
three and six hours. In all cases, the increases in graphite conductivity
were between 20 and 50 percent.

Another set of experiments was carried cut for temperatures up to 1200°C
for times as long as 20 hours. In no case were conductivity increases greater
than the factor 5 observed.

This was surprising because it had been anticipated that incrcased dif-
fusicn times would lead to increased values of conductivity. There 1s some
experimental evidence that the impurity species will occupy interstitial loca-
tions to a high degree if the diffusion temperatures are below 2000°C. It is
likely that the factor of five improvement in conductivity which has been ob-
served is the natural limit for impurities diffusing at relatively low tem-
peratures. The disorder in the graphite fibers may be such that substitu-
tional positions can be occupled by impurity atoms in large numbers only if
the diffusion temperatures are high. The equipment precluded testing this

idea because the quartz used as a furnace tube placed an upper bound of 1300°C
on the operating temperature.

Figure 15 summarizes the conductivity enhancements observed in this first
set of experiments.

To obtain higher diffusion temperatures, 1t was necessary to design and
construct a small induction heated furnace. This furnace was capable of ob-
taining temperatures of 2800°C and was made operational in the last month of
the contract neriod. It produced encouraging results in the first set of
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experiments. These are summarized in Figure 16. For some fibers, conductiv-
ities of 1(106) mhos/m were meagured.

9, pre-diffusfon conductivity

. a
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CONDUCTIVITY ENHANCEMENT IN CRAPHITE

FIGURE 15

In view of the extended difficulties in making ohmic electrical contacts
to the boron fibers, only preliminary diffusion experiments could be carried
out. 1In all cases, the quartz diffusion furnace with an argon atmosphere was
used. The first experiments were conducted at diffusion temperatures of 1000
and 1200°C for times of four, twelve, and twenty hours. These results are
summarized in Figure 17.
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8) SUMMARY OF RESULTS AND CONCLUSIONS

The activities during this contract period have led to two significant
conclusions. The conductivities of graphite/epoxy and boron/epoxy advanced
composite materials depend primarily upon the conductivities of the rein-
forcing fiberz and the degree of fiber contact. From this, it follows that
the overall composite conductivities can be enhanced in a mechanicallyaccept-
able fashion only by increasing the fiber conductivities themselvea. Second,
the additions of boren to graphite fibers and carbon to boron fibers result
in significant increases in fiber conductivities.

The effort begun this year will continue under the sponsorship of the
Alr Force Office of Sclentific Research. The goals of this work are to
-develop better statistical models of current flow in advanced composite
materials and to more thoroughly characterize the diffusion process itself.
In particular, during the period covered by this report, there were no tools
availlable to determine the precise distributions of impurities present in
the fibers before and after the diffusion cycles. One of the goals of next
year's program is to develop an inhouse capacity to grow both graphite and
boron fibers so that the background impurity content can be minimized. In
addition, the facilities _f the National Research and Resource Facility for
Submicron Structures at Cornell University will be used to measure the im-
purity profiles in fibers. This will be done using a Secondary Ion Mass
Spectrometer which uses an 1on beam to sputter material from a sample and
then spectrographically determines the atomic content of the sputtered
material. This tool will determine the material composition of fibers as
a function of radial depth. 1In this way, precise values for the diffusion
coefficients of impurities in graphite and boron will be determined.
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APPENDIX A

A-1 INTRODUCTION

This appendix briefly describes the technique of nickel plating as it
was used to electrically contact boron fibers.

Ir Section I, the nickel plating bath used in this particular case is

described. Section II summarizes the cleaning and plating procedures and,
in the conclusion, the success of this technique is described.

A-2 'THE NICKEL PLATING BATH

The nickel plating solution used in this particular experiment is a
Watts Bath. The main constituents of this bath are nickel chloride, nickel
sulfate and boric acid. Nickel sulfate is the principal source of nickel
ion in the Watts Bath. The concentration of the nickel sulfate determines
the limiting current density and the plating rate. Consequently, this
determines how much current can flow through the cathrde (i.e., the boron
fiber). Nickel chloride improves anode (i.e., nickel metal) corrosion and
conductivity. Increasing conductivity is of practical importance in order
to reduce the voltage necessary to produce the desired current demsity.
Boric acid is the solution buffer and helps to produce smoother and more
ductile deposits of nickel.

Sound deposition of nickel depends on other parameters besides the
chemicals in the solution. Temperatur.. agitation, controlling of the pH
level, anti-pitting reagents, optimal anode-cathode curren: densities and
low contaxination are all of importance.

The bath that is used in our particular case has the following composi-
tion and operation conditions:

Conntituent Quantity
Nickel Sulfate 300 g/1
(W10, . 6H,0)

Nickel Chloride 60 g/1
(N1C12.6d20)
Boric Acid 42 g/1
(nsnoa)
4% Sodium Hydroxide Solution 42 g/1
(NaOH)
30% Hydrogen Peroxide 2.5 m1/1 diluted in 200 ml of H20
Activated Charcoal 2.4 g/1
40
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Qperating Conditions Range Preferred

Temperature 49° to 66°C 60°C
pH 3.5 to 5.0 4.5
Current density of anode - 100 amp/m2
Currvent density of cathode - 530 amp/m2

The following steps are typical in the preparation of 500 ml of solution:

Day 1: 1, Fill a clean beaker with 500 ml of distilled water.
i Heat 1t up to 66°C,

2. Add 150g nickel sulfate and 30g of nickel chloride.

3. Add 4% sodium hydroxide until the pH 1is approximately
5.2; agitate vigorously.

4. Add 30% hydrogen peroxide = 1.25 ml diluted in 100 ml
of HZO' Stir.

5. Add 1.2g of activated carbon, stir for 2 hours and
allow solvtion to settle overnight,

Day 2: 6. Filter all the carbon out.
7. Add 2lg of boric acld (stirring continuously)

8. Adjust pH to 4 with dilute CP graded sulfuric acid.

Finally, for the tirst plating fob using this solution, it is better to
use a dummy cathode (e.g. copper wire). Nothing has been said so far about
the anode and specific characteristics are given in Section II. For our case,
a 100% pure nickel ancde is not necessary which makes the technique econom-
ically attractive.

A-3 CLEANING AND PLATING PROCEDURES

In crder to attain consistent results for every plating of boron fibers,
cleaning of the fiber 1is of vital importance. Considering the small diameter
of these fibers (e.g., 4 to 8 mils) any particle of foreign material at the
surface of the fibazr will be covered with nickel and give v-i measurements
inconsistent with similar samples of boron fiber. In order to avoid this the

following procedure is uszed:

(1) Vapor degrease the sample with trichlorethylene for at least
5 minutes.

(2) Run the fiber through acetone, methanol and distilled water.
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(3) Drop fiber in sulfuric acid for 5 minutes.
(4) Run through distilled water.

(5) Blow dry with prepurified nitrogen. (Do not use any
paper cleaning).

Sefore plating, the current densities were calculated using the follow-
ing relationship:

ISa =S = %

where = current density of the anode

I

S, = gurface area of the anode
= current density of cathode
S_. = surface area of cathode

I_ = plating current

Asguming j,6 = .01A/cm2 (preferred value for best results) and 1 A =
.054A/cm2 the rélation becomes S, = 5.38 S . This immediately deterﬁ,nes the
ideal minimum size of the nickel metal anode.

For our case, in the range of different diameters of fibers and up to
20 cm long samples, the anode is immersed 3~4 cm. and the plating current is
set to 6 ma.

By setting the temperature at 60° + 2°c, the ph at 4.5, 7 = 6 ma and
lightly agitating, best results are attained. P

A-4 CONCLUSIONS

The technique thus far described has proven to be a reliable method of
contacting boron fiberas. It is also an easy and economlc way of depositing
uniform sheets of nickel on the boron fibers. Further, controlled thickness
and amount of plating area make it convenient to measure v-i characteristics
and verify current flowing predictions on the basis of the sample's geometry.
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