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METHOD OF TREATING THE SURFACE
OF A FILAMENT

John V. Milewski, Saddle Brook, and James J. Shyne,
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poration

Filed Sept. 26, 1967, Ser. No. 670,628
Int, Cl.'C01b 31/30; C23c 11/08
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ABSTRACT OF THE DISCLOSURE

The method of increasing the interlaminar shear
strength capabilities of a material to be bonded to anotl;er
material by growing integrally-attached momocrystalline
whiskers out from the surface of the first material bogh
to roughen its surface for bonding to a deposited matrix
material, or to a plastic, and to change its surface chem-
istry to improve bonding, for instance to a resin. The
invention includes the reinforcing of fiberous structures
by the intertwining of whiskers grown across Yoids there-
between, and further includes various whisker-grown
structures per se.

This invention relates to improvements in the structure
of laminate members such as fibrils, yarns, bundles of
fibers, mats, woven reinforcing fabrics, and rigid mempers
having surfaces intended to be bonded to other materials,
these improvements being for the purpose of increasing
the strength of the bond by growing whiskers upon exter-
nal surfaces so that they bond more securely to the various
matrix filler materials to form high-strength composites.
The invention also relates to novel processes for making
the improved surface structures by growing monocrys-
talline whiskers normal to the surfaces.

The superior modulus of a polycrystalline fiber is con-
tributed to by surface perfection which results in high
surface tension, but at the same time, a very smooth sur-
face. When these fibers are laminated the bond is the
weakest feature of the combination, and tests show that
such a composite readily fails by delamination, generally
referred to as “surface interlaminar failure.”

A salient example of the above problem is found in
polycrystalline carbon fibers whose Young’s modulus is
very high, around 25 to 50 million as compared with
Fiberglas whose modulus is about 10 million, but the car-
bon surface bond capability with matrix materials is par-
ticularly poor. Carbon is not only a lighter material,
weighing only about two-thirds as much as glass fiber,
but it is more inert chemically and has a high decomposi-
tion point of about 6000° F. It is easily made by decom-
posing rayon thread or fabric in a reducing atmosphere,
or it can be brought from several sources, for instance
under the trade name Thornel from Union Carbide Com-
pany. However, information generated at the Naval
Ordnance Laboratory, and published in several articles
appearing in Nature Magazine in 1966 and 1967 showed
in various composites an inverse correlation between inter-
laminar shear-strength and the Young’s modulus of the
carbon reinforcements, which relationship suggested a dim
future for carbon-fiber composites unless a way were
developed to vastly improve their bond to resins.

In various experimental programs, others have tried to
improve the surface bond of carbon fibers variously by
chemical surface treatment, etching, dip and bake, coat-~
ing, roughening, etc., but these efforts resulted only in
modest degrees of improvement, perhaps up to about
30%. The present invention has provided a solution of
the problem by obtaining an improvement in the surface
bond in the neighborhood of 500% or more, while pro-
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viding a number of additional fringe benefits which will
be set forth below.

It is the principal object of the invention to treat sur-
faces by “Whiskerizing” them to produce an improved
capability of the surface to securely bond to another
material, such as a matrix material. ’

It is another major object of the invention to prepare
the surfaces of individual fibers for secure bonding with-
out appreciably stiffening the fibers, as is the case when
they were coated according to prior art efforts.

Another important object of the invention is to grow
whiskers on the inndividual fibrils within a fiber bundle,
thread, or woven cloth wherein the whiskers are integrally
attached thereto and extend outwardly generally normal
to the surfaces, thus providing reinforcements in three
dimensions, and in such lengths that the whiskers grown
from adjacent fibrils overlap and intertwine to provide
enormous increases in interlaminar sheer strength. Typi-
cally, a bundle of carbon fibers forming a thread includes
720 or 1440 individual fibrils, each of which is about 10
microns in diameter and is of polycrystalline structure.
The whiskers grown on these fibrils are, however, only
about .01 to 1 micron in diameter in the case of silicon
carbide whiskers, and these whiskers comprise monocrys-
talline growths whose modulus is much higher because
being monocrystalline, they are free of grain boundaries,
surface defects, dislocations, and impurities. They enjoy
a strength which is obtainable only because of their high
degree of perfection. As a result, when these whiskers
are stressed, the pull is against atomic cohesion forces,
rather than against the multiple imperfections which char-
acterize polycrystalline structures. The former approach
theoretical strength while the latter always fall short of
it by many orders of magnitude.

Still a further object of this invention is to provide
fiberous laminating structures wherein the whiskers have
been grown between the individual fibrils and with such
Iength and population density as to cross, intertwine, and
occupy all of the interstitial voids located between fibrils,
or between adjacent bundles of fibers, and/or between
threads in a woven or matted material, whereby such
whisker treated reinforcing products have a considerable
degree of cohesion even before they are impregnated with
matrix filler materials, i.e. resins.

Still a further object of this invention is to provide
whisker treated filamentary products wherein whisker
lengths are controlled to suit various different needs. For
example in a bundle of fibrils as set forth above, whiskers
can be grown say to 10 bundle diameters making them
useful for some types of matrix composite service, ie.,
where interstitial voids are Iarge. Alternatively, the
whiskers can be grown to much shorter lengths where
mere fibril surface roughening is desired but the whiskers
are not needed as criss-crossing members in the resin |
occupied interstices. The presence of a dense growth of
long whiskers is an advantage in high temperature appli-
cations, such as reinforcement of metal matrix rocket
motor parts, because the pure monocrystalline nature of
the whiskers makes them especially resistant to ablation.
Nevertheless, there is such a thing as having the whisker
growth in the interstices too dense, thus making it impos-
sible to obtain complete penetration. The ratio of whisker
length to diameter is important since it affects their tend-
ency to interweave, tangle, bend or repel each other like
little springs, i.e., packing factor. The whisker material

_ itself is also important since it affects the general charac-

70

teristics of the growth as well as the tendency of the.
whiskers to compatibly bond with the matrix material.
Yet a further object of the invention is to improve the
surface bond capability of fibrils so that relatively short
fibrils which have high Young’s modulus can be success-
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3
fully used and even spun into yarn for applications where
formerly only long fibers or continuous filaments have

been used.
~ Another major object. of this invention is to provide

techniques and processes for growing whiskers of con-
trolled lengths and of selected materials upon fibrils, bun-
dles, threads or weaves of various other similar or dis-
similar materials using gas-transfer-mechanism techniques
to grow whiskers of non-vaporizing materials in either
batch or continuous runs.

The growing of whiskers is being donme currently to
obtain the whiskers themselves, the whiskers being grown
as a crop upon slabs of sheet material and then broken
off and collected for use as reinforcements in various
matrix materials. These unattached whiskers have been
used to strengthen high performance structures, such as
turbine blades, and efforts are being made to spin the un-
attached whiskers into yarns. They are also being made
into mats, papers, and wool-like forms. However, the im-
mediate object of this invention is to grow the whiskers
directly upon surfaces to which the whiskers remain inte-
grally attached during impregnation within a suitable ma-
trix material, or bonding of the “Whiskerized” surface to
another material. A symergistic effect results, which pro-
vides a novel surface whose own material can differ from
the whisker material, and in which none of these different
materials, itself, has all of the properties desired but whose
combination produces novel and especially advantageous
mechanical configurations.

While it is a general object of this invention to improve
the interlaminar shear properties of many different surface
materials by growing whiskers directly upon them, itis a
particular object of this invention to improve carbon
fibers, fibrils, threads, mats, or woven cloth in this man-
ner. When these treated fibers are combined with a suit-
able matrix material, such as a resin, a metal or a ceramic,
the improved interlaminar bond is evidenced by the fact
that the resulting composite behaves in a manner resem-
bling more nearly an isotropic material.

The “Whiskerizing” process can produce (1) an im-
proved surface chemistry which can be selected to be
more compatible with the matrix material, (2) an im-
proved surface geometry providing greater mechanical
grip of the matrix material on the reinforcements, (3) an
integral bond between whisker and supporting surface,
and (4) a high degree of reinforcement of the interstitial
plastic by whiskers which have been grown in the nor-
mally-void regions adjacent to and between the fibers.

These improvements have been evaluated by testing uni-
directional reinforced bar specimens by the horizontal
short-beam shear method. Interlaminar shear strengths of
at least 11,000 p.s.i. were measured on composites which
were made of Royal Aircraft Establishment’s (England)
54 million modulus graphite fibers and epoxy resin, which
material without whisker growth exhibited a shear value
of only about 2500 p.s.i. Shear strengths of at least 12,000
p.sd. were achieved on composites made with Thornel 25
(modulus of 25 million p.s.i.) which showed shear values
of only about 4,000 ps.i. before whisker growth. The
shear strengths are, in fact, greater than the strengths
quoted because the specimens did not fail in shear but in
bending. The failure was similar to that experienced by
a homogeneous rather than an anisotropic material.

The process of growing whiskers upon these graphite
fibers produced, in the early test runs, a substantial reduc-
tion in the tensile stréngth of the fibers after whisker
treatment, some 30% or more. Moreover, there was a
considerable weight loss of the fibers which accompanied
the loss in strength and appeared related to it. It is there-
fore an object of this invention to provide an improved
“Whiskerizing” process in which such weight-loss and loss
in tensile strength is minimized by (1) providing carbon
donors inside the treatment oven to reduce the amount of
carbon converted directly from the fibers themselves, and
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(2) rapidly cooling the freated fibers as they leave the
oven to reduce the tendency thereof to oxidize.

Another object of the invention is to exploit the carbon
donor tendencies of fibers to make an alternative form of
whisker-grown. fiber having declivities in the fiber sur-
faces, thereby to roughen it, although at the expense of
some loss of tensile strength.

Other objects and advantages of the invention will be-
come apparent during the following description of specific
working examples and various apparatus and product con-
figurations shown in the accompanying drawings, wherein:

FIG. 1 is a view partly in cross-section of apparatus
for carrying out the present process;

FIG. 2 is a partial view taken along line 2—2 of FIG. 1;

FIG. 3 is an enlarged view of a whisker grown yarn;

FIG. 4 is an enlarged view of a densely whisker grown
yarn, resembling wool;

FIG. 5 is an enlarged view of a pile of whisker grown
discrete particles;

FIG. 6 is an enlarged view of a stack of overlaid fibers
of yarn, whisker grown to interweave the stack into a uni-
fied mat or rod;

TFIG. 7 is an enlarged view of woven fabric whisker
grown subsequent to weaving;

FIG. 8 is a view of a second form of apparatus suit-
able for “Whiskerizing” a continuous yarn or tape of
material being passed through it;

FIG. 9 is a partial sectional view taken along the line
9—9 of FIG. 8;

FIG. 10 is a view partially in section of a third form
of apparatus for carrying out the present process;

FIG. 11 is a view partially in section of a fourth form
of apparatus for carrying out the present process; and

FIG. 12 is a view partially in section of a fifth form
of apparatus for carrying out the present process.

Referring now to the drawings, FIGS. 1 and 2 show
typical apparatus for carrying out the present process
by growing whiskers upon various fiber materials, espe-
cially those of graphitic form. The apparatus includes
an oven 1, for instance a 20 kw. molybdenum-wound
furnace, for establishing and maintaining the necessary
high temperatures, generally in the range of 2000 to
3000° F. The oven has an inlet duct 2 and an outlet duct
3 so that its interior can be continuously flushed with
hydrogen gas moving fo the right at a velocity of about
one foot per second in the oven and supplied by a stor-
age bottle 4. The hydrogen within the oven is maintained
about at atmospheric pressure and has a controlled
amount of water vapor entrained in it, as will be here-
inafter discussed. The oven 1 is provided with suitable
access doors (not shown).

Within the oven 1 is located a solid carbon or. graphite
sill 10 which supports other apparatus and insulates it
against destructive thermal shock when the apparatus
is first slid into the hot oven, for instance from ambient
room temperature, The carbon sill 10 also supports two
solid carbon spacers 11 and 12 upon which a ceramic
boat 13 rests. The boat is a commercially purchased item
composed of about 85% alumina, about 12% silicon
dioxide and about 3% other oxides, and this composition
is significant in some of the examples discussed below.
The boat 13 contains aluminum shot, 3-5 mesh, and
these shot particles melt and provide a puddle of liquid
aluminum ¥8 in the boat. The boat 13 is closed by a
ceramic cover 14, for instance Johns-Manville 3000 ce-
ramic brick which is about 60% alumina, 30% silicon
dioxide, and 10% other clays.

The openings between the sides of the boat 13 and the
carbon sill 10 are closed by carbon strips 15 and 16
which, unlike the solid carbon supports 10, 11 and 12,
are quite porous. These strips serve to exclude oxygen
from the hollow zone Z between the bottom of the boat
13 and the top of the sill 10 so as to prevent oxidation
of the materials within the zone Z when the apparatus
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is removed hot from the oven. When this apparatus is
being used to treat carbon fibers, the porous strips 15 and
16 also serve as carbon donors for the purpose of re-
ducing the amount of carbon which the present reactions
convert directly from the fibers being treated, such car-
bon conversion representing weight loss of the fibers
themselves and corresponding loss in fiber tensile
strength, sometimes as much as 30%.

The material to be whisker grown is placed in the zone
Z in some cases, or in the area A within the boat between
the molten aluminum 18 and cover 14 in other cases,
depending upon the chemical composition of the whisk-
ers sought to be grown. The above apparatus produces
whisker-growing atmospheres in the above-mentioned
zone Z and area A, these atmospheres being different
and mutually competitive as will be discussed in con-
nection with the various examples described below.

Since the whisker materials themselves do not vaporize,
it is necessary to use gas transfer mechanisms for grow-
ing whiskers. The growing of silicon carbide whiskers,
for example, requires the presence in the right propor-
tions of silicon monoxide and carbon monoxide, these
vapors being obtained by the following reactions involv-
ing: the molten aluminum contained within the boat, the
silica and alumina which is part of the composition of
the boat 13 and cover 14, the carbon of the strips 15
and 16, and the hydrogen and water vapor present in
the flushing gas:

Al4-Si04-> AIO--Si0
H,y28i05->2Si0-+H,0
Hy+C+Si0->SiC+H,0

C+H,0>CO+H,
CO+Si0+2H,->SiC--2H,0

When these reactions take place in close proximity to
carbon fibers, beta silicon carbide whiskers grow out
normal to the fiber surfaces. These whiskers are mono-
crystalline in nature and their rate of growth and final
shapes can be strongly influenced by controlling the
vapor concentrations, i.e., the degrees of supersaturation
thereof. If the concentration is low but within the
whisker growing range, the silicon carbide is formed in
the shape of long needle-like whiskers, for instance as
shown in FIG. 3, where a yarn 20 of carbon fibers has
whiskers 22 grown out 10 diameters, or more. The indi-
vidual carbon fibrils 21 forming this yarn bundle 20 are
‘about 10 microns in diameter, and the whiskers 22 are
about 0.5 to 1 micron, the former being polycrystalline,
and the latter being monocrystalline and exceptionally
perfect in crystal structure.

As the concentration of vapors is increased, whisker

density greatly increases, for instance to produce much
finer silicon carbide whiskers as small as .01 micron in
diameter and resembling a dense wool as shown in FIG. 4.
Here the yarn 20 of carbon fibrils has a growth of wool
24 wherein the population density is very high and the
whiskers often fork or branch out so that they intertwine
to a great extent. When greatly enlarged, the structure
of FIG. 3 resembles a test-tube brush, whereas the struc-
ture of FIG. 4 looks more like a pipe cleaner.
. Where the concentration of vapors is further increased
well above the wool-growing level, the seeding and vapor
precipitation becomes so great that silicon carbide powder
is formed rather than whiskers, and therefore the con-
centration has exceeded the whisker growing range for
the particular vapors selected. -

When there is sufficient other carbon present during
“Whiskerizing” of carbon fibers either as solid carben,
CO, or CH,, the silicon carbide grows outwardly from
the fiber surfaces, but when the carbon available to the
process is low, the silicon monoxide reacts directly with
the carbon of the fiber substrate, and forms sub-micron
silicon carbide powder by direct conversion of carbon
taken from the substrate itself, with the result that silicon
carbide grows inwardly into the surface of the fibril tend-
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6
ing to weaken its tensile strength, although it does form
a silicon carbide coating on the fiber, which coating in-
creases the ability of the fiber to bond to plastic matrix
materials. The resulting loss of weight of the fiber was
a major problem during early efforts to grow whiskers
upon carbon fibrils without reducing their modulus.

Practical conditions for whisker growth are iltustrated
by reference to FIGS. 1 and 2 as follows: The ceramic
boat 13 used in early experiments was 18"’ long, 5" wide
and 2" deep. Its own composition was as set forth above,
and its walls were %4’" thick. The boat was filled with
two pounds of pure aluminum shot and was placed upon
a dense graphite sill 10 and dense graphite spacers 11 and
12. Within the oven 1, the temperature was raised to
2600° F. and the oven was flushed with hydrogen gas at
approximately atmospheric pressure and containing 50
parts per million of moisture. The gas velocity was about
one foot per second. After two hours, the sili and boat
were withdrawn from the furnace, and examination there-
of showed that directly beneath the boat and in the im-
mediate vicinity thereof beta silicon carbide crystals were
grown upon the sill, because the concentration of silicon
monoxide vapor was high immediately adjacent to the
boat, Most of the growth, however, was in the form of
sub-micron powder which grew as a result of direct con-
version of the carbon at the immediate surface of the
sill where carbon atoms were plentiful and the concen-
tration of SiO was high. However, at a distance some-
what more removed from the boat, the concentration of
SiO was lower, and therefore the silicon carbide grew as
whiskers instead of powder. Still further away from the
sill, the SiO vapor concentration was reduced to the point
where growth ceased. The above experiment took place
in the absence of any fibers in the zone Z and in the
absence of porous carbon strips 15 and 16.

Subsequently porous carbon members 15 and 16 were
added in the form of sheets about 14" to 14" thick laid
upon the carbon sill beneath the boat as shown in FIGS.
1 and 2. The experiment was re-run using the same pa-
rameters: reducing atmosphere, temperature, and time,
and in this instance a much greater growth of silicon car-
bide crystals resulted because of the greatly increased
carbon surface provided by the porous sheets 15 and 16
which then resulted in the production of adequate carbon
monoxide. This time, the growth was in the form of
whiskers rather than powder, the growth being especially
thick upon the porous carbon sheets, but also distributed
throughout the pores of the sheets. The degree of penetra-
tion of whisker growth is diffusion dependent, the growth
penetrating about ¥4”’ of 50% porous carbon per hour
at 2600° F. It was also found that by changing the param-
eters to increase the temperature, or by increasing the
porosity of the carbon, the penetration of the whisker
growth within the porous carbon sheets was greatly ac-
celerated. With the above as background, the following
examples of whisker growing will be illustrative of the
process and resulting products.

EXAMPLE I

Using the same parameters as set forth in the preced-
ing several paragraphs, powdered carbon was piled within
the zone Z between the solid carbon spacers 11 and 12
and the porous strips 15 and 16, and whiskers were then
grown upon the powdered carbon for sufficient time to
permit growth penetrating throughout the carbon pile.
The type of growth which resulted is shown in FIG. 5.
The individual carbon particles 30 were “Whiskerized”
so that a dense intergrowth formed a complete whisker
network around all of the carbon particles, these whiskers
intertwining to form a novel lightweight porous struc-
ture which no longer exhibited the general characteristics
of a loose powder but had a great deal of structural in-
tegrity. This resulting product was then transformed into
a sponge of interlocked beta silicon carbide whiskers by
heating the product to 1600° F. for a period of four to
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six hours in the presence of oxygen to burn off the un-
converted carbon particles and leave only the whiskers.

EXAMPLE II

In this example, the zone Z bounded by the solid carbon
spacers 11 and 12 and the porous carbon strips 15 and 16
was occupied by suitable support means strung with
bundles of high modulus graphite fiber in the form of a
yarn of the type shown in FIG. 3 composed of a large
number of 10-micron fibrils, and the porous carbon strips
15 and 16 were brought into fairly close proximity thereto
so as to act as carbon donors. Several such experiments
were then run to produce silicon carbide whisker growth as
shown in FIGS. 3 and 4, depending upon the concentra-
tion of vapors and the length of time the experiment was
run. The general experiment was then re-run using mats
of fibers or yarn stacked on top of cach other as shown
in FIG. 6 to form a three-dimensional rod which is ap-
proximately 4" x 12" x 14", weighing about 20 grams.
The particular fibers used were of the type made by Union
Carbide under the trade name Thornel 25 or Thornel 40,
or made by Hitco under the designation HGM 25, or made
by the British Royal Air Force Establishment. The fibers
were of carbon in highly crystallized graphite form having
very smooth external surfaces which do not easily convert
as carbon donors, and most of the carbon was therefore
taken from the porous strips 15 and 16, which were
brought close to the rod being treated. The stack of fibers
forming the rod is generally referred to by the reference
numeral 35 in FIG. 6 and comprises individual carbon
fibers and bundles 37 with a dense growth of whisker 38
extending between them. The time required to grow the
whiskers throughout the rod 35 depended somewhat upon
the density with which the fibers were packed together
when forming the rod but good whisker growth occurred
within one hour. The whisker growth was about 1 to 5%
in weight, After “Whiskerizing,” the rod of fibers which
were initially loosely associated had grown together to
form an integral bundle which handled very much as
though it was bound together. This type of rod when
impregnated with a suitable matrix material provides a
very high strength structure.

As possible modifications of the present example, the
fibers can be laid together in random directions to form a
kind of felt, or they can be crossed in alternate layers to
form parallel unidirectional sheets alternating in the X
direction and in the Y direction as the sheet is being
stacked. The X and Y fibers may or may not be of identi-
cal materials, but in any event, after “Whiskerizing,” the
resulting composite no longer resembles loose layers of
fibers, but is so well intergrown that it becomes a three
dimensional bi-fiber composite of whiskers which not only
link the various fibers together, but also grow to fill the void
spaces between the various fibers and bundles, the voids
36, for instance, being larger than the voids 39, and all
voids being secondarily reinforced by the growth of
whiskers which, when the structure is impregnated by a
plastic resin, will greatly reinforce the resin occupying
the voids. In this way the resulting composite is strength-
enied in an additional manner which is quite beyond
the degree of strengthening which could be provided
by mere roughening of the original fibers and bundles
to increase their ability to bond.

EXAMPLE III

In this example, the zone Z was occupied by one or more
layers of woven cloth or tape sometimes overlaid in groups
including as many as 10 layers. For this purpose, mult-
iple layers of woven graphite cloth, Hitco type C-cc-1A
were placed under the ceramic boat, and this cloth was
then “Whiskerized” under the same conditions as set
forth above with the result that beta silicon carbide
whiskers were grown extending in all directions from the
carbon fibril surfaces. These whiskers grew to fill in all
the interstitial voids within the weave as well as between
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8
the carbon cloth layers, and these whiskers taken with the
cloth yarns formed an intergrown network of two different
characters, namely the carbon fibers themselves, and the
silicon carbide whiskers which grew so long and in such
density that a new type of reinforcing product was formed,
namely a three dimensional bi-fiber fabric.

EXAMPLE IV

In this example, alumina fibers were placed in the area
A, within the boat and between the molten aluminum 18
and the ceramic cover 14, and in this area the same opera-
tional parameters resulted in a different process used to
grow sapphire whiskers on the alumina surfaces. Within
the aluminum boat the presence of water vapor and the
presence of silicon monoxide provides a reaction which
forms sapphire crystals Al,O3 growing upon the alumina
fiber surfaces. The conditions for the growth of sapphire
crystals are repugnant to the growth of silicon carbide
crystals and vice versa. The silicon carbide crystals are
grown in the presence of plentiful carbon donors in the
form of porous strips 15 and 16 which contribute to the
formation of carbon monoxide. However, althcugh plenti-
ful in zone Z, carbon monoxide is virtually absent from
area A, FIG. 1, and therefore silicon carbide is not
formed. Rather, sapphire crystals are formed on the
fiber surfaces inside area A. Sapphire crystals can also
be grown on zirconia, titanium oxide, molybdenum, etc.;
these materials likewise being placed within the boat just
above the molten aluminum in the absence of carbon
donors. A further listing of compatible whisker materials
and substrate materials will appear hereinafter in the
specification.

EXAMPLE V

This example is given with reference to FIGS. 8 and 9,
and shows the continuous processing of fibers fed through
an oven 41 having suitable heating means (not shown)
and having an inlet duct 42 and an exhaust duct 43
through which a hydrogen gas reducing atmosphere can
be circulated. These members are connected to horizontal
passageways 42a and 43a which are suitably shaped to
receive a continuous run of fibers F which passes through
the oven between driven spools 38 and 39. Inside the
oven, a ceramic boat 44 is provided with a cover 45
and sits upon a sill 46, all of which parts are the same
as those shown in FIGS. 1 and 2. The boat 44 is actually
supported on two porous carbon bars 47 and 48 which
not only support the boat 44 but also serve as carbon
donors in the treatment of the fibers F as they pass through
the oven. The boat contains molten aluminum 49, and the
entire system is raised to the temperature of 2600° F.
by suitable means (not shown). The fibers ¥ may com-
prise a singel bundle, a plurality of parallel bundles, or a
woven cloth or tape for purposes of the present illustra-
tion, there being no basic difference in the process. The
passageways 42z and 43a can be provided with air locks
at their extreme outer ends, although the air locks are
really not necessary since the hydrogen gas will escape
outwardly at these points and discourage the entry of
atmospheric gases into the oven. The fibers F pass be-
tween the bottom of the boat 44 and the top-of the sill 46
and between the porous carbon bars 47 and 48, which
in the actual experiment were 1’” x 1”” x 20”. The carbon
yarn was sufficiently “Whiskerized” for the purpose of
adequately increasing its interlaminar shear capabilities
after 10 minutes at 2600° F. inside the oven; while at
2800° F. less than two minutes was required. No doubt
improved parameters can be used to reduce the transit
time even further, for instance, by adding CO or CH;
to the gas stream to increase the carbon donors. More-
over, a more efficient oven structure can be devised to
process multiple strands or tapes simultaneously while
passing them through paths of greater linear length. When
multiple adjacent yearns were passed through the oven
together in adjacent transverse mutual contact, they
emerged as a unified ribbon because of intertwining of the
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grown whiskers. When woven tapes were passed through

the oven in the above manner, continuous three dimen-
sionally reinforced fiber laminates resulted having superior
strengths in all directions when composited with matrix
materials.

The above examples refer mostly to carbon fiber sub-
strates, but there are many other practical examples
showing . different substrate materials and forms which
are at the same time compatible with various whiskers
grown according to techniques described in the following
examples. C

‘ “EXAMPLE VI

The apparatus shown in FIGS. 1 and 2 can be utilized
to grow molybdenum silicide whiskers on molybdenum
wire by supporting the latter adjacent to a carbon sill
10 and placing the boat 13 directly over the molybdenum
wire in the zone Z. The oven is heated to 2800° F. and
flushed with an Hy gas stream as in the previous examples,
the process being allowed to continue, for example for an
hour. These reactions include:

Al + 8102 — AIO 4+ 8iO

Ha
28i0 -+ Mo —— MoSiz + 2H:0

The resulting molybdenum disilicide whiskers are from

.5 to 10 microns in diameter and up to a few millimeters

in length. : o :
EXAMPLE VII

This example refers to FIG. 10 and shows the growing
of boron carbide whiskers on carbon filaments within a
graphite-tube furnace 50 heated hotter near its left end
by a resistance wire coil 51. Argon gas under a vacuum
of 50 microns is flushed through the furnace in the
direction of the arrow 52, and flows over a graphite boat
53 containing powdered boron carbide B4C. The gas then
flows over the carbon filaments 54 being treated, this
example showing an open mesh cylinder of carbon fila-
ments 54 which, when “Whiskerized,” will resemble FIG.
7. These whiskers are grown by the pure vapor method
wherein B,C powder is heated at reduced pressure to
about 3500° F., and its vapor is then condensed down-
stream at a lower temperature of about 3150° F, upon the
carbon mesh 54. The process takes from about 30 minutes
to a few hours depending upon the desired whisker length.

EXAMPLE VIII

This example demonstrates the growth of silicon nitride
SizN, whiskers on silicon carbide or on graphite fila-
ments, using apparatus illustrated in FIG. 11. A hydrogen
atmosphere furnace 60 is used to heat porous high-silica
brick 61 in the presence of other gases introduced into
the furnace as shown schematically by the arrow 62,
These other gases include hydrogen H,, 100 parts; am-
monia NHj, 30 parts; and methane CH,, one part. The
process takes place preferably at a slowly rising tempera-
ture ranging from 2550° F. to 2650° F. Compatible fibers
63, such as carbon or silicon carbide, when placed in the
whisker growth region R between the closely spaced
bricks 61 will be “Whiskerized” according to the follow-
ing reactions over a period of one to six hours.

3510, (Bricks) +3Hy»35i0-4-3H,0
ANHy> 4N° 4-6Hy
4N°4-38i0--3H > SizNy-+-3H,0
Final reaction: 38103 4-4NH;— SizN,4-6H,0

Actually nascent nitrogen may not be present but may
form a complex with the methane which acts as a pro-
moter. In this event a set of reactions may take place as
follows:

38i0; (Bricks) 4 3Hy> 38i0 3H,0O
4NH;+-4X CHy>4N(CH,)x-+6H,
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Complex
4AN(CH,) g+ 38i0-+-3H,-> SizNgd+4X CH,-+3H,0

Final reaction; 3Si0y-+4NH;3--—>SigNy4-6H0

The small percentage or methane gas is added as a pro-
moter of the decomposition of the ammonia gas to re-
lease the nitrogen which in turn reacts with the silicon
monoxide to produce the SiyN; whiskers. The furnace
heating means is not shown in the present illustration.

EXAMPLE IX

This example shows the growing of metal whiskers upon-
grids or filaments which can be either metallic or ceramic.
For instance copper whiskers can be brown on stainless-
steel screening by a process involving the reduction of a
halide salt using the apparatus shown in FIG, 12.

2Cul-+-Hy>Cu4-2HI

This reaction takes place in a quartz tube 70, which is
flushed with dry hydrogen gas as represented by the arrow
71, which gas flows over a boat 72 of heated copper iodide
crystals to entrain vapor and pass it over the wires of the
stainless steel screening 73. The vicinity of the boat 72 is
heated, for instance by a resistance wire 74, to about 1400°
F., but the deposition of copper takes place in a cooler
“Whiskerizing” section S of the apparatus, at about
1000° F.

From the above examples, it can be seen that “Whisker-
izing” can be accomplished either in systems where some
of the elements are common, or none of the elements are.
common, to both the whiskers and the fibers. Examples of
common-element systems include: carbon or graphite
whiskers on carbon or graphite; silicon carbide whiskers
on silicon (or on silicon dioxide, or on silicon carbide);
molybdenum disilicide whiskers on molybdenum; tungsten
disilicide whiskers on tungsten; boron carbide whiskers
on carbon; boron whiskers on boron carbide or on boron
nitride. _

The other type of system includes entirely different ele-
ments in the whiskers and in the substrates. Examples
thereof include: silicon carbide whiskers on boron; sap-
phire whiskers on zirconium oxide; silicon nitride whiskers
on carbon; copper whiskers on tungsten; and iron whiskers
on molybdenum, The number of compatible combinations
is almost limitless. It should be noted that the present re-
actions are not to be limited to an H, atmosphere. It is
only necessary that the atmosphere be non-oxidizing.
Moreover, care must be used to avoid incompatible com-
binations such as carbon whiskers on iron, carbon being
soluble in iron; or sapphire whiskers on carbon, the neces-
sary atmosphere oxidizing the carbon too quickly.

The present invention is not to be limited to the illustra=~
tive examples and drawings, for obviously the scope of
the claims is much greater.

We claim:

1. The method of treating the surface of a filament ma-
terial by growing crystalline whiskers thereon to increase
the bonding capability thereof when laminated to another
substance, including the steps of:

(a) heating the surface to be treated to an elevated
temperature below the vaporization temperature of
said whiskers in the presence of a non-oxidizing at-
mosphere;

(b) generating in said atmosphere whisker vapors or
precursore thereof:

(c) applying said vapors in supersaturated concentra-
tion in the vicinity of said surface to deposit seed
crystals and iniate whisker growth; and

(d) continuing said heating and said vapor application
for a period of time sufficient at least to substantially
roughen said surface.
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2. The method as set forth in claim 1, wherein the
degree of supersaturation of the vapors near said surface
is maintained near the minimum concentration required
for whisker growing, whereby a relatively sparse popula-
tion of whiskers of relatively large cross-section for the
vapors selected is grown.

3. The method as set forth in claim 1, wherein the
degree of supersaturation of the vapors near said surface
is maintained near the maximum concentration required
for whisker growing, whereby a relatively dense popula-
tion of whiskers of relatively small cross-section for the
vapors selected is grown.

4. The method as set forth in claim 1, including the
step of continuously feeding said material through the
wicinity of said vapor concentration at a rate selected
to leave each increment of the material in said vicinity
long enough to substantially change its surface.

5. The method as set forth in claim 1 for treating the
treating the surfaces of carbonaceous materials to grow
whiskers thereon consisting of other compounds of carbon,
including the step of grouping the carbonaceous material
to be treated in close proximity with substantial other
carbon-donor materials while applying said vapors, where-
by the donors serve to reduce the amount of carbon con-
verted from the materials being treated while forming said
other compounds.

6. The method as set forth in claim 1 for surface-treat-
ing carbonaceous material to grow whiskers thereon and
change their surface chemistry, including the steps of plac-
ing the carbonaceous material in an environment starved
for carbon donors; and generating in said atmosphere at
about 2600-2800° F. silico monoxide vapor, whereby sili-
con carbide is formed on the carbonaceous surfaces by
conversion of carbon taken directly from the latter sur-
faces.

7. The method of forming a reinforcement structure of
whisker-grown material, including the steps of:

(a) bringing together a plurality of fibers of said ma-
terjal to form a bundle having interstitial voids be-
tween the fibers; and

(b) subsequently treating the fibers according to the
method as set forth in claim 1 for a period of time
long enough to grow the whiskers well out from the
fiber surfaces into the voids.

8. The method as set forth in claim 7, wherein said pe-
riod of time is long enough to grow whiskers into mu-
tually intertwining relationship across most of said in-
terstitial voids.

9. The method as set forth in claim 7, including the
steps of stacking bundles of fibers shaped in three dimen-
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sions to. provide a-reinforcement “structure,. and subse:
quently treating the:structure to grow-said whiskers,

:10. The method as set forth in:claim 7, including the
steps. of stacking bundles of .said fibers in alternate layers
whose fiber directions are mutually crossed, and subse-
guently treating the stacked bundles to grow said whiskers.

11. The method of forming a reinforcement structure
of whisker-grown material, including the steps of: ‘

(a) forming fabric of yarn made of said material, the

. fabric having interstitial voids in and.around said
yarn; and S

(b) subsequently treating the fabric material accord-
ing to the method as set forth in claim 1 for a period
of time long enough to grow whiskers well out from
the material into said voids.

12. The method as set forth in claim 11, wherein said
period of time is long enough to grow whiskers into mu-
tually intertwining relationship across most of said in-
terstitial voids. -

13. The method as set forth in claim 11, including the
steps of stacking layers of said fabric to form a reinforce-
ment structure shaped in three dimensions, and subse-
quently treating the shaped structure to grow said whisk-
ers,

14. The method of forming a three dimenional rein-
forcement structure, including the steps of :

(a) forming particles of said material into a desired

overall shape; and

(b) subsequently treating the particles according to the

method as set forth in claim 1 for a period of time
long enough to grow whiskers out -from the particle
surfaces and mutnally intertwined sufficiently to main-
tain said desired shape. :
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