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57 ABSTRACT 

A method for making shaped pyrolytic graphite arti 
cles which comprises progressively positioning con 
tinuous carbon strand onto a shaped form and simul 
taneously pyrolyzing carbonaceous gas onto the strand 
at about the point of positioning contact to nucleate 
pyrolytic graphite from the strand, progressively posi 
tioning additional strand laterally spaced from previ 
ously positioned strand and, as the additional strand is 
positioned, simultaneously pyrolyzing the car 
bonaceous gas on the additional strand at about the 
point of positioning contact and on the pyrolytic gra 
phite nucleated from previously positioned strand to 
form a continuous pyrolytic graphite matrix intercon 
necting laterally shaped strands. 

10 Claims, 7 Drawing Figures 

  



3,715, 253 PATENTED FEB 6 1973 
SHEET 1 OF 2 

INVENTOR 

A26a7Wa 4., 62/COV7 

BY Tri-I, W). 2. 
ATTORNEY 

  



PATENTED FED G 1073 3,715, 253 
SHEET 2 OF 2 

f 
M2 f 

S & 
w 

S77621MAW S7A1 MW 

INVENTOR 

406a7Waf 4.62/C07 7 

BY72-4-2 (3422 
ATTORNEY 

  



3,715,253 

COMPOSITE MATERIALS 

CROSS REFERENCE TO RELATED APPLICATION 

This application is a division of application Ser. No. 
592,846, filed Nov. 8, 1966, which application is now 
pending. 

BACKGROUND OF THE INVENTION 

Pyrolytic graphite is a polycrystalline form of carbon 
prepared by pyrolysis of carbonaceous gases on heated 
substrates. As is known, other vapors such as boron 
chlorides, or organic halo silanes can be copyrolyzed 
with carbonaceous gas to deposit pyrolytic graphite al 
loys or compounds such as boron carbide or silicon car 
bide, for example, on the substrate. The term '- 
pyrolytic graphite' is used herein to include such alloys 
and compounds as well as "pure' pyrolytic graphite. 
The material is resistant to chemical attack and its 
strength increases with increasing temperature. Thus, 
pyrolytic graphite has recognized potential for use in 
high temperature, chemically corrosive environments. 
However, the full potential of the material has not 
hitherto been realized. 
To date, the material has been used, primarily, in the 

form of shaped, unreinforced articles since known 
pyrolytic graphite deposition techniques are not readily 
adaptable to formation of composites. For example, in 
attempts to form composites by depositing pyrolytic 
graphite within skeletal carbon structures, such as 
porous blocks, felts, or woven cloths, it is found that 
carbonaceous gas cannot be forced to the interior of 
the structure due to the formation of impervious 
pyrolytic graphite deposits on the structure surface. 
The size, shape, and utility of unreinforced, shaped 

pyrolytic graphite articles has been limited by inherent 
characteristics of the material. Conventional pyrolytic 
graphite articles comprise essentially continuous 
stacked layers of graphite crystallites, oriented in 
directions parallel to the substrate surface on which the 
article is formed. Due to the oriented crystal structure, 
pyrolytic graphite is highly anisotropic. In the direction 
of crystallite layer orientation, the material has high 
tensile strength, a low linear coefficient of thermal ex 
pansion, and high electrical and thermal conductivity. 
However, since the crystallite layers are weakly 
bonded, the material is relatively weak in the thickness 
dimension. Also, in the thickness direction, the materi 
al has a high coefficient of expansion and low thermal 
and electrical conductivity. 
Due to anisotropic expansion coefficients of 

pyrolytic graphite, closed-shell structures, such as 
cylinders, have residual stresses at temperatures above 
or below the formation temperature of the structure. 
These stresses are largely concentrated in the relatively 
weak thickness dimension of the material and generally 
result in delamination if the ratio of the wall thickness 
to the radius of the structure exceeds about 0.05. This 
thickness-to-radius ratio limit often precludes fabrica 
tion of closed-shell structures having wall thicknesses 
sufficient to provide the strength required for a given 
application. 
Due to the inherent tendency for curved pyrolytic 

graphite surfaces to distort or delaminate, pyrolytic 
graphite is generally fabricated in the form of flat 
plates. Articles having curved surfaces are conven 
tionally prepared by bonding together a plurality of 

O 
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2 
segments cut from such flat plates. Unfortunately, ad 
hesives presently available for bonding the graphite 
segments do not possess the unique high-temperature 
properties of pyrolytic graphite. Thus, the utility of the 
composite structure is limited by the characteristics of 
the adhesive. Furthermore, the graphite crystallite 
layer "edges' exposed on the curved surfaces of such 
segmented articles do not provide maximum resistance 
to oxidation or other forms of chemical attack. 

It is an object of this invention to provide an im 
proved, reinforced pyrolytic graphite. 
A further object is to provide reinforced pyrolytic 

graphite composites having improved strength in the 
thickness dimension and greater resistance to 
delamination. 
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Still another object of this invention is to provide 
novel methods of preparing reinforced pyrolytic gra 
phite composites. Other objects and advantages will be 
apparent from the following description and the draw 
ing wherein: 

FIG. 1 is a schematic illustration of apparatus for 
practicing this invention; 

FIG. 2 is a schematic illustration of a reinforced 
pyrolytic graphite composite according to this inven 
tion; 

FIGS. 3 and 4 are schematic representations of 
modified apparatus suitable for use in preparing 
pyrolytic graphite composites; 

FIG. 5 schematically illustrates an alternative ar 
rangement of reinforcing strands in the composite of 
this invention; and 

FIG. 6 represents a stress-strain curve characteristic 
of the composite material of this invention; and 

FIG. 7 represents a stress-strain curve characteristic 
of conventional pyrolytic graphite. 

I have discovered methods of depositing pyrolytic 
graphite on spaced carbon strands to prepare new and 
improved composite materials. Basically these methods 
comprise progressively positioning continuous carbon 
strands on a shaped form and depositing pyrolytic gra 
phite on the strand as it is positioned to build up a com 
posite structure. Thus the difficulties inherent in previ 
ously attempted impregnation attempts are avoided. 
Any continuous carbon strand such as, for example, 

those prepared by pyrolysis of rayon can be utilized in 
the practice of this invention. The continuous carbon 
strand can be in the form of an individual strand, a plu 
rality of spaced, substantially unidirectionally oriented 
individual strands which can be simultaneously posi 
tioned as a strand layer, or a woven material such as 
cloth or tape. 
The method can be practiced with apparatus such as 

that schematically illustrated in FIG. 1. As shown 
therein, a continuous individual carbon strand 1, is fed 
through a guide tube 2, and connected to a mandrel 3, 
disposed in a chamber 4. In order to prevent oxidation 
of carbonaceous gas, atmospheric oxygen is removed 
and continuously excluded from the chamber by 
evacuation and/or purging with inert gases such as heli 
um or nitrogen. The strand is heated to and maintained 
at a temperature sufficient to pyrolyze carbonaceous 
gases by induction, radiant, or resistance heating 
means, not shown. The mandrel is rotated and moved 
longitudinally relative to the strand guide tube 2, by 
means not shown. In this manner, spaced turns of 
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strand are progressively positioned on the mandrel. As 
the strand is wound, carbonaceous gas is fed through 
tube 5, to impinge upon the strand at about the point of 
winding contact. Pyrolysis of the gas occurs and a 
pyrolytic graphite matrix is nucleated from the heated 
strand substrate. As winding continues, pyrolytic gra 
phite is simultaneously deposited on the strand being 
wound and on the matrix deposited on previously 
wound strands. Thus, the strands are not only in 
dividually enveloped in a pyrolytic graphite matrix but 
are interconnected and bonded to each other by the 
matrix. The winding is continued to produce a com 
posite article such as schematically illustrated in FIG. 
2. As shown, the article comprises one or more spaced, 
reinforcing carbon strand layers 6, each of which com 
prises a plurality of spaced carbon strands 1, disposed 
in and interconnected by a pyrolytic graphite matrix 7, 
composed of graphite crystallite layers 8. 

It is seen that the crystallite layers of the matrix in the 
composite are oriented in conformity to surfaces of the 
strands and are, therefore, aligned around the strands 
and in the direction of strand orientation. Crystallite 
alignment in the direction of strand orientation pro 
vides the maximum strength of pyrolytic graphite in 
that direction. Furthermore, the embedded strands sig 
nificantly reinforce the composite in the direction of 
strand orientation. 

Since the orientation of crystallite layers conforms to 
the strand surfaces rather than the surface of the com 
posite, the composite does not have the continuous 
laminar structure characteristic of conventional 
pyrolytic graphite. The absence of continuous laminae 
advantageously tends to prevent propagation of cracks 
and delaminations. Composite strength in the thickness 
direction is significantly improved by the increased 
degree of crystallite layer alignment in that direction. 
In addition, the orientation of crystallite layers in the 
composite renders the material less anisotropic than 
conventional pyrolytic graphite. 
The carbon strands also prevent delamination 

failures by restricting the thickness of laminar matrix 
growth units nucleated from these strands. It is known 
that growth units less than 0.05 inches thick are less 
subject to delamination. Since, in the composition of 
this invention, the thickness of laminar units is 
generally about one-half the distance between the 
strands; preferred unit size is obtained by spacing the 
strands within about 0.1 inch of each other. 
The process for composite fabrication can be prac 

ticed with individual carbon strands as in the embodi 
ment described or with multi-strand structures such as 
a plurality of laterally spaced, unidirectionally oriented 
individual carbon strands, or with woven cloths or 
tapes comprising carbon strands oriented in both warp 
and woof directions. When using multi-strand struc 
tures to prepare a composite, it is preferred to simul 
taneously impinge carbonaceous gas on both sides of 
the strand structure as it is progressively laid down to 
ensure that the gas penetrates between the strands to 
effect the highest degree of lateral bonding. This can be 
accomplished by apparatus such as schematically illus 
trated in FIG. 3, wherein gas injector channels 9, feed 
gas into contact with spaced strands 1, or by apparatus 
as shown in FIG. 4, wherein woven carbon cloth 11 and 
gas are both fed through guide channel 10. 
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4 
When the method is practiced with woven fabrics, 

little matrix bond is obtained between strands where 
warp and woof inter-cross since it is difficult for the 
carbonaceous gas to penetrate between the touching 
strands. It is, therefore, preferred that all strands in 
each reinforcing strand layer in the composite of this 
invention be substantially unidirectionally oriented. 
Such orientation eliminates weaknesses which result 
from the absence of a matrix bond at points of strand to 
strand contact. In composites having multiple reinforc 
ing strand layers, the direction of strand orientation can 
be varied in different reinforcing layers as shown, for 
example, in FIG. 5. Thus composites having desired 
directional strength characteristics can readily be 
prepared. 

This invention can, of course, be practiced by posi 
tioning strand on a variety of shaped forms to produce 
articles having the desired configuration. The strand 
can be progressively positioned on the shaped form by 
any desired technique, however, winding is preferred 
for reasons of simplicity. It will be understood from the 
foregoing discussion that the term "progressively' 
positioning connotes a gradual laying down of strand to 
continuously and progressively increase the area of 
strand contact with the shaped form rather than effect 
ing overall lateral strand contact as by "stacking." This 
permits matrix formation between strands as they are 
positioned and eliminates the necessity of forcing car 
bonaceous gas between prepositioned strands. 
When the invention is practiced with carbon yarns 

which comprise a multiplicity of fibers which have been 
spun or otherwise incorporated to form the continuous 
strand, the pyrolytic graphite may, in some instances be 
deposited on fibers or fuzz protruding from the strand 
rather than directly on the base strand. Therefore, in 
order to obtain optimum lateral bonding of strands by 
the matrix, it may be desirable to minimize such protru 
sions as, for example, by mechanically removing them 
with a scraper blade as the matrix is built up or by 
utilizing strands precoated with pyrolytic graphite to 
provide a smooth surface. 
The practice of this invention is further illustrated by 

the following examples: 
EXAMPLE 

Grade WYB carbon yarn, a carbon strand compris 
ing about 720 filaments in cross-section which is manu 
factured by Carbon Products. Division of Union Car 
bide Corporation, was progressively wound as an in 
dividual strand around a 1 inch cylindrical mandrel 
disposed in a chamber containing nitrogen gas at pres 
sure slightly greater than atmospheric to prevent entry 
of atmospheric oxygen. The strand was inductively 
heated to about 2,000°C and contacted, as it was 
wound at about the point of winding contact with 
methane diluted about 8:1 by volume with nitrogen. A 
scraper blade was utilized to remove pyrolytic graphite 
coated filaments protruding from the side of the strand. 
The mandrel was moved longitudinally to effect a spac 
ing of about one thirty-second of an inch between suc 
cessive turns and winding was continued until a com 
posite having seven layers of strands was produced. 
Upon cooling, the cylindrical composite having a wall 
thickness of about 0.1 inches was removed from the 
mandrel. No delaminations were observed in this 
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closed-shell structure although the ratio of thickness 
to-radius was about 0.2 - approximately four times as 
great as the thickness-to-radius ratio previously con 
sidered to be a limitation for satisfactory closed-shell 
structures. To determine the suitability of the material 
for high temperature applications, strength tests were 
performed at a temperature of about 2,000°C. The 
composite material exhibited a strength (expressed in 
lbs. per square inch) to weight (expressed in lbs. per 
cubic inch) ratio of about 340,000. The reported 
strength to weight ratio of conventional pyrolytic gra 
phite in the direction of highest strength at the same 
temperature is about 250,000. 

EXAMPLE 2 

A composite cylinder about 0.25 inches long, about 
1 inch in diameter and having a wall thickness of about 
0.1 inches was prepared according to the above 
procedure an inserted in the throat of a rocket motor 
nozzle. The insert was tested in a motor firing, utilizing 
an aluminized propellant. During this firing, the nozzle 
insert was subjected to a maximum pressure of greater 
than 1,000 psi, an average pressure of about 750 psi 
and a temperature of about 3,000°C for about 42 
seconds. Even under these severe conditions, the ero 
sion rate of the composite was only about 0.00052 
inches per second. Thus, it is seen that the composite is 
highly resistant to erosion from high temperature, high 
pressure gas flows. 

EXAMPLE 3 

Stress-strain measurements were made on composite 
materials prepared according to Example 1. The 
characteristic stress-strain curve determined by such 
measurements is illustrated in FIG. 6. Point 'f'' on this 
curve represents the initiation of mechanical failure in 
the composite. The shaded area 12 under the curve 
represents the additional energy required to propagate 
the failure. For comparison, a stress-strain curve 
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characteristic of conventional pyrolytic graphite is 
shown in FIG. 7. It is seen that whereas mechanical 
failures in conventional pyrolytic graphite are essen 
tially instantaneously propagated resulting in complete 
failure of the material, substantial additional energy is 
required to produce complete mechanical failure of the 
composite of this invention. 
The material of this invention can be advantageously 

utilized as a material of construction or liner for molds, 
particularly those used in high temperature molding 
operations, reaction vessels, orifices, and in various 
other applications requiring materials which possess 
high strength at high temperatures. 

While this invention has been described with 
reference to illustrative embodiments, it will be ap 
parent that various modifications thereof can be prac 
ticed based on the above disclosure without departing 
from the spirit and scope of the invention embodied 
within the claims. 

claim: 
1. A method of making a composite material, said 

method comprising progressively positioning continu 
ous carbon strand on a shaped form, pyrolyzing car 
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6 
bonaceous gas on said strand at about the point of posi 
tioning contact as said strand is positioned to nucleate 
R.E." hite from said strand, progressively posi ionirig additional continuous carbón strand laterally 
spaced from previously positioned strand and, as said 
additional strand is positioned, simultaneously pyrolyz 
ing carbonaceous gas on said additional strand at about 
the point of positioning contact and on pyrolytic gra 
phite nucleated from previously positioned strand to 
form a pyrolytic graphite matrix interconnecting 
laterally spaced strands. 

2. The method of claim 1 wherein said continuous 
carbon strand is an individual strand. 

3. The method of claim 1 wherein said continuous 
carbon strand is a strand layer comprising a plurality of 
laterally spaced, substantially unidirectionally oriented 
individual carbon strands. 

4. The method of claim wherein said continuous 
carbon strand is a plurality of interwoven individual 
carbon strands. 

5. The method of claim 1 wherein said continuous 
carbon strand is precoated with pyrolytic graphite. 

6. The method of claim 1 further comprising 
mechanically removing pyrolytic graphite coated fibers 
protruding from said strand after pyrolyzing car 
bonaceous gas thereon. 

7. A method of making a composite material, said 
method comprising 

, a. winding a continuous individual carbon strand 
around a shaped form and simultaneously pyrolyz 
ing a carbonaceous gas on said strand at about the 
point of winding contact to nucleate pyrolytic gra 
phite from said strand, 

b. winding additional turns of said strand around said 
form, each of said additional turns being spaced 
from previously wound turns and, as each of said 
additional turns is wound, simultaneously pyrolyz 
ing carbonaceous gas thereon at about the point of 
winding contact and on pyrolytic graphite 
nucleated on previously wound turns. 

8. A method of making a composite material, said 
method comprising 

a. simultaneously winding a continuous, individual 
carbon strand around a shaped form disposed 
within a chamber containing substantially non-ox 
idizing gases at a pressure greater than the ambient 
pressure around said chamber and pyrolyzing a 
carbonaceous gas on said strand at about the point 
of winding contact to nucleate pyrolytic graphite 
from said strand, 

b. winding additional turns of said strand around said 
form, said turns being spaced within about . 1 inch 
of each other, and as each additional turn is 
wound, simultaneously pyrolyzing carbonaceous 
gas thereon at about the point of winding contact 
and on pyrolytic graphite nucleated on previously 
wound turns. 

9. The method of claim 7 wherein said strand is 
precoated with pyrolytic graphite. 

10. The method of claim 7 further comprising 
mechanically removing pyrolytic graphite coated fibers 
protruding from said strand after pyrolyzing car 
bonaceous gas thereon. 
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