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A Graphite-carbon composites have been fabricated using a natural graphite powder which was

molded at low pressures and room temperature and infiltrated by a CVD technique nt 700°C using
(hie  propylenc as g source of carbon. The rate of removal of open porosity by carbon infiltration is pro-
' portional to open porosity up to an infiltration time of at least 24 hr. Flexural strength, Young's

modulus and electrical conductivity of the compasites progressively increase with increasing apparent
density (d}, being approximated by expressions of the type Y =ad” over most of the infiltration

fange. Knoop hardness is increased by infiltration but remains much less than that found for cellulose
carbon-CVD composites of comparable infiltration. Infiltration has interesting effects on CTE paralle)
and perpendicular to the original molding direction and CTE ratios. Heat treatment of infiltrated
composites up to 2400°C results in density decreases and some degradation in mechanical propertics.

1. INTRODUCTION

As has been shown previously (1,2), natural graphite
powders can be molded at room temperature into
artifacts. Varisbles like molding pressure, subsequent
HTT, and particle size distribution of the graphite
powder affect the density and pore size distribution of
the artifacts produced. However, compaction at pres
sures up to 9,000 kgfcm? does not decrease the surface
ares of the graphite, as measured by N, adsorption at-
77°K. This means that compaction has not created,
apertures (slits) less than about 5.2A in thickness 3
Increasing molding pressure {increasing density) results
In increasing crushing strengths and decreasing electrical
resistivities for the artifacts (1,2). However, reactivity of
artifacts te CO,; at BOD°C is unaffected by previous
molding pressures (1),

Recently we have reported on the preparation of
compasites by the infiltration of porous cellulose carbon
artifacts with CVD cerbon from propylene (4). The,
celiulose carbon artifacts (substrates) prepared by mold-
ing at room temperature, curing at 256°C, and carboniz-
ing at 800°C consisted of a disordered carbon structure
and exhibited isotropic properties. A reasonably high
transverse breaking strength (160 kg/cm?) for the unin-
filtrated ortifact, despite its low density (0.7 gfcc),:
suggested that some particle consolidation had occurred
during the carbonization step. This consolidation could
be the result of cross linking reactions occurring du:ingJ
curing of the cellulose. ' a

* Prasent address, Borls Kidric Inatiiute, Belgrade, Yugoslavia.
9% Presont address, Unlversided De Granads, Granada, Spain.

It was, therefore, of practical and scientifie interest

to study the preparation of composites from the CVD -

infiltration of molded natural graphite artifacts, Practi-
cally, such composites may have application where
anisotropic properties are desired. Scientifically, it is of
interest to compare rates of CVD over subatrates a3
matkedly different in structure as cellulose carbon and
natural graphite. »

2. EXPERIMENTAL

2.1 Preparation of uninfiltrated artifacts

Natural graphite powder (SP-1 grade from the Carbon
Products Division of Union Carbide Corporation) was
used as the starting material. It had a tota) impurity
content of less than 6 ppm and a specific BET susface
arex of 1.8 m?/g, as measured by N, ndsbrption at
T7°K. From quantitative x-ray diffraction studics on the
{004) diffraction péak, the interfayer spacing of the
material was 3.3541 A at 15°C. Microscopic investigation
revealed the powder to be composed of flake-like
particles having 2 mean diameter of 304 on a number
basis. The particle thickness is estimated as 0.54m (5).

In order to produce artifacts with & large open

porosity, the graphite powder was molded into bars at

a low pressure, that is 370 kgfcm?. The bars had dimen-
sions of 10.9 cm long, 1.2 cm wide, and 0.35 ¢m thick,

,with the thickness dimension parallel to the moiding

direction, The bars had an opparent density of 1.65 gfec

'Ot an open porosity (based on a helium density for the

graphite powder of 2,25 glec) of 36.2%. This is to be

.compared with an open porosity of 62% in the unin-
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filtraled ceflulose carbon artifacts used in the previous -
CVD studies (4}, Molding resulted in some preferred .
orientation of the graphite particles, with their long .
- Figure | presents results for the weight of carbon

dimension perpendicular to the pressing direction. That

Is, the {0Q02) peak mtcns;t‘y ratio for two mutually

perpendicular directions (lm 1513, see referencc 6, had
a value of 11.3, :

2.2 Inafiltration conditions

A 50% propylene-50% helivm mixture (by volume)
was used at atmospheric pressure and 700°§.‘ for infiltra-
tion, as previously described (4). This tomperature was
selected previously slnce inflitration for 72 he did not
result in noticeable external surface deposition. The gas
mixture was passed in laminar flow through the reactor,
it having a residence time of 4 min in the 46 cm hot
Zone, as previously described (4). Up 1o four samples
could be infiltrated at one time. v

2.3 Messurement of sample properties

All properties were measured using approaches similar
to those described previously to characterize the
cellulose-CVD composites (4). :

3. RESULTS AND DISCUSSION

3.t Kinetics of the CVD process

As found previously (4), the rate of decrease in open
porosity upon infiltration of the artifacts was propor
tional to the fraction of open porosity () present in
the sample at time (¢) over most of the run. That is,
~d0 /di k8. Up to 24 hr infiltration time, the fisst
order plot of log (100 8,/ 8,) vs time was linear, having

'
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“ o slope of —0.0837 hr='. This is to be compared with a
slope of —0.00877 hr' found for the first order plot
for infiltration of the celiulose carbon artifact.

pick-up versus time on the natural graphite and cellulose
artifacts. Results are normalized by dividing the weight
of carbon deposited by the initial weight of the antifact
" used. Interestingly, up to shout 24 hr infiltration time,

V¢ the rate of carbon pick-up on the matural graphite is

e greater than that on the cellulose carbon, despite the
", fact that their initial total surface arcas, as measured by
N, adsorption at 77°K, arc 1.8 and 480 m? /g, respec-
tively. Studies in ptogress In this lsboratory are showing,
however, that it is not the total surface area (TSA) but
the active surface area (ASA) which determines the rate
+ of propylene cracking. The active area is located at the
; prismatic faces of carbon crystallites and sround point
¢ defects within the basal plane. On the basis of our
recent studies in.this laboratory on the cracking of
propylene over activated Grnphon, the disappearance of
propylene is first order in profylcnc pressure with a
rate constant at 700°C of 8.3x10~* cm/fsec. To calculate
this rate constant, the ASA of the Graphon was
measured by oxygen chemisorption at 300°C (7). Using
this value and the rate expression
Rate = (kg9aM{Coyng HASA)
where Koy 5 the rate constant and Ce,py, is the
concentration of propylene flowing through the reactor
over the graphite artifacts, it is possible to predict an
initial rate for carbon deposition over the SP-1 graphite,
If the ASA of SP-1 graphite is taken as 3.7% of the TSA
(5) and'if 50% of the carbon in the propylene molecule
goes . lo deposited carbon and . 50% to methane lnd
o . LV o .
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-i ethyiene {as is roughly found), the initial rate of carbon infiltration can be expressed by log-log plots, as seen in ' 1
i deposition is predicted to be 2.3x10-? glehr. This | Figure 2. Experimental points for ¢ and £ fit lincar : ;
agrees reasonably well with the estimated initial slope plots reasonably well, except at low levels of infiltra- 1 :
for the plot of carbon deposition over SP- graphite in tion, where the artifacts are quite weak. Values of o
Figure t — that Is 1.6x10-? gfg hr. also fall below the line following infiltration for 72 he.
The possible role which diffusional resistance plays This is attributed to noticeable build-up of deposited |
in limiting the rate of carbon deposition can be esty - carbon at the exterior surface of the artifsct, ns i |
mated from the dimensionless criteria, #%n. That is (8) previously discussed (4). Infiltration of the graphite i i
Pig = R ) _d_ig) artifacts pmduccc! much grc.aler proportionate inc‘rcases {
CosmgDeer’ ™ dt in o and £ than did infiltration of the cellulose artifacts, !
where R is one-half the sample dimension in the direc- for similar extents of carbon pick-up. For the graphite ! First,
.tion where diffusion should be rmost rapid (taken as artifact, following 72 hr of infiltration, ¢ incressed disof
one-hail the width dimension in this case), Dy, is the from atout 4 to 500 kg/em?; £ increased from shout ,‘ and ||
effective diffusion coefficient, and dW/d; s the rate of 2.5x10" to 4.0x10° kg/cm?. By contrast, 72 hr infiltra- : in ti
propylene cracking per unit external area. Dyrr i3 caleu- tion of the cellulose artifoct increased o from 100 to ) taken
lated for the counter-diffusion of propylene in hydrogen 800 kg/cm? and E from 1,7x10% to 2.0x ] 0% kefem?. : datetl
and is corrected for tortuosity (cos 45°) and sample Conversely, infiltration of the graphite artifact pro- : grapp
5 porosity (0.362). At 700°C, ¢y is estimated to equal duced a smaller decrease in o than infiltration of the ! force:
1. 221073, which is significantly < 0.1, The significance cellulosz artifact. Foliowing carbon deposition for 72 : Til
] of #17 < 0.1 is that under these circumstances the rate hr, p decreased from 4.6 to 1.2 mohm-cm for the . on ot
] of & heterogencous gassolid reaction s chemically former and from 200 1o 29 mohm-cm for the latter. increr
; controlied (8). Therefore, we conclude that diffusional The extent of the change in properties of these two ‘ hardn
y resistance to the initial rate of carbon infiltration of the artifacts upon infiltration is consistent with two facts, For v
’ SP-1 graphite artifacts was negligible. : APPARENT DEWSITY. g/cc ‘ ‘Knoo
The fact that the rate of carbon infiltration in the Le L Z—. L L9 }o ! k!!k“?
SP-1 graphite was greater than that in the celiulose ad e ' ance’i
carbon might be explained by three possibilities: i) SP-} zep ; revoly
graphite has a higher inorganic impurity content which : the in
might catalyze the reaction, ii) SP-1 graphite has a : Bk ; : . of on}
] higher ASA, and iii) infiltration of the cellulose artifact : wear,
" was diffusion fimited, The first possibility is ruled out PR XTI X138 ; steel]
17 because of the very high purity of SP-1 graphite and ' Effi
; -close agreement in deposition rate with that predicted s.a}- o : expamy
from studies using Graphon. Because of its staller - ! As ex
crystallite size and more defective structure, the ASA of e B4} -§_;.s- upan
cellilose carbon is expected to be higher than that of x the n
SP-1 graphite, suggesting that possibitity (ii) should be v'vg sef 2 1el I to thu
ruled out. It is concluded that infiltration into the - . g C monol
———— celiulose carbon artifacts was diffusion limited. The as- ™~ ; 8.0} § 1.4 5 : tratigr
formed cellulose artifact exhibited molecular sicve - R f % ] maxif
properties in the uptake of N; and CO, (4} and, 8 oanl il § ! Uif'_lh
therefore, it is concluded that much of the internal - X the {J
surface area was located in voids between about 4.9 apd esl 1ob 3 existir,
5.2A in size. Indeed, infiltration for only 3 hr sharply |
reduced the internal N, surface ares in the cellutoss sl ool Co
: artifact from 480 to 4 mig (4). P ‘
; ) T L, S t s ; iloo f ]
' 3.2 Effect of carbon infiltration on composite ©.20 o2z 024 020 o028 o3 :
fg properties . e, L0 8 (4N greed !
l[ As with the cellulose cc:mposites (4), changes in. . .., Fig.2 Dependence of flexural strength (@), Young's »
‘ flexurai strength { @), Young's modulus (£}, and electrks o 1 5., wutcmodulus . (A), and electrical resistivity (@) '
'? cal resistivity ( 2) with changes in apparent denaity wpono ot oy, . "upon apparent density of composites, . [ % |
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i - - Tablet Selected properties of infiltrated graphite artifacts e e
| .. Knoop . oy b i
' Infiltration | fariness Wear CTEx 10%°C" . - .. |
4o ~ time, hr gm/500 revol. Co
AR 1 i i ] T A R .
' 6 1.7 | 22.8 1 037 112 | 302
12 <10.0 | 24.0 | 046 | 69.5 [ 1500
24 19.4 | 22.8 - j.64 § 823 | 502
72 43,2 | 41.2 1980 3581 358 | 100

First, the CVD carbon is less crystalline and more
disordered than the natural graphite but more crystalline
and less disordered than the cellulose carbon. Second,
in the uninfiltrated cellulose artifact, some bonding has
taken place belween particles; it behaves like 3 consali-
dated body. By contrast, particles in the uninfiltrated
graphite ortifact are altracted by weak van der Waals
forces; it behaves like an unconsolidated body.

Table | summarizes the effect of carbon infiltration

‘on other important propertics. Even though infiltration

increases the hardness of the graphite attifact, its
hardness is much less than that for the cellulose body.
For example, infiltration for 72 hr only results in a
Krioop hardness of about 45 kg/em? compared to 186
kpfem?® for the infiltrated cellulose artifact, Wear resist-
ance is poor, that is 1980 mg weight loss following 500
revolutions for the 72 hr infiltrated sample. By contrast,
the infiltrated ccilulose sample, underwent a weight loss
of only 3.0 mg in 500 revolutions, This latter figure for

wear resistance is superior to that found for stainless .

stecl.

Effects of infijtration on the coefficient of thermal
expansion (CTE) between 20 and 400°C are interesting.
As expected because of crystallite alighment produced
upon molding of the graphite artifacts, CTE paraflel 1o
the molding dircction is larger than that perpendicular
to the molding direction. However, since CTE (1)

take up crystallite thermal expansion) decreases, How-
ever, in this case it is apparent that the deposition of
sufficient CVD carbon, in effect, encapsufated individual
graphite particles and retarded their normal expansion
in the c-axis direction, .

3.3 Effect of heat treatment on compaosite properties

As seen in Table 2, heat treatment (HT) decreased the
densities of the infiltrated graphite artifacts. Artifact
weight and planar dimensions did not change by more
than 0.2% upon HT to 2400°C; on the other hand,

' sample thickness increased substantially more (up to

2.8%) and was responsible for most of the density

" decrease,

Heat treatment resulted in some degradation of
mechanical properties. For example, ‘o for the 72 hr
infiltrated sample felt from SO0 to 400 kg/em? follow-
ing HT 1o 2400°C. Young's modulus fell from 4.0x 1 0*
kgfem?® to 3.0x10° kg/em?. Such decreases are greater

. than would be expected on the basis of the decrease in
-« artifact density as o result of HT and is attributed to

some graphitization of the CVD carbon, as was previous-
«1y reported {4). ’

As is scen in Table 3, HT drastically decreased the
hardness of the artifacts. It also made wear resistance

Table 2 Effect on heat treatment on density of | )¢
infiltrated graphite artifacts T

monotonically increases with increasing extent of infit- Infiltration Density decrease, %
tration whereas CTE (1) goes through & pronounced time, hr 1500°C 2400°C
maximum with increasing infiltration, the ratio of CTE's I 0.8 2.1
(1] 1) goes through a pronounced maximum, Generally, 12 0.8 75 SR
the CTE of arlifacts increases as the void volume 24 1.4 4.1 o
e_xisting between particles and crystallites {which can 72 0.5 3’{' -
v t© Table3 Effect of heat treatment on selected properties on infiltrated graphite artifacts + % <.
- Knoop hardness, kgfcm? CTE x 10%,°C"! _
Infiltration 1500°C 2400°C 1560°C 2400°C P T
time, hr I N T e
i <6 K0 [<10 <19 <10 .21 1151 [ 719 | 0.28 J12.3 {439 ¢ o1 14
12 <i0 <10 <10 [<l0 023 | 897 39.0 036 7.61] 211
24 18.9 ) 199 i<i0 j<i0 020 | 7.26 {363 [ (.12 | 3411 28.4
i T2 2i4] 254 129] 1651.025 | 250100 | 0.36 | 2.47) 154
-~ }38~
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too low to measure. HT alse markedly lowered CTE's . . the Fourth Conference on Cnrbon. Pergamon Press, : i
in both the parallel and perpendicular directions, 2s well Oxford, 1960, p. 751, H P4
as the maximum ratio of the CTE's found in these ;D :;MsszT:);ég?E and P. L. Watker, Jr.,, Tanso, s
. - s 0. 52,

dareclmns.' These res;l!ts can qualitatively be explained “3) P.L Walker, Jr., L.G. Austin, and S.P. Nandi,
on the basis of crystalite growth in the CVD carbon and Chemistry and Physics of Carbon, Vol. 2, Marcel i .

_ significant permanent expansion in the composites in Dekker, New York, 1966, p. 257. . :
the direction parallel to molding as a result of HT. 4) S. Marinkovic, P, W. Whang, A. Navarrete, and P, L. ¢ g
Clearly there is no incentive to heat treat CVD infil- Walker, Jr., Tanso, No, 84, 7 (1976).
trated graphite artifacts on the basis of these results. ' 5} P.L. Walker, Jr., L. G. Austin, and J. J. Tietjen, ]

Chemistiry and Phiysics of Carbon, Vol. 1, Marcel
Dekker, New York, 1965, p. 327. 3
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