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13.   ABSTRACT 

Additional codepositions of carbon (from propane) and silicon at 
temperatures near 1300oC suggest that the correlation between the carbon 
matrix density and the silicon concentration that has been observed is 
inherent in the deposition process. The carbon matrix density is indepen- 
dent of propane concentration and appears to be a unique function of the 
amount of silicon that is codeposited with the carbon. Accordingly, 
deposition of carbon-silicon alloys with both high silicon concentration 
and high carbon matrix density has not been possible.  Future studies 
will involve deposition from methane. 

Thin sections of glassy carbons, prepared by ion-sputtering, were 
examined using transmission electron microscopy. At low magnificatiors, 
a mosaic pattern is visible which has a configuration similar to the 
grain boundaries present in annealed metals. A uniform dispersion of 
spherical graphite inclusions approximately 0.1 to 0.4 ym in diameter was 
revealed with a concentration of about 0.01/ym3. The fine layer structure 
ooservable at 400,000X is similar to that reported previously for the pyro- 

lytic carbons. 
The thermal expansivities of the Isotropie silicon-alloyed carbons 

have been determined. The expansivity decreases systematically with 
increasing silicon content, falling from 6.3 x 1C"6 "C"1 for material with 
4 wt % silicon to 4.6 x lO-6 "C-1 for material with 34 wt % silicon. The 
presence of silicon carbide reduces the thermal expansivity below that of 
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13.     Abstract   (Continued) 

' 

pure pyrocarbon with the same matrix density due to the low expansivity of 
the silicon carbide (A.6 x 10~6 "C"1). The values lie between the bounds 
predicted by the zero stress model and the constant strain model. 

The thermal conductivities of the silicon-alloyed carbons have been 
measured.  The temperature dependencies are the same as those of the pure 
Isotropie pyrolytlc carbons, but the thermal conductivity of the silicon- 
alloyed carbon Is consistently less than that of the pure carbons.  It Is 
concluded that the thermal conductivity of the slllcon-aMoyed carbon Is 
controlled by the carbon phase and substltutlonally dissolved silicon lowers 
the thermal conductivity below that of pure carbon. 

Bending fatigue tests of glassy carbon show a behavior similar to that 
found for pure Isotropie pyrolytlc carbon.  The endurance limit is very 
close to the single cycle fracture stress. 

Wear tests have been extended and the data for the pure and alloywd 
carbons suggest that there are two wear mechanisms, one operative when the 
hardness of the abraded surface is less than about 200 DPH and the other 
operative when the hardness is greater.  The wear caused by silicon-alloyed 
carbon disks is lowest for dense, pure carbon flats.  Comparisons of the wear 
data and mechanical properties suggest that, for the carbons abraded by the 
silicon-alloyed disks, the wear rate correlates with the strain energy that 
can be accommodated by the abraded surface and is maximum for the dense, 
pure carbons. 
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nUMMARY 

Additional codeposltlons of carbon (from propane) and silicon at 

temperatures near 1300oC suggest that the correlation between the carbon 

matrix density and the silicon concentration that has been observed is 

inherent in the deposition process. The carbon matrix density is indepen- 

dent of propane concentration and appears to be a unique function of the 

amount of silicon that is codeposited with the carbon. Accordingly, 

deposition of carbon-silicon alloys witn both high silicon concentration 

and high carbon matrix density has not been possible. Future studies 

will involve deposition from methane. 

Thin sections of glassy carbons, prepared by ion-sputtering, were 

examined using transmission electron microscopy. At low magnifications, 

a mosaic pattern is visible which has a configuration similar to the 

grain boundaries present in annealed metals. A uniform dispersion of 

spherical graphite inclusions approximately 0.1 to 0.4 ym in diameter was 
3 

revealed with a concentration of about 0.01/ym .  The fine layer structure 

observable at 400,000X is similar to that reported previously for the pyro- 

lytic carbons. 

The thermal expansivities of the Isotropie siiicon-alloyet' carbons 

have been determined. The expansivity decreases systematically with 

increasing silicon content, falling from 6.3 x 10  0C ' for material with 

4 wt % silicon to 4.6 x 10  "C-1 for material with 34 wt % silicon. The 

presence of silicon carbide reduces the thermal expansivity below that of 

pure pyrocarbon with the same matrix density due to the low expansivity of 

the silicon carbide (4.6 x 10~ 0C~ ). The values lie between the bounds 

predicted by the zero stress model and the constant strain model. 

The thermal conductivities of the silicon-alloyed carbons have been 

measured.  The temperature dependencies are the same as those of the pure 
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- • *A ■MK 



Isotropie pyrolytlc carbons, but the thermal conductivity of the silicon- 

alloyed carbon is consistently less than that of  the pure carbons.     It is 

concluded that  the thermal conductivity of the  silicon-alloyed carbon is 

controlled by the carbon phase and substitutionally dissolved silicon lowers 

the thermal conductivity below that of pure carbon. 

Bending fatigue tests of glassy carbon show a behavior similar to that 

found for pure  Isotropie pyrolytlc carbon.    The endurance limit  is very 

close to the single cycle fracture stress. 

Wear tests have been extended and the data for the pure and alloyed 

carbons suggest  that  there are two wear mechanisms, one operative when the 

hardness of the abraded surface is less than about 200 DPH and the other 

operative when the hardness is greater.    The wear caused by silicon-alloyed 

carbon disks is  lowest for dense,  pure carbon flats.    Comparisons of the wear 

data and mechanical properties suggest that,  for the carbons abraded by the 

silicon-alloyed disks,  the wear rate correlates with the strain energy that 

can be accommodated by the abraded surface and Is maximum for the dense, 

pure carbons. 
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1.     INTRODUCTION 

The objective of the present program Is to Invest igst«  the deposition 

process In steady-state fluid beds In order to gsln s better understanding 

of  the origin of the crystal structure and morphology of • wide range of 

Isotropie pyrolytic carbons.     Codeposited additives snd catalysts are being 

used to Increase the range of  structures that are possible.     The structures 

of  the deposited carbons are being related to pyrolysis conditions, and 

variations in properties are being interpreted in terms of structure. 

The statement of work is: 

"a.    Contractor shall use  its best efforts to investigatr  the control 
of  the structuie of carbonaceous materials in the basic deposition process 
in fluid beds.    Catalysts will be used to manipulate the deposition process 
and additives will be codeposited with the carbon to expand  the number of 
structures attainable.    The structure of the deposited carbon will be related 
to the deposition conditions and variations in properties will be interpreted 
in terms of the structure. 

b. During the contract period 26 June 1971 through 25 June 1972, major 
emphasis will be devoted to investigating deposition in steady-state beds and 
characterising the structures  that are formed.    The primary goal will be to 
develop an understanding cf  the deposition mechanisms and  the structures formed 
so  that the structure deposited may be controlled at will  through appropriate 
adjustments of the pyrolysis conditions. 

c. During the contract period 26 June 1972 through 25 June 1973,  the 
investigation,  detailed in b.   above,  shall be continued and using the 
information generated during this  investigation study  the  relationship be- 
tween the structure of the carbons formed and their properties." 

This report presents  the results obtained during the period 1 July 1972 

to 31 December 1972 on Contract DAHC15-71-C-0282  (ARPA-1861).    Two semiannual 

technical progress reports summarizing the work carried out on this contract 

have been issued, one for the period 1 July 1971 to 31 December 1971  (Report 

No.  Gulf-El-A10968  (Ref.   1)  and the other for the period 1 January 1972 to 30 

June 1972  (Report No.  Gulf-El-A12250)   (Ref.  2). 
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2.  DEPOSITION STUDIES 

(R. J. Akin«) 

During Ch« first y««r of chls contract, a correlation batwaen silicon 

concantratlon In codaposltad bllicon-carbon alloys and tha carbon aatrlx 

dansity was found (Fig. 28 of Raf, 1). As tha silicon concantratlon vas 

incraasad (by raduclng tha propana concantratlon and incraaaing tha flow of 

tha heliuo carriar gas through tha bubbla contactor), tha carbon natrlx 

danaity of tha daposlts foraad dacraasad, so that at 30 wt Z silicon tha matrix 

dansity wss only 1.7 g/ca . Sine« it is wall known that tha aachanical propar- 

•iaa ara infarlor for low-denaity sarbons (Rsfs. 1« 3*3) and ara enhanced by 

silicon additions (Raf. 6), it was desirsd to detemine if silicon-csrbon 

alloys could ba daposltsd with both high csrbon mstrix dansity snd high sili- 

con content. 

There ara two possible explanations for the correlation describsd shove. 

One explanation is thst ths presence of high chlorine end silicon concentra- 

tions in ths gss slters ths deposition mechanism so thst the formation of low- 

density csrbon is favored. The other la simply that when the CH-S1C1 is 

added by passing the helium cerrier gas through the bubbler contactor, a 

lesser amount of CH.SiCl. is available for deposition when high propene con- 

centrations sre uaed, because the helium volume flow rate le proportionately 

lower and less CH.FICI- psr mole of props»s is introduced Into the pyrolysis 

regioo. Since high density Isotropie deposits sre usually depoeiteo with 

high hydrocarbon concentrations, the inability to deposit slloys with high 

carbon matrix deneity end high ailicon concent rat lone may be an artifact of 

the procesa. 

The above facts suggest that the desired deposits (high-density carbon- 

silicon alloys) might be attained by revising the deposition process so that 

larger CH.SiCl. flow rates can be introduced when high propene concentret ions 

are used in the deposition. Accordingly, during the pest six months, s new 

S 
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Injection system was developed which allows the methyltrichlorosilane (MTS) 

injection rate to be independent of the helium and propane flow rates. The 

new system is showKi schematically in Fig. 1. 

A series of deposition runs were carried out using the new apparatus 

in an attempt to produce silicon-carbon alloys with high carbon matrix den- 

sities together with high silicon concentrations. The conditions used in the 

depositions are listed in Table 1. The parameters that characterize the 

deposits formed are listed in Table 2. 

3 
The deposit made at 1350°C and 1948 cm /min MTS flow was low in silicon 

content (8.5%).  A second run at a lower temperature resulted in a slightly 

higher silicon content (17Z). Finally, using a slightly higher temperature, 

(approximately 1300oC), a deposit with 31 wt X  silicon was formed. Analysis 

of the deposit showed that the carbon matrix density was only 1.71 g/cm , 

i.e., almost exactly that predicted by the plot of carbon matrix density 

versus silicon concentration that was reported previously (Fig. 2). 

The results in Fig. 2 show that the secondary correlation between propane 

concentration and the carbon matrix density ia an artifact, and indicates 

further that the correlation between carbon matrix density and silicon con- 

centration is probably due to a basic change in the pyrolysis mechanism caused 

by the presence of high silicon and/or chlorine concentrations in the pyrolysis 

chamber. 

Thrj new data points from Table 2, when plotted on Fig. 7 of Ref. 2, pro- 

vide further information about the dependence of the hardness on silicon con- 

centration, carbon matrix density, the L parameter, and the deposition 
c 

conditions. The new data show that the correlation between propane concen- 

tration and hardness evident on Fig. 7 of Ref. 2 la fortuitous. The carbons 

formed with the new injector pump, using 60Z propane, lie in the 7X and 25Z 

ranges indicated on the plot. Vhe data substantiate that hardness increases 

with increasing densi-.y and silicon concentration, and decresses with an in- 

creasing L parameter, 
c 
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It is worth noting that the microstructure of the carbons deposited 

with the new system is more uniform and has fewer soot inc.-.usions than those 

deposited previously (Figs. B-19 and B-20 of Ref. 1).  The microstructure of 

the deposit formed in run 5638-51 is shown in Fig. 3.  The mechanical proper- 

ties of this deposit will be determined in the next contract period. 

In future deposition studies, attention will be shifted to studies of 

the deposition of pure and alloyed Isotropie carbons from methane at tempera- 

tures below approximately ]400oC. 

The findings of the studies of pure and alloyed Isotropie carbons deposited 

from propane will be presented at the 11th Conference on Carbon and submitted 

to Carbon for publication. The abstract of this paper, "The Deposition of 

Pure and Alloyed Isotropie Carbons in Steady-State Fluidized Beds," by 

R. J. Akins and J. C. Bokros, follows: 

"Pure and alloyed Isotropie carbons have been deposited in steady-state 

fluidized beds using a wide range of deposition conditions. The results have 

shown that in the pure, carbon system, the structure, as measured by density, 

L parameter, and anisotropy, can be easily controlled by adjusting the 

deposition parameters. At the same low deposition temperatures, the L 

parameter increases with propane concentration. The L parameters and den- 

sity both decrease with increasing deposition temperature. The hardness 

values were found to increase with density and decrease with increasing L 

parameter. Codeposition of silicon in the presence of chlorine increases 

the hardness of the carbons and modifies the deposition process. The carbon 

matrix density decreased with increasing deposition temperatures only 

at low propane concentrations, while the L parameter increased over 

the same temperature range. Codeposition cf boron in the presence of chlorine 

resulted in carbons that were relatively soft and have large L parameters." 

- - - 
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Fig. 3. Microstructure of deposit 5638-51 made with high CßHg concentration 
and high methyltrichlorosilane flow. 
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3.  STRUCTURAL STUDIES 

(J. L. Kaae) 

During this period, glassy carbon was thinned by ion sputtering and 

examined by transmission electron microscopy in order to compare the micro- 

structure of this carbon ,ith those reported previously for pyrolytic carbons. 

Descriptions of the microstructures of glassy carbon that have been published 

(Ref. 8) were derived from small chips obtained by fragmentation. The areas 

examined were small and observations were confined to layer-plane arrange- 

ments.  Ion sputtering produces thinning of much larger regions than frag- 

mentation, and allows examination of the microstructure on a broader scale. 

As a result, several new structural features have been revealed. 

The glassy carbon vrhich was examined was obtained from the Beckwith 

Carbon Company and carried the designation 1800 grade. The specimen was 

first thinned, by mechanical polishing, to a thickness of 0.001 in. and 

then bombarded by argon ions until it was sufficiently thin for transmission 

of electrons. 

The mosaic pattern in Fig. A is caused by a network in which transmission 

by the electrons is easy. Detailed examination of the regions making up the 

mosaic pattern suggest that the effect was due to differences in the thickness 

of the thin section. The mosaic pattern is apparently due to selective thinning, 

which may reflect a subtle structural difference between the two regions. 

Additional glassy carbon specimens will be thinned using a variety of different 

conditions to see how the mosaic pattern depends on thinning conditions. 

In addition to the mosaic pattern, many small spherical inclusions were 

revealed (Fig. 5). Selected area diffraction from a small region containing 

the inclusion indicates that the features are graphitic particles. Many of 

the spots produced by the inclusion in selected area diffraction (Fig. 6) 

fall on the diffraction rings produced by the glassy carbon. 
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The high-magnification micrograph shown in Tig. 7 shows the abrupt 

transition from the ordered structure of the inclusion to the disordered 

structure of glassy carbon.  The inclusions ranged in size from 0.1 ym to 
5  2 

0.4 ym, with a density of approximately 2 x 10 /cm . If one assumes that the 

particles are large compared to the thickness of tht section, the volume den- 
3 

sity is approximately 0.01/ym . These regions could influence the mechanical 

properties by acting as fracture initiation sites and their removal could 

lead to an increase in the fracture strength. 

The source of the graphitized regions is open to speculation. One 

possibility is that they are associated with noncarbonaceous particles which 

give rise to local graphitization, either through a differential thermal 

expansion stress-induced effort or through a catalytic effect.  It does not 

seem likely that the graphite inclusions were formed from stress-induced 

graphitization around a gas bubble, since the gas most likely present during 

carbonization would be hydrogen, which diffuses rapidly and is lost at high 

temperature. 

The structure of glassy carbon at high magnification (Fig. 8) is similar 

to the structure observed by Ban and Hess (Ref. 8) except that in the present 

case the foil was too thick for phase-contrast effects, so that it was not 

possible to resolve layer planes; small packets however can be observed in 

many areas (indicated by arrows on Fig. 8). Comparison of the fine micro- 

structure of glassy carbon with the fine microstructure of low-density iso- 

tropic pyrolytic carbons deposited at 1450oC (Fig. 9) shows that the fine 

structure of the two materials is very similar. The only difference is that 

the structure of the low-density pyrolytic carbon is coarser. The fine 

microstructural features of low-density pyrolytic carbons deposited at 1650oC 

are coarser than those shown in Fig. 9, but in other respects are similar 

to those of glassy carbon. 

The results of the structural studies of pyrolytic and glassy carbons 

will be presented at the 11th Conference on Carbon and submitted for publica- 

tion in Carbon. The abstract of this paper, "Morphology of Growth Features 

in Isotropie Pyrolytic Carbons Deposited Below 1500oC," by J. L. Kaae, follows: 

13 
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"Pu'e ami «lloycd Isotropie pvrolytlc carbon« doposltod In the toaporatur* 

rang« I4S0*C to I250*C fro« th« d«co«po«itlon of propana wara thlnnad by ion 

aputtarlng and axaaliwd by transmission «lactron microscopy.    A variety of 

structural faatura« war« ob««rv«d and ralatad to tha origin of tha carbon. 

Faaturaa wara obaarvad that appaarad to hava formed In th« gaa phaaa and 

actad aa droplat nuclei.    Other« appeared to have formed by subsequent growth. 

Th« structures of th« pyrolytlc carbons ara compared with tha atructure of a 

glassy carbon." 
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4.  PHYSICAL PROPERTIES 

(K. Koyana and R. J. Price) 

4.1.  THERMAL EXPANSIVITY OF SILICON-ALLOYED PYROLYTIC CARBONS 

The techniques and results of measurements of the thermal expansivity 

of Isotropie pyrolytic carbons were described in the two previous reports 

in this series (Refs. 1, 2).  Similar measurements have now been made on a 

■•riss of silicon-alloyed pyrolytic carbons. The expansivity of strips was 

measured parallel to the deposition plane using a silica dilatometer. 

Measurements were made between room temperature and 1000eC. 

Deposition conditions for the silicon-alloyed carbons are given in 

Table 4 of Ref. 2. The thermal expansion curves were similar in shape to 

thosa of pure pyrolytic carbons, with a small amount of upwards curvature 

(Rsf. 1). The mean thermal expansivity between room temperature and 1000oC 

is listed in Tsble 3 and plotted as a function ul silicon content in Fig. 10. 

The thermal expansivity decreases systematically with increasing silicon con- 

tent, felling from 6.3 x 10" *C~ for material with 4 wt Z silicon to 4.6 x 10 

*C ' for material with 34 wt X silicon. A portion of this decrease is attribut- 

able to the decrease in the matrix carbon density as the silicon content in- 

creases. The matrix cat on densities are indicated in Fig. 10, and the thermal 

expansivities of pure carbons with the same density (from Ref. 2) are plotted 

as solid points on the same figure. 

The deta in Fig. 10 show that the presence of silicon carbide reduces 

the thermal expansivity of the composite below that of pure pyrocarbon with 

the seme density as the carbon matrix of the composite. This results from 

the low expansivity of silicon carbide (4.6 x 10  *C ) compared with the 

pyrocarbon matrix. 

18 
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If there were no elastic interaction between the phases, the the.rmal 

expansivity of a two-phase composite, ex , would be given by a rule-of-mixtures 

formula: 

a    =   Y"   a   V o       ^     i    i (1) 

th where a    and V are the thermal expansivity and volume fraction of the i 

phase.     In the presence of elastic interactions which force the aggregate 

to expand with a uniform strain,  the expansivity |0f the composite would be 

given by: 

^ "i Vi Ki 
a = 
c 

? ViKi 

,th 
where K is the bulk elastic modulus of the i  phase.  If both phases have 

the same Poisson's ratio, Young's modulus, E , may be substituted for K : 

Ect V E 
.  i i i 

a = 
c 

^ViEi 

(2) 

For the composite body to have minimum strain energy, the actual thermal 

expansivity should be between the two bounds given by Eq. 1 (zero stress 

model) and Eq. 2 (constant strain model). 

Lines representing Eqs. 1 and 2 are shown in Fig. 10. Appropriate 

values for the thermal expansivity and Young's modulus of the carbon phase 

were taken from Refs. 1 and 2. A thermal expansivity of A.6 x 10  0C 
ft S     9 

and a Young's modulus of 62 x 10 psi (4.3 x 10 MN/m ) were assumed for 

silicon carbide.  It may be seen that the experimental points fall between 

the bounds representing the zero stress model (Eq. 1) and the constant strain 

model (Eq. 2), as expected. For low silicon contents, where the silicon car- 

bide is in the form of finely dispersed particles, the expansivities are close 

to the upper (zero stress) bound, representing the case where the carbon matrix 

dominates the expansion behavior.  For high silicon contents, where the silicon 
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carbide consists of platelets, the values are closer to the lower (constant 

strain) bound. This may be explained by the platelet morphology causing the 

high-elastic-modulus silicon carbide to dominate expansion behavior. 

L.2.     THERMAL CONDUCTIVITY OF SILICON-ALLOYED PYROLYTIC CARBONS 

Preliminary measurements of the thermal conductivity of silicon-alloyed 

pyrocarbons were given in the previous report in this series (Fef. 2). Further 

measurements have now been made. The carbons were prepared in the form of 

disks approximately 7 mm in diameter and 0.3 mm thick, and the thermal diffusi- 

vity was measured by the heat-pulse method. The thermal conductivity was 

obtained by multiplying the thermal diffusivity by the density and the heat 

capacity, calculating the heat capacity from the weight fractions of silicon 

carbide and pyrocarbon. The heat capacities of the two phases were taken 

from the literature, assuming that recent values for glassy carbon (Ref. 9) 

apply to pyrocarbon. 

The full results are tabulated in Table 3. The room temperature thermal 

conductivity for both pure pyrocarbons and silicon-alloyed pyrocarbons is 

plotted as a function of apparent crystallite height, Lc, in Fig. 11. The 

full results confirm the preliminary measurements reported previously. The 

temperature dependence curve of the thermal conductivity of the silicon- 

alloyed carbons is consistently less than that of pure pyrocarbon with the 

same L . The data on silicon-alloyed carbons all lie in one scatter band, 
c 

showing no correlation between thermal conductivity and silicon content. 

The conclusions from this work remain the same as the preliminary con- 

clusions reached in the previous report (Ref. 2). The thermal conductivity 

of the silicon-alloyed carbons is evidently controlled by the carbon phase, 

and substitutionally dissolved silicon lowers the thermal conductivity sub- 

stantially below that of pure pyrocarbon. 

A summary of the results of the studies of the thermal expansivity and 

thermal diffusivity of pure and silicon-alloyed Isotropie pyrolytic carbons 
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Fig. 11. Thermal conductivity at 220C of pure pyrocarbons (closed points) 
and silicon-alloyed pyrocarbons (open points) as a function of 

apparent crystallite height (Lc). 
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will be presented at the 11th Conference on Carbon and submitted to Carbon 

for publication. The abstract of this paper, "Thermal Expansivity and 

Thermal Diffusivity of Silicon-Alloyed Pyrocarbons," by R. J. Price and 

K. Koyama, follows: 

"Measurements were made of the thermal expansivity and thermal diffusivity 

of Isotropie fluidized-bed pyrocarbons containing up to 34 wt-% silicon. The 

thermal expansivities decreased with increasing silicon content and agreed 

with the expected values for silicon carbide-pyrocarbon composites. The thermal 

conductivities of the silicon-alloyed carbons were consistently lower than 

those of pure pyrocarbons with similar apparent crystallite heights (Lc), 

suggesting that substitutionally dissolved silicon reduces the conductivity 

of the carbon matrix." 
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5. MECHANICAL PROPERTIES 

5.1.  FATIGUE (H. S. Shim) 

The apparatus used for measuring the fatigue strength of pyrolytic 

carbons has been improved.  In the past, the motor that actuates the knife 

edge started when it and the specimen were brought into contact. As a 

result, the deflection experienced by the specimen in the first few cycles 

often exceeded the desired value, and sometimes caused premature fracture. 

In the new procedure, the specimen and knife edge are brought into contact 

gradually while the knife edge is in motion at 60 cpm. After complete con- 

tact is achieved, the cycle rate is increased to the value desired (1700 

cpm). 

Using the new procedure, the deflection versus cycles to failure was 

measured (Fig. 12) for glassy carbon (p = 1.50 g/cm , 149 DPH). When Young's 

modulus is available, the deflection data in Fig. 12 can be converted to stress. 

The data indicate that, like Isotropie pyrolytic carbons, the fatigue limit of 

glassy carbon is equal to the single cycle fracture stress; i.e., there is no 

dynamic effect.  This behavior may have been expected for purely crystalline 

carbons since dislocations, if they exist in the material, are immobile (Refs. 

10, 11). It is worth noting that the endurance limit of graphitic materials 

has been reported to be approximately 50% of the single cycle fracture stress 

(Refs. 12, 13). 

5.2. WEAR (H. S. Shim, J. L. Kaae) 

During the past contract period, considerable new data have been obtained 

Chat relate the wear caused by a radiused, polished disk rubbing on a polished, 

flat plate.  The apparatus and procedure have been described in Ref. 1. The 

data are for a 2.2 g bearing load and a speed of 60 rpm in water. The iden- 

tification codes for the materials are related in Table 4. 
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TABLE 4 

FLAT IDENTIFICATION NUMBERS AND COMPOSITIONS 

Identi- 
fication 
Number Flat 

Silicon- 
Carbon 
(wt %) 

Hardness 
Number 
(DPH at 50 
g load) 

Carbon- 
Matrix 
Density 

(g/cm ) 

L 
c 

Param- 
eter 
d) 

1 5408-17 0 153 1.46 20 

2 5408-5 0 210 1.78 30 

3 5408-7 0 219 1.97 36 

4 5408-65 8 295 1.97 32 

5 5408-69 15 352 1.92 48 

6 5408-59 16 212 1.87 40 

7 5408-87 23 430 1.88 35 

8 Titanium (a) — (a) (a) 

9 Stellite 21 (a) — (a) (a) 

10 Glassy Carbon 0 149 1.50 20 

11 17C14 8.5 309 — — 

(a) Does not apply 
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5.2.1. Wear Caused by Pure Carbon Disks Rubbing on Various Carbon 

and Metal Flats 

3 
The data in Fig. 13 are for a dense, pure carbon disk (p = 1.97 g/cm , 

219 DPH) rubbing on the flats listed in Table 4. For the pure carbons (No. 

1, 2, 3, and 10 in Table 4), the wear rates caused by the disk increase in 

the order of their hardness; the carbon flats alloyed with silicon (No. 4, 5, 

6, 7, and 11) experience less wear than the pure carbons. The most wear 

rlaistant carbon alloy (No. 4) has an intermediate hardness (295 DPH), the 

lowest silicon content, and the highest carbon matrix density. The wear 

rates for the alloyed carbon flats are in the order of the carbon matrix 

density and there is no clear correlation with silicon content or hardness. 

The wear caused by the dense carbon disk on a Stellite 21 flat is low 

and comparable with that for the silicon alloyed materials. The wear rate 

of the titanium flat is higher than that experienced by the alloyed carbon 

and Stellite 21 but lower than that of pure carbons. 

The data in Fig. 14 are for a pure carbon disk with a moderate density 

(1.8 g/cm3, 210 DPH) rubbing on the flats listed in Table 4. The relative 

wear rates are nearly the same as those for the previous case except the order 

of the wear resistance among the alloyed carbons has changed and all the 

corresponding rates are lower than those in Fig. 13. 

The data in Fig. 15 are for a pure carbon disk with a low density (1.46 

g/cm3) and hardness (153 DPH) rubbing on the flats listed in Table 4. The 

relative rates remain nearly the same as those in Figs. 13 and 14. The wear 

rates for the pure carbons decrease as their density and hardness increase; 

the wear resistance of the silicon-alloyed carbons is superior. In all cases, 

the Stellite 21 flats wear less than titanium when abraded by pure carbon 

disks. 

It is interesting to note that the wear resistance of mechanically 

polished titanium is the same as that of electrochemically polished titanium. 
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Fig.   13.    Wear caused by a dense  (1.97 g/cm ) pure carbon disk (219 DPH) 
rubbing on various flats.     (The identification numbers of the 
flats are listed  in Table 4.)    Conditions:    2.2 g load and 60 rpm 
in water. 
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Fig.   Ut    Wear caused by a pure carbon diak vith aoderac« denalty 
(1.78 g/cm3) and hardnasa (210 DPH) rubbing c» tha flats Uatad 
in Tabla 4.    Conditions:    2.2 g losd and 60 rp« in watar. 
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Flg. 15. Wear cauMd by a pur« carbon disk with a low danalty (1.46 g/cm ) 
and hardnaas (1S3 DPH) rubbing on the flats listed In Tabla 4. 
Conditional 2.2 g load and 60 rp« In water. 
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The data plotted In Flge. 13 through 15 for the case of pure carbon 

rubbing on various carbon flata are euamarlaed In Pig. 16. The wear rates 

of pure carbon couplea are strongly dependent on the hardness of both the 

flat and the disk. The rates drop steeply with hardness to a vary low value 

at a DPH of approximately 210.  In all caaes the wear rates are vary small 

when the carbon flat contains a silicon additive. The wear behavior can be 

expressed by two lines for a given disk with an intersection near 210 DPH. 

The abruptness of the change at 210 DPH suggests that different wear mechan- 

isu My be involved when the flat contains silicon carbide particles in its 

microstructure. 

5.2.2. Wear Caused by Silicon-Alloyed Carbon Disks Rubbing on Various Plats 

Data relating wear caused by a silicon-alloyed disk containing lo wt X 

silicon, with a carbon matrix density of 1.87 g/cm3 and a hardness of 212 DPH 

(No. 6 in Table 4) rubbing on various flats are plotted in Fig. 17 as a 

function of sliding distance.* Tha relatively low hardness of the alloyed 

disk is due to the low carbon matrix density and high Lc value (Pig. 7 of 

Ref. 2). The wear rates for all tha materials were lower than those for 

corresponding data in Pigs. 13 through 15, except for £he wear of the 

silicon-alloyed flats. The latter were higher by nearly an order of magni- 

tude. The wear caused on titanium by silicon-alloyed carbon is particularly 

low. 

Tha data for wear caused by the ailicon-alloyed No. 6 (Table 4) disk 

nibbing on various pure and alloyed carbon flats are plotted in Pig. 18 as 

a function of the hardness of the flat. The data appear to fall on two 

separate lines, one for the pure carbon flats and one for the alloyed flats. 

For the pure carbon flata, the wear rate dacreaaca as tha hardness (and 

density) of the flat increaaea. The wear rates for the silicon-alloyed flat» 

however are nearly conatant. Pure carbon-slllcon alloyed couple» give minimal 

wear. 

•Note that the data for this caae that ware reported In Pig. 23 of 

Ref. 2 were In error. 
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A DISK NO. 3 ON SI-ALLOYED CARBON 

A DISK NO. 3 ON PURE CARBON 

O DISK NO. 2 ON SI-ALLOYED CARBON 

• DISK NO. 2 ON PURE CARBON 

D DISK NO, I ON SI-ALLOYED CARBON 

■ DISK NO. 1 ON PURE CARBON 

LC99162 

200 300 i»00 

HARDNESS OF FLAT (DPH) i 
Fig. 16. Wear rates caused by various pure carbon disks rubbing on a variety 

of pure and alloyed carbon flats plotted as a function of the hard- 
ness of the flat.  (Flats are identified in Table A.) Conditions: 
2.2 g load and 60 rpm in water. 
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Fig. 17. Wear caused by a silicon-alloyed (16 wt % Si) carbon disk with a 
carbon matrix density of 1.87 g/cm3 and a hardness of 212 DPH 
rubbing on various flats. (Flats are identified in Table 4.) 
Conditions:  2.2 g load and 60 rpm in water. 
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O 5^08-59 (NO. 6) DISK ON SILICON-ALLOYED CARBON 

• B^OB-SS  (NO. 6) DISK ON PURE CARBON 

I 
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Fig.   18.    Wear rates caused by a silicon-alloyed carbon disk (15 wt % Si 
1.87 g/cmJ carbon matrix density, 212 DPH)  rubbing on various  ' 
carbon flats.    Conditions:    2.2 g load and 60 rpm in water J 
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For nongalling materials, the wear resistance of a flat may be influerced 

by the magnitude of the elastic deformation that can occur at the contact 

points before microcracking occurs.  If this is the case, the wear rate depends 

on the elastic energy that can be stored per unit volume, ee. The elastic 

energy that can be stored before fracture is proportional to the square of 

the elastic limit divided by twice the elastic modulus. 

Of 
E  «   
e  2E 

so that a material with high strength and low modulus will presumably exhibit 

high wear resistance. 

Kaae has shown that the strain energy to fracture rises with increasing 

density for the pure carbons deposited from propane so that the denser (and 

harder) pure carbons provide higher wear resistance (Ref. 3). Kaae and 

Gulden (Ref. 6) have further shown that the strain energy to fracture of the 

silicon-alloyed carbons is lower than that for the dense, pure carbons, and 

this may be the reason the alloyed flats are worn at a higher rate by an 

alloyed disk than are the dense, pure carbons. Accordingly, one would 

expect minimum wear of a carbon flat when the indenting surface (the disk) 

is soft and, for a given carbon disk, the wear is expected to be minimum 

when the elastic energy that can be stored in the carbon flat is maximum. 

Both dependencies are observed. 

5.2.3. Wear Caused by Metal Disks Rubbing on Various Carbon Flats 

The data that are available for wear caused by titanium disks rubbing 

on various carbon flats are plotted in Fig. 19.* The rates are high for 

the softer flats and decrease with increasing hardness of the flat. A set 

of incomplete data for Stellite 21 is presented in Fig. 20. 

*Note that the wear caused b> the titanium disk that was reported in 
Fig. 22 of Ref. 2 is erroneously high. 
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Fig.   19.    Wear caused on various flats  (see Table 4 for identification) by 
a pure titanium disk.    Conddtions:     2 g load and 60 rpm in water. 
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Fig. 20. Wear caused on various flats (see Table 4) by a Stellite 21 disk. 
Conditions:  2 g load and 60 rpm in water. 
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The results of the wear studies will be presented at t  11th Conference 

on Carbon and submitted to Carbon for publication. The title of the paper 

will be "The Relationships Between the Wear Resistance of Isotropie Pyrolytic 

Carbons and Their Structure," by H. S. Shim, F. J. Schoen, and J. L. Kaae. 
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