
preferential removal or wearing away of grains which are so 
oriented that they interlock with grains projecting from the 
opposing surface. Clearly the bearing surfaces cannot be sepa-
rated by rollers during this process, yet the friction is low. The 
surface orientation developed on graphitic carbon also appears 
to be at variance with Bollman and Spreadborough's theory. 
Furthermore, an electron microscope study of the surfaces of 
rubbed graphitic and nongraphitic carbon specimens from the 
present experiments and others strongly suggest that rolled up 
platelets are not responsible for the low friction. 

All the present results are compatible with Savage's [3] and 
Deacon and Goodman's [4] suggestion that the role of gases and 
vapors adsorbed on graphite is to saturate the forces on the sur-
faces of the crystallites, especially the edge forces, thus reducing 
the attractive forces between them. This explanation also fits 
the results obtained with nongraphitic carbon. 

Conclusions 
The mode of wear of nongraphitic carbon is by the brittle failure 

of surface crystallites which after running-in must be almost en-
tirely confined to the chipping away of the projecting edges of 
crystallites. This combined with the grinding down of any larger 
particles which are formed results in the formation of very fine 
wear debris which can fill in the hollows and pores in the bearing 
surface causing it to become exceptionally smooth. In conse-
quence, a large increase of true contact area occurs and the friction 
coefficient rises. The surface layer so formed is under considerable 
compressive elastic strain which can cause blistering when the 
surfaces are parted. Subsequently, the surface layer breaks down 
and the process is repeated giving rise to a cyclic increase of the 
friction coefficient. The specific friction force may also vary 
during the cyclic increase of the friction and this aspect is being 
investigated. The provision of channels to encourage the wear 
debris to escape increases the running time before flattening, and 
the resultant high friction, but the process cannot be eliminated 
by this means. The flattening can be prevented, however, by 
roughening the surface of the mating material. 

In contrast, graphitic carbon wears by the shearing of crystal-
lites resulting in wear debris in the form of platelets, the large area 
of which is not conducive to the rapid formation of a very flat 
bearing surface. However, if the formation of fine wear debris 
can be temporarily induced on graphitic carbon by, for example, 
reducing the ambient gas pressure, then flattening occurs to-
gether with the cyclic increase of friction through the formation 
of a compacted surface layer of nongraphitic carbon. 

All the results support the view that under the conditions em-
ployed in the present work the low friction of both graphitic and 
nongraphitic carbon arises from the saturation of the surface 
forces by adsorbed gases causing low attractive forces between 
crystallites. It is not due to low shear strength within the crystal-
lites nor to the separation of the bearing surfaces by rolled up 
platelets acting as roller bearings. 
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D I S C U S S I O N 
Philip M . Scherer2 

The conclusions presented in this paper represent a consistent 
and well thought out interpretation of the experimental results 
relating to the friction and wear of carbon under carefully con-
trolled conditions. The experimental evidence obtained does 
support the flattening theory as an explanation for the cyclic be-
havior of the coefficient of friction. This evidence, as stated by 
the authors, is at present largely indirect, but it was indicated 
that preliminary direct measurements of the true contact area are 
also consistent with the flattening theory. 

The results of the present investigation on both the graphitic 
and nongraphitic carbon are compatible with Savage's and 
Deacon and Goodman's suggestion that the role of adsorbed 
gases and vapors on graphite is to saturate the forces on the sur-
faces of the crystallites, thereby reducing the attractive forces 
between them. 

Although the electron microscope studies of the wear debris 
formed during the present experiment do not show any evidence 
of rolled up platelets of graphite being responsible for low friction, 
it certainly is difficult to argue against the photos presented by 
Spreadborough in support of them in his equally well controlled 
experiment. Again let me emphasize that the discussion and in-
terpretation of the present experimental results represent a con-
sistent and well thought out piece of work. I would caution 
against broad extension of these results however, because the 
materials and conditions were unique. 

The sliding speed of 54 ft /min is extremely low for any appli-
cation but undoubtedly was selected from mechanical considera-
tions of the sliding s3'stem and friction recording devices. A face 
pressure of over 80 psi is quite high for a seal application running 
dry although it is often encountered in fluid applications. 

The inclusion of two types of carbon, of varying degrees of 
graphiticity, is the important feature of the work and made it 
possible to determine whether or not low shear strength is a pre-

2 National Carbon Research Lab., Parma, Ohio. Presently at 
National Carbon Co., Division of Union Carbide Corp., Fostoria, 
Ohio. 
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requisite for low friction. The inclusion of physical properties of 
the two grades investigated would have added to the paper. 
If the two grades are the same basic material and the difference in 
graphiticity is the result only of baking temperatures, then the 
physical properties would differ markedly with the graphitic ma-
terial being the softer and weaker. Perhaps it would be advisa-
ble to tailor the carbon samples to have the same physical prop-
erties and still have different degrees of graphiticity. 

The cyclic variation in friction reported here also has been ob-
served in our laboratory under conditions simulating brush opera-
tion. The period of the cycle observed was much longer than 
that reported here but is consistent with the observation that the 
period increases with decreased load and increases with de-
creased carbon coverage of the wear plates. Our conditions 
were 8 psi pressure as compared to over 80 psi for the reported 
work and our carbon covered only 10 percent of the metal sur-
face as compared with 100 percent in the present work. Periods 
up to 1 hour long have been observed in the cyclic behavior. 

The extension of the present work to investigate the effect of 
the ratio of carbon to metal coverage and to investigate the effect 
of surface roughness of the metal and particle size and hardness of 
the carbon should provide information useful in the application 
of carbon in sliding systems. 

The emphasis on friction is undoubtedly due to experimental 
considerations. Friction and variations in friction are easier to 
measure and record than is wear or wear rate. In most appli-
cations, it is wear that is of most importance and friction is second-
ary. Unfortunately, friction is not directly related to wear. In 
the ideal case it depends on the number of bondB formed between 
two mating materials, the average shear force required to sepa-
rate these contacts, and the location at which shear occurs. 
Only the first and last of these influence wear while the first and 
second influence friction. An experiment measuring wear in the 
same manner as the present experiment studied friction would 
be most interesting although experimentally difficult. 

In conclusion, I would like to say again that Mr. Midgley and 
Mr. Teer have presented the results of an interesting series of 
experiments. Their conclusions are well supported by the experi-
mental evidence and in the main, I agree with the arguments pre-
sented in the paper. 

W. J. Spry3 

I have reviewed the paper "An Investigation of the Mechanism 
of the Friction and Wear of Carbon" by J. W . Midgley and D. G. 
Teer. As the discusser of this paper, I have the following com-
ments: 

Page 1. (p = 0.1) and (p = 0.9) should be defined. Although 
it clearly refers to "graphiticity," it is a number that was ob-
tained in an unknown manner. Perhaps the parentheses could 
simply be omitted in the abstract. 

Page 3. The p-factor should be defined. 
It is generally the case that fewer comments are required on a 

well written paper than on a poorly written one. In this case, 
only a few are required. As pointed out by the authors, their 
interpretation is based upon indirect evidence of the wear process. 
Within this framework their interpretation is well thought out. 

The major problem in this paper is a proper determination 
of "graphiticity." The definition of "nongraphitic" carbon is 
related to turbostratic packing measured by a technique that is 
undefined in the paper. The reference [8] is provided, but a 
further discussion of this in the present paper would have aided 
considerably. Until this is discussed more precisely, the final 
comparison of these results with the interpretations of Bragg, 
Rowe, Holm, Bollman, and Spreadborough will remain some-
what weak. In the case of Rowe's interpretation, the present 
paper would be strengthened if some discussion were provided of 

* National Carbon Co., Division of Union Carbide Corp., Fostoria, 
Ohio. 

comparative gaseous diffusion rates into an ordered graphite lat-
tice and a turbostratic carbon structure. 

In the main, I agree with the arguments presented here. 

Authors' Closure 
While Mr. Scherer accepts our evidence that rollers were not 

responsible for the low friction exhibited by the high and low-
graphitic carbon in our experiments he has questioned whether 
rollers may not cause low friction under certain circumstances. 
This is a valid point. What our results show is that the roller 
theory is not of general applicability as has been suggested by 
Spreadborough [7]. 

The electron microscope investigation4 briefly referred to in the 
paper, consisted of a detailed study of the surfaces of many 
different carbons unrubbed and also rubbed under a wide range of 
conditions. In the course of this work it has been found that the 
edges of surface flakes show a marked tendency to curl over and 
have an appearance similar to the flakes shown in Spread-
borough's paper. This feature occurs with equal frequency on 
unrubbed surfaces and on rubbed surfaces exhibiting high friction 
as well as on low friction surfaces. In addition, there was no 
preferred orientation of the rollers in relation to the rubbing 
direction. We consider that this provides Btrong evidence that 
rolled up platelets are not the cause of the low friction of carbon. 

The speed and load were chosen with a particular application in 
mind but similar results have been obtained over a range of loads 
from 0-80 psi and at speeds from 0-1000 ft/min. 

Table 1 lists some of the physical properties of the carbons 
studied from data supplied by the Morgan Crucible Company, 
Ltd. These carbons are nuclear power reactor grades of very 
high purity. No attempt was made to match the physical 
properties as the object was to compare the friction character-
istics of two carbons having very different shear strengths. 

Table 1 

Grade CY9106 EY9106 
Bulk density 1.59 1.66 
Shore hardness 80 50 
E ( p s i ) 1.69 X 106 0 .80 X 106 

Ultimate compression (psi) 25,000 8500 
Transverse (psi) 5100 4300 
Shear (psi) 3000 2200 
Tensile (psi) 3600 2100 

In reply to Mr. Spry, the " p " factor is defined in the classical 
paper by Franklin "p is the probability that a random disorienta-
tion occurs between any two given neighboring layers," reference 
[8] in our paper. 

In our highly graphitic carbon of p factor equal to 0.1, 10 per-
cent of adjacent layers in the grains were disoriented whereas in 
the carbon of low graphiticity, p = 0.9, 90 percent were dis-
oriented. These p factors were determined by the X-ray diffrac-
tion method of Franklin [8]. 

As regards Mr. Spry's other comment concerning gaseous 
diffusion rates, such evidence as exists strongly suggests that 
gaseous diffusion between the carbon sheets does not occur. In 
particular, the generally accepted reliability of the gas adsorption 
method of measuring the surface area of carbon powders depends 
upon the absence of such diffusion. Also, if gas adsorption did 
occur between the sheets thus reducing the shear strength we 
would have expected a corresponding increase in the interlayer 
spacing, whereas in fact the spacing obtained by X-ray diffraction 
at atmospheric pressure is identical to that obtained by electron 
diffraction in vacuum. Furthermore, the friction of low graphitic 
carbon is just as low as highly graphitic carbon and so it is difficult 
to see how the relative magnitude of the supposed diffusion rates 
could be effecting the friction. 

4 R. D. Arnell, J. W. Midgley, and D. G. Teer, to be published. 
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