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SUMMARY

This Report describes an investigation of the friction, wear end
mechenical properties of polymers reinforced with different proportions of
two types of carbon fibres. During dry sliding ageinst steel, coefficients
of friction of the composites lie within a common range of 0.25-0.35 at high
fibre concentrations, and rates of wear can be reduced by factors of more
than 10}. Fibre reinforcement can also greatly improve the strength, stiff-
ness and resistance to deformation under load. The most important factor
influencing the wear rate is tiie amount of fibre present: the strength is

more dependent on adhesion at the fibre-polymer interface.

The practical applicutions of carbon-fibre reinforced polymers are

discussed.
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1 INTRODUCTION

Thermosetting and thermoplastic polymars ara frequently reinforced with
fibres, such as glass and asbestos, or lamelilar solids, such us graphite and
1(082, to improve their performance in applications as dry bearings, dynamic
seals and gears. The recent development of high strength, high modulus
carbon fibres at R.A.E.1’2 is of considerable potential intereat for the
reinforcement of polymeric bearing materials, because carbons themselves
generally exhibit good friction and wear properties. Preliminary experiments,
reported elsewherej’a, have shown that, during dry sliding against steel,
ocarbon fibre reinforced polymers in general yield lower coefficients of
friction and xear rates than the parent matrices. The fibre orientation can
play a part in the wear process, and minimum friction and wear were obtained
with the fibres oriented normally to the sliding surface. In a limited
number of materials incorporating a constant amount of randomly oriented
carbon fibres, the fibres reduced the coefficients of friction to a level
which was almost independent of the matrix material. The range of wear rates
with reinforced composites was also appreciably narrower than for the original

polymers.

The present work extends the earlier investigations to include a wider
variety of polymer matrices, and examines in detail the effect of fibre
concentration upon coefficient of friction, rate of wear, flexursl strength,
elastic modulus in flexure and deformation of composites under static

compressive load. The practical implicaticns of the results are discussed

2 MATERTALS AND APPAR/TUS

241 The carbon flbres

High temperature treatment of synthetic organic fibres has produced
carbon fibres of two general typesz. Heat-treatment at 250000 yields the
type I fibre, & partly graphitic material with an ultimate tensile strength
end elastic modulus of 300 x 103 ILb/in2 and 60 x 106 lb/in2 respectively.
Treatment at 150000 produces essentially non-graphitic fibres - type II -
with a higher tensile strength, 400 x 103
of 30 x 10° lb/inz. Both types of fibre are of the order of 3 x 10 * in

(7 microns) in diameter.

lb/in2, but lower eclastic modulus

5

Carbon fibres have a fluted extermal structure” and an internal

structure of fibrils lying parallel to the fibre axiss. The fibrils are
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formed by chains of turbostratic graphite crystallites with their c-axes
normal to the axis of the fibre. It is thought that the fibre modulus is
& function of the orientation of the graphite corystallites and that the
fibre strength is dependent on the interfibrillar bonding.

2.2 Polymeric materials

The polymers used in this work are listed in the legend to Fig.i.
Those materials which were unobtainable in the rejuired powder form were
ground at & low temperature (7701() to pass 60 mesh (250 microns).

2.3 Preparation of camposites

All the materials examined contained randomly oriented, short fibres.
Composites with thermoplastic matrices were prepared by blendingchopped
carbon fibres (about § in long) with a water dispersion of the powdered
polymer in a liquidiser. The mixture was vacuum dried at 80°¢ and compres-
sion moulded into & bar at & temperature appropriate to the particula=
polymer matrix. Some composites were also made in a similar menner using
carbon fibres which had been precoated with nickel or silver by an electro-

less dep osition te chnique.

Composites of carbon fibres with thermosetting resins were prepared by
pouring liquid resin over a random mat of fibres in a mould and applying

light pressure during the cure period.

2.4 Measurzment of friction, wear and mechanical properties

Rods of diameter % in and length about 2 in were machined from the
composite bars prepared as above. After finishing by abrasion on 600 grade
silicon carbide paper flooded with water, the rods were loaded against the
cylindrical surface of & 4 in diameter rotating cylinder of mild steel
(B.8.15), with the two axes at right angles. The surface of the steel
cylinder was prepared by random abrasion on 600 grade silicon carbide
paper to a roughness of about 6 M in c.l.a., and cleaned by scrubbing with
tissue soaked in petroleum ether. The speed of rotation of the steel
cylinder was 100 rpm (54 cm/sec) and the applied load was 4.2 kg. The rate
of wear of the specimens was calculated from periodic measurements of the
ma jor axis of the elliptical wear scar, up to a total time of sliding
equivalent to approximately 20000 revolutions. Coefficients of friction were

measured by & torque transducer interposed between the steel cylinder and

the driving motor.
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The ultimate flexural strength and elastic modulus in flexure of the

composites were measured using a calibreted Hounsfield 'Tensometer'.

Determinations of the deformation under load were made by a modifica-
tion of an ASTM oot e Composite cylinders, % in diameter and § in long
were subjected to & compressive stress of 1500 lb/:'m2 across thelr plane
faces and the decrease in length of the oylinders measured as & function

of time,
3 RESULTS

Pig.1 illustrates the reduction in coefficient of friction and rate of
wear which ooccurs when 25%-30% by weight of carbon fibres are incorrnrated
into a wide range of polymevs. The coefficients of friction of the polymers
are reduced from velues ranging from 0.25-0.75 to &n approximately common
level of 0.,25-0.35 for all the composites. Wear rates of the polymsrs are
reduced by factors of up to 7000 and, apart from three examples, lie within
& single decade; in contrast, the wear rates of the unreinforced materials
range over more than three decades. The results indicate that the friction
and wear properties of the composites are predominantly controlled by the
carbon fibres rather than by the matrix, and this suggests that the carbon
fibres support the major part of the applied lord. Direct evidence in
support of this suggestion is given by the electron micrographs, Figs.2a-e.
The photographs show parts of the wear scars on four materials which have
been shadowed with gold at a glancing angle to provide relief. Some carbon
fibres clearly project above thie mean surface level of the matrix, this
being particularly marked for the relatively soft polypropylene and PTFE.
With polypropylene, Fig.2a, the discontinuity visible at the fibre-polymer
interface in the top right-hand cormer suggests that there has been
appreciable visco-elastic recovery of the surrounding polymer ifter removal
of the stress, tending to raise the fibre above the surface of the matrix.
Such an effect will be most proncunced fur fibres oriented in the plane of
the surface. For short fibres oriented normally to the worn surface, visco-
elnstic recovery may raise both the fibre and the sur-ounding polymer, as
shown in the top left-hand corner of Fig.2b for PTFE. An extreme situation
arises with relatively long fibres oriented normally to the sliding surface.

Because such fibres are attached to the matrix in regions remote from those

affected by the stress, fibre movement is nc longer possible and only the
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surface layers of the matrix can recover visco-elastically. Pig.2c shows an
example for polyimide containing unidirectionally oriented long fibres, where
it can be seen that the fibre ends are well beneath the matrix surface. The
pattern of ridges on the sides of the depressions in the polyimide is
characteristic of the surface structure of the carbon fibres. The particular
photograph in Fig.2c was taken some weeks after the production of the wear
scar in order to emphasize the effects of visco-elastic recovery; similar
photographs of freshly prepared wear scars showed much less recovery of the

matrix,

Although considerations of visco-elastic recovery compliscate the
detailed interpretation of the photographs in Pig.2, some carbon fibres must
nevertheless support the load preferentially by projecting above the matrix
surface. Fig.2b for PTFE shows that appreciable amounts of wear debris have
collected along one side of a number of fibres and there is & groove in the
centre of the phctiograph which terminates at a fibrs. In oxtreme cases, the
collection and aggregation of wear detris may partially mask the carbon
fibres, as shown in Fig.2d.

In relatively hard matrices, & commonly observed feature is the
presence of fibres which must have been fractured during processing of the
composite. Fig.2e shows an example for a Friedel-Crafts resin . Fractured

fibres are rarely, if ever, seen with the softer, mor= ductile matvrices.

3.1 Fibre concentration

The influence of carbon fibre concentration on the weir rate, coef-
ficient of friction, flexuresl strength and flexural modulus for six polymer
matrices is shown in Fig.3. Coefficients of friction are continuously
reduced by increasing amounts of carbon fibre. Fle..ural strengths of'ten
reach a maximum value at 1:%-25% reinforcement, although for some polymers,
notably ABS and polyphenylene oxide (not shown), no increase in strength was
observed. Flexural moduli, in general, increase with increasing reinforcement,

~

although 'Delrin' exhibits a maximum,

The effect of fibre concentration on the rate of wear appears to be
specific to each polymer. Thus, whilst increasing amounts of fibre
continuously reduce the wear rates of ABS, polysulpkone and PTFCE, 'Delrin'
and nylon exhibit & minimum wear rate at 15%20% reinforcement, and high

s i TR NS IS




density polyethylene wears more rapidly when reinforced. There appears to be
no general correlation between the mechanical properties of the oomposites

ard their wear resistance.

Similar relationships are shown in Fig.4 for acetal copolymer
reinforced with the two different kinds of carbon fibre. The type II fibres
(non-graphitic) are more effective than type I (graphitic) in improving the
wear resistance, strength and stiffnesez of the composites, but at the expense
of higher coefficients of friction. Very similar results were obtained for
'Delrin',

Both types of fibre were also incorporated into PTFE and Pig.5 shows
that ccmposites with type II fibres are again superior to those containing
type T in all respects except fricticn. The coefficient of friction of about
0.6 obtained at high fibre concentration is ex‘raordinarily high for a

material baser. -n PTFE.

Included in PFig.5 are the effects of incorporating third components,
such as bronze fleke, tungsten carbide/cobalt and M082, into compoiites
containing both type I and type II fibres, and also of coating type I fibres
with nickel or silver before incorporation into the composite. Nickel and
bronze additions (Nos. 3, 4 and 8) yield wear rates lower than any obtainable
with binary type I fibre - PTFE mixtures, although at some sacrifice to the
strength and stiffness of the composite. Bronze (No. 12) is also an effective
addition with type II fibres. MoS, (Nos. 9, 10 and 11) has nr significant

influence on the wear rate of PTFE composites containing eitaer type of fibre.

3.2 Deformation under losd

Fig.6a shows the deformation under compressive load (1500 lb/inz) as a
function of time for A variety of PTFE-based composites, some of which are
available commercially. It is evident that fibrous materials, such as glass,
asbestos and type I carbon fibres are not as effective in reducing deforma-
tion &s graphite, coke, bronze and mica. Type II carbon fibres, however,
are extremely effective, the composite showing a total deformation of only
about 1% after 24 hours under stress. The permanent deformation, that
remaining after a further 24 hours without load, was only 0.2%. It may be
noted that the wear rate of this particular composite is about 14 times
lower than that of the PTFE-mica material, the only other binary composite

to show comparable resistance to deformation.
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The marked difference between the two types of carbon fibre in reducing
deformation under load is particularly evident ir. Fig.6b, where it may be seen
that the addition of 45% of type I fibre to PTFE is no more effective than
only 5% of the type II fitre. Third components in PTFE composites containing
the type I fibres, however, cen have a pronounced effect, and composites
containing nickel (Nos. 1 &nd 3), tungsten carbide/cobalt (No. 7) and bronze
(No. 8) are comparaole in performasce to the binary mixtures of PTFE and
type II fibres.

3.3 Effect of fluid lubricants

A limited number of experiments has teen carried out to examine the
wear of carbon fibre reinforced polymers sliding against mild steel lubricated
by n-hexadecane. Results for two materials, typical of the general behaviour
of most of the other polymers, are shown in Fig.7. The lubricant is mos%t
effective in reducirg wear at low concentrations of fibre, and becomes
relativaly inetfective at high fibre corncentrations. It is postulated that
hexadecane lubricates contacts between the polymer matrix and the steel only:
thus, the effect of the lubricant at various fibre concentratiors depends
on the extznt to which the fibres are able to support tl.e load, and hence on

ihe nature of the matrix material as well as on the Zibre concentration,

3.4 Reproducibility

Some of the results given in this work are derived {rom single experi-
ments, but where previously established trends appeared to alter in any way,
m.ltiple experiments were made to check their validity. In general, the
reproducibility of wear rates, flexural strengths and elastic moduli in
flexure were of the order of *25%, *10% and *20% respectively. One particular
series of te31ts on nineteen separate PTFE structures of the same composition

showed a standard deviation of 6% on the ultimate flexural strength.
L DISCUSSION

It has been demons.rated, both here and in the earlier work5’h, that
ceérbon fibre reinforcement is very effective in reducing both the coefficient
of friction and the rate of w:=ar of polymers during continuous sliding
against steel. The carbon fibres are exposed at the surface of the composite
and support & significant part of the applied load. Since the fibres are some~

what abrasiveh, they smooth the counterface, reducing localised stresses to
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within the limits of elastic deformation9. Evidence in support of the
ccnclusion that carbon fibres support the major part of the applied load may
be summarised as followss-

() Direct observation from electron microgrephs, e.ge in Fig.2.

(n) The coefficients of tiiction of all polymer matrices w'.th relatively
high fibre contents are approximately of the same value (B ~0.25-0.35,

Fig-}) .

(e) The high coefficient of friction of PTFE containing type II fibre
(B ~ 0.6)can only be explained by postulating that the PTFE matrix carries
little or no part of tane applied load.

(i) Lubrication of carbon fibre reinforced composites is relatively

ineffective when the fibre content is iigh.

(e) The wear rates and coeflicients of friction of carbon fibre
composites are almost independen® of the speed of sliding and of temperature,

in contrast to those of the unreinforced polymersh.

(#) Biectrical contact resistance measurements with unidirectionally
oriented cromposites are of the order of magnitude tn te expected, if the

fibres are supporting the greater part of the applied loadu.

(g) The range of wear rates obtained for carbon fibre seruforced
composites with different matrices is much narrower than that for the

unreinforced polymers - Fig.1.

If the carbon fibres preferentially support the load, rates of wear
should, ideally, be independent of the matrix polymer and charactoristic of
those for bulk carbon sliding on steel. Comparison shows that the values
obtained are, in fact, within the range commonly observed for meny carbonsw.
Howsver, Pigs.1 and 2 suggest that the matrix polymer is not wholly

irrelevant to the wear process for the following reasons:-
(a) Polymer debris may obscure the carbon fibres.

(b) For matrices which are relatively soft and of high ductility, the
incorporation of carbon fibres greatly reduces the elongation to break. The
wear rate of the composite may then become greater thar that of the matrix
alone, as observed for higr density polyethylene., This aspect is

particularly ijmportant in conditions of abrasive wearu.
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(c) PFibres may become detached from the surface layer if the matrix has
& high intrinsic wear rate, or if the interfacial bonding between fibre and

matrix is relatively weak.

The bonding between carbon fibres and the polymers is one of the most
uncertain aspects impeding the detailed interpretation of the results in this
Report. The simplest theory tenable is that bonding is primarily mechanical,
resulting from interlocking of the polymer and the surface irregularities of
thke fibres. In support of this is the fact that treatments known to increase
the surface roughness of the fibres increase the strengths of composites
with thermosetting resin matrices11. Such treatments, however, appear to be
less effective with thermoplastics. It must be admitted that at the present
stage of the technology cf carbon fibre reinforced thermoplastics, interfe-ial
bond strengths appear to be very much lower than their potential maxima. The
increasesin strength and modulus of thermoplastic composites, e.g. in Fig.3,
are much less than simple theory predicts12 and appreciably lower than those
attainaple with thermosetting resin matrices13. One reason could be the high
melt viscosity of many thermoplastics, which will affect not only the degree
of mechanical interlocking at the interface, but may also prevent complete
encapsulatior of each fibre, leading to voids or fibre-fibre contacts. The
latter may explain why the flexural strengths (and sometimes the elastic
moduli) tend to decrease &t high fibre concentrations in many of the

composites.

A further factor which may affect the fibre-polymer bonding is the
physical structure of the fibres. There is & marked difference in the
strength and stiffness of acetal copolymer and PTFE composites czontaining the
two types of carbon fibre. This cannot be attributed to differences in
topography of the fibre surfaces, since they are similar1h. The graphite
crystallites in type I fibres are oriented with their c-axes normal to the
fibre axis., It is tempting to suppose that the weaker composites produced
with type I fibres are a consequence of & relatively low shear strength in
the surface layers of the fibre. Type II fibres, which are essentially

non-graphitic, will be superior in this respect.

The higher coefficients of friction obtained with type II fibres in PTFE

and acetal copolymer strongly suggest that the friction of carbon fibres is
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directly related to their degree of graphitisation. This conclusion is in

contrast to the observations of Midgley and his co—workers15, who have shown

that the friction of carbons (in bulk) is largely independent of their
grephite content. The reason for the discrepancy is not yet known but may
well be connected with the fibrillar internal structure of the carbon fibres;
this structure is currently being studied in deteil. The high coefficienta
of friction obtained with PTFE coniaining type II fibres also suggests that
additions of lamellar solid lubrican.s to the composites as third comvonents
are unlikely to cause further appreciable reductions in friction and wear.
Additions of MoS, (up to 10% by weight) have, in fact, been shown to be
relatively ineffective. There are two possible reasons. Firstly, if the
carbon fibres support the load preferentially, it will be difficult for any
lameliar solid lubricant incorporated in the matrix to reach the regions of
true contact. 8econdly, because carbon fibres are mildly abrasive, any
lamellar solid transferred to the counterface will persist there for a short

time only.

Additions of metals to the composites as third components have been
shomn to be more effective in reducing wear than MoSz. Metal particles may
act as additional load bearing areas and also by facilitating removal of
fri~tional heat from the composite. In addition, bronze, which appears to
be particularly good, could function by transferring to the steel counterface,
thus providing a surface which is more readily smoothed, by the abrasive
action of the carbon fibres, than the original steel. It has also been
suggested that the presence of bronze or other copper alloys in PTFE
f'acilitates chemical reaction and bonding of transferred films of PTFE on

Steel1 5 .

The improvements in wear resistance obtained by additions of metals to
the fibre-reinforcen composites are coupled with some loss in strength and
stiffness. This result is merely one facet of the general conclusion that
there is no significant correlation between the bulk strength of carbon fibre
reinforced polymers and their wear rates. The absence of such a correlation
emphasizes the paucity of our understanding of some of the factors affecting

the friction, wear and deformation of coaposites, and points to the consider-

able amount of work which remains to be done.
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5 PRACTICAL APPLICATIONS

The results described in this paper were obtained from experiments with
& pin and ring apparatus under constant, arbitrary conditions of sliding.
Whilst this type of test (non-conforming geometry) is unrivalled for the
rapid assessment of a large number of different materials, it is now widely
appreciated that considerable uncertainties arise when attempting to extra-
polate results to other, more practical, conditions of sliding. It is there-
fore essential to supplement pin and ring tests by trials of a limited number
of materials in more realistic conditions. Such practical trials are
inevitably very time-consuming, and at present only a start has been made.
Thrust-bearing tests at 2 PV of 12500 (131 ft/min and 93 lb/in2) have
confirmed the potential value of PTFE reinforced with carbon fibre as an
alternative to glass17. When sliding against steel, wear rates were - PIFE,
3 x 10-8 cm%/cm kg; PTFE + 25% glass, 3 x 10“9 cm5/cm kg; PTFE + 25% carbon
fibre (type I), 1.5 x 10710 cm5/cm kg. Other applications in which carbon
fibre reinforced polymers are being tried include self-aligning spherical
bearings, cages for rolling element bearings, gears for use in ultra-high
vacuum, gas bearing components (where high stiffness, dimensional stability
and goo& start-stop performance are essential) and dynamic seals in hydraulic
systems. It is hoped to report on the results of these tests at some future
date.

A wide range of polymers, reinforced with carbon fibres, shows
essentially the same wear rate, irrespective of the inherent wear rate of
the parent polymer. Thus, materials which heve, as yet, found no application
because of their high rates of wear, may now be considered potentially useful

in the reinforced state.

Ore of the most important advantages of type I carbon fibres as an alter-
native to glass is their oconsiderably lower abrasiveness., This aspesct has been
discussed in detail elsewhereh. Although carbon fibres are intrinsically
more expensive than glass, this need not necessarily limit their use in dry
bearing composites. The amount of fibre used in & bearing will be relatively
small, but, perhaps of greater importance, the lower abrasiveness of the
composite obviates the use of & hardened counverface, thus reduzing the over-

51l cost of the component. A further advantage of carbon fibres is their good

-
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electrical conduotivity13. This feature is relevant to bearing applications
where charge accumulation may be encountered, e.g. in airfreame components,

and to electrical contact applications generally.

Acknowledgements

The authors wish to thank D. Cawthorne and J.S. Pippett for assistance
with the experiments, and Miss V.M. Hale for the electron micrographs.

v




10

Author

W. Watt
L.N. Phillips
W. Johnson

R. Moreton
W. Watt
W. Johnson

JePo Gilltrow
J.K. Lancaster

J.K. Lancaster

D.Ve. Badami
J«Ce Joiner
G.A. Jones

W. Johnson
W. Watt

L.No PhillipB
B, Nixon
J.A. Woolmington

J.K. Lancaster

J.K. Lancaster

278

AT T SR D0

REFERENCES

Title, etc.
!
High strength, high modulus carbon fibres.
The Engineer, 221 (5757), 815 (1966)

Carbon fibres of high strength and high
breaking strain.

Nature, 213 (5077), 690 (1967)

Friction and wear of polymers reinforced
with carbon fibres.
Nature, 214 (5093), 1106 (1967)

The effect of carbon fibre reinforcement on
the friction and wear of polymers.
R.A.E. Technical Report 66378 (1966)

Microstructure of high strength, high modulus
carbon fibres.

Nature, 215 (5099), 386 (1967)

Structure of high modulus carbon fibres.
Nature, 215 (5099), 384 (1967)

Defcrmation of plastics under load,
ASTM D621-64 (1965)

Initial evaluation of diphenyl oxide resins
R.A.E. Technical Report 65220 (1965)

Wear of carbon and graphitic macerials
¢1liding against rough metal surfaces.
Irstn., Mech. Engrs., Lub. and Wear Group
First Convention, Paper 16 (193)

The relationship between the wear of carbon
brushes and their elastic moduli.
Brit. J. Appl Phys. 14, 497 (1963)




-

178

No.

11

12

13

14
13

1t

17

Author

R. Simon
SaPo Prosen
J. Duffy

D.B. Fraser

L.N., Phillips

W. Watt

ReI. Longley
J.W. Midgley
A, Strang
D.G. Teer

G.C. Pratt

R.C. Fullerton-Batten
J.K. Lancaster

L.N, Phillips

G. Wood

15

REFERENCES (Cont'd)

Title, etc.

Carbon fihre composites.
Neture, 213 (5081), 1113 (1967)

Properties of glass reinforced acetal '
copolymer,

Twenty Second Annuel Tech. Conf., Soc.
Plastics Ind. Inc., Section 10-F (1967)

Carbon fibre reinforced plastics - &n
initial evaluation.
R.A.E. Technical Report 67088 (1967)

Private communication.

Mechanism of frictional berhaviour of high,
low and non-graphitic carbon.

Instn. Mech. Engrs. Lub. and Wear Group
First Convention, Paper 17 (1963)

Recent development in polytetrafluoroethylene-
based dry bearing materials and treatments.
Instn. VYech Engrs. Lub. and Wear Group

Fifth Convention, Paper 16, p.132 (1967)

Patent Application 33570/66.
(1966)




] A o, ; -
4 t
3 B
Q _ _ | _ i I I
e o0 R
| | | (o
b4 o-%k | | S |
_ | .
© o O A I TR T
o | |
x _ | _ _ | _ _ | _ [ o | .
€ _ | | _ T I
lm _ _ _ | _ | | _ _ | | _ “ |
< I _ S R T “ _
o _ _ _ | I _
g ol _ | l _
e T A I R T I A A A o
$ I T R B
A R T A T ) B
1% o oy ! N |
o ]! I
Py |
AN IR oo !
o~ | || N 1 | | Il N . ]
| IR | | IR I o
i IR IR EE “ “ ]!
_ |
— e e !
I I ] R ] ] | _
1l | 1] _ R _._ cbrtr ] ol RN
oL ot L0 IV o b o b e b i b b o b i b bbb b
3 1 2 3 4 S e 7 a 2 10 | 2 13 14 (S e 17 18 19 20 2l

Fig.l Friction and wear rates of polymers before and

. Acrylonitrile - butadiene - styrena copolymer A)m m...rcnn..o:.u 2. Friedel - crafts rasin A:..x ﬁ,.u 3. Polyvinyichloride
4. Poiytetrafivorosthylene (PTFE ‘Fluon §4%) S. Polytrifiuorochiorosthyiena (PTFCE ‘Kel -F81") 6. Polyvinylidene chioride (‘Saran’)

7. Polyvinylchlorids - palyvinylacetata copolymer n<.:«_..nnu 8. Polypropylane AI_S 20/70") o. Epoxy rasin Cais?)
1I0. Polymethyirmemacrylate Oa_oxo:. Il. Polyaster nur _.r:a.v 12, Pclysulphone 3. Polyphanylena oxide

4. Paycarbonata (Mokroion™) iS. Phendlic resin 16. Nylon 6.6. (A100") 17. Polyethylene (Low density) 16. Acatal

ccpolymer an...ﬁﬂn_u 19. Polyimide 20. Polyformaldehyde (Dalrin®) 2. Polyethylone (high density, Rigide x")

L 4




14 900488

..ol

WBWDIUOIUIDY JD}Y
IUDWDIIOUIDI DJO}DQ

ore and after carbon fibre reinforcement (25 - 30 Jowt )

eSS ———— L
|
P
Cocefficient of friction
o o o o
- re s ()
] ! T T )
-F ——————————
e L
~
"]
’————_
u_————-
oh ——————————
d-———_———
o ——————————
o -~ T~ /===
et =
ﬁ_ ——————————————
sF——————~--
; ————————————
a_ —————————————
. -
:_—_—-—————_——
sF—-————————-
HEE U s e e
v
P S
o
-
(A

Fig.|




NEGNO C4131

% ) . x1550

L

E. x720

Fig.2. Scanning electron micrographs of worn composites
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C-Polyimide, D-P.T.F.E., E-Friedel- Crafts Mk.2
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