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(ABSTRACT) 

The friction and wear behavior of three thin polyimide films of 
known chemical structure was tested. An attempt was made to correlate 
differences in chemical structure, primarily the presence of flexible 
linkages and highly polar side groups, to differences in tribological 
properties. The wear test results showed lowest wear for the polyi-
mide with the flexible oxygen linkage. The wear mechanism was deduced 
to be fatigue since wear did not occur immediately and a strong cor-
relation was noted between wear rate and elastic modulus. Increasing 
sliding speed increased both wear rate and friction coefficient. The 
friction results showed highest friction for the polyimide with the 
highest densit~ of polar side groups. Even though some effects of the 
deformation component of friction were seen, the adhesive component of 
friction predominated. 
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INTRODUCTION 

Polyimides are long chain molecules which have recurring imide 

groups as an integral part of their main chain. The characteristic 

* imide linkage is shown in Fig. 1 [l] . 

High thermal stability is especially characteristic of aromatic 

polyimides, which are polyimides derived from aromatic diamines and 

hence contain aromatic groups in their backbone. 

The major portion of research on the tribological properties of 

polyimides has been done by R. L. Fusaro. In testing performed on thin 

polyimide films, Fusaro found that polyimides wear by an adhesive wear 

mechanism at a linear rate [2]. In an inert atmosphere, wear is reduced 

by an order of magnitude [3]. Fusaro found that the polyimides he 

tested could be divided into two groups according to friction and wear 

properties. Group I polyimides generally have lower friction and higher 

wear than group II polyimides. Fusaro's results suggested that a linear 

non-crosslinked polyimide will have a higher wear rate than a polyimide 

characterized by some crosslinking [2]. Fusaro has also noted that 

polyimides undergo a transition from high friction, high wear to low 

friction, low wear as the temperature is increased above about 40°C. 

No correlation between this transition and a molecular relaxation was 

found [4]. In much of the previous research into polyimide tribology, 

* Numbers in brackets refer to references at the end of the thesis. 
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polyimides whose chemical structure is proprietary were tested. Con-

sequently, generalizations about structure-property relationships have 

been hindered. 

In previous research performed at VPI&SU Potter attempted to 

observe the formation of an abrasively formed wear particle in the 

scanning electron microscope (SEM). He noted that even for polymer 

contacting with sharp asperities the polymer tended to flow around the 

asperities and that cumulative damage developed due to the low level 

contact stresses. In experiments of a steel sphere sliding on polymer 

disks, he noted an initial period of no measurable wear (or incubation 

period) followed by the sudden formation of a wear track. These obser-

vations led to interest in using a fatigue model to describe polymer 

wear. 

Carter [5] investigated the wear and friction of polyethylene-

terephthalate using a constant strain wear test apparatus. He found 

that the polymer fatigued at the surface, due to irregularities, in-

homogeneities, and localized adhesive forces, rather than below the 

surface where the distortion energy was highest. He also noted an 

increase in adhesive force as the number of cycles of the test in-

creased. 

In this research friction and wear testing on polyimides of known 

chemical structure is presented. In all tests, a steel ball was loaded 

against a thin (approximately SO~m thick) rotating polyimide film cast 

on a stainless steel substrate. 

In following sections of this paper, a review of polyimide and 

polyimide friction and wear literature will be presented, followed by 
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the experimental procedure and results. Then, an attempt will be made 

to explain the relative tribological performance of each polyimide 

according to its chemical structure. 



LITERATuRE REVIEW 

General Properties 

Polyimides are long chain molecules which have recurring imide 

groups as an integral part of their main chain. Polyimides derived from 

aliphatic diamines are generally soluble, thermoplastic, and have one 

step preparation reactions, while aromatic polyimides, which are derived 

from aromatic diamines, are generally insoluble. Polyimides are gen-

erally amorphous, however up to 50 per cent crystallinity can be induced 

in some polyimides. Aromatic polyimides form high molecular weight 

units only through the use of highly polar solvents, which prevent 

the reactants from solidifying [6]. A representative aromatic poly-

imide is shown in Fig. 2. 

Polyimides are characterized by not only high thermal stability, 

but also high radiation stability and high resistance to attack by most 

chemicals and solvents. They can react with strong alkalis. 

Polyimides are excellent dielectrics and are widely used as metal 

coatings and wire insulators. The properties of an aromatic polyimide 

can vary widely as a function of its structure. Reference 8 contains a 

table showing the mechanical properties of some aromatic polyimides at 

20°C and 400°C. Some mechanical properties of DuPont Vespel, which is 

an aromatic polyimide, are given in Table 1 [9]. 

For ~ost high temperature polymers which contain fused rings in the 

backbone, structure-property relationships are complicated by the fact 

that these polymers have a complex mixture of "cis" and "trans" isomers. 

However, polyimides are unique because the imide rings are symmetrical, 

5 
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Table 1 
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Some Mechanical Properties of DuPont "Vespel" Aromatic 
Polyimide 

Modulus of Elasticity 
(GP a) 

Ultimate Tensile Strength 
(MPa) 

Elongation to Failure 

Thermal Expansion Coeff. 

Water Absorption 

24 hr immersion at 22°C 
48 hr immersion at S0°C 

3.10 at Room Temperature 
1.55 at 315°C 

75.8 

5% for 20 - 250°C 

50-63 

0.32% 
0.82% 
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precluding positional isomerism. Despite this, structure-property 

relations are of ten obscured by the effects of defects in the molecular 

structure, thermal prehistory of the polyimide, different chemical 

reactivities of the precursor acids, and thermal reactions which occur 

near transition temperature [10]. One general trend that has been noted 

for polyimides is that the degree of crystallinity increases with the 

presence of symmetrical diamine and dianhydride groups. 

Prokopchuk et. al. [11] tested the mechanical properties of four 

aromatic polyimides before and after using thermal elongation to induce 

a degree of crystallinity. They observed a significant increase in 

strength and modulus of elasticity and a significant decrease in the 

elongation to failure after the crystallization treatment. 

Wallach [12] found that for polyimide films a wide molecular weight 

distribution favors higher mechanical properties. He noted that mech-

anical properties, such as tensile strength and elongation to failure, 

vary with molecular weight average and distribution, intrinsic viscosity 

and sedimentation constant. 

Thermal Stability 

Even though aromatic polyimides can have widely varying properties, 

they are almost all characterized by high temperature stability. The 

primary factors which contribute to the thermal stability of aromatic 

polyimides are that the aromatic groups form a more rigid backbone, 

permit broken bonds to reform, and allow less Brownian motion. 

Cassidy and Dekker [13] note three major ways to improve the 

thermal stability of a polymer: increase crystallinity, increase 
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crosslinking, or remove thermo-oxidative weak links. Hergenrother [14] 

lists a number of chemical and physical factors which contribute to 

thermal stability. The chemical factors include primary bond strength, 

Van der Waal's bonding forces, hydrogen bonding, and resonance stabili-

zation. The physical factors include high molecular weight, molecular 

symmetry, rigid intrachain structure, degree of crystallinity, polar 

groups, and crosslinking. 

The factor which often determines thermally stability is the 

absence of flexible linkages, such as those formed between oxygen or 

aliphatic groups and the carbon atoms. The introduction of either 

oxygen or aliphatic groups in either main or side chain will result in 

poorer stability [15]. 

The nature of the aromatic groups in the backbone also affects 

thermal stability. Para-phenylene aromatic groups produce more ther-

mally stable polyimides than meta-phenylene groups, due to the para 

group's tendency to form more highly ordered, more crystalline, and 

higher density polymers. There is also a greater probability of a para-

phenylene group stabilizing a broken intermolecular chain bond [16]. 

Molecular Relaxations and Transitions 

Most polyimides display a glass transition (T ) and also at least g 

one sub-Tg transition, (TB), which is usually called the secondary glass 

transition. The primary glass transition is associated with large chain 

segments obtaining enough energy to move relative to one another. The 

secondary transition is usually associated with torsional oscillations 

of aromatic groups leading to reorientation of a short segment of a 
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chain {17]. Lower temperature transitions are also noted for polyimides. 

For most aromatic polyimides, the glass transition temperature lies 

between 550 and 650 K. The secondary transition, which researchers 

have attempted to correlate with tribological properties, occurs between 

about 350 and 400 K. Ikeda [18] postulates that for polyimide film 

this transition, or relaxation, is due to an interplanar slippage 

mechanism similar to that of graphite. Bernier and Kline {19] noted 

that the transitions are both temperature and frequency dependent, and 

found the secondary transition at a temperature near that found by 

Ikeda. However, since Bernier and Kline found no x-ray evidence of 

crystallinity in their sample, they doubted Ikeda's interplanar slippage 

mechanism. Lim et al. f20] also refuted Ikeda's model and theorized 

that for polyimides the secondary transition is due to combined reori-

entational movement of rings and connecting atoms in regions of poor 

chain packing. Butta, DePetris, and Pasquini [17] note that as frequency 

is increased, the transition occurs at higher temperatures, and that the 

polyimide modulus of elasticity does not undergo any sharp change at the 

transitions. 

Tribological Properties 

The major portion of research on the friction and wear of poly-

imides has been done by R. L. Fusaro. Fusaro has concentrated his 

research on polyimide thin films, ( 25µm thick), using a rider on disk 

apparatus. Fusaro found that polyL~ides fall into two groups according 

to friction and wear properties. Group I polyimides, generally have 

lower friction and higher wear than group II polyimides. The wear of 
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both groups, according to Fusaro, occurs by an adhesive wear mechanism, 

with larger wear particles being formed by group I polyimides [2]. 

Fusaro has found that polyimides undergo a transition from high 

friction and high wear to low friction and low wear at about 40°C. This 

transition was found to be reversible and independent of sliding veloc-

ity [4]. Fusaro believes that this friction transition occurs due to 

some molecular relaxation which gives molecules a degree of freedom so 

that an external mechanical stress can rearrange the molecules into a 

structure conductive to shear, i.e. an extended chain. This trans-

formation of folded chains into extended chains can occur in two ways: 

by plastic deformation, in which the chains simply unfold in the direc-

tion of the force, or by shear deformation, in which the chains grad-

ually become tilted by twisting and slipping, and thus become progres-

sively oriented in the direction of the force 14, 21]. 

Below the transition, polyimides undergo powdery wear, moisture 

leads to lower wear and lower friction, and no initial period of high 

friction is noted. Above the transition, wear occurs by a film-like 

plastic flow, and high initial friction is noted, except in moist air. 

Moisture is found to have detrimental effects on friction and wear for 

temperatures between the transition temperature and 200°C, above which 

no effect was noted 12, 3, 22]. The presence of moisture was thought 

to constrain molecular orientation of the polyimide chains and also to 

inhibit adhesion of the polyimide to the rider, which would account for 

the beneficial effects of moisture on friction and wear (21, 22]. 

In two sets of experiments, Fusaro has unsuccessfully attempted to 

correlate the polyimides' tribological transition region to a molecular 
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relaxation region. The difference between the friction transition 

temperature and the secondary glass transition temperature was large 

enough that even considering heat generated by friction in the contact 

area, no direct correlation was found. However, in the discussion of 

Reference 23, Kenneth Ludema notes that this lack of correlation between 

friction transition and molecular relaxations may be due to the dif-

ferent strain rates in the tests. Dr. Ludema also suggests that the 

molecular orientation postulated by Fusaro should be detectable with 

diffraction work. 

Other tribological information suggested by Fusaro is that the 

polyimide thin films undergo linear wear rates, and have an order of 

magnitude longer wear lives in inert atmospheres [3]. Friction in-

creases with time since the polyimide film in the contact zone is 

gradually depleted by flowing out of the sides of the wear track re-

sulting in an increased metallic contact [24]. Above 300°C, friction is 

dependent on the thermal prehistory of the polyimides. Pre-heating 

allows more crosslinking and longer chains, thus inhibiting large scale 

movements [4]. 

In one of Fusaro's most recent works, published in February 1980, 

he compared the tribological properties at 25°C of seven polyimide films 

bonded to type 301 stainless steel. Brittle fracture and spalling 

occurred in all films in less than 1000 cycles of sliding. Even though 

the nominal stress in the film was only about 1250 psi, spalling 

occurred due to the films' inability to withstand tensile stresses 

imposed by the local deformations (misalignment, edge effects, and 

asperity interactions) of the steel substrate. From this, Fusaro infers 



13 

that a hard substrate is necessary for good lubrication with polyimide 

films [25]. 

Of the seven polyimides tested in this study, Fusaro provides 

chemical structures for two of them, PIC-6 and PIC-7. PIC-6 has oxygen 

groups linking some of its aromatic rings while PIC-7 has no oxygen 

linking groups. PIC-7 has a high density of carbonyl groups. The 

PIC-7 polyimide underwent much worse spalling and wore away much quicker 

than the PIC-6 polyimide. This could be predicted from the chemical 

structures since the PIC-6 backbone contains the flexible oxygen carbon 

links and consequently should have lower elastic modulus than the more 

rigid PIC-7 structure [25]. 

Also in 1980, Fusaro used optical microscopy to investigate the 

film wear mechanism of polyimide-bonded graphite fluoride. He observed 

two wear mechanisms: one in which the film plastically flowed and 

tended to disengage by spalling, and another in which entire chunks of 

the film disengaged by cracks propagating through defects in the bulk 

[26]. 

Giltrow [27], who used a cylinder on cylinder apparatus, observed 

no evidence of Fusaro's friction and wear transition and instead noted a 

smooth parabola-like decline in friction coefficient from 20°C to about 

220°C. Above 220°C he observed a gradual rise in friction. The mech-

anism of lubrication was by transfer films which reduced the effective 

counterface surface roughness. 

Salomon [28] notes that friction transitions have been detected in 

polytetraf luoroethylene (PTFE) and high density polyethylene (HDPE). He 

theories that the wear of polyimides takes place through a large scale 



14 

transfer mechanism in which polyimide elements are transferred from film 

to pin before they leave the system as wear debris. For high damping, 

which corresponds to internal softening, larger volume elements are 

transferred. For temperatures under about 50°C, the polyimide molecular 

groups are capable of only short range movements, leading to impact 

toughness which partially counterbalances the effect of higher friction 

on wear life. For temperatures about 50°C, long range motions of mole-

cular chains are possible, enabling sufficient flow and transfer to form 

strongly coherent surface layers on both surfaces. This layered con-

figuration leads to lower friction and lower wear. Above 400°C, the 

effect of creep predominates, leading to higher wear. 

Bill [29] tested polyimide coatings as a possible means to prevent 

fretting of steel. He noted that the polyimide coating reduced wear to 

the uncoated surface only marginally. The wear of 'the polyimide coating 

was high and attributed to an abrasive wear mechanism. 

Buckley and Johnson [30] used a polyimide pin on stainless steel 

disk apparatus in vacuum. They found low wear and low friction for 

polyimide on steel and higher friction and extremely low wear for poly-

imide on polyimide. 

Buckley (31] used a polyimide pin on disks of four different 

materials, a tool steel, a stainless steel, copper, and stellite 6B, to 

determine the effect of substrate on polyimide friction and wear. A 

change in substrate was found to have little effect on wear. Friction 

differences were noted but could not be correlated to substrate hard-

ness. Since all tests exhibited a running-in period, Buckley postulated 

that lubrication resulted from the formation of a transfer film and that 
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the friction forces were consequently the sum of two components: the 

friction of the polyimide on the transfer film and the friction of the 

polyimide on the metal. He further stated that friction differences for 

polyimides on different substrates may be due to the type of transfer 

film formed, in particular its continuity and the degree of metal to 

polyimide contact through it. 

Kroll and Devine [32) tested polyimide retaining rings in ball 

bearings and found low friction but low service lives due to retaining 

ring failure. In close tolerance applications fracture of polyimide 

components may occur due to thermal expansion. 

Gardos [33) tested polyimides as binding agents for self-lubricat-

ing composites. He found that thermosetting polyimides gave better wear 

performance at high temperatures than did a non-thermosetting polyimides 

(with a Tg = 370°C). The non-thermosetting polyimide performed as well 

as the thermosetting polyimides at room temperature, but tended to 

crumble at the test temperature of 316°C. 

Jones, Hady, and Johnson [34) tested the friction and wear of a 

polyimide, a poly(amid-imide), and a pyrrone at 260°C in dry air. They 

found friction coefficients to be less than 0.20 and nearly equal for 

all three. The pyrrone exhibited relatively low wear, the polyimide, 

intermediate wear, and the poly(amid-imide) high wear. 

Prikhodko et. al. [35] performed research on heat resistant aro-

matic polyamides and found lower abrasion resistance and higher friction 

for crystalline polyamides than amorphous polyamides. 
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Summary 

In summary it is observed that there is not a great deal of 

agreement in the research performed on polyimide friction and wear. It 

is generally agreed that for polyimide on steel, friction decreases from 

about 20°C to 220°C and then increases slightly for higher temperatures. 

A point of contention is the nature of the decrease from 20°C to 220°C. 

Fusaro [2] notes a sharp decrease at about 40°C, while Giltrow (27] 

notes a steady decline. 

The mechanisms of wear and lubrication are also not agreed upon. 

Fusaro has noted an adhesive wear mechanism [2], a spalling wear mech-

anism [26], and a wear mechanism in which the polyimide plastically 

flows out of the contact area (24]. Salomon and DeGee [28] observed 

large-scale transfer of polyimide to steel as a wear mechanism. Giltrow 

[27] noted this formation of a transfer film as a lubrication mechanism. 

Buckley (31] also noted the formation of a transfer film. In the 

research of Kroll and Devine [32] wear occurred due to fracture of the 

polyimide. Bill [29] observed an abrasive wear mechanism in his study 

of using polyimide coatings to prevent fretting wear. 

Finally, it is noted that there are many areas in need of further 

research: 

1) the verification of Fusaro's friction and wear transition 

temperature. 

2) the correlation of the tribological transition with some 

molecular transition. 
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3) the characterization of the mechanisms of polyimide wear and 

lubrication, perhaps using surface analysis techniques. 

4) the effect of crystallinity on tribological properties, using 

a technique similar to that of Prokopchuk et. al. [11). 

5) the effect of the diamine or dianhydride on tribological 

p~operties. 



EXPERIMENTAL PROGRAM 

Film Preparation 

Polyamic acid solutions, obtained from NASA in Langley, Virginia, 

were spread onto stainless steel substrates and cured to produce thin 

polyimide films. Details of the casting and curing procedure are pre-

sented in Appendix A. The polyimides were polymerized from dianhydride 

and diamines which differed by only a linking group. The structures of 

the resultant polyimides, which were arbitrarily named "PIA, PIB, and 

PIC", are shown in Fig. 3. 

The curing procedure tightly adhered the films to the substrate 

and, by driving off solvent, reduced the film thickness to about SO~m. 

The actual film thicknesses and a measure of their consistency is shown 

in Table 2. The polyimide film mechanical properties are given in 

Appendix B. The films were stored in a dessicator with anhydrous cal-

cium chloride when not being tested. 

Friction and Wear Testing 

All friction and wear testing was performed using the pin-on-disk 

wear machine shown in Fig. ~. A 3.17mm diameter steel ball was loaded, 

using a pneumatic device, against the polyimide film being rotated by a 

motor. Before each test, the ball and film were cleaned with acetone. 

With the exception of the double speed tests, the linear velocity of 

the substrate relative to the ball was held constant at 0.628 meters per 

second. In all tests, the ambient temperature was approximately 22°C 

and the relative humidity approximately 40 per cent. 

18 
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Table 2 Film Thickness After Curing 

Film Thickness 
(mm) 

0.0625 

0.0528 

0.0396 

Standard Deviation 
(mm) 

0.0028 

0.0003 

0.0030 



Figure 4: Pin-on-Disk Wear Machine (36] 
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Friction 

Friction forces caused a deflection, measured by a proximity trans-

ducer, of the cantilever beam to which the ball was attached. The 

output of the proximity transducer was recorded on an X-Y plotter, 

yielding a continuous measure of the friction force. The friction 

measurement system was calibrated before and at least once during the 

test. 

Friction tests were conducted at loads of 5 and 10 N. During most 

testing, the initiation of a wear track was accompanied by a sharp 

increase in the friction force. The representative friction plot seen 

in Figure 5 shows these effects. In friction analysis, the friction 

just after initiation was defined as the friction force value when the 

friction force resumes its normal variation per revolution. For pur-

poses of comparison, the friction coefficient was calculated just after 

the initiation of a wear track (usually less than 1000 cycles) µ f , a ter 
after 2000 cycles µ 2000 , and after 16000 u16000 cycles. The complete 

experimental conditions for the friction testing are presented in Table 

3. 

Wear 

Preliminary testing was conducted at loads of 2, 3, 5, 7.5, and 10 

N to determine which load most conveniently exhibited the difference in 

the polyimides' wear performance. At loads of 2 and 3 N, incubation 

periods were relatively long and widely varying. The 5 N load was 
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Table 3 Experimental Conditions for Friction Testing 

Number of tests performed under each set of conditions 

Temperature = 22°C Relative Humidity = 40 per cent 

PIA 7 7 4 
Speed 0.63 m PIB 10 4 = - --
Load 5 N s PIC 10 7 4 = 

PIA 5 6 0 
Speed = 0.63 ~ PIB -- 5 0 
Load = 10 N s PIC 6 6 0 

Speed 1.26 m = 
Load 5 N s PIC 3 3 3 = 
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chosen because it best illustrated the wear performance of the poly-

imides and evoked a more elastic state of stress than the higher loads. 

The complete wear test conditions are presented in Table 4. 

The wear of the polyimide film was measured by stopping the tests 

at intervals of 2000 cycles and taking four surface profiles, using a 

Talysurf 4 profilometer, of the wear track. Each profile sampling was 

taken along a line perpendicular to an edge of the film and passing 

through the substrate center as shown in Fig. 6. The cross-section 

area of the wear track was obtained by approximating the area as a 

trapezoid. For irregularly shaped tracks, which occurred when the 

surface was slightly sloped, a convention of drawing the top line of the 

trapezoid parallel to the bottom line was adopted. A representative 

wear track profile, before and after trapezoidal modeling is shown in 

Fig. 7. The wear was quantified by taking the average of four cross 

section areas. Wear rates were obtained by using linear regression on 

the average cross section areas versus number of cycles plot. The wear 

values at 2000 cycles were not used in the regression since they do not 

represent steady state conditions. 
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Table 4 Wear Test Conditions 

Ambient Temperature: 22°C 
Relative Humidity: 40 per cent 
Load: 5 N 
Speed: 0.63 meters per second 
Radii of Wear Tracks: 0.94 - 2.93 centimeters 

NOTE: PIC was also tested at a speed of 1.26 meters per 
second. 
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'-Surface Profile 

L 7.62 cm 

Figure 6: Location of Profile Sampling 
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RESULTS 

A. Wear 

The average wear rate and Y-intercept values for the three poly-

imides are shown in Table 5. PIB had one-third the wear of PIA and PIC. 

Statistically, the differences in wear rate between PIA and PIC were not 

significant enough to assert the conclusion of different wear perform-

ance for PIC. Fig. 8 shows the average wear, as measured by the average 

cross-sectional area of the wear track, versus the number of cycles. In 

a typical wear test, the polyimide film underwent an initial period of 

no wear followed by the rapid initiation of a wear track followed by 

approximately linear wear. The random nature of the wear track 

initiation is illustrated by Table 6. At a load of 5 N, wear occurred 

first on PIC, followed by PIA, followed by PIB. At a load of 10 N, 

wear occurred sooner on PIB than on PIA, although the results were 

variable. Increasing the load decreased the incubation period for PIB 

and PIC, yet increased the incubation period for PIA. For PIC, the 

effect of doubling the speed was to increase the incubation period. No 

correlation of the wear track initiation to heat build-up at the sliding 

interface was found. 

For PIC, doubling the sliding speed increased the wear rate (per 

cycle) by 37 per cent, as shown in Table 7. Fig. 9 shows the wear rates 

for PIC at sliding speeds of 0.63 meters per second and 1.26 meters per 

second. Complete wear test data is presented in Appendix C. 

29 



Table 5 Wear Rates and Y-Intercept Values of Polyimides 

Average Wear Rate 95% Confidence Average Y-Intercept 
2 (mm /kcycle) Range (mm2) 

PIA 1. 71 1.59 - 1.83 8.55 
PIB 0.56 0.54 - 0.58 5.70 
PIC 1.68 1.50 - 1.86 1.67 

95% Confidence 
Range 

7.30 - 9.80 
5.46 - 5.92 

-0.28 - 3.63 

w 
0 
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Figure 8: Effect of Structure on Wear 



Table 6 

Load = 5 N 
Average incubation period 

m Speed = 0.63 -s 

PIA 

PIB 

PIC 

Speed 

PIC 

1.26 ~ s 

(cycles) 

269 
557 
115 

275 

Incubation Periods for Polyimides 

Load = 10 N 
95% Confidence Average incubation period 95% Confidence 
range (cycles) (cycles) range (cycJes) 

90-448 1060 490-1630 
355-759 442 221-662 

6-224 --- --- w 
~ 

0-611 107 0-239 



Table 7 Effect of Sliding Speed on Wear, PIC 

Average Wear 95% Conf i.dence Average2Y-Intercept 
Speed ~ate Range (nun ) 
(m/s) (nun /kcycle) 

0.63 1.68 1.5 - 1.86 1.67 
1.26 2.30 2.09 - 2.51 14.2 

95% Confidence 
Range 

-0.28 - 3.63 

12.1 - 16.3 

w 
w 
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Figure 9: Effect of Sliding Speed on Wear, PIC 
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B. Friction 

The results of the friction testing are summarized in Tables 8 and 

9, in which µ f denotes the friction coefficient just after the wear a ter 
track has fully initiated, µ 2000 represents the friction coefficient at 

2000 cycles, and µ 16000 represents the friction coefficient at 16000 

cycles. The standard deviation, s, and the 95 per cent confidence 

limits are also presented. For PIB, µ f is not given because FIB a ter 

underwent a gradual friction transition when the wear track 

initiated. 

At a load of 5 N, PIB exhibited about a 20 per cent lower friction 

coefficient at 2000 cycles than PIC. The differences between PIB and 

PIA, and PIA and PIC were statistically insignificant using 95 per cent 

confidence limits under these conditions. The friction coefficient of 

PIB at 16000 cycles was 16 per cent lower than PIA and 21 per cent lower 

than PIC. There were no statistically significant differences between 

PIA and PIC at 16000 cycles or just after initiation. 

At a load of 10 N, both PIA and FIB exhibited lower friction 

coefficients at 2000 cycles than PIC. The friction coefficient just 

after initiation was 23 per cent lower for PIA than PIC. The general 

effect of increasing the load was to decrease the friction coefficient. 

Doubling the load resulted in a 27 per cent friction coefficient re-

duction for PIA, a 7 per cent reduction for PIC, and an insignificantly 

small reduction for PIB. 

Figure 10 shows the gradual increase of the friction coefficient 

with number of cycles for the 16 kilocycle tests. In these tests, 



ll2000 

PIA 0.26 
PIB 0.23 
PIC 0.29 

Table 8 Effect of Structure on Friction Coefficient 
at 5 N Normal Load 

95% 
Confidence 

Range 

0.24-0.29 
0.21-0.26 

0.28-0.31 

s 

0.03 
0.04 
0.02 

µ16000 

0.32 
0.27 

0.34 

95% 
Confidence 

Range 

0.30-0.33 
0.26-0.29 
0.31-0.36 

s µafter 

0.01 0.23 
0.02 
0.02 0.24 

95% 
Confidence 

Range 

0.21-0.25 

0.23-0.24 

s 

0.03 

0.01 

w 
0--



µ2000 

PIA 0.19 
PIB 0.23 
PIC 0.27 

Table 9 Effect of Structure on Friction Coefficient 
at 10 N Normal Load 

95% 95% 
Confidence Confidence 

Range s µafter Range 

0.17-0,21 0.02 0.17 0.15-0.19 
0.19-0.26 0.03 
0.26-0.28 0.01 0.22 0.21-0.24 

s 

0.02 

0.02 

w 
...... 1 
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conducted at 5 N loads, the general trend of uPIB < µPIA < UPIC is 

corroborated. However, the differences between PIA and PIC are usually 

insignificant. 

Figure 11 shows the effect of sliding speed on the friction coeffi-

cient of PIC. The basic effect of increasing speed was to increase 

friction. The scatter in the high speed data was great enough to cause 

the confidence limits to overlap, however. 

C. Scanning Electron Micrographs 

Scanning electron microscope photographs were made of the wear 

tracks to illustrate possible differences in the nature of the wear 

among the polyimides. The polyimide films which were examined were run 

for 50,000 cycles at a sliding speed of 0.63 meters per second under a 

load of 3 N. The wear track of PIC, shown in Fig. 12, suggests that 

wear occurs by the removal of platelike chunks of material due to 

friction traction. When the tensile stress induced by friction traction 

exceeds the rupture energy of the material, a segment of the film at the 

rear of the contact region may be partially torn away from the surface. 

During the next pass, the raised lip of the ruptured segment may be 

fractured to create a wear particle. The ruptured segment and raised 

lip are shown in Fig. 13 at a high magnification. Of the three tested 

polyimides, PIC would be most susceptible to this "tearing" type of wear 

since it has the lowest energy-to-rupture and highest friction coeffi-

cients. 

Evidence of tearing wear was not detected in the 3 N wear tracks of 

PIA and PIB (Figs. 14 and 15). Both PIA and PIB exhibit finer wear 
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Figure 12: 
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PIC Wear Track, 50000 cycles at 0.63 !!!. under 3 N 
load, arrow indicates direction of sliding, index 
mark is 50 µm. 



Figure 13: 

42 

PIG Wear Track, 50000 cycles at 0.63 ~ under 3 N 
load, arrow indicates direction of sliding, index 
mark is 50 µm. 



Figure 14: 
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PIA Wear Track, 50000 cycles at 0.64 ~ under 3 N 
load, arrow indicates direction of sliding, index 
mark is 50 µm. 



Figure 15: 

44 

PIB Wear Track, 50000 cycles at 0.63 .!!!. under 3 N 
load, arrow indicates direction of sliding, index 
mark is 50 µm. 
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debris than PIC. The main difference between PIA and PIB wear tracks 

seems to be depth, as evidenced by the pronounced edge of the PIA wear 

track. 



DISCUSSION 

A. Wear 

From test observations and from a process of eliminating other wear 

modes, the mechanism of wear is proposed to be fatigue. At loads of 5 

and 10 N, tests ran up to 2000 cycles with no detectable wear. In 

preliminary tests at loads of 2 N, samples ran as many as 30,000 cycles 

without detectable wear. These incubation periods ended with a catast-

rophic wear track formation distinguished by the generation of wear 

debris, a sharp increase in friction coefficient, and a temporarily 

extremely high wear rate. During wear track initiation, the polyimides 

typically went from no wear track to a wear track with an approximate 2 

square millimeter cross-sectional area in a few cycles. No correlation 

was found between the wear track initiation and the elevation of temper-

ature at the sliding surface. This behavior suggests a fatigue wear 

mechanism. 

Other wear modes seem unlikely. Intuitively the wear mechanism is 

not abrasive since the tests are conducted with a smooth ball riding on 

a smooth film. Wear tracks appear smooth in the S .E .~1. photographs. If 

the wear mechanism was adhesive then there is no explanation, other than 

the presence of a wear inhibiting layer on either ball or film, for the 

period of no wear. As shown in Table 10, the correlation of the wear 

data to mechanical properties tends to rule out other wear mechanisms. 

For an adhesive wear mechanism, higher strength should lead to lower 

wear, assu~ing elastic conditions. The e.xperimental results show, 

however, that higher strength corresponded to high wear. An abrasive 
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PIA 

PIB 
PIC 

Table 10 Correlation of Wear Rate to Average Mechanical Properties 

Average Ultimate Elongation to Energy to Elastic 
W2ar Rate Tensile Strength Break Rupture Modulus 

(mm /kcycle) (MPa) {per cent) (MPa) (GP a) 
-

1. 71 113.4 9.2 1042.5 11.94 
0.56 86.0 8.7 749.2 9.74 
1.68 102.9 6.5 684.3 12.39 

~

" 
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wear mechanism is also unlikely since there is no correlation between 

the rupture energy, as approximated by the product of the breaking 

stress and the elongation to break, and the wear rate. 

The correlation of wear data to mechanical properties does suggest 

a fatigue wear mechanism. The elastic moduli of PIA and PIC, 11.94 and 

12.39 GPa respectively, were significantly higher than that of PIB, 9.74 

GPa. Correspondingly, the wear rates of PIA and PIC, 1.71 and 1.68 

respectively, were significantly higher than that of PIB, 0.56 square 

millimeters per kilocycle. The fatigue wear model predicts this corre-

lation of wear rate to elastic modulus. According to the fatigue model, 

the wear rate will be proportional to (_q__)t, where o is the failure cr o 
0 

stress corresponding to a single stress application, a is the applied 

stress, and tis a material constant [37]. The stress induced in the 

polymer, as estimated from contact stresses assuming elastic conditions, 

would be proportional to the elastic modulus, E, to the two-thirds power 

multiplied by the applied load, P, to the one-third power. Therefore 

the ~ear rate assuming a fatigue mechanism is proportional to Pt/ 3 

E2t/3. 

Inserting wear results and elastic moduli into the equation 

where W is the wear rate, 

K is a constant, 

E is the elastic modulus, and 

d is a constant, 
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enables one to calculate values for K and d. The power d was found to 

be 4.87 and the constant K was found to be 8.62 x 10-6 . The value of d 

is reasonable since for polymers this parameter varies from approximately 

1.3 for ductile materials to approximately 5.3 for brittle materials. 

Effect of Structure on Wear Rate 

In this section, the polyimides tested are qualified according to 

the four structural factors mentioned below and each factor is examined 

for possible correlation to wear rate. The differences in chemical 

structure which may affect the wear performance of the polyimides are 

(1) chain flexibility and freedom of motion allowed by the linking 

group, 

(2) polarity of the linking group, and 

(3) regularity of the chain. 

Though not directly related to structure, chain length is a wear deter-

mining factor which was not controlled in the testing, as evidenced by 

the different inherent viscosities presented previously in Fig. 3. 

The experimental results suggest that, for these polyimides, more 

flexible systems wear at a lower rate. Of the three polyimides tested, 

PIB would have the most flexible chain, as indicated by the glass 

transition temperature because of the presence of the oxygen linking 

group. Chain rigidity is approximated by the glass transition temper-

ature since chains with less internal mobility inhibit the glass tran-

sition by storing thermal energy through steric hindrance [l]. The 

oxygen linking group allows a great deal of chain movement and can have 

a marked effect on the bulk rigidity of a polyimide. For example a 
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certain aromatic polyimide which contains the linking group A shown in 

Fig. 16 has an elongation to failure of 2 per cent, while the same 

polyimide with the more flexible linking group B has an elongation to 

failure of 80 per cent. The same polyimide with the even more flexible 

group C has a elongation to failure of 120 per cent 18]. Correspondingly, 

PIB, the polyimide polymerized from the diamine with the flexible oxygen 

linkage, had the lowest wear rate. 

Of the two remaining polyimides, PIC would have the less flexible 

chains due to its greater density of double bonds and highly polar 

carbonyl groups. The chain is stabilized by a double bond because the 

pi orbital bond restricts the movement of neighboring atoms and hence 

increases chain rigidity. A high density of polar groups increases 

chain rigidity due to the repulsion of like charges. Despite this, the 

glass transition temperature of PIA is slightly high than that of PIC. 

This is probably due to PIA's increased molecular weight and correspond-

ingly longer average chain length as indicated by the significantly 

larger inherent viscosity. 

If one accepts glass transition temperature as a measure of chain 

rigidity, then there is a good correlation between chain rigidity and 

wear rate. This correlation is presented in Table 11. 

In addition to their effect on chain flexibility, highly polar side 

groups may have a direct effect on wear rate. In crystalline and semi-

crystalline systems, the presence of highly polar side groups would tend 

to lead to lower wear by inducing a higher degree of crystallinity, 

thereby inhibiting crack propagation. In crystalline polymers, crack 

propagation involves the breaking of primary bonds because the polymer 
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PIC 
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Table 11 Correlation of Wear Rate to Chain Rigidity, as 
Approximated by Glass Transition Temperature 

w2ar Rate Glass. Transition Temperature 
(mm /kcycle) ~) 

1. 71 295 

0.56 257 

1.68 288 
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chains cannot reorient to allow slippage [38]. For predominantly 

amorphous systems, the increased tendency toward some degree of cryst-

allinity has much less effect on crack propagation, since cracks may 

easily propagate through the amorphous regions. Therefore, for the 

primarily amorphous polyimides tested, the wear inhibiting effects of 

polarity-induced crystallinity are greatly diminished since wear pro-

perties are dominated by the amorphous regions. 

Highly polar side groups could conceivably lead to increased inter-

action and adhesion to the contacting model or transferred film. 

Increased adhesion would lead to higher tractive stresses and corre-

spondingly higher wear rates. The S.E.M. photographs support this 

hypothesis since PIC, with the highly polar carbonyl group, was the only 

polyimide to exhibit signs of gross transfer. 

The effect of the structure on chain regularity may also play some 

role in determining wear. Of the three polyirnides, PIC would have the 

most regular chain because the PIC diamines, containing carbonyl link-

ages, are more similar to the common dianhydride than the PIA and PIB 

diamines are. A structural unit that would tend to increase regularity 

would tend to produce a less elastic, more rigid polymer [11]. It is 

hypothesized that, for fatigue wear, this change in properties would 

lead to a higher wear rate. However, like the polarity effect, in-

creased regularity is believed to play a much smaller role in deter-

mining wear for amorphous polymers relative to crystalline polymers. 

Though not directly related to structure, the chain length, as 

approximated by molecular weight, may have affected the wear rates of 

the polyimides. Longer polymer chains in high molecular weight 
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materials lead to higher mechanical properties and tend to decrease wear 

since they more likely require primary bond breakage for crack pro-

pagation [38]. Possibly molecular weight did play a significant role in 

determining wear performance as suggested by the decreased wear rate for 

PIB, the polyimide with the highest molecular weight. However, mole-

cular weight was obviously not the dominant factor as evidenced by the 

similar wear performance of PIA and PIC despite the relatively large 

difference in their molecular weights. 

Fusaro tested two condensation type polyimides whose tribological 

performance may have been affected by some of the previously mentioned 

factors. Fusaro's PIC-7, analogous to PIC, had a high density of highly 

polar carbonyl groups, while his PIC-6 had a number of oxygen linkages 

making it analogous to PIB. In tests conducted at 25°C, Fusaro observed 

a wear rate for PIC-7 three times higher than that of PIC-6 (25]. 

Effect of Sliding Speed on Wear Rate 

Increasing the sliding speed produces two effects: an increase in 

the rate at which the polymer is strained and an increase in the temper-

ature at the metal-polymer interface. The increase in strain rate 

should lead to a decrease in the polymer's ability to yield without 

failing. The corresponding increase in the elastic modulus should lead 

to higher wear, since the increase in strain rate would give the poly-

imide chains less time to reorient and relieve stress. Consequently, 

bonds in the main chain would be broken more frequently. The effect of 

increased temperature would tend to counterbalance the effect of strain 

rate by slightly lowering the elastic modulus. 
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B. Friction 

The friction force generated between two surf aces in relative 

motion is generally accepted to be made up of two components--the 

adhesive force and the deformation force. For polymers, both terms are 

usually significant [39]. However, in this testing the adhesive com-

ponent is emphasized, since the contact geometry was a smooth ball 

riding on a smooth film. Therefore, PIB's relatively low friction 

coefficient can be explained by noting its lower shear strength and 

extrapolating that consequently less force would be required to shear 

the junctions at its real area of contact. 

The other factor which would affect the adhesive component of 

friction would be the real area of contact. The effect on friction of 

the real area of contact would partially counterbalance the effect of 

lower shear strength. For a ball on flat configuration under elastic 

conditions, PIB would have the largest real area of contact. Contact 

area equations are presented in Appendix D. Since PIA and PIC would 

have virtually the same areas of contact, the difference in their shear 

stress would suggest slightly higher adhesive friction components for 

PIA. Other factors are needed to explain PIC's higher friction. 

In virtually all tests, the friction coefficient increased slightly 

as the number of cycles increased. Calculations were made to determine 

whether the growth of the real contact area, as extrapolated from the 

dimensions of the wear track, would explain this friction increase. As 

shown in Table 12 there is an increase in the real contact area for all 

the polyi.;nides except PIC, which exhibited a slight decrease. Since 



PIA 

PIB 

PIC 

PIC 

Initial 
(Ball on Flat) 

-8 1.819 x 10 

-8 2.066 x 10 

-8 1. 777 x 10 

-8 l.777x10 
(double speed) 

Table 12 Calculated Real Contact Areas 

2 Contact Area (m ) 

2 kcycles 
(Ball in Groove) 

-8 2.134 x 10 

-8 3.150 x 10 

-8 2.333 x 10 

-8 2.297 x 10 

16 kcycles 
(Ball in Groove) 

-8 2.425 x 10 

-8 3.307 x 10 

-8 2.285 x 10 

-8 2.640 x 10 
l.J• a-
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PIC's friction coefficient increased with number of cycles, the change 

in real contact area does not account for the friction change. No 

correlation was noted between fluctuations in friction coefficient and 

real contact area. However, the real contact area calculations are 

based on the size of the wear track and do not include the effect of 

thermal softening. The build-up of heat and consequent decrease in 

elastic modulus would tend to increase the real contact area. As shown 

in Table 12 the change in real contact area does account for the fric-

tion change which accompanies wear track initiation. 

The importance of the deformation component of friction is sug-

gested by the correlation of rougher than normal wear tracks with high 

friction. The wear tracks of all these polyimides are relatively smooth 

and featureless, except that PIC tracks exhibit an occasional pit or 

hole. However, some wear tracks of each polyimide appear very slightly 

rougher than others of the same polyimide. Test results indicate some 

correlation between wear track roughness and higher friction. For 

example, for PIC tested at a radius of 1.66 cm, a rougher than normal 

wear track, noted at 2 kilocycles, coincided with a measured friction 

coefficient which was almost 2 standard deviations greater than the mean 

friction. As shown in Table 13, of the 19 roughest wear tracks, 74 per 

cent had above average friction coefficients, and 26 per cent had below 

average friction coefficients. The 14 wear tracks which exhibited 

higher friction had friction coefficients which, on the average, were 

0.84 standard deviations above the norm. Four of the tracks coincided 

with friction coefficients which were above the 95 per cent confidence 

limits. Of the five PIC wear tracks which contained a pit, four had 
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Table 13 Correlation of Friction Coefficient to Wear Track Roughness 

Number of 
.Polyimide Kilocycles Observed Friction Coefficient Average Friction Coefficient Stnd. Dev. from Mean . 

PIA 2 0.25 0.26 - 0.4 

4 0.31 0.31 + 0.3 

6 0.31 0.30 + 1.0 

8 0.33 0.30 + 1.5 

10 0.30 0.31 - 1.0 

12 0.36 0.32 + 1.3 

14 0.37 0.32 + 1.7 

PIB 2 0.25 0.23 + 0.6 

4 0.23 . 0.25 - 1.0 

6 0.23 0.25 - 1.0 

PIC 2 0.30 0.29 + 0.2 

2 0.33 0.29 + 1.8 

*4 0.31 0.30 + 0.3 

*6 0.32 0.31 + 0.2 

6 0.34 0.31 +0.8 

*8 0.32 0.32 - 0.2 

8 0.34 0.32 +1.0 

*12 0.36 0.34 + 1.0 

*16 0.34 0.34 + 0.1 

* Denotes Pitted Wear Track 
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above average friction coefficients and one had a below average friction 

coefficient. Overall, the increased roughness of the PIC wear tracks 

partially explains PIC's higher friction coefficient. 

The wear tracks produced during the PIC double speed testing are 

not mentioned in Table 13 because none showed any appreciable roughness 

on pitting. The smoothness of the double speed wear tracks may be 

partially due to the increased temperature generated at the elevated 

speed. As measured by a thermocouple placed near the wear track sur-

face, the steady state temperature ranged from 40 to 45°C during double 

speed testing and from 33 to 38°C during normal speed testing. The 

increased heat energy generated at the higher speed may have allowed the 

wear particles to form in a more ductile manner leading to a smoother 

wear track. 

Two partially counterbalancing effects, increased strain rate and 

increased temperature, influenced the friction of the high speed tests. 

The increased strain rate would tend to increase the elastic modulus, 

resulting in a smaller contact area and a corresponding decrease in 

friction. The increased temperature would have the opposite effect on 

elastic modulus, leading to a larger contact area and an increase in 

friction. Judging from friction results and contact area calculations, 

the thermal effect apparently affected friction more than the strain 

rate effect. 

Polarity may explain the higher friction for PIC. Belyi [40] found 

that extremely high friction resulted when rubbing highly polar polymers 

such as polymethylmethacrylate and polycaproamide. He attributed the 
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high friction directly to the polar nature of the polymers. Belyi [41] 

also reports that as film thickness decreases, the friction coefficient 

increases. Since PIC had the thinnest film, a slight increase in its 

friction coefficient may have been noted. 



CONCLUSIONS 

The wear mechanism was proposed to be fatigue since the polyimide 

experienced an incubation period followed by the catastropic initiation 

of a wear track. The initiation of the wear track was distinguished 

by the generation of wear debris, a sharp increase in friction coeffi-

cent, and an extremely high wear rate. The fatigue mechanism is also 

suggested by the correlation of wear rate with elastic modulus. There 

was no correlation between the energy-to-rupture parameter, sE, and 

wear rate. 

A correlation between chain flexibility and wear rate was noted. 

The more flexible the chain, as approximated by the glass transition 

temperature, the lower the wear rate. S.E.M. photographs and pitted 

wear tracks suggested that the presence of highly polar side groups 

led to higher wear for PIC. Molecular weight, or chain length, was 

not a dominant wear determining factor. For PIC, doubling the sliding 

speed increased the wear rate (per cycle) by 37 per cent. 

A correlation was observed between low shear strength and low 

friction. This is attributed to the predominance of the adhesion com-

ponent of friction for a smooth ball riding on a smooth film. The 

growth of the real area of contact explains the friction increase during 

wear track initiation. However, the growth of the real area of contact 

does not explain the slight friction increase with number of cycles, un-

less thermal softening causes greater area growth than calculated. The 

importance of the deformation component of friction is suggested by the 

correlation of wear track roughness to high friction. Increased rough-
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ness, increased polarity, and smaller film thickness contributed to 

PIC's highest friction coefficient. For PIG, increasing the sliding 

speed led to higher friction. 



RECOMMENDATIONS 

1. Tests at higher shear rates (higher sliding velocities) should 

be conducted on PIB and PIC to isolate the effect of chain 

flexibility on friction and wear properties. As the shear rate 

is increased, the tribological performance of PIB should approach 

that of PIC if chain flexibility is an important friction-and-

wear-determining factor. 

2. More work is needed to characterize the wear track initiation. 

S.E.M. examination of a wear track which is undergoing wear track 

initiation may be instructive. 

3. More work is needed to characterize the incubation period. The 

effect of different test procedures could be investigated by com-

paring incubation periods for non-stop testing to testing which 

is halted after each 100 cycles. 

4. A reliable method of monitoring temperature at, or close to, the 

sliding interface should be incorporated into future testing. 

5. The effect of molecular weight should be investigated by obtaining 

PIC with an inherent viscosity closer to PIA or PIB. 
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Film Casting and Curing Procedure 

The polymerization reaction by which the tested polyimides were 

produced is shown in Fig. 17. The supplied polyamic acids were dis-

solved in N,N - dimethylacetamide (DMAC) at a concentration of approx-

imately 15 per cent weight of polymer per volume of solvent (w/v). 

Before film spreading, the substrates, shown in Fig. 6 were cleaned 

with soap and water, with acetone, and then with DMAC. The doctor's 

blade was washed with DMAC before spreading. The solutions were spread 

using the .030" side of the doctor's blade onto type 410 stainless steel 

substrates. The substrates had been surface ground to the surface 

characterization parameters shown in Table 14. 

After spreading, the films were allowed to air dry for 24 hours, 

with provisions taken to prevent dust or contaminant particles from 

meeting the film surface. The the films were cured by heating at 70°C 

for 1 hour, 140°C for 1 hour, and 200°C for 1 hour. 
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Figure 17: Polymerization R . . eaction for Tested Polyimides 



Table 14 Surface Parameters for Steel Substrates 

CMS DATA I I RA ROUGH. IMEAN SQUARE I CRMS> I SKEWNESS !KURTOSIS I MAX PEAK 
F l LE I . D . I I AL S 0 CL A I DEV I AT I ON I I I I T 0 VALLEY 

CFN/FT/FM) f I £microns) I (microns sql Cuml I (nondlm. l I Cnondim. l 1 Cmicronsl 

-11-J]sua1-->-1:0s10-----1:1315---,,~31591--=0~114-----2~ss4-·----,:1114 
21 JJSUB2 > 1 .2285 2.6166 Cl .61761 -0.852 4.485 10.0908 
3l JJSUB3 >I .3821 3.2784 Cl .81061 -0.481· 3.837 11 .7148 
41 JJSUB4 > I. 1809 2.3545 ll .5344) -0.651 3.906 9.4397 
5l JJSU85 > 1 .1922 2.2288 ll .4929) -0.269 3.245 9.0738 
61 JJSU86 > 1 .2879 2.7390 £1 .6550) -0.069 3. 170 9.5009 
71 JJSU87 > 1 .4731 3.8227 ll .95521 -0.460 4.417 14.3215 
Bl JJSUB8 > 1 .4015 3.2126 (1 .7924) -0.595 3.538 10.3398 
91 JJSU89 > 1 .2154 2.4964 (1 .5800) -0.350 4.116 11 .2094 

101 JJSUB10 > 1 .1484 2.5837 £1 .6074) -1 .353 6.294 10.8238 

-AVERAGE---;--1:2579-----2:10s4---11~636Ti--=0:519-----3:9s1----10~3692 
STD.DEV. > 0. 1266 0.5963 £0.18101 0.379 0.998 1 .8829 

"' ~ 
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Polymer Mechanical Properties 

A set of films were cast and cured on glass, removed, and cut into 

tensile specimens. The specimens were then pulled to break in an 

Instron tension tester. The mechanical properties were obtained from 

the load-elongation curves as follows: 

1. Ultimate Tensile Strength - the load at break divided by 

original cross-sectional area of the specimen. 

2. Elongation to Break - the elongation at break divided by the 

original specimen length. 

3. Energy to Rupture Parameter - the product of the ultimate 

tensile strength and the elongation to break. 

4. Modulus of Elasticity - the initial slope of the load-elong-

ation curve multiplied by the original specimen length and 

divided by the original specimen cross-sectional area. 



Table 15 Film Mechanical Properties 

95 per cent confidence range is given in parenthesis 

Ultimate Elongation to Modulus of Energy to Rupture 
Tensile Strength Break Elasticity Parameter 

(MP a) (per cent) (GPa) (MPa) 

PIA 113.4 9.2 11.94 1042.5 
(97.3-129.5) (6.8-11.5) (9.86.14-01) (754.2-1330.9) 

PIB 86.0 8.7 9.74 749.2 
....... 

(80.4-91.5) (6.9-10.4) (9.02-10.46) (568.4-929.9) .i:-

PIC 102.9 6.5 12.39 684.3 
(87. 7-118.0) (5. 3-7. 7) (10.79-13.99) (454.8-913.8) 



APPENDIX C 

75 



76 

Table 16 Wear Data, PIA 

Wear Track Cross-sectional Area 
(mm2) 

Wear Track Radius (cm) 
kc 1.13 1.34 1.66 1.13 

2 9.000 9.750 8.000 11.10 
4 16.250 13.00 13.25 18.625 
6 20.000 16.00 16.50 22.325 
8 23.000 22.25 20.50 26.050 

10 25.25 23.25 22.75 29.550 
12 31. 75 28.25 25.00 32.325 
14 35.25 29.00 28.00 34.250 
16 39.75 36.00 33.25 36.825 



kc 1.13 

2 
4 12.000 
6 13.000 
8 13.500 

10 14.500 
12 16.250 
14 16.250 
16 17.750 
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Table 17 Wear Data, PIB 

Wear Track Cross-Sectional Area 
(mm2) 

Wear Track Radius (cm) 

1.34 1.50 

4.750 4.800 
6.025 7.200 
7.325 8.500 
9.050 9.750 

10.125 11.300 
11.200 11.500 
12.375 12.850 
13.200 13.400 

1.66 

3.700 
5.925 
7.375 
8.450 
9.650 

11.050 
11. 950 
13.775 
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Table 18 Wear Data, PIC 

Wear Track Cross-Sectional Area 
(mm2) 

Sliding m Speed = 0.63 -s 
Wear Track Radius (cm) 

Kc 1.13 1.34 1.50 1.66 

2 6.325 6.975 4.550 4.475 
4 10.750 9.875 7.700 6.275 
6 13.875 10.900 9.925 9.825 
8 16.600 18.500 13.875 11.700 

10 19.925 27.675 15.650 14.425 
12 21.450 32.450 18.025 15.275 
14 25.825 30.325 19.625 18.800 
16 30.325 39.700 23.450 24.300 

Sliding m Speed = 1. 26 -s 
Wear Track Radius (cm) 

Kc 1.13 1.34 1.66 

4 25.50 24.50 19.50 
8 32.75 38.00 27.75 

12 45.25 45.75 38.75 
16 51.50 54.00 51.00 
20 63.00 60.75 57.75 
24 69.75 71.25 72 .25 
28 81.25 76.50 79.00 
32 86.25 84.50 86.25 
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Contact Area Equations 

The contact area for a ball on a flat was estimated using Hertzian 

Contact Theory (42]. The area of contact, AR, was calculated to be 

AR 2 = na (1) 

where a is given by equation 3. The contact area for a ball in a 

groove, AG, was also estimated using Hertzian Contact Theory. The area 

is given by equation 2 below. 

AG = nab 

t3:F Kl + Kz] 1/3 

a = m A+ B 

b n = a -m 

2 

K = 
(1 - µl) 

1 ;rEl 

2 

K = 
(1 - µ2) 

2 rrE 2 

m,n = f(cose) given in reference 42 

cose = 

A+ B 

B - A 
A + B 

(2) 

(3) 

(4) 

(5) 

(6) 

( 7) 

(8) 

(9) 
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B - A = (10) 

where 

= diameter of the ball 

= negative of the diameter of the groove 

F = applied normal force 

µ1 poisson's ratio for the ball material 

µ 2 possson's ratio for the film material 

= elastic modulus for the ball material 

= elastic modulus for the film material 
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