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INTRODUCTION

In recognition of the increasing use of polymers for applications

in which their tribological properties were important, the U. S. Army*
Research Office funded a three-year research program at VPI&SU to stuay

the wear of polymers by transferred films. During this program a wear

measuring technique was developed using Neutron Activation Analysis

n (NAA) [1] The technique was capable of detecting less than one

microgram of polymer transferred to a steel counterface. Using this

technique, the wear of PCTFE sliding on a ground steel surface was

measured as a function of the surface roughness [2] and the direction of

the lay relative to the sliding direction [3]. A wear model was devel-

oped in which the polymer properties and the surface topography of the

steel were used to predict the relative wear of PVC and PCTFE which

agreed with the wear measurements [4]. At the conclusion of this re-

search it was recognized that the roughness of the steel surface was one

of the most significant factors influencing the wear of polymers, and

that models incorporating surface roughness parameters were capable of

predicting the relative wear of polymers [5].

A continuation of this research was funded by the U. S. Army Re-

search Office for the period of 1 March 1977 to 31 December 1980

GRANT DA-ARO-D-31-124-73-G170, 1 September 1973-31 August 1974

GRANT DAHCO 4-75-G-0008, 1 September 1974-31 August 1975

GRANT DAAG 29-76-G-0009, 1 September 1975-30 November 1976

Numbers in brackets refer to references listed in the Reference

section

GRANT DAAG 29-77-G-0102

1J



I

The summary of this research is the subject of this final report.

During this research a surface topography measurement system was inter-

faced with a digital computer and software was developed for the char-

acterization of surface topography. Wear models were developed to

predict the wear of polymers in single traversal experiments. Wear

measurements were compared with the predictions and found to agree

within an order of magnitude of each other. Experiments were run to

measure the wear of polymers making multiple passes over rough steel

surfaces at sliding speeds where interfacial heating was significant. A

new pin-on-disk wear machine with a greater sliding speed range and a

heated test chamber was designed and built in the latter stages of the

research. Summaries of these research activities are given in the

following sections.

SURFACE TOPOGRAPHY CHARACTERIZATION

By 1975, we had made sufficient observations of the transfer of

polymers to rough surfaces to realize that a complete characterization

of the topographical features of the rough surface was necessary if

transfer and wear models were to be developed. During this period

surface topography characterization was subcontracted to laboratories

which had the necessary measurement systems. This procedure was unsatis-

factory because of the time requiced to transport specimens to and from

the laboratories. It was also impossible to quickly monitor the rough-

ness of surfaces as they were machined in our shops. Therefore, we

acquired a surface profilometer system prior to the start of the

research summarized in this report.

The system consisted of a Talysurf 4 profilometer, a Zonic analog-

to-digital converter and fast-fourier transform (FFT) analyzer and a

2



Tetronix 4051 microcomputer. Initially digitized profile data was

analyzed using programs executed by the 4051. However, the computation

time was slow compared to the IBM 370 computer. Therefore, the inter-

face between the Zonic FFT and the IBM 370 was made and all profile data

was transmitted to the IBM 370. Software was written for the calcula-

tion of surface parameters. In addition, several special programs and

the wear model programs were prepared using the interactive, timesharing

mode of the IBM 370.

The surface parameters which are routinely calculated include Ra

(arithmetic average), RMS, skewness, kurtosis, Rt (maximum peak-to-

valley), average slope, mean peak curvature, BAC (bearing area curve,

ADF (amplitude density function), ACF (autocorrelation function), and

PSD (power spectral density). In addition, programs have been written

to calculate these parameters for only those portions of the profile

above a specified height level.

One of the spec: programs was written to recreate the actual

surface from t[h. profile by considering the shape of the stylus. The

stylus tip is a pyramid with a 90 degree included angle and a tip radius

of 2.5 pm. Thus, as the stylus moves over a peak on the surface the

radius of the profile peak is equal to the radius of the surface peak

plus the radius of the stylus tip [6]. This program uses this relationship

to obtain the actual surface topography from the profile generated by

the stylus motion.

3



SINGLE TRAVERSAL EXPERIMENTS

The wear experiments performed on the previous grants indicated

that the polymer transferred to the rough metal surfaces at discrete

sites such as high asperities on ground or bead blasted surfaces or in

abrasive scratches on polished surfaces [1]. It was also noted that in

multiple traversal experiments the polymer wear debris collected in the

low points on the surface and eventually filled in the surface to the

point where the normal load was supported by the debris. This process

was accompanied by a decrease in wear rate [2]. It was decided to

perform single traversal wear experiments so that the interaction between

the polymer and the asperities of the rough surface could be studied

without the influence of accumulating wear debris.

Single traversal wear experiments were used to observe the discrete

nature of the wear process and to provide wear measurements to compare

to values predicted by the wear mudels. The scanning electron micro-

scope (SEM) was the major tool used to observe the polymer and the

surface after wear had occurred. These observations were used primarily

as input to the wear models described in the next section. In this

section the wear experiments will be described and the results will be

discussed.

Three major single-traversal experiments were performed. In the

first experiment, PVC, PCTFE, and LDPE pins were worn on rotating steel

disks which were ground with a radial lay. The radial lay was chosen

because the sliding direction would always be perpendicular to the lay

as the disk rotated. It was believed that this relationship between the

Y
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lay and the sliding direction would be easiest to model because surface

profiles taken perpendicular to the lay would be representative of the

surface that the polymer pin encountered. The experimental conditions

and the wear results for Experiment I are described in Appendix A,

Table Al and Ref. 4 and 7.

In the second experiment, PVC, PCTFE, and LDPE pins were worn on

rotating steel disks which were ground with a unidirectional lay. In

these experiments it was desired to have several disks ground to surface

roughnesses which were as alike as possible. 3y grinding several disks

at once on a surface grinder uniformity was obtained. The disks with

the radial lay in Experiment 1 were ground one at a time on a cutter and

tool grinder so that uniformity was difficult to achieve. When the

sliding direction was parallel to the lay direction the wear rate decreased

sharply; thus the wear rate was not uniform over the circular wear path.

In Experiment 2 the normal load and apparent area of contact were chosen

so that all polymers had a ratio of calculated real area to apparent

area, BAR, of 0.11. A constant BAR was chosen so that the wear of each

polymer was a result of encountering the uppermost parts of the surface

to the same extent. In half of the experiments, the steel disks was

vapor deposited with a 50 pm thick coating of poly (chloro-p-xylylene)

prior to th2 wear test. The experimental conditions and the wear results

foi experiment 2 are described in Appendix A, Table A2 and in Ref. 8.

In the third experiment, PVC pins with molecular weights of 40,000

and 70,000 were worn on rotating steel disks which were ground with a

unidirectional lay. In these experiments the BAR's were varied by

changing the normal load and the apparent area of contact. Since there

5
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was no difference in the yield strengths of the PVC with the different

molecular weights the same loads and apparent areas for each resulted

in the same BAR. Therefore, the wear rates of the polymers as a function

of molecular weight were compared at the same load and BAR. The descrip-

tion of the experimental conditions and the wear results are given in

Appendix A, Table A3.

"* One purpose for collecting the data from these three experiments in

this report is to be able to compare results from the different experi-

ments and to examine the variability of the measured wear rates. Some

of the data in these experiments are presented and discussed in the

following paragraphs.

4In Experiment 1 the highest wear rates were recorded on disk 19.
I

The surface roughness parameters indicated that disk 19 had the largest

positive skewness, and the largest peak-to-valley height of any of the

disks. The penetration of the steel asperities into the polymer was

also calculated to be higher than any of the other polymer-disk combina-

tions. Hence, the high rates of wear on disk 19 were consistent with

its surface roughness.

However, the data do not show a consistent relationship between the

relative wear rates of PVC and PCTFE. Evidence of this inconsistency is

given by the following examples. The data obtained on disks 19 and 31

1permitted a direct comparison of the wear of PVC and PCTFE on the same
portion of each disk. On disk 19, for the same normal load and apparent

J area of contact PVC had twice the wear rate of PCTFE. On disk 31, PVC

had twice the normal load as applied to PCTFE for the same apparent

6

I



*11

areas, and its wear rate was only 50 per cent greater than that recorded

for PCTFE. PCTFE was also run on disk 31 at the same normal load and

apparent area as PVC and the wear of PVC was only 20 per cent larger

than that of PCTFE. Disk 33 produced a reversal in the wear of PVC and

PCTFE. With the same load and apparent area the PVC wear rate was 30

per cent less than that of PCTFE. These apparently inconsistent results

were originally explained in terms of the maximum penetration of the

steel asperities into the polymer [4]. However, this explanation was

not confirmed in Experiment 2. The data in Experiment 2 for PVC and

PCTFE at the same depths of penetration showed no difference in the wear

rates of these two materials. In Experiment 2 the same penetration

depths were achieved by having the apparent area of PVC equal to 0.22

that of PCTFE for the same normal load.

The above observations prompt a basic question: What conditions

should be chosen to measure the relative wear of polymers against hard

rough surfaces? If one considers the use of a polymer in a specific

application, an appropriate response to this question would be that the

apparent pressure must be the same (normal load divided by the apparent

area of contact). Testing under constant apparent pressure would be

consistent with the intended use of the polymers, vis. the load and

apparent area would be dictated by the design requirements and the

chosen geometry for the component.

However, if the relative response (wear) of polymers to surface

4. roughness is desired, then it is important that the different polymers

experience the same roughness features. In this case, an appropriate

,
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response to the above question would be that the bearing area ratio must

be the same, thereby, assuring that sufficient pressure has been applied

to each polymer to cause it to be penetrated by the surface features to

* the same depth. It was this latter response to the question which re-

sulted in choosing a constant bearing area ratio of 0.11 for Experiment

2.

In Experiment 3, several wear measurements were made on one disk

with the same polymer pin. Because of the conical shape of the pin, the

apparent area increased during each measurement and the bearing area

ratio tabulated in Table A3 is the average for each test. The wear rate

data has been plotted as a function of BAR for disk A in Fig. 1. For a

load of 19.6N it is noted that the wear rate increased for increasing

BAR. Where data existed for both molecular weights of PVC at the sjme

BAR, the lower molecular weight PVC had a higher wear rate. For these

data at the same normal load the BAR was increased by decreasing the

apparent area of the pin. Fig. 1 also shows that reducing the load and

the apparent area to obtain the same BAR's as at the higher load, re-

sulted in lower wear rates for the lower normal loads.

The wear rate data in Fig. 2 for disk C extend out to larger BAR's

than the data plotted in Fig. 1. The surface characterization parameters

for disk A and C are similar and the magnitudes of the wear rates on

disk C were in agreement with those measured on disk A. However, the

increase in wear rate with BAR appeared to reach a peak between a BAR of

1 0.3 and 0.4. The scatter in the data is so large that it cannot be

determined whether the wear rate stayed constant or decreased after the

peak. This observation will be noted again when the wear models are

8
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discussed in the next section and Appendix B. The scatter in the data

makes it impossible to state that there is any significant difference in

the wear rates caused by the different molecular weights.

The wear rates for both molecular weights and disks MB and ME are

shown in Fig. 3. The increase in wear rate with increasing BAR is the

same trend as observed on the rougher disk A and C. Again, the scatter

in the data makes it impossible to measure a difference between the two

molecular weights. A ;omparison of the data on the disks MB and ME with

the data on disk A id C stiow that wear rates on the rough disks are

almost an order of v <. rude larger than those on the smoother MB and ME

disks at comparaole loads and BAR's.

After examinir, the single-traversal wear data, one cannot help but

notice the random nature of the wear rate data. Even repeated tests on

the same surfaces with the same experimental conditions did not result

in consistent wear rate results. This randomness of the wear process

was a function of the randomness of the ground surface. Unfortunately,

the sampling of this surface topography by a stylus profilometer result-

ed in a mechanical filtering of the topography information by the stylus

geometry. It is believed that the surface features not detected by the

stylus are the major contributions to the randomness of the measured

single traversal wear data.

[ On the other hand, the roughness that was measured by the pro-

filometer was found to correlate quite strongly with the observed wear.

The comparison of the wear rates in Figs. 2 and 3 for rough and smooth

surfaces illustrate this correlation quite well. The implications of

these two observations on the modeling of wear will be discussed in the

I next section.
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WEAR MODELS FOR SINGLE TRAVERSAL SLIDING

One of the objectives of the research on polymer wear on rough sur-

faces was to characterize surface roughness with several parameters and

then determine which parameters best correlated with the wear measure-

ments. For example, the wear rate of PCTFE was found to correlate with

the Ra and the average slope of the rough surface [2]. However, it was

soon realized that the interaction between the polymer properties and

the surface topography was important in the wear process. Therefore,

ithe wear rates of PCTFE and PVC were related to the depth of penetration

of the surface asperities into the polymers [4]. At the same depths of

penetration the wear rate of PVC was higher than that of PCTFE. This

wear rate difference correlated with the inverse of the energy-to-

rupture for these polymers.

The next step in the modeling of single traversal wear was based on

the observed deposit angles 0 of polymer transferred to a rough surface,

which were significantly different for PVC, PCTFE, and Nylon 6-6 [4].

The wear at each individual penetrating asperity was modeled as a wedge

of polymer. The cross sectional area of the wedge was a right triangle,

with a height p equal to the depth of penetration of the asperity into

the polymer and the base equal to pi/tan 0. For single traversal slid-

ing one wedge of material was assumed to be produced at each asperity.

This model was used to calculate wear rates on surfaces on which the

polymers had been worn (Appendix A, Table Al). A comparison of the

calculated and measured wear rates showed that the predicted wear rates

were in agreement with the measured wear for PCTFE, an order of magni-

tude less than measured wear for PVC, and ranged from a low of a fifth

13



of the measured wear to a high of 20 times measured wear for LDPE.

Detailed explanations of these results are given in Ref. 8.

This wear model represented a major change from the objective of

correlating wear rates with surface parameters or polymer properties. In

this model, we attempted to predict the wear rate given certain polymer

properties such as yield strength and the deposit angle, the profiles of

S...the rough surface in digital form, and the normal load. The fact that

the predicted wear rates were in good agreement with the measured wear

rates for at least one of the polymers tested encouraged us to consider

refining this model to correct some of its deficiencies and to include

I
some additional features. This refined model is included as Appendix B

in this report.

Some of the significant features of this new model were as follows.

Only those penetrating asperities which had a slope within the depth of

penetration greater than the deposit angle were assumed to produce a

wedge shaped wear particle. This criterion for wear particle formation

accounted for the possibility of polymer deforming and passing around a

penetrating asperity without removing a wear particle. The number of

I
wedge shaped wear particles which could be produced at a penetrating

asperity was limited either by the sliding length of the polymer which

the asperity encountered or by the volume of the space between the poly-

mer and metal surface adjacent to the penetrating asperity. The sliding

motion was assumed to force the particle in the valley adjacent to the

asperity and the particles would continue to accumulate until either the

polymer ceased to contact the asperity or until the space was filled

14



with particles. In the model, the wear from an asperity ceased when

there was no more space for wear particles to accumulate.

By including the debris transport in the model, the model was now

equally applicable to single- and multi-traversal sliding. For the

latter, it was only necessary to multiply the length of the slider

measured in the sliding direction by the number of traversals.

A final feature of the model was based on the correlation of poly-

mer wear in single traversal tests with the elongation-to-break for the

polymer. The rate of production of wear particles at a penetrating

asperity was assumed to be proportional to the elongation-to-break for

the polymer. However, the proportionality constant could only be deter-

mined experimentally and the constant was found to be significantly

different for PVC and PCTFE. Thus, it was concluded that the properties

of the polymer, the surface roughness, and the load were not correctly

related in the model.

Given several profiles from a surface, the model predicted the

variability in wear rates observed in wear experiments. In addition,

the model correctly predicted the change in wear rate that occurred as a

function of bearing area ratio as shown in Fig. B-8.

A successful wear model must be able to predict quite different

mechanisms of transfer. For example, in Appendix B and in Ref. 7 the

different mechanisms of transfer of LDPE and the more brittle polymers

PCTFE and PVC was noted. LDPE transferred at the points of contact and

tended to adhere or mechanically interlock with the asperity. The

result was that little subsequent wear occurred at that site. The wear

particles for the other two polymers were easily pushed down from the

15



peak by the oncoming material and a succession of wear particles were

produced, which was the process modeled by the wear model. Any further

development of wear models must include some method of predicting this

difference in the movement of the debris from the point of formation

into void spaces.

Debris transport becomes a significant factor in determining the

wear rates in multiple traversal experiments. If debris is permitted to

accumulate in the valleys between peaks it will eventually support some

of the normal load and modify the wear rate. If the debris is removed

from the valleys by centrifugal forces, flowing gases or liquids, or bv

the frictional force between the sliding polymer and the debris, the

wear rate may be constant over long running times. In the next section

initial multiple-pass sliding experiments are described.

16
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MULTIPLE TRAVERSAL SLIDING

While single-traversal sliding represents one of the least complex

systems to study and model, the more common sliding system involves

multiple traversal sliding. In multiple traversal sliding the transport

of the debris out of the wear track can have a significant influence on

the steady state wear rate of the system. Since wear debris transport

was not significant in single traversal sliding, and hence could not be

studied in these systems, two multiple traversal experiments were per-

formed. One experiment involved the sliding of low density polyethylene

(LDPE) on surfaces with R values from 0.06 to 1.16 pm at two slidinga

velocities, 0.32 and 1.28 m/s. [9] The second experiment involved the

sliding of two different number molecular weights of PVC, 70000 called

PVC I and 40000 called PVC II, on surfaces with R values from 0.15 to~a

1.27 vm at sliding velocities from 0.1 to 1.4 m/s. The manuscript de-

scribing this research is included in this report as Appendix C.

The conclusion of both studies was that the wear rates increased

with increased surface roughness and with increased slidirn speed. The

wear mechanism on the rough surfaces was similar for b. .} polymers. The

high ridges on the steel surfaces were the sites of wear debris gener-

j ation although it was not clear whether the wear particles were removed

by a cutting action on each pass of the polymer or whether wear particles

resulted after multiple encounters with asperities or both. Debris

particles accumulated in the valleys near the high ridges and occasion-

ally large mass of wear debris collected on the ridges. Debris particles

were moved from the wear track to the surface of the steel disk outside

the wear track. The particle sizes were much larger than the spaces

1
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between the highest asperities on the surface indicating that smaller

particles agglomerated to form these larger particles. This agglomer-

ation was more prevalent from LDPE than PVC. SEM photos of these obser-

vations appear in [9] and Appendix C.

On smooth surfaces the wear mechanism consisted of an initial

transfer of polymer to a site on the surface and the growth of these

deposits on subsequent passes of the polymer over these sites. However,

LDPE deposits often grew into continuous films on the surface while the

PVC deposits grew in isolated sites but were removed before they could

grow into continuous films. The LDPE films were observed to break up

thus exposing the metal surface for continued transfer. Thus, on smooth

surfaces an initial transfer was followed by growth due to continued

transfer, and the subsequent detachment of a wear particle. In con-

trast, on the rough surfaces transfer and growth seemed to play a small

role in the wear process.

The influence of sliding elocity was primarily through the gener-

ation of heating at the interface and the resulting temperature rise.

Temperatures were calculated using the Archard flash temperature model

(See Appendix Cl for temperatures calculated for PVC). The calculated

temperatures were well below the melting temperatures of both LDPE and

PVC. While the calculated temperatures were always above the glass

transition temperature T for LDPE (-120C), they were always below the
g

T 9for PVC (74C) except at the highest sliding speed on the roughest

surface. It was found that the wear rate of PVC I was significantly

less than that for PVC II unless the calculated temperature was greater

than its T . In this case there was no significant difference in the

g
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wetr rates of PVC I and II. When the temperature exceeded T the molec-
g

ular chains became much more mobile and the generation of wear particles

became a function of interchain slip resistance rather than intrachain

scission.

It was noted that the wear of PVC I was significantly less than

that for PVC II in the multiple pass experiments. However, in the

single traversal experiments the scatter in the results was large enough

that no significant difference could be observed as a function of molec-

ular weight. One explanation for the larger variability in the single

traversal experiments is that the number of individual events which are

integrated in the total sliding distance is small compared to the number

of events in the multiple pass experiment. The measured wear rate is an

estimate of the true wear rate for the system. The measure is more

reliable as the number of events which are included in the integration

is increased. Thus, the multiple traversal experiments provided a more

reliable statistical sampling of the wear events, and permitted the

detection of the influence of molecular weight on wear.
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PIN-ON-DISK WEAR MACHINE

During this research project two types of wear experiments were

run. One type was the single traversal experiment in which the sliding

velocity was less than 1 cm/s. The other type was the multiple trav-

ersal experiment in which the sliding velocities ranged between 0.1 and

1.4 m/s. One pin-on-disk wear machine was used for both these types of

experiments. This wear machine was capable of a continuous speed varia-

tion over a range of 30 to 400 RPM. A 100:1 geared speed reducer pro-

vided a second range of 0.3 to 4 RPM. The former range was used for the

high speed experiments and the latter range for the low speed experi-

ments. The change over from the high range to the low range required

that a shaft be replaced with the gear box, a procedure which required

repositioning of various components in the drive system. In addition,

the existance of only one machine meant that only one experimenter could

be doing wear tests at a given time. To provide the opportunity for

running low and high speed experiments simultaneously, it was decided to

design and build a second pin-on-disk machine.

The new machine has several features not available on the old

machine. The drive system utilizes a variable speed transmission which

is connected to the disk drive shaft by timing belts and pulleys. Three

pulley combinations provide speed ratios of 11:1, 1:1, and 1:11 which in

combination with the variable speed transmission provide a maximum

rotational speed of the disk of 4400 RPM and a minimum speed of 3 RPM.

Thus, the new machine can achieve sliding speeds as high as 10 m/s at a

radius of 2.2 cm.

20



In the old machine, the normal load was applied by dead weight

*loading by placing mass on a platform located directly over the pin. At

high rotational speeds, the runout of the disk caused the mass to accel-

erate and decelerate vertically, thus creating a variation in the force

between the pin and the disk. For example, assume that the load between

2
the pin and the disk is given by MAw sint + Mg where M is the mass used

for the dead weight load, A is the amplitude of the runout of the disk

and w is the circular frequency of rotation. For a rotational speed of

2000 rpm and an amplitude of 0.001 cm the ratio of the term Aw2 to g is

0.04. However, at 4000 rpm the ratio is 0.18, i.e., there is almost a

20 per cent variation in the normal load caused by the runout. Because

one of the primary uses of the new machine was to be high speed testing,

one of the criterion for its design was the minimization of the normal

load variation due to runout.

One method of controlling runout is to improve the accuracy of

machining the disks and decreasing the runout of the platform on which

the disk is placed. While both of these methods were used, it also

decided to use a pneumatic loading system to reduce the inertial mass

attached to the pin. The total inertial mass was reduced to 32 gm. At

4000 rpm and an amplitude of 0.001 cm. the variation in force is 0.056N,

thus, if the applied load is 4.9N (equivalent to a dead weight mass of

0.5kg), the load variation is one per cent due to this runout.

The friction force was measured on the old machine by the strain in

a cantilever spring which resisted the friction force. In the new ma-

chine, the loading assembly for the pin is fastened to a cantilever
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beam. The deflection of the cantilever beam by the friction force is

measured by a proximity sensor. A proximity sensor is also used to

measure the change in length of a pin during a wear experiment. This

measurement permits the monitoring of the wear continuously during an

experiment and would provide a measure of volumetric loss which could

complement a weight loss measurement.

The new machine also has a chamber which surrounds the disk and pin

which can be heated to 300 C. The temperature is controlled by a thermo-

couple in the chamber and an electronic controller. A cut-away view of

the machine is shown in Fig. 4.
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CONCLUSIONS

The conclusions from the research have been stated in each of the

previous sections, in the manuscript in the Appendices, and in the pub-

lished papers listed in the Reference section. In this section conclu-

sions based on the overview of the research program will be stated.

While progress has been made in the understanding of the interaction of

the polymer with rough surface through experiments and wear models, the

goal of being able to predict wear rates from standardized properties of

polymers and detailed characterization of rough surfaces is as elusive

as ever. The modeling of single traversal wear for certain types of

polymers is still dependent on one or more constants which are deter-

mined from wear tests. In addition the single traversal wear tests have

an inherent randomness which cannot be modeled. A major limitation is

caused by the mechanical filtering of the surface by the profilometer

stylus geometry.

No models have been formulated for multiple traversal sliding as

yet, but it is clear that such models must incorporate mechanisms of

debris transport within and to the outside of the wear track. The

interaction between the asperities of the rough surface and the polymer

are still the fundamental event to be modeled. However, in multiple

traversal sliding a model which requires multiple encounters with an

asperity before a particle is produced may be more realistic than the

single encounter wear particle model used in the single traversal wear

models developed in this research. Thus, future research will concen-

trate on the multiple traversal sliding and the modeling of this

system.*

ARO Contract DAAG 29-80-C-0115, 14 April 1980 - 13 April 1983
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TEST CONDITIONS, EXPERIMENT I

Disks were 1018 steel, ground with a radial lay. Surface topog-

raphy parameters are the averages of four profiles taken perpendicular

to the lay direction.

Experiments were performed on a pin-on-disk apparatus. The polymer

pins were truncated cones and the diameters of the apparent areas of

contact are tabulated as A dia. Polymer properties are summarized in
a

the following table:

, PCTFE PVC LDPE

Yield Strength (MPa) 23.1 103. 5.70

(0.2% offset)

Elongation to Break (m/m) 1.25 0.26 1.03

Energy to Rupture (MPa m/m) 41.8 24.8 9.6

The bearing area ratios were calculated from BAR = W/3YA wherea

W = normal load, Y = yield strength.

The experiments were single-traversal wear paths formed by moving

the pin radially each revolution of the disk. The average sliding speed

wa 0.94 cm/s. The polymer transferred to the disk was measured using

Neutron Activation Analysis.

Experiments on disks 1, 2, 3 and 5 were run at a different time and

by a differen- student than those run on other remaining disks.
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TEST CONDITIONS, EXPERIMENT 2

Disks were 1018 steel, ground with unidirectional lay. Surface

topography parameters are the averages of four profiles taken perpen-

dicular to the lay direction.

Experiments were performed on a pin-on-disk apparatus. The

polymer pins were truncated cones and the diameters of the apparent

areas of contact are tabulated as A dia. Polymer properties are thea

same as those in Experiment 1. The loads, apparent areas, and polymers

were selected so that the bearing area ratios for all tests were 0.11.

Other experimental conditions are the same as in Experiment 1.

On the disks XX2, a coating of poly (chloro-p-xylylene) approxi-

mately 50 nm thick was applied by vapor deposition prior to running the

wear experiments.

9
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il
TEST CONDITIONS, EXPERIMENT 3

Disks were 1018 steel, ground with a unidirectional lay. Surface

topography parameters are the averages of four profiles taken perpen-

dicular to the lay. Experiments were performed on a pin-on-disk appa-

ratus. The PVC pins were truncated cones and the diameters of the

truncation are tabulated as A dia. Wear was determined by mass loss on
a

a microgram balance which had a sensitivity :f + 4 wg. In the experi-

ments a significant change in the apparent area occurred during the run.

The A dia. is recorded at the beginning and end of the test and the BARa

tabulated is the average of the beginning and ending BAR's (which is

different from the BAR calculated from the average diameter). On the

rough disks 2 or 3 revolutions were sufficient to obtain a wear measure-

ment. Hence several non overlapping spiral wear tracks could be run on

one disk. On the smooth disks several revolutions were required to get

measurable wear and only one to three measurements could be made on the

disk.

The transferred PVC was dissolved off the disks so that replicate

experiments could be run. Some disks were cleaned several times and

data was obtained on the same surface to obtain a measure of the vari-

ability of the wear. Two students obtained the data in Table A3. The

properties of the PVC I and II are summarized below.

PVC 1 (70000 MW ) PVC 11 (4000(0 MWn

Tensile Strength at Yield, MPa 60.4 60.9

Elongation to Break, m/m 0.66 0.31

Modulus of Elasticity, GPa 3.84 3.88
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APPENDIX B

A model for the Abrasive Wear of Polymers

[Based in part on a dissertation by J. H. Herold submitted to

VPI&SU in partial fulfillment of requirements for the degree of

Doctor of Philosophy, June 1980]



ABSTRACT

A model for the abrasive wear of polymers is developed. The model

uses digitized profile data from the abrading surface, the mechanical

properties of the polymers, and the applied load. The ability of the

model to calculate the filling of void volumes on the surface gives the

model the capability of predicting a reduction in wear rate for repeated

traversals over an abrading surface, of predicting the change in wear

rate with sliding direction on pins with noncircular cross-section, and

of predicting the change in wear rate as a function of bearing area

ratio.
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NOMENCLATURE

A = apparent area of contacta

A = real area of contact
r

b = length of a wear particle

c = proportionality constant

d = sliding distance

D = slider width

e = cross section area of void space
I

E = volume of void space

f = cross section area of wear particle

F = accumulated volume of wear particles

G = particle formation rate factor

h = height of a wear particle

k = wear coefficient

L = profile length

n = number of penetrating asperities

N = number of asperities producing wear particles

p = penetration depth (maximum if unsubscripted)

Pm = flow pressure

R = radius of a circular track

R
a = arithmetic average roughness

S = slider length

Tg = glass transition temperature

V = total wear volume

W = normal load

39
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Y = yield strength of polymer in tension

Z = number of repeated traversals

c = elongation to rupture

0 = slope of the asperity

$ = polymer deposit angle

Subscripts
~thJ

i = values at the i asperity

4
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INTRODUCTION

Abrasive wear occurs when a hard, sharp particle cuts or displaces

material from the polymer. The simplest form of abrasive wear occurs

during single traversal sliding (the slider is continuously exposed to

new surface). In single traversal sliding the wear of the polymer is a

direct response to the interaction of the hard surface topography and

the polymer properties.

Most single traversal sliding experiments are performed at the

sliding speeds less than 1 cm/s to avoid heating the polymer and chang-

ing its mechanical properties. Investigators have correlated wear in

single traversal sliding with polymer properties such as the inverse of

1
the product of the stress and elongation at rupture [1-3]1 , the cohesive

energy [41, the flexure modulus, and the inverse of the yield strain

[5]. Investigators have also correlated single traversal wear with

surface topography features such as the average slope of the asperities

and the arithmetic average roughness R [2,6], and the ratio of thea

standard deviation of the asperity heights to the average radius of the

asperities (7].

Models of single traversal abrasive wear incorporate the polymer

properties and the topography of the hard surface or parameters derived

from the surface profiles. A model based on derived surfaces parameters

is expressed by Eq. 1.

V = kWd tan e /pm (1)

where V is the wear volume, k is a constant which accounts for that

iNumbers in brackets designate References at the end of the paper.
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f ract ion of thle de I ormed maiter ial1 whichI is removed f rom thle system, W is

Vthle no~rmal load, d is thti -s i d ing Li istance , L ;t 1 is Lthe ave rage s p

of the ispvrities, and p) is the flow pressure of the( polymer [2,81.

However , the Iline ar relIat ion between V aind tan his11, noi been cxper iMen-

tallY ver if ied. The wear, V, was found to, be proportional to) tanl to al

power greater than one 12, 61 . In general , ai mode I such is that expressed

b%, Eq. 1 contains a constant which must be (.valunated _or each polvimer in

a wear experiment.

A wear model, based on the computer profile informat ion, identified

aisperities which penet rated the polI mer and then ci I ul a ted the polymer

weair at each ispe-rity by assumin~g t hat tit KWear .irt icle,, We.re we(dieL

shaiped I9] The volume' (1 wear is exj'rcs-.d Ir\ LH.

V d p). 10121. tanil 2

tit
where p) is the depth of penet rat ion oif the i ase vinto thle p

fler, D is the width of t he pol vmer sl ider , 1, is the lengthI of the, siir-

faice sampledl, and ~.is the deposit angl e ot the transfcrred polvmcr a

masre vb Warreni Jl .

The depjosit angle was shown to be proport ioii,tl to the 1inver5,4 t

thf t.nvrlg; t, rupture tor a given pol VMir . Itie ma .or imlprovemnilt 0the,

mTodele.:rIs' by Eq1 . 2 ,ve~r thait iven'T by FKg. I , is that no experi

ik-t .il 1. litt-rmiiiei weair '.f~t ic ient is nede', ,, evaluiate F1g. 2. The

wear ot thiree polIvrrrs, pol vviil ( Woride (PVC(), ]OW deisitvoI Vetliv I-

tu1e (PEi nd p~o I\ch-iorotrifiliioroeitliv Jenet (PCHT11) were- pred icted tc



within a factor of five of measured wear over a range of bearing area

ratios (BAR) from 0.1 to 0.3.

There were several assumptions made in the model expressed by Eq. 2

which were responsible for the limited range of BAR over which predic-

tions were in best agreement with experiments.

1. Every asperity which penetrated the polymer produced a wedge-

shaped wear particle.

2. There was only one wear particle produced regardless of the

length of polyme" which slid past the asperity.

3. The volume of the wedge was a function of only the pene-

tration depth of the asperity into the polymer and the deposit

angle.

4. The wedge was produced regardless of the availability of space

for the particle to reside in the region between the polymer

and metal surfaces.

The major purpose of the work reported in this paper is to develop

a new model in which the above assumptions are relaxed. An experimental

study is described in which the shape and rate of generation of polymer

debris particles was observed. The description of the model is followed

by its mathematical formulations.

OBSERVATIONS OF WEAR PARTICLE FORMATION

When the transfer of polymer to an abrading surface occurs the

geometry of the transferred material and the frequency at which it

transfers is a function of the polymer properties and the surface topog-

raphy. If the abrading surface is a ground surface, the effect of the
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randomness of the surface features is confounded with the effeLt of the

variability of the response of the polymer in determining wear. To

isolate the latter effect, an experiment was performed in which the

abrading surface consisted of parallel ridges of the same geometry.

The surface was of a triangular form with 45 deg. flank angles as

shown in cross section in Fig. Bl. The surface was made up of 200

sheets of 25.4 pm thick stainless steel which were clamped to the appropriate

angle in an apparatus. This geometry provided a peak-to-peak spacing of

36 pm with an R of 4.5 pm.a

Six polymers, PVC, PCTFE, Nylon 6-6, LDPE, polytetrafluorouthylene

(PTFE), and polyoxymethylene (POM) were fabricated into pins which were

trunm ated cones. The pins were traversed across the abrading surface at

approximately 1.0 cm/min. The normal loads were selected to result in a

BAR = 0.1.

All the experiments were carried out under ambient lahoratorv

conditions, the ambient temperature being about 240 C. At th'; tem-

perature, PVC, PCTFE, and Nylon 6-6 were well below the'r glass trai-

sition temperatures, T 's, 87, 45, and 50 C respectively, a state r-g

ferred to as glassy. PTFE, LDPE, and POM were tested above their T ' i,

-50, -126, and -50 C respectively [10]

The three polymers tested at temperatures below their T 's allg

exhibit the similar phenomenon of discrete, uniform sized wear debri, .

The PCTFE debris of Fig. B2 is a particularly ,ood example of the dis-

crete polymer wear process which was found to be characteristic of the

wear of -'assy polymers. The top of this photograph rcprescnt s the
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region near the edge of the polymer pin prior to sliding. The increas-

ing amount of debris in the grooves toward the bottom of the photograph

was a result of the lower ridges having more sliding contact with the

polymer than the upper ridges. The important feature of the debris is

its discrete, lumpy form. It is this wear in discrete lumps, idealized

as wedges, that this wear model will attempt to simulate.

The LDPE of Fig. B3 and the PTFE of Fig. B4 exhibit drawing of the

polymer into sheets and strands respectively. It is obvious that these

polymers, tested above their T 's, do not exhibit the characteristicg

mode of wear of glassy polymers. For this reason, the model of abrasive

wear described in this paper is applicable only to the wear of glassy

polymers.

WEAR MODEL

The wear model is based on the following sequence of events.

First, the normal load causes some of the asperities on the rigid sur-

face to penetrate the polymer until the real area of contact is suf-

ficient to support the load. Second, some of the penetrating asperities

will produce wear particles when tangential motion occurs. Third, wear

particles are produced until the volume of space adjacent to each of

these asperities is filled with wear particles. The models for such of

these events are discussed in the following sections.

Penetration Depth

When a normal load W was applied to the polymer, the asperities of

the abrading surface penetrated the polymer until the real area of

contact A was sufficient to support the load. The relation between Ar r

and W was given by A = W/pm , the flow pressure, was assumed to he
r m
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constant and equal to three times the yield strength Y of the polymer in

tension [11].

The A is usually less than the apparent area of contact A whichr a

defines the maximum value of A . The ratio A /A is the BAR which was
r r a

given by

BAR = W/3YA (3)
a

For an ideally flat polymer surface and a given normal load the

asperities of the rough surface penetrated to depth pi at which the Ar

was sufficient to support the load. The relationship between the real

area of contact and the penetration depth, p, of the highest asperity is

a statistical height parameter of the rough surface which is called the

bearing area curve (BAC). Therefore, given a BAR value and the BAC for

the metal surface, the penetration depth, p, of the highest asperity can

be determined. Figure B5 shows three BAC's for ground steel surfaces,

each of a different roughness.

In the wear model, the BAR was calculated using Eq. 3. Thus, the

normal load, polymer yield strength in tension, and the apparent area of

contact were inputs to the model. The BAC was calculated from digitized

profiles of the rough surface. The BAR and the BAC determined the

penetration depth, p. Then, the profile was searched and all pene-

trating asperities were identified and their penetration depths p. were

calculated.

G;eometry of Wear Particles

There are two necessary conditions for the generation of wear

debris. First, the asperity must penetrate the polymer. Second, of

that portion of the asperity penetrating the polymer, the cutting side
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must have a slope, 8, greater than the deposit angle ¢ for the polymer.

Therefore, unless the slope of the asperity at its peak is greatter than

the deposit angle, the height of the wear particle i. will bc . than

the penetration of depth pi as shown in Fig. B6.

In this model it was assumed that a rectangular cross-section,

polymer pin slid over an abrading surface which consisted ot parallel

ridges. The sliding direction was assumed perpendicular to the direction

of the ridges. Hence, the asperity shown in Fig. B6 is the cross section

of a ridge. The area of the wear particle is f.. The volume of the

wear particle is the area f. multiplied by the pin dimension I) per-

pendicular to the sliding direction.

The implementation of this part of the wear model by the computer

is as follows. For each penetrating asperity identified in the previous

section, the asperity slopes were calculated at successive points. Mhen

the slope exceeded the deposit angle for the polymer the wedge area f.
I

was calculated by numerical integration. The wedge volume was calcu-

lated by Df..
1

Wear Particle Formation Rate

To aid in understanding this section, five terms related to length

and distance will be defined. The sliding distance d is the total dis-

placement of the slider relative to the abrading surface. The prolile

length L is the length on the abrading surfice which was sampled with

profilometer to obtain the profile data. The wear particle length h. is

11 defined in Fig. B6. The slider width D is the dimension of the slider

perpendicular to the sliding direction. l he ;, ider length S is the

dimension of the slider parallel to the slidino direction.
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The wear particle formation rate is a function of the sliding dis-

tance necessary to produce a wear particle at a given asperity. This

sliding distance was defined as the product b.Gc where F is the elon-1

gation to rupture of the polymer and G is a constant. The length of the

wedge was included in this product because short wedges should be gener-

ated more frequently than long wedges. This statement is equivalent to

stating that the number of wear particles which can be generated in a

given sliding distance is larger for small particles than for large wear

particles.

The E was included in this product to permit the wear rate to

reflect the dependence of polymer wear on c observed by other research-

ers. Ratner et al. [1] state "...the act of wear as a separation ol

particles occurs only when the elongation brought about bv the abrasion

exceeds the breaking elongation of the material..." The constant C must

be determined by an iterative procedure in which different values of G

are assumed until the predicted and measured wear rates agree. rhTCe

calculated values of G for PVC and PCTFi are compared in a later sec-

tion.

In a single traversal wear test, the maximum length of polymer that

an asperity encounters is the slider length S. Tn a multiple traversal

wear test, the maximum length of polymer that an asperity encounters is

ZS where Z is the number of repeated traversals. In this model, it is

assumed that wear particles are produced until the wear particle volume

exceeds the void volume adjacent to the asperity. If the tot;l volume

i (d wear particles is less than the adjacent void volume then the number

of wear particles produced is given by ZS/b.(L.

' 5
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The computer implementation of the wear particle formation rate

required a calculation of the void volume immediately adjacent to the

asperity as well as the wear wedge volume. The computer summed the

wedge volumes produced for the given sliding distance. When the ac-

cumulated wedge volume equaled or exceeded the void volume associated

with the asperity, the wear associated with tile asperity was set equal

to the void volume. If the sliding distance was less than that neces-

sary to fill the void volume then the wear at that asperity was the

accumulated wedge volume.

Mathematical Formulation of the Wear Model

th
The wear volume for the i asperity, V., is the smaller of the

void volume E. and the accumulated volume of wear particles F..1 1

V. = min(Ei. Fi) (4)

The void volume E. is given by:
1

E. = De. (I)

Where e. is the void area adjacent to the i t h asperity as shown in Fig.i

B6. The accumulated volume of wear particles F. for a single traversal1

(Z=1) is given by:

F. = (S/Gb i)(Dfi ) (6)

where the term in the first parentheses is the number of particles and

the term in the second parentheses is the volume of one particle. The

total wear volume is given as:
N

V = (d/L) V. (7)
i=l

where d/L is the ratio of the total slidinvl distance to the sampled

portion of that distance and N is th11 ntiM lbe of asperities producL 1in',

wear partic lts in the profile simplI IL'l ,th I..
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MODEL GENERAL. I ZAT I ON

In the wear model expressed by Fqs. .- 7 th povier pin w assmed

to have a rectangular cross set'tion. Addi i,n;aI v it t; d ais lt

the polymer was traversed in a direct ion norni-I to tht lay of ,, griund

surface. In the following sect ions thl n'd,,I was, gentra 1 i, d to incl Iude

sliding in directions not perpendicular to ) ti t ,,a~ dir,.t ion and l,,!.vmer

pins with a circular cross section.

Sliding Direction Relative to Lay

For a sliding direction at a diagonal to the lay of I ,tounterf ace

it was assumed that only the component of motion perpendicular to the

lay contributed to the wear of *he polymer. Thus, if a polymer slid

across a surface with a lay, the slidinV distance d used in the : t. dl

was the actual sliding distance times the cosine of the angle between

the sliding direction and the normal to the lay direction. In traers-

ing a circular path of radius R, on a disk with unidirectional lay, the

polymer pin travels a distance of 2rR. However, the total distance

travel,d by the polymer in a direction normal to the lay is two di-

ameters, 2(2R) = 4R. For one complete disk revolution, the ratio oI the

normal distance traveled to the actual distance traveled was 4R/27R = 2/

Therefore, the modeled wear based on the actual distance traveled must

be multiplied by 2/r if the wear occurs on a di;k with unidirectional

lay.

Surfaces that are machined with a lay have roughness in ;I dilection

parallel to the lay. Thus, wear will occur when sliding paraltel to lay

and the above assumption will result in an inderpredictton of wear.
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When wear occurs on a rotating unidirectionally ground disk, the sliding

direction is parallel to the lay for an infinitesimal sliding di..t incie

twice per rev)lution. Thus, the assumption that no wear occurs wh'll

sliding parallel to the lay should cause an insignificant error in the

wear prediction.

Pin Geometrv

The model input most dependent on the geometry of the pin is the

slider length. For the rectangular cross section slider, the slider

length is constant over the entire width D of the slider. However, for

a slider with a circular cross section the slider length varies from

zero at either edge of the slider to a value equal to the pin diameter

at the center of the slider.

Figure B7 illustrates the effect of slider length on simulated

wear. Each of the two hands shown represents a 95Z, confidence interval

for the mean wear predicted for sixteen different profiles. There were

four disks used for each roughness; and four profiles were taken from

each disk. The asymptotic behavior of the predicted wear was attributed

to the successive filling up of some of the void regions. When a void

was full, the adjacent asperity no longer contributed to) the wear of the

polymer. When the slider length was extended to large values, all the

voids eventually filled. This condition sig:naled the termination of the

transient stage of abrasive polymer wear.

One method for modeling a circular pin was to approximate the

circle with several rectangles of constant width and variable slider

length. However, to reduce the computation time, the circular pins were

modeled as rectangular pins with a width D equal to the pin diameter and

I
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I length S equal to 71/4 timcs the pin diameter. Thus, the area of the

rectangular pin was the same as that of the circular pin.

There were two methods of incorporating this pin correction factor

in the wear model. In the first method the diameter of the pin was

multiplied by the pin correction factor prior to inputting this dimen-

sion into the model as the slider length. Thus, the slider length was

given by

S = 7D/4 (8)

Ten Eq. 8 was substituted into Eq. 6, the accumulated wedge volume

became:

irD f.
T D ]T 2

Fi = j (Dfi 4Gb.c (9)
1 1

In the second method the pin diameter was set equal to the slider

length, S = D. Thus Eq. 6 became

D2f
D 2 f.

F i](f)=-- (0)
I Gb.c ( (0)

1 1

In this case the resulting modeled wear was then multiplied by the

pin correction factor.

i~NTT dV - -x V. (1i)V L X V
i=l

If the second method was used and the model calculated that none of

the voids were full, the two methods of correct Lg for pin geometry were

equivalent. They both predicted the same wear that would have been

predicted by modeling the pin as several rectangular slabs.
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If the first method was used and the model calculated that some or

all of the voids were full, the first method of correction overpredicted

wear, while the second method underpredicted wear. The difference in

the wear predicted by the two correction methods seldom exceeded ten per

cent for any of the predicted wear rates for an assumed value )t C; =

1.0. It is interesting to note that when the second method was used,

the pin correction factor was applied in a manner identical to the lay

correction of the previous section, forming a combined factor of (2/7)

(7/4) = 0.5.

CALCULATION OF THE G FACTOR

The experimental data used to calculate the G factor were reported

in Ref. 12 and are reproduced in Table A2 in Appendix A of this report.

Because the wear model did not correspond to the transfer mode of LDPE,

only the data for PVC and PCTFE were used to calculate G. Since the

wear data were obtained with pins having circular cross sections sliding

on disks with a unidiroc-iional lay the following equation was used to

calculate the G factor:

N
V = 0.5 (d/L) X V. (12)

i=l1

where V is given by Eq. 4, Ei by Eq. 5, and Fi by Eq. 10 and V is

the measured wear. The values of c used were 0.26 for PVC and 1.25 for

PCTFE. The values of G given in Table BI were calculated by an iter-

ative proce2dure in which successive values of G were assumed until the

predicted wear equalled the measured wear.

The values found for G had the following relationships. For PVC,

the variance in C was small within a given roughness level and there was
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Table BI Wear Rates and G F;ictors

Polymer

PVC (p = 1.35 g/ce) PCTFE (p 2.2 g/cc)

5 = 10.60, c 0.26 = 12.8', c 1.25

R Wea Rate Wea5 Rate
Disk (m) (mm /km) G (mm /km) G

A21 0.24 2.66 10.6 1.57 18.
B21 0.22 1.84 12.2 1.75 9.6
A22 0.21 2.95 13.3 0.93 36.8

B22 0.25 1.82 11.8 1.41 10.4

A31 0.88 17.56 6.5 7.95 15.2
B3L 0.93 13.11 9.9 8.95 16.0
A32 0.93 18.00 6.6 5.95 '30.4
B32 0.91 13.63 6.5 9.50 9.6

a significant difference between the mean values of C for the surfaces

with R equal to 0.2 and 0.9 pm. The variance in G was large within a
a

given roughness level for PCTFE and there was no significant difference

between the values of G at different roughnesses. The cause of the

large variance in the values of ; for PCTFE were the low wear rates

measured on disks A22 and B32. It should be noted that the wear rate

v;aries inversely with G. For a low wear rate, the model requires that

the amount of sliding necessary to produce a wear particle be Large and

G is the factor which determines this sliding distance.

Because wear was measured for each polymer on each disk, the

values for G for each polymer on the same disk were compared using the

Wilcoxon Signed-Rank Test to determine if there was a significant di,-

ference. The test indicated that the probabilitv that the values ol C

were significantly different for the two polymers was 0.96.
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DISCUSSTON

The results indicated that the values of G are significantly dif-

ferent for each polymer. If the values of G had been the same for each

polymer then the conclusion could be made that the factors included in

the model related to the polymer properties, i.e. the deposit angle 4,

the yield strength Y, and the elongation to rupture c were sufficient to

predict the measured differences in wear rates. Thus, the significantly

different values of G imply that the model has not modeled the polymer

properties correctly. Therefore, the assumptions made in the model will

be examined more critically in the following paragraphs.

The polymer flow pressure, Pm is central to the penetration phase

of the model. It was taken to be three times the yield stress in

tension. No consideration was given to strain rate dependencies, strain

hardening, additional interfacial pressure components contributed by

friction and tangential cutting forces, or distortion of the contact

area due to tangential forces, viscoelastic deformations, or material

removal. The effect of possible load support by polymer wear debris

trapped in filled void regions was also neglected.

When the accumulated wear particle volume equaled the void volume

next to a penetrating asperity, it was assumed that no more wear par-

ticles were produced by that asperity and that no other asperities were

affected by this occurrence. However, if part of the normal load was

carried by the polymer debris, then less load will be carried by the

metal asperities. Because penetration decreased as the load carried

decreased, the predicted wear would decrease if the model included load

support by the filled void volumes.
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The effect of the geometry of an indenter on the value of c in the

relationship p. = cY where Y is tile yield strength in tension of the

indented material has been investigated [13,14]. For a perfectly rigid-

plastic material indented by a rather blunt indenter, c = 3.0 [15]. For

elasto-plastic materials, c is given by a more complex relationship 116]

in which c can have values less than 3.0 for blunt wedges. Most polymers

have elasto-plastic behavior and therefore could have values of c - 3.0.

However, it would require an entirely separate investigation to deter-

mine how to model a randomly shaped asperity as a wedge with a constant

slope so that the theoretical predictions of c as a function of the

wedge angle could be included in the penetration part of the wear model.

Therefore, the value of c was set equal to 3.0 for this wear inod(-1.

The polymer deposit angle, , is central to the section of the

model which determines the geometry of wear particles. This deposit

angle was based on the measurement of the average angle of polymer

deposits [3]. Modeling a complex failure zone in the polymer as a

singular angle is doubtless an oversimplification of the event leading

to the production of a wear particle. It does, however, yield a model

in which the wear predicted at an asperity :., functionally related to

the slope of the asperity. Indeed it is this parameter which determines

whether or not a penetrating asperity will generate a wear particle.

One consequence of the assumption of a constant deposit ing Ic iti

the model was that on the smooth surfaces in 75 per cent of the. pre-

dictions no wear was calculated, which implied that none of the pene-

trating asperities ha: slopes greater than the deposit ilnglc. The fact
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that wear was measured on some of these surfaces could have resulted

from asperities with slopes less than the deposit angle removing poly-

mer. It is also possible that the finite radius on the stylus used t

generate surface profiles filtered out features of the surface which

caused polymer transfer to occur. A third possibility is that some

adhesive transfer occurred.

One unique feature of the model is its ability to terminate the

production of wear particles at an asperity when the associated void

volume has been filled. This feature makes it possible for the model to

predict a decreasing wear rate as the slider length increases. This

prediction is illustrated in Fig. B7 (the slope of the wear curve is the

wear rate). This prediction of decreasing wear rate by the model is

analogous to the observed decrease in the cutting rate of a file as the

grooves become clogged with wear debris.

This feature also gives the model the capability of predictin,

different amounts of wear for different directions of sliding on a

noncircular apparent area of contact. This phenomenon has been observed

by Lancaster [17] in single traverse experiments. For sliders with a

rectangular apparent areas of contact, higher wear was measured when the

sliding direction was parallel to the short side than when the sliding

direction was parallel to the long side. The reason for this difference

is the filling of the voids with debris. When sliding parallel to the

short side, fewer void volumes fill up with debris than when sliding

parallel to the long side. Hence, higher wear occurs when sliding

parallel to the short ,ide.
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In the model, this experiment is simulated by exchanging tile

values for S and D in Eqs. 5 and 6. Note that only I) curs in the

equation for void volume E. while both S and D okccur in the equaLion for1

the accumulated volume of wedges F.. Hence, exchanging tile values of S

and D will change E. but not F.. If D has the smaller value, then
1 1

sliding is parallel to the long side of the rectangle. If 1) is smaller,

then E. is smaller and V. is determined by E. rather than F. for more

asperities. Hence the calculated wear volume will be smaller which is

in agreement with Lancaster's observations.

., The model also has the capability of predicting wear rate as a

function of changes in the BAR. Such a plot is shown in Figure B8. The

upper and lower curves represent the envelop of the wear rate predic-

tions for four profiles from a given disk. The wear rate predictions

increased as the BAR increased from 0 to 0.3 after which thev' decreased

slowly as the BAR increased from 0.3 to 0.6. The reason for this be-

havior is that as the BAR increased, the polymer surface was more deeply

penetrated by the asperities. The void space between the contacting

asperities decreased. Thus, when sliding was simulated and wear par-

ticles were produced, there was less void volume for the accumulation of

particles and hence less wear produced.

This prediction has been confirmed experimentally. The data plot-

ted in Fig. 2 are for the same disk as was used in the simulated wear

plotted in Fig. B8. In Fig. 2 it is also noted that the wear rate

reached a peak between BAR's of 0.3 and 0.4 and then decreased at larger

values of BAR.
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CONCLUS IONS

The model has the capability of monitoring the amount of filling of

the surface by debris particles. This feature permits the mode] to

predict the following:

1. The decrease in wear rate for repeated sliding over a surface,

2. The variation in wear rate as a function of sliding direction

for sliders with noncircular apparent areas of contact, and

3. The variation in wear rate as a function of BAR.

However, the model does not have the capability of predicting wear

4 given polymer properties, surface roughness, and the normal load.

Hence, additional work is needed to discover the combination of the

above input data which will correctly predict wear.
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ABSTRACT

The wear of rigid polyvinyl chloride PVC, was measured in a pin-

on-disk apparatus as a function of PVC average number molecular weight

(70000 and 40000), steel counterface roughness (0.15 tLo 1.27 ,.. R ) , anda

sliding speed (0.1 to 1.4 m/s). The lower molecular weight PVC had the

higher wear at all test conditions except 1.4 m/s speed and 1.27 ,m R .

At this condition the calculated interface temperature exceeded the

glass transition temperature of 740 C for PVC. The wear rate increaised

for increases in both surface roughness and s] iding speed. Thcse

results were explained in terms of the increased penetration of the

steel asperities into the PVC necessitated by changes in these two

factors.

INTRODUCTION

The wear of polymers on hard, rough surfaces is dominated by the

abrasive wear mechanism. Considerable progress has been made in the

understanding of the interaction between the surface topography and the

polymer properties in the abrasive wear process in single traversal

sliding experiments (1-7)I. These investigations provided the tunda-

tion for models of the polymer abrasive weir process wlhic h Utii ,:, thit

prof ile of the surface and polymer properties tt, pret dict wear to within

a factor of 5 of the measured va lues (8, 9). In th(-t C ri crccd -e

searches the sliding speeds were below I cm/ s to ;ivoid the romp I (it ion

of interfacial heating.

Numbers in parentheses are references I isted ;at the. end of the piper.
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At sliding speeds abovc I cm/-s in multi p[It traversal experimunts

severail add ititUa .1 I actors in I meuvic t lie pal viier ah raisi y wear p roce Os s

Interfac ial. heat ing and increases in s-traiii rate caluse the, Ipol Vmil

properties to change from their room tMmpraLtu, low Straini rateL

va Iues. E iss anid Jia\rak tarog to ( 10) ;t ud ied the inlflutenice( o f sur t ace2

roughness and slid ing speed on the werofi u nsi po vet he I one

(LIV)E) . This; study showed that I.PF f-1ims I triietd on the' smutthus t

surfaces tested lvhile the aibrasive ea modc dua.Il atd weair 01) thu(

rougher sir faices;. The temperaturtus at Ll1~inturo or Cical oiltud to

le lesthan that required f-Or p1 noT.r mu -Itinc!.

The research report~d inl th i pape~l)Cr was aOT Lo i "'at ini ()f thu >t udv

of poLvmer wear in ig h speeud, imultiple- traversa;.l sliding. In) thisL

stuid:, the wo2ar of rig!id plIvvin']1 uhh oidL o I numhe r average mo0l1ecLa ir

weights (MW~ 70000 (PVC 1) ind !40000) (P%'( 11) ssmeas ure d .as a Iunic-

t ion of surface roughness ofI a stel~t ceun1ter fac anIL d S I id in speed. In

the e xper [mn.s rupor ted the s ijd ilng spee'd" sWcit ruIi'Sl suno thait th1

CaIlculated interfacial i emperature exceeded the gastransit ioni Lem-

perature (T ) of 74% of the PVC. Htlu, , the wormechanlisms 1sore

studiled ais ai iuno t ion of the chan'ge in tOe mec'1l1iLn lea V p rurt lswhich

occurred as the intrflLal temperaiture xedd h ls trans !it ioni

temperatuire. Ill addit ion), O 11I , the xeietkcad uo oIit jt r,--

stL ions between mu lecul ar weight, stirfoer)lk, u Ilid inc sped

weeLotaelo



EXPERIMENTAL

The experiments were performed on a pin-on-disk machine (11).

Cylindrical pins, 1.58 mm diameter and 7.94 mm long, were machined from

rectangular plates of rigid PVC I (70000 MW ) and PVC 11 (40000 MW

The PVC had the following formulation: 2 per cent butvl tin stabilizer,

I per cent acrylic processing aid, and 0.5 per cent lubricant. Com-

pression molding conditions for all plates were: five minutes preheat,

then five minutes pressure at 10.4 MPa with the platen temperatures at

190'C. Mechanical properties of the polymers, which were determined

using an Instron tension tester and ASTM type IV tensile specimens (12)

are listed in Table Cl. T was found usin,, differential scanning calo-g

rimetry to be 74 0 C for both I'VCI and PVC IT.

To afford intimate pin-disk contact during wear tests, a smooth

flat was prepared on the end of each pin bv rubbing on No. 221 sandpaper

and then on NO. 00 emery paper. Pin ends 'aure examined at 15X magni-

fication. Loose particles were wiped If with a -;oft, dry cloth. Each

pin was sealed in a marked plastic vial to minimize chances of contami-

nation. Pins were handled at all Limes with tweezers.

Steel disks were machined for a bar of 1020 hot rolled steel to a

dia meter of 44 mm and thickn,.,s of 8.8 min. The disks were cround with a

unidirectional lay to three roughness, 0. 15, (.51, and 1.21 in arith-

nita ic ,ivwerage rcughness, R . 'lie disks weLt cleane'd with rLnIllli1 t n g p

Wate r to remove loose metal particles and for two milautes in mthanol in

.iii trasonic batL. After drving with a soft cloth they were stored in

I r i ''"j t or.
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Table Cl

Polymer Mechanical Properties

Property PVC I PVC II

Tensile Strength at Yield, MPa 60.4 60.9
(+ 0.3)' (+ 0.4)

Tensile Strength at Break, MPa 52.8 39.6
(+ 1.4) (+ 1.3)

Elongation to Break, m/m 0.66 0.31
(± 0.08 (+ 0.03)

Energy to Rupture, MPa(m/m) 30.1 12.8

(+ 1.9) (+ 0.7)

Modulus of Elasticity, GPa 3.84 3.88

(+ 0.2) (+ 0.2)

Based on measurements from 10 tension test specimens
(ASTM type IV) pulled to break at a constant strain rate of 5 mm/ min.

-4.Standard deviations are given in parentheses below the average
measured values.

t
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A stylus profilometer with an optical-flat reference datum was used

to obtain surface profiles on the steel disks perpendicular to the lay

of the grinding marks. The output signal of the stylus device was the

input to an analog-to-digital converter and a data memory system, which

digitized and stored the data sample. The sampling length of the sur-

face was 1.56 mm, which was about one pin diameter. The surface pa-

rameters Ra, RMS (root-mean-square) roughness, skewness, kurtosis,

maximum peak-to-valley height, and attocorrelation length were calcu-

lated from the digitized profile data using a high speed, digital computer

and were used to describe the topography of the steel surface. Average

values for these surface parameters are listed in Table C2 for the three

roughnesses.

All experiments were run with a normal load of 4.9 N. The sliding

speeds at the pin center were 0.10, 0.75, and 1.40 m/s. The high speed

was the maximum possible with the wear apparatus and was attained by

locating a pin at a radius of 19 mm on a disk, which was rotating at 700

rpm. Low and medium speeds were likewise attained at 7.5 mm, 130 rpm

and 13 mm, 550 rpm, respectively. Since the pin diameter was 1.58 mm,

the velocity variations at the inside and cutside radii of the pin con-

tact area were + 10 per cent, 6 per cent and 4.2 per cent at 0.10, 0.75

and 1.40 m/s, respectively. The speeds were selected anticipating

friction-generated temperatures at the polymer-metal interface to be

above and below the glass transition of PVC. Tests were conducted in

laboratory air at 25C (+ 2C standard deviation over the testing

period) and 62 per cent (+ 4 per -ent) relative humidity.
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Table C2

Surface Parameters for Steel Disks

Parameter Smooth Medium Rough

R Roughness, oam 1.50(10) -  5.08(10)- 1  1.27
a

-1 -1
RMS Roughness, pm 1.91(1(l 6.30(10) 1.62

-i -1 -
Skewness -6.89(10) -2.37(10) 9.70(10)2

Kurtosis 3.87 2.95 3.33

Maximum Peak-to-Valley
Height, pm 1.30 3.88 1.00(10)

Autocorrelation 1 1
Length, pm 2.04(10) 3.18(10) 3.71(10)

Based on four measurements from each of four disks of each

roughness.
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In summary, the experimental design consisted of two levels of PVC

molecular weight, three roughnesses, and three sliding speeds; a total

of 18 combinations.

Each experiment involved wearing a fixed pin on a spinning disk and

recording the friction force for a chosen number of disk revolutions

(passes). In order to study the wear process through the initial and

steady states, the numbers of passes selected after preliminary tests

were 400, 800, 1600, 2400 and 3200. Some sliding situations resulted in

excessive pin wear, in which case, the lower numbers of passes were

used. Before and after each wear test, the mass of the polymer pin used

in the test was measured with an accuracy of +4 pg with a microbalance

to determine the mass loss (pin wear) due to sliding on steel.

Disks with polymer deposits and worn pins were examined with the

Scanning Electron Microscope. Each specimen was coated with a thin

(20 nm) layer of gold-palladium alloy to furnish a conducting path to

ground for electrons striking the specimen in the SEM. Representative

photographs were taken of the wear evidence.

RESULTS

The measured wear of PVC I on steel is plotted as a function of

number of passes and R roughness at a sliding speed of 0.10 m/s in Fig.a

Cl. Wear rates were defined as the slopes of the wear curves (Fig. C])

mg/pass, divided by the sliding disLance per disk revolution, m/pass,

which were 0.047 m/pass at low speed, 0.082 m/pass at medium speed and

0.120 m/pass at high speed. A least squares linear regression was

perfor.,ed to obtain the slopes and projected y-intercepts for each wear

curve. Mean values and 95 per cent confidence limits for the wear rates

I
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are shown in Fig. C2. The only y-intercepts which were significantly

* greater than zero at the 95 per cent confidence level were for PVC I at

0.75 m/s on the roughest surface and PVC II at 0.75 and 1.4 m/s on the

smoothest surface.

Friction coefficients are plotted for high molecular weight PVC on

steel as a function of passes, sliding speed, and R roughness in Fig.
a

C3. Large friction changes were noticed between 10 and 200 passes,

after which essentially steady values were observed. In general, the

effect of increasing sliding speed was to increase the friction co-

efficient. For example, on rough surfaces the coefficient of friction

was 0.32 at low speed and 0.47 at high speed. For the low speed tests,

sliding on smooth surfaces produced the highest friction, f = 0.35. The

friction record for medium speed sliding on smooth surfaces coincided

with that for high speed, so it was not shown in Fig. C3. No signifi-

cant differences were noticed in the measured friction coefficients for

the high and low molecular weight materials.

Friction-generated temperatures at the sliding interface were cal-

culated using the model presented by Archard (13) modified for polymers

sliding on steel (See Appendix 1). For the sliding velocities used in

the experiments, 0.1, 0.75, and 1.4 m/s the values of the dimensionless

speed parameter L were 0.4, 3.0, and 5.5, respectively. Using Eq. I in

Appendix Cl for 1, > 5 the flash temperatures were calculated for 1.4

m/s. The flow pressure, pml was taken to be twice the tensile strength

at yield (Table Cl) based on data by Boenig (14). For mild steel, the
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Figure C2. Wear Rate of PVC as a function of molecular weight,
Ra roughness, and sliding speed.
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Table C3

Calculated Surface Temperatures, PVC Sliding on
Steel at 1.4 m/s

Polymer R Roughness e E T.t
a m

(Gm) (°C) (°C)

0.15 0.38 45 70

PVC I 0.51 0.36 43 68
4,

1.27 0.48 57 82

0.15 0.38 45 70

PVC II 0.51 0.38 45 70

1.27 0.50 59 84

0 = mean temperature rise at the interfacem

tT i = Tambient + 0 = 25 0 C + 0
im m

Note: T = 740C
g
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thermal conductivity and volume specific heat were taken as 47.0 W/m0 C

and 3.29 (10)6 J/m 3C, respectively (15). The calculated temperatures

are given in Table C3.

DISCUSSION

The main effects of the molecular weight, roughness, and sliding

speed on the wear rate of PVC are shown in Fig. C2. In general, the

wear rate increased as the molecular weight decreased, the roughness

increased, and the sliding speed increased. The interactions between

these factors resulted in two deviations from these general main ef-

fects. At the highest values of speed and roughness, the difference in

wear rates for the two molecular weights was insignificant. For the

higher molecular weight (PVC I) and the smoothest surface, the wear rate

was not significantly different for any speed. Some explanations for

these observations are proposed in this discussion.

Molecular Weight

The inverse relation between molecular weight and wear rate obser-

ved for PVC has also been observed for polyethylene (PE) (16-18). In

Ref. 17, PE pins with MW from 28000 to 70000 were run on polished steeln

disks at sliding speeds from 0.10 to 3.0 m/s. Over this speed range,

the lowest molecular weight PE had a wear rate of approximately three

times that of the highest molecular weight PE. As noted in Fig. C2 for

the smoothest surface (0.15 pm R a), the 40000 MWn PVC II had an average

wear rate of 4.6 times that of the 70000 MW PVC I. Thus, in spite ofn

the many differences between PE and PVC (e.g., degree of crystallinity,
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T g and mechanical properties), the influence of molecular weight on

wear rate under similar test conditions is in the same direction and of

the same order of magnitude for both.

Some insight on the relationship between molecular weight and wear

can be obtained from wear experiments on PVC in which the molecular

weight of the debris was compared to that of the slider (19). A PVC

block was held against a mild steel ring polished to 0.075 pm R . At aa

sliding speed of 1.4 m/s, the MW in the debris was 17,000 while that in

the block was 31,000. In the discussion of this paper the author noted

that when experiments were run above Tg, the MWn of the debris was

higher than that of the debris when run at temperatures below Tg

The explanation offered was that wear was the result of both chain

rupture and chain slippage. At temperatures below Tg, the chain slip-

page is hindered by the relative immobility of the chains and chain

rupture becomes the predominant mechanism of debris formation. At

temperatures above the T . the greater mobility of the chai,,s permits
g

them to slip by each other when subjected to stress rather than rupture

the chain. Hence, the wear debris for experiments run above T have a
g

higher MW than that for the debris generated at temperatures below T .n g

For wear experiments run below the T for PVC, PVC I with the

higher molecular weight has a higher degree of chain entanglement and

immobility than the lower molecular weight PVC I. Therefore, the PVC

II has a higher probability of fracturing by cl'iin slippage than PVC I.

Since interchain forces are weaker than bonding forces within the chain,

more fracture and more debris forms for the low molecular weight PVC II.
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When the interfacial temperature exceed T such as at 1.4 m/s ong

the rough surface (see Table C3), then the chains achieve a high degree

of mobility and ,hatn slippage becomes the dominant mode of debris

formation. Under this condition, the influence of the molecular weight

on wear rate becomes insignificant as indicated in Fig. C2.

Surface Roughness

The increase in wear rate with roughness has been observed by

several investigators (6, 10, 20). Lancaster's data (20) for the amor-

phous, more brittle polymers showed increases in wear rate of two orders

of magnitude for an order of magnitude chnge in R roughness. Thea

semi-crystalline, more ductile polymers typically had increases in wear

rate of one order of magnitude for a similar change in R roughness.a

The data for PVC have been replotted in Fig. C4 to emphasize the

relationship between wear rate and roughness. The increases in wear

rate vary from one to two orders of magnitude for an order of magnitude

change in roughness, with the larger changus occurring at the higher

sliding velocities. These and LancastLr's data emphasize that it is not

possible to predict polymer wear based on the R roughness only.a

However, the general trend of increasing wear with increasing

roughness can be related to the number of asperities in contact with the

slider and their average depth of penetration. These two parameters

were calculated from the surface profiles as follows. At any reference

ordinate height, the number of ordinate heights greater than the ref-

erence height divided by the total number of data points in the profile

defines the bearing area ratio (BAR) for that height. The number of
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peaks above the reference height were counted and the difference between

the peak height and the reference height was the penetration depth for

the peak. The number of peaks and the average penetration depth are

tabulated in Table C4 as a function of BAR for the three different

surface roughnesses.

In these experiments the ratio of the real area of contact A to
r

the apparent area of contact A a was calculated using Ar/Aa = (W/pm)/
2a

(rd 2/4) where W = normal load (4.9 N)

Pm = flow pressure (2 x yield strength = 2 x 60 MPa)

d = diameter of the PVC pin (1.58 (10)-3 m)

Therefore A /A = 0.0208. This ratio is also the BAR; thus, the data in
r a

Table C4 for BAR = 0.02 apply to the results of the experiments run at

0.1 m/s where the yield strength is approximately equal to its room

temperature value.

The data at BAR = 0.02 showed that the average penetration depth

increased and the number of contacting asperities decreased as the

surface roughness increased. However, the average penetration depth was

over an order of magnitude larger for the rough surface than for the

smooth surface while the number of contacting asperities on the rough

surface was only a third of those on the smooth. Hence, the fewer

contacting asperities on the rough surface must penetrate much deeper in

order to develop sufficient real area to support the load.

As sliding occurs the polymer must either deform and flow around

3 the asperities or fracture and form a wear particle. As the penetration

depth increases, the amount of strain experienced by the polymer as it

deforms in moving past the asperity must increase. Thus, as the like-

lihood of fraction rather than flow increases with the penetration
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Table C4

Number of contacting Peaks and Average Penetration Depth

Average Penetration Depth (pm) Number of Peaks in 1.56mm

BAR Smooth Medium Rough Smooth Medium Rough

0.02 0.04 0.17 0.66 15 10 5

0.04 0.05 0.20 0.79 25 16 10

0.06 0.06 0.22 0.80 35 24 14

0.08 0.06 0.24 0.85 42 29 17

0.10 0.07 0.25 0.87 51 35 21
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depth, the wear per asperity increases. Therefore, in spite of de-

creased number of asperities in the rough surface, they generate more

total wear than the larger number of asperities on the smooth surfaces.

The wear that occurs is also a function of the accumulation of the

wear particles in the spaces between the contacting asperities. At one

*extreme, the accummulated debris could support a significant fraction of

the normal load thus decreasing the fraction carried by the metal asper-

ities. This shift in load from the asperities to the polymer debris

would continue until the polymer pin was sliding predominantly on accu-

* mulated polymer debris and the wear mechanism would no longer be pri-

marily abrasive. This shift in mechanism is more likely to occur on

smooth surfaces because of the small volume of debris necessary to fill

up the spaces. Some evidence for the different transfer to the surfaces

of different roughness are shown in Fig. C5-8.

The topography of the smoothest surface was characterized by

plateaus separated by grooves. Such a surface has negative skewness as

shown in Table C2. The plateaus supported some of the normal load

without causing significant abrasive transfer. As the polymer slid over

the surface the oxide particles from the steel were picked up by the

polymer and scratched the steel surface as shown in Fig. C5. Some

polymer was abrasively removed at the edges of the plateau regions and

at asperity ridges and these deposits gradually increased in size

(Fig. C6) until they were picked up by the pin or dislodged and moved to

the edge of the wear track. The SEM photos did not reveal any sig-

nificant differences in the transfer of PVC I or PVC II to the smooth

surfaces.
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On the rougher surfaces, the height distribution was more Gaussian

as evidenced by the smaller absolute values of skewness (a Gaussian

surface has a skewness equal to zero). The PVC made contact with as-

perity peaks and transfer of particles occurred at the asperities

(Fig. C7). The particles grew in size (Fig. C8) and eventually became

detached and moved to the edge of the track.

Sliding Speed

The results in Fig. C2 showed that increases in sliding speed

resulted in significant increases in wear rate except for PVC I on the

smoothest surface. An increase in sliding speed causes both an increase

in interfacial temperature and an increase in strain rate. A study of

the effect of temperature and strain rate on the mechanical properties

of PVC in a tensile test have shown that the temperature effect is

-i
dominant (21). For example, at a strain rate of 0.1 sec. a change in

temperature from 23 to 60 C reduced the yield strength from 48 to 24

MPa. At a temperature of 23 C, a change in strain rate from 0.1 to 1.0

-i
sec. increased the yield strength from 48 to 51 MPa. The data indi-

cated that a change in strain rate of four orders of magnitude resulted

in an increase from 48 to 69 MPa in the yield strength.

Elevated temperature tensile tests were performed on PVC I and PVC

II. The data indicated that a change in temperature from 22 to 65 C

reduced the yield strength from 60 to 6.9 MPa. At 70 C no yield point

could be detected (Fig. C9, Appendix C2). The room temperature dif-

ference in elongation to break for PVC I and II disappeared at test

temperature of 50 C and above.
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Figure C7. Steel surface with deposits of PVC II, 400 passes,
0.10 m/s

Figure C8. Steel surface with deposits of PVC II, 1600
passes, 0.10 m/s
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The interfacial temperatures were estimated using Archard's equa-

tion (Appendix Cl). At the sliding speed of 0.75 m/s the temperatures

were approximately 60 C while the temperatures calculated at 1.4 m/s are

given in Table C3. Thus, the result of the increase in sliding speed in

the experiment was a reduction in the yield strength of the polymer. As

noted in the discussion on roughness, the BAR was calculated using the

polymer yield strength. As the yield strength decreased the BAR increas-

ed. Table C4 shows that the increase in BAR results in more asperity

contacts and greater penetration per contact. Hence, the wear rate

increases with increasing sliding speed.

Transient and Steady Wear

In sliding contacts, the wear rate is high initially and then

decreases to some lower steady state value. In these experiments the

first wear measurement was made at 400 passes. The comparison of the

wear data at 400 passes with the linear regressions showed that the data

were not significantly biased below the regression lines. If the tran-

sient state existed at 400 passes, then the wear at this distance would

be less than predicted by the steady state regression line. Thus, it

was concluded that steady state wear was established when the wear was

measured at 400 passes.

If the transient wear occurs over a significant number of passes,

its effect will be to cause the linear regression line of the steady-

state wear to have a positive y-intercept. As noted in the results,

only 3 of the 18 experiments had a significantly positive intercept.

Thus, in 15 cases, the experimented scatter was great enough to obscure

any evidence of the transient wear state.

94

"--,I " • - ~ . - - -, . " 
-



--. CONCLUSIONS

1. The wear rate of PVC varied inversely with molecular weight

when the interfacial temperature was less than T . When the interfacial
g

temperature exceeded T , there was no significant effect of molecular

weight on wear.t 2. The polymer molecular weight affects wear primarily through the

-- influence of chain length on molecular mobility at temperatures below

T.

g

3. The wear rate of PVC varied directly as the surface roughness

of the steel counterface. This dependence was caused by rougher sur-

faces needing greater asperity penetration depths to support the normal

load.

4. The wear rate of PVC varied directly as the sliding speed. The

changes in sliding speed caused changes in strain rate and interfacial

temperature which resulted in changes in polymer yield strength at

higher speed. The yield strength decreased which required more real

area to support the normal load. The increased penetration necessary to

increase the real area caused more wear to occur.

5. The wear measurements in these experiments were made during

steady state conditions.

I.
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APPENDIX Cl Flash Temperature Equations

According to Archard (13) the maximum attainable flash temperature

occurs when the applied load is borne by plastic deformation at a single

circular area. The value of the dimensionless parameter L determines

which equation should be used to calculate the flash temperature, G.m

For L > 5

0 =0.435 yNL . .I

where N 1Plg. . . 2! ! , .Jp c

L= W

y = 1/[il + 0.87 L (K1/K2 )]

= coefficient of friction

g = acceleration due to gravity

Pm= flow pressure

p = density

c = specific heat

W = normal load

V = velocity of the heat source or speed of sliding

a = K/pc thermal diffusivity

K1 = thermal conductivity of the body with a stationary "hot spot"

K2 = thermal conductivity of the body with a moving "hot spot"
299
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Archard assumed that K = K in his derivation of Eq. 4. For K
21

K2s Eq. 4 can be derived following the steps in Archard's paper. For

polymers sliding on steel, K /K 2 is approximately equal to 0.005. Thus,

for L = 5, y = 0.998. Therefore, Eq. 1 can be used to calculate flash

temperatures for polymers sliding on steel for L > 5 with sufficient

accuracy by setting y = 1.0.

APPENDIX C2 Elevated Temperature Tensile Tests

Elevated temperature tensile tests on PVC I and II were performed

using a crosshead speed of 5 mm/min. Tests were run at 22.2 C, and 50

to 70°C in five degree increments. The temperature was allowed to come

to equilibrium before each specimen was pulled. Fig. C9 is a composite

of the charts from the testing machine showing the force versus the

crosshead motion for PVC I. PVC II showed similar trends but with less

elongation at 220 C as indicated on Table Cl. At the higher temperatures

there was no significant difference in the elongations between PVC I and

II.
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