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A wear measuring technique was developed using radioactive tracers. The rn’
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I
$ 13. ABSTRACT (continued)

Wear models were proposed for full penetration of the steel surface
into the polymer pin (apparent and real areas approximately equal) and
partial penetration (apparent area larger than real area). .for full pene—

I tration, the wear model is based on orthogonal machining theory which 
-

~~~~

predicts the angular location of the plane of maximum shear stress in the ‘
chip forming process.~~ While the model could predict the relative wear of

I 
PVC and PCTFE, it predicted that asperity slopes necessary to cause shear
stresses high enough for polymer fracture were larger than those measured
on the surfaces. The partial penetration model was based on penetration
depth and shear angle. It correctly predicted relative wear for PVC and

I PCTFE.~~The wear model and experiments emphasized the importance of complete
surface topography characterization and polymer properties measured under
conditions similar to those existing in sliding.
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1. I N T R O D U C T I O N

Polymers are known for their excellent combination of p r o p e r t i e s ,

rather t h i n  an extreme of any single prop erty. For example , no polymer

is as strong as steel , as light in solid form as most  woods , as e l a s t i c

as soft rubber , nor as scratch resistant or transparent as glass. Yet ,

polymers are the only mat eri al s which can be simultaneously strong,

light , flexible and transparent [lj* . Typical pol ymer properties

include high mechanical strenc th and rigidity, fati gue end ura nce , hi gh

resistance to moisture , excellent dimensional stability, ease of fabri-

ca t ion , resistance to repeated impacts , good electrical insulating

character istics , natural l ubricity, noise and wei ght reduction and

others . For these reasons , the  polyme r i n d u s t r y  has seen u p hen omenal

growth over the past thirty—five years.

Polymers are used in a wide variety of engineering applications

where hi gh stresses are encountered . Some exampl es include drawer

sliders , hear ings in hear t valv es ,gears , and artificial bone joints.

Aside from the frictional behavior of a polymer , its wear resistance

is most importan t in determining its acceptance in industry . Thus , it

Is importan t to be able to predict polyme r wear , under many adverse

conditions , and hence arrive at the life ex p e c t a n c y  of a given component.

The performance of polymers in dry sliding contact is very

d i f f i c u l t  to p r e d i c t .  Ih e  wear  r e s i s t a n c e  of t h e  po lymer  is de te rmined

not only  by i t s  m a t e r i a l  p rope r t i e s , but  a lso  by e x t e r n a l  c o n d i t i o n s

such as load , speed and t h e  ro u ghness of t h e  s u r f a ce  a g a i nst  w h i ch

*Numb ers In b racke ts  refer t o  s i m i l a r l y  number ed  references listed in1:1 ~~_ Reference section .
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relative sliding occurs. In the  i n i t ia l  s tages  of t h e  wear  of a

polymer against a harder counterface , polym er transfers to the counter—

face. If the counterface Is smooth , some polymers such as polytetra—

fluoroethyl ene (PTFE) and high density polyethylene (HDPE) transfer as

continuous thin films via the adhesion mechanism [2]. If the counter—

face is rough, most polymers will transfer in discrete lumps via the

abrasion mechanism [3—5]. As sliding continues other mechanisms such

as fatigue may dominate the transfer process [4—51 . In addition to

transfer to the counterface some polymers wear by roll formation [51.

f The initial transfer process is often comp licated by back transfer in

which two or more wear mechanisms can be equally important.

For some of the above mechanisms , such as the thin film transfer

to smooth sur faces , no q u a n t i t a t i v e  models have been developed even

though the transfer process has been demonstrated to depend on a

very smooth , harder counterface and a polymer having a smooth molecular

prof ile [ 2] .  For o ther  mechanisms , such as a b r a s i v e  wear , q u a n t i t a t i v e

models have been p o s t u l a t e d . One model f o r  ab ras ive  wear p r e d i c t s  tha t

abrasive wear is proportional to normal load , sliding distance , the

average slope of the asperities of the harder counterface , and inversely

propL rtional to the flow pressure of the polymer [6]. However ,

experimen ts [3] do not confirm the predicted proportionality with average

asperi ty slope. Another model pred icts that abrasive wear is proportional

to the coefficient of friction ii and the normal load p and inversely

proportional to the polymer harness H , strength ~~~~, and elongation e at

f r a c t u r e  [ 7 ) .  E x p e r i m e n t s  of se v e r a l  p o l y m er s  abraded  on emery paper

resul  ted In a l i n e a r  pus1 t vt c o r r e l a t io n  b e t w e e n log t i/ Hae  and
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abrasive resistance.

t None of the proposed models can predic t abra sive wear for a given

polymer on a given surface , even though the models may successfully

predict the relative rankings of different polymers rubbing on the same

surface or the same polymer rt’bbing on different surfaces. Hence , mos t

of the experiments on wear reported in the literature have measured

wear coefficients (constants of proportionality) for one wear model.

Some researchers [8] believe t h a t  wear models must  be based on polyme r

properties which are measured under conditions of stress , strain rates ,

and temperature which are representative of the conditions existing In

sliding. The crucial questions are : which properties should be

measured and what should be the conditions of measurement?

In addition to the measurement of material properties , measurement

and characterization of the surface topography on which the polymer

slides are necessary inputs to wear models for polymers. The researcher

is confronted w i t h  the problems of decid ing  which instrument to use to

measure the surface , how much of the surface to measure, and which

parameters should be used to characterize the surface. For example ,

Rabinowicz ’s [6]  abrasive wear model includes the average slope of the

surface profile as the parameter to characterize the surface whereas

R.atner ’s [7] wear model has no surface parameter. Obviously , Ratner ’s

model is only useful for ranking the abrasive wear resistance of

polymers on a given surface . However , as noted above abrasive wear

did not correlate with the average slope of asperi t ies in exper i men ts

of cones ploughing grooves on polymers.

Clearly, models for the  wear of polymers must Include both polymer
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properties measured under conditions found in sliding and surface

topography parameters. Thus , it was the objective of the research

reported here to determine the material propert ics and the parameters

of surface topography characterization which are significan t in the

wear of polymers. A quan titative measure of the initial stages of wear

was made possible by using neutron activation analysis to measure the

polymer transferred to counterfaces. Identification of the significant

polymer properties and surface features was made possible by direct

observation of the wear process , transferred polymer, and wear scars on

polymer sliders in the scanning electron microscope .

Polymer wear models were postulated for the initial stages of

sliding for two combination s of load—p in geomet ry: one in which the

apparent and real areas of contact were approx imately equal (full

penetration) and one in which the apparent area was much larger than

the real area (partial penetration). The models included polymer

properties and surface characterization parameters.

2. SUMMARY

2.1 Wear Measurement u t ron  A c t i v a tio n  Anal y sis  
~~~~~

A wear measuring technique using radioactive tracers was developed

which was capable of detec ting less than one microgram of polymer

transferred to a counterface. The techn ique requires that the polymer

contain an element which can be activated by neutron bombardment with

exposure times short enough not to cause signifi cant polyme r property

changes. The h a l f  l i f e  ol t he  act ivateel ele rn eiu t s mus t  he long enough

to permit wear experiments to he run and to count the activity of the
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transferred material before the activity decays to background levels.

Polymers con taining chlorine such as polychiorotrifluoroethylene (PCTFE)

and polyv inylchloride (PVC) are sui table . Other polymers may be doped

with small quantities (one percent) of suitable elements , such as

dysprosium , and successfully measured by this technique . Experiments

have shown that the mechanical properties of low density polyethylene

(LDPE) are not significantly affected by the doping agent. The

technique also has potential use for filled polymers , in which elements

in the fillers are activated and traced .

I The major advantages of the technique are the capability of

detecting less than a microgram of transferred polymer , an i n s e n s i t i v it y

I to the effects of environment , especially moisture and dust , on the

I wear measurement , and the capability of measuring dynamic wear phenomena

such as back transfer. The d isadvantages of the technique are the

I requirement for a NAA laboratory, handling of radioactive materials ,

and some limitations in the polymers which may be act ivated as noted

I above.

2.2 Observations in the Scanning Electron Microscope_ (S~~1)

Observations of the transferred polymer , wear sc~~ s on the polymer

sliders , and dynamics of the wear process provided valuable insight

I required for the correct choice of parameters to include in wear models.

Lump transfer was observed on all steel surfaces (hand lapped , ground ,

and bead blasted) for PCTFE , PVC , Nylon 6/6, and LDPE. The location

of the transferred material was highly correlat ed with the topographical

features of the surface. On hand lapped surfaces , the polymer transferred

I
I
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I
in the scratches on the surface which were caused by the lapp ing abrasive

particles or by the prior grinding operation . On ground and bead blasted

I surfaces , the polymer initially transferred at the hi ghest peaks and

ridges. Subsequently transferred material gradually filled the valleys

I between the highest peaks. Polymers fully penetrated by the stee l

asperities initially transferred by shearing off at the highest asperities.

I The transferred polymer filled in the slopes of the asperities , shearing

along a plane which made an acu te angle with t h e  h o r i z o n t a l .  The shear

angle was significantly different for PCTFE , PVC , and Nylon 6/6 being

I 12.4, 10.9, and 19.0 degrees , respectively.

The quantity of polymer transferred was found to be dependent on

I the relation between the slid ing direction and the lay of the surface.

The amoun t of transfer was least where sliding parallel to the lay ,

intermediate when sliding perpendicular to the lay , and highest when

j sliding at an acute angle to the lay . For multi ple passes over the same

track , sliding parallel to and perpendicular to t he  lay resulted in the

polymer filling the valleys between the hi ghest ridges. When the valleys

were filled , the wear rate decreased almost to zero. On the other hand ,

when sliding at an angle to the lay , the polymer deposited in the

valleys was moved along the valley by the fri tion forces until it

piled up at the edge of the wear t rack. Hence , the wear rate remained

at a finite , non zero value .

A wear experimen t was designed which could he performed in the

SEM. Observations of the dynamics of the wear process confirmed the

build—up of polymer deposits at the hi gh points on the counterface.

The experiments also showed that prows of polymer were formed at the
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trailing edge of the wear scar from material extruded from the inter-

face and back transferred from deposits on the counterface . These

prows would build—up and then break off falling on the track. Subsequent

passes would e i t he r  push these f ragments  to  the side of the t r a c k  or

else ride over the f ragments  embedding them in t o  t h e  polymer wear scar .

The energy d ispersive x—ray attachment to the SEN was indispensible

in distinguishing deposited polymer from artifacts and contaminants.

2.3 Wear Model Development

During the reported research , the wear of polymers was found to have

a positive correlation with a variety of polymer pr operties and surface

topography parameters. For example , wear of PCTFE heated treated to

obtain different elongations at break , was shown to correlate positively

with the inverse of the energy—to—rupture of the polymer. Wear of

PCTFE was found to correlate with the average asperity slopes for initial

passes over a rough steel surface and with the product of the arithmetic

average roughness and correlation length for repeated passes over the

surface. However , as experimen ts continued it became clear that a

wear model must include both the polymer properti es and the surface

topography parameters which are important to the wear process.

An importan t finding was that surfaces machin ed to the same

arithmetic average roughness by the same machine and operator almost

always had differences wh ich had significant influence on the wear

process. For example , in lightly loaded systems , it was the uppermost

portion of the profile which caused the polyme r wear. Hence , surfaces

with similar arithmetic average roughnesses based on the entire

F
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surface profile sampled , had greatly different distributions of asperity

heights in the upper five to ten percent of the profile. These differences

were dramatically revealed by the hearing areas curves for the profile.

The best correlations of wear with surface parameters and polymer

properties were obtained when wear was correlated with the penetration

depth , and the shear ang le of the polymers. The shear angle of the

polymers was related to orthogonae cutting theory . The theory predicted

the asperity slopes necessary to cause the polyme r to shear and the

shear angle. However the angles predicted were much larger than

measured ind icating that more accurate data on polymer mechanical

properties, such as shear strength in sliding contact are needed .

3. DISCUSSION

3.1 Wear Measuremen t by Neutron Activation Analysis (NAA)

One of the objectives of this research was to study the transfer of

polymers to hard counterfaces. Because polymers have been demonstrated

to transfer in very thin films on smooth surfaces it was anticipated

that a sensitive wear measuring technique was required. Gravemetric

and volumetric wear measurements neither had the sensitivity nor the

precision needed. Therefore , a radiotracer technique was developed

using neutron activated Isotopes In the polymer as tracers . The

technique is completely described in [91 which is readily available

internationally and reprints have been previously delivered to

U.S.A .R.O. for limi ted distrib utio n . Since this reference has been

published , the technique has been modified and extended to include a

wider range of polymers.
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Two techniques have been used to detect the quantity of radioactive

isotopes. The first technique [9) consisted of detecting all gamma

I radiation from the activated polymer in an energy bandwidth with i nc luded

the two major energy peaks from Cl , 1.60 and 2.15 MeV. The second

I techni que , Appendix 2 , consisted of measuring the energy in each major

I 
peak ind ividually . For those isotopes , such as 

3 Cl which had more than

one major peak the mass transferred was determined for each peak and

then an average was reported . The computer algori thm for determin ing

the area under the energy peaks is given in [1OJ .

j While It is possible to determine the mass of isotopes present

by using internal calibrations in the NAn program , these calibrations

are based on the sample being at the geometric center of the detecting

f crystal. Because wear tracks are circular with radii from 1 to 1.5 cm ,

the tracks are not located over the center of the detector during

counting. Hence , direct calibrations were made by weighting samples of

polymer , irradiating and then placing the samples at various distances

from the center of the detector. The effect of radius on radiation

detected is given in [9J.

Because only two engineering polymers contain chlorine , PCTFE and

PVC , a doping technique was investigated to extend the applicability of

the radiotracer technique to othe r importan t engineering polymers. One

percent by weight of powdered Dy203 
was mixed wi th powdered low density

polyethylene (LDPE), then injection molded. Tensile specimens and wear

pins were machined from the molded material. Undoped LDPE was pro—

cessed and machined under the same conditions as the doped LDPE for

comparison of mechanical properties and wear.
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Two qualitative observations were made on the effect of processing

and straining on the crystallinity of the LDPE. The first observation

was that the injection mold ing caused the doped LDPE to be more opaque

and whiter than the undoped LDPE . This result was expected because the

Dy203 
has the properties necessary to be a nucleating agent for polymer

crystals. These properties include a hi gher melting point than the

polymer, insolubility in the polyme r melt, and no chemical reactivity

with the polymer [ill.

The second observation was that during tensile testing the necking

process caused the undoped polymer to whiten and become more opaque

whereas no d i scern ib le  changes were noted in the doped polymer .  As

noted in Table 1 there were no s i g n i f i c a n t  d i f f e r e n c e s  between the elonga-

tion at r u p t u r e  for the doped and undoped polymers. Hence , the strain-

ing during necking has caused an increase in cr y s t a l l i n i t y  of the

undoped LDPE to the level found in the doped polymers after injection

molding.

The other tensile properties measured in the tensile tests are

given in Table 1. Only the tensile strength at y i e l d  was found to be

significantly different for t h e two polymers , the d i f f ere nce being

only 3.5 percent. The elongation at break , a property which Ratner [7]

has determined as being importan t in the abrasive wear of polymers ,

was almost identical for the doped and undoped polymers.

No quantitative wear data was obtained on the undoped LDPE , thus

no direct comparison of the wear of the doped and undoped LDPE could

be made . However , pins made from each were worn under identical

conditions (normal load , 0.491’i , sliding speed 0.935 cm/sec , t rack
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circumference 9.5 cm , 750 revolutions of the disk) and the  wear  t r a c k s

were examined in the scanning electron microscope. There was no

significan t difference between the appearances of th e two wear tracks.

Quantitat ive data was obtained on the wear of the doped LDPE which

was compared to the wear of PVC and PCTFE on the same surface. These

results are given in Table 2. Discussion of these data in relation to

wear models is included in Appendix 4. The sensitivity of the NAn

technique for wear measurement can be extracted from the data by noting

that sliding distances were 0.5 m. Hence , a wear rate of 0.17 (lO~~
9 kg/rn

was calcula ted from 0.O9ji gm of polyme r on the  disk. The standard

deviation for this small quantity of polymer transferred is 29~ of the

amount t r a n s fer r e d .  This s t anda rd  d e v i a t i o n  is d et e r m i n e d  by the decay

statistics of the isotope and t he  back ground count  in  the  l a b o r a t o r y .

It is not a result of repeated experimental runs. h ence , a st a n d a r d

deviation can be reported for only one run which gives one data point.

3.2 ~~~~~~~~~~~~ ct ron MicroscoRe Observat i ons

On the surfaces prepared for the wear experiments the predominant

mode of transfer was lumpy tran sfer. The t ransfer was almost always

associated with the prominent surface features as shown in Fig. 5—7 ,

Append ix 1. if thin film r r iust er did e i ’c  i t  ~~~~~ pre sent in quantit ies

which could not be observed In the SEN or detecte d by the energy

dispersive x—ray analysis of the wear tracks. rranster occurred on the

first pass over the surface at widely scattered site s . As repeated

traversals were made over t II sn o  w e ar  t r ,n i~ t h e  numb er  . ‘t  s i t e s  where

polyme r t r a n s f e r r e d  I urreased and the qu a n t  i t  y ot Polyme r at e l  Ii s i t e
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I TABLE 2. Wear Rates  of Doped LDPE , PVC , and PCTFE

***Disk Roug hness _~~e~~~~~a~ e ~~~~~~~~~~~~~~~~~~~~

R a ,I~i m  LDPE PVC PCTFE

0.10* 0.929 x ~~~ 0.22 x l0~~ 0.17 x lO~~I (.063)** (0.05) (0.05)

0 .34  8 .599 20.10 7 .69
(0.155) (0.67) (0.34)

I *Radial lay , ari thmet ic average roug hness , R a ,  measured pe rpend icu la r
to lay .

**Standard deviation
***Spiral track , normalized by slid ing distance , no rmal load

l.96N. sl iding speed 0.935 cm/sec average
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also increased as shown in Fi g. 6 , Append ix 1.

U s u a l l y  the  s u r f a c e s  observed in the  SEN w e r e  a t  an angle  to th (

e l ec t ron  beam between 90 and 60 deg rees .  U s i n g  a spec ia l  f i x t u r e , some

s u r f a c e s  cou ld  be located a t  ang les of 0 t o  30 degrees  to the e l ec t ron

beam . In these  l a t t e r  p o s i t i o n s  d e t a i l s  of t h e  t r a n s f e r  process were

revealed that could not be observed in the forme r rientatiens . In

FIg. 1, App endix I , It is noted that the polymer sheared off at an

angle to the horizontal. Over 200 photographs of these polyme r deposits

were taken and over 700 angle measurements were mad e of the shear ang les

for three polymers , PVC , PCTFE , and Ny lon 6/6 and three norma l loads ,

2. 45 , 9.80 , and 14 . 7  N. The r e s u l t s  are s u m m a r i z e d  in Table 3 in

Appendix  3. These observa t ions  of t h e  shear  a n g l e  formed an i m p o r t a n t

input  i n t o  t h e  development  of a wear model  f o r  t h e  polymer  t r a n s f e r

process.

The q u a n t i t y  of po lymer  d e p o s i t e d  is  a function of t h e  s l i d i n g

d i r e c t i o n  w i t h  respec t  to the  lay  of t h e  s u r f a c e .  Th i s  was revealed

when the wear t r ack  on the  d i sk  s u r f a c e  w h i c h  had been u n i d i r e c t i o n a l ly

ground was observed as shown in Fig. 6, Appendix 2 .  The d a r k  depos i t s

are the polymer (PCTFE) transferred to the surface during repeated

passes over the same t r a c k .  S e v e r a l  f e a t u re s  of this wear t r a c k  are

significant. The wear track is darkest when the sliding velocity vector

is at an angle of 10 to 80 degrees to  the lay dire Lion , indica ting that

the grea tes t  amount  of polyme r i s  i n  this p o r t i o n  of t h e  wear t r a c k .  In

add i t ion , a row of deb r i s  a p p e a r s  a t  the edge of the wear  t r a c k  The

debris shows up as white particl es because they are bulkier than the

polymer deposits In the wear track and they are less intimately in
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contact with the conducting steel surface of t h e  d i s k .  H e n c e  an

e lec t ron  charge on the  p a r t i c l e s  caused  them t o appear bri ght. It

should be noted that as the  s l i d i n g  v e c t o r  passes t h r o u g h the lay

d i r e c t i o n  the debris shifts from the insi de to the outside of the wear

track.

I The presence of these arcs of loose debris particles at t h e  edge

of the wear track suggest a m e c h an i s m  of t r a n s f e r .  The h i g h e s t  a s p e r i t i es

on the steel surface remove polymer which  is dep o s i t e d  on the  va l l ey s .

Cont inued s l i d i n g  over the  same t r a c k  r e s u l t s  in more  pol ymer be ing

deposited in the  v a l l e y s .  In a d d i t i o n , t h e r e  is some f r i c t i o n  between

the d e p o s i t e d  polyme r and the  po lyme r s l i der .  The component  of the

f r i c t i o n  f o r c e  p a r a l l e l  to the l ay , moves the d e p o s i t e d  po lymer  to the

ed ge of the  t r a c k .  Hence , the debris appears on ti inside of the t r a c k

when the component of the friction forc c p arall e l to the lay points to

the inside of the cir c le.

When the sliding vector is par a ll e l to  the li v  the amoun t of p o l y m e r

deposited is least. These o b s er v a t  i (Ins hav e  been confirmed by auto—

rad iographs of the wear track on a u n i d i  r ec t  l o n i h l y  ground surface as

shown In Fig. 7 , Appendix 2. The autoradiogr api qualitatively confirmed

wear data in Appendix 2 which indicated that wear r a te s  were hi ghest when

the sliding vector was at an ang le to the m y ,  intermediate when

p e r p e n d i c u l a r  to the  lay arid l e a s t  when p a r a l l e l  to the la’ .

The i m p l i c a t i o n s  of these observat ion s on wear model d e v e l o p m en t

are importan t because they m d  h a t e  that w e a r  rates measured on an

anisotropic surface topograp hy w i ll vary by an or d er  of m a g n i t u d e  or

more as a f u n c t i o n  of t h e  a n g l e  that the directi on of the sliding vector
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makes with the direction of lay. Hence , s p e c i f y ing a roughness parameter

such as arithmetic average is insufficient information for quantitat ive

wear p r e d i c t i o n .

Direct observations of the wear process were obtained on a small

pin—on—disk machine which was mounted In the SEN. Fig . 1, 2. The

normal load was supplied by a cantilever spring. The disk was rotated

by a mechanical l inkage which could be turned by hand or driv en by a

constant speed motor from outside the specimen chamber of the SEM . It

was possible to locate specific surface features In the wear track and

examine those areas after successive passes of the pin over the same

spot .

Observations of the pin-disk contact area during sliding showed

the  b u i l d — u p  and subsequen t  break o f f  of prows of polymer  on the  t r a i l i n g

edge of the p i n , Fig. 3 , ~~. I t  I s  p o s t u l a t e d  t h a t  t h e s e  prows consi s ted

of polymer  p l a s t i c a l l y  f l o w e d  out  of t h e  in tc ~~1ace as we l l  as polyme r pulled

Out of t h e  t r a c k  as the t r a i l i n g  edge of t h e  p o l y m e r  p in  passed over

the  t r a n s f e r r e d  po lymer .  Prows w h i c h  broke  o f t  we re e i t h e r  pushed to

the s ide  of t h e  t r a c k  or e l s e  p i c k e d  up a g a i n  by t h e  p i n  on a s u b s e q u e n t

pass.

By observing polymer d e p o s i t e d  a t  a s i t e  on the s t e e l  d i s k  on

successive passes , the  deposits were observed to  grow and dec rease  In s i z e .

The decreases occurred when t h e  p i n  p i c k e d  up d~~p s i t ~~d polymer  f r o m

t h e  d i s k .  These observations (if the dynamics of t h e  t r a n s f e r — — b a c k

t r a n s f e r  p r o c e s s  e m p h a s i z e  t lie r andom n a t u r e  ot the t r a n s f e r  p r o c e ss .

In f a c t , it i s  s u r p r i s i n g  that th ere Is not  mor e s c a t t e r  i n  the  wear

da ta  than t h a t  w h i c h  has been m e a s u r e d .
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3.3 Wear Model D elo~~~~t

The devel opment of a wear model for t h e t ransfer of polymers to

harder roug h surfaces has proceeded as f o l l o w s : development  of a

sensi t ive wear m e a s u r i n g  t e c h n i q u e  w h i c h  is been us ed  to t e s t  va r ious

wear models postulated , microscopi c observations ot  t he wea r p r o c e s s

by the SEM which  have been used to  i d e n t i f y  f a c t o r s  important in the

t r an s f e r  wear process , f o r m u l a t i o n  of wear models  u s i n g  the  t~ ic t or s

found to be important , and testing the  range of v a l i d i t y  of t h e  wear

models. The experience obtained in this research has confirmed that

better wear models will be formulated from the results of more careful

and more sensitive observations of the wear process. The p icture of

the abrasive wear process which is emerg ing for polymers is dominated by

the importance of the surface topography o the counterface and the

d e f o r m a t i o n  and r e s i s t a n c e  of lie polyme r to t ene t  rat ion .

In the  e a r l y  e x p e r i m e n t s  on t h i s  program t h e  wear  of PCTFE was

positively correlated w i t h  the average asp erity slope of the stee l

s u r f a c e s  on which it was slid , Table 4, A ppe ndix 1. This correlation

on the initial pass over t h e  s u r f a ce  was not  l i n e a r  is t h e  s imp le

abrasive wear  theory  p r e d h t s .  For s e v e r a l  p a s s t~~ ove r the  s u r f a c e  the

polymer beg ins to  f i l l  up the valleys on t h e  s u r f ac e .  The wear was

found to c o r r e l a t e  w i t h  the arithmetic average roughness , a measure of

the profile hei ghts , t imes  the a u t o  correlation length , a measure  of

the spacing between profile peaks , Tabl e 5, Appendix 1. This product

was chosen to represent the volume of space aval  t ab le  between peaks

for polymer to deposit on the surf ice. Th is work i n d i c a t e d  t h a t  t h e r e

can be two or more parameters whic h w i l l  c o r r e l a t e  w i t h  wear ( e . g . ,
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arithmetic average roughness , and average asperity slope). However , with-

out a physical basis for relating wear to the parameter , its correlation

with wear may be fortitutious and of limited validity.

Thus, one thrust of the research was to obtain as extensive a

characterization of the counterface surfaces as possible . The surfaces

were chara cterized by measuring the topography by line profiles obtained

f rom a s t y l u s  moved over t h e  s u r f a c e .  The p r o f i l e  was then di git ized

and used to calculate a wide variety of surface topography parameters

(Table 5, Appendix 3 and Ref. 1 2). Parameters were c a l cu l a t ed  f rom the

entire profile data (arithmetic average roughness and auto—correlation

function , for example) and from t runcations of the profile data

(average slope of the upper 5 percent of the profile). The need f o r

calculation of parameters based on the complete and partial profile

data  was recognized  when calculat ions revealed that some load—geometry

combinations resulted in complete penetrat i on of the  asperities into

the polymer while other combinations resulted in only partial penetration .

It became clear that abrasive wear depended on the interrelation

between normal load , surface topograp hy, slider geometry , slid ing d irec-

tion with respect to lay , repeated traversals over the same track , and

polymer mechanical properties. Therefore , the wear process was broken

down into stages and effort was started to develop models for each

stage. These stages of wear described in the following paragraphs are

based on the observations of wear tracks , wear scars , and wear deb r is

in the SEM and on wear measuremen ts.

When a polymer pin was loaded against a steel surface , the polymer

was deformed by the penetrating steel asperities until sufficient real
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area of contact developed to support the normal load . If the initial

geomet ry of the pin was coni c , then it was assumed that the real and

apparen t areas of contact were approx imately equal. This condition

was called ful l penet ra t ion . If the initial geometry of the p in was a

t runca ted  cone , t h e n  t h e  rea l  area of c o n t a c t  was less than  the  apparent

area of  contact. This condition was called partial penetration .

When sliding started (by moving the steel surface relat ive to the

pin) polymer transferred to the ste& l surface. For full penetration ,

the polyme r sheared o f f at an ang le (as shown in Fi g. 1, App endix 3),

the angles being significant for different polymers , Table 3, Appendix 3.

The steel surface which pissed under the pin was not completely covered

with polymer i t - p o s i t s .  Thus , some topographic features of the surface

did not  have the correct geometry to cause he polyme r to shear  and

fracture during sliding.

For p a r t  i a l  penetrati on , when sliding was initiat e d , the process of

polymer transfer is simi lar to material removed by i-hi p f o r m i n g

processes.  The pol yme r in t he  p a t h  of an i n p t  c i t y  sheared along a shear

plane and began to fil l  up the volume between t h e  s t e e l  surface and the

s u r f a c e  of t h e  polyme r p h i  no t  i n  c o n t a c t  at t h e  asperities. However ,

polym er transfer d i f f e r ;  f r o m  c h ip  rorming models in that chit) forming

models assumed that all mat e rial In the path of the too l  Is removed ,

whereas, for certain geometry asperities , the polyme r can flow around

the asperity without being removed as a chip or loose wear particle.

For repeated traversals over the same path and f u l l  penetration ,

the wear r a t e  d ropped  o f t  rap i d l y  on s u b s e q u e nt  passes  as t h e  polyme r

pin was s l i d i n g  on t r a i i s f er r e d  po lyme r • i i i i l i t  t h t ~ add  it lonal removal
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occurred. However , if t h e surface had a lay and th e sliding direction

was at an angle to  the  lay , p o l y m e r  c o n t i n ue d  t o  t r a n s f e r  b y the  mechanism

described in SectIon 3 .2 .  For p a r t i a l  p e n e t r a t i on , t he  wear  ontinued

u n t i l  the  space between t h e  b o t t o m  of t he  p o l y m e r ~ tn and t h e  s u r f • n e . -~

became f i l l ed  w it h  t r a n s f e r r e d  pol y m e r .  Then , the wear rate began to

d iminish.

A model f o r  f u l l  penetration wear , based on orthogonal chip f orming

theory and the polymer shear angle measurements i s  d e s c r i b e d  in A p p en d i x

4. The model was of limited success in that it predicted t il e relativ e

rankings of the wear of two polymers. However , the shear angles

predicted b y the t h e o r y  were m u c h  h i g her  than actu a lly measured. The

d i f f i c u l t y  was ascr ibed t inadequate knowled ge ot the polymer properties

which must be used in t he  shea r  a n g l e  c a l c u l a t i o n s .  T h i s  d i f f i c u l t y  in

d e f i n i n g  t h e  po lymer  p r o p e r t i e s  t o  use in  wear  mode ls  must e v e n t u a l l y

be solved by us ing  properties measured in the st re ;~ and s t r a i n  c o n d i ti o n s

existing in sliding systems.

A model for par tial penetration wear , based on d e p t h  of p e n e t r a t i o n

of the  s tee l  asper i t i es  i n t o  t h e  po lymer  and t h e -  measured  polym e r shear

angles , was successful In p r e d i e - t i n g  the - relative wear of two polymers .

However , depth of penetration , being based on the extreme hei ghts of the

profile and on polymer flow pressure , Is subject to e r ro r  from unrepre-

sentative sampling of the surface—profile and from the Incorrect polymer

flow pressure used to determine the real area of contact.

While the wear models deve l oped at t h e -  end of t h i s  research  show

promise for predicting polyme r wear and transfer , a continuing

experimen tal and theoretical program is required to increase the
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confidence in the predictions from these models. It is clear that complete

surface characterization is required as Is the measurement of polymer

properties under conditions which exist in sliding systems .
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V i r g in i a  Pol y t e c h n i c  I n s t i t u t e  and S t a t i -  u n i v e r s i t y
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AB STRA~T

An exper imenta l  s tudy  of the  f r i c t i o n  and wear of pol y c h l o r o t r i f l u o r o -
ethylene (PCTFE) rubbing on mild steel was performed on a pin— on-disk machine ,
with a normal load of one kilogram and a sliding speed o~ 0.2 cr~fser . Four
d i f f e r e n t  s u r f a c e  f i n i s h e s  were used , glass—bead blast e d , l .2h urn AA: s ir—
face ground , 0.7 and 0.14 i’m AA : and lapped , 0. 07 Tim A A .  The- ~r 1 ct 1 o n  and
wear on i n i t i a l  passes were found t o  c o r r e lat e  w i t h  AA r oe i r h n t - s s and i

asperity slope. On repeated passes , the friction and wear were m o s t l y
Influenced by the properties of the trans le-rrod p o l y m e r — p o l y m e r  l n t i r ’ace .
Af ter 40 passes , the wear was found to correlate w it h t i  prc i it t of -

roughness and the correlation length. It was c o n c l u d e d  t h a t  ar ; i m c t e’r s cal-
culated from on ly  the upper  p o r t i o n s  of the profile h i v e the most iremir ¶ r
corre la t ing ~ i t h  f r i c t i o n  and wear p henomena o c c u r r i n s ’  a t  t h e  h i gh .  - t  i~~i - .-r-
ities , rather t h a n  parameters based on the  e n t i r e -  profil e .

IN TRODU CT t~~;

The increasing use of p las t ics  as r e p l a c e m e n t s  for m e t a l s  in i p p i l —
cations where sliding contact occurs -etween two machine elements Is due
to several advantages that plastics have over metals. P l a s t i c s  have
good combinat ions of p rope r ti e s  r a t h e r  than ex t remes  of m v  s i n g l e  prop-
e r t y .  For example , ny lon and PTFF are  o u t s t a n d i n g  d ry  h e a r i n g  m a t e r i a l s
not merely because of their low coefficients of friction hut also because
they offer a combination of good abrasion resi stan ce- an d  corrosion resis-
tance , fair—to—good creep resistances aad an a b i l i t y  to engul f  ab ra s ive
particles. Another important advantage of p lastics Is that parts can he
produced with f e w e r  f a b r i c a t i n g  o p e ra t i o n s .  P a r t s  r e q u i r e  a min imum of
finishing after processing because color , surface texture , thread s, under-
cuts and metal inserts can a l l  be obtained during the molding process.

The app l ications of p lastics has far outrun the basic understanding( of the mechan i sms  of p henomena such as f r i c t i o n  and w i - a r .  T h i s  l ack  of
unde r s t and ing  p r e v en t s  d e s i g n e rs fro nt  p r e d i c t i n g  wear and f r i c t i o n  In a
given application unless test dat ;i h i  a v a i l a b l e  f rom a s i m i l a r  app h i —
c a t i on . L a c k i n g  t e s t  d a t a , the designer Is forced to run s c r e e n i n g  t e s t s
of ma te r i a l s  for  those app l ic ;it  ion s w in -re friction and wear  p r o p e r t ie s
are c r i t i c a l  fo r  p rope r  p e r f o r m an c e .  Thus , a nee d cu -a n y ex is t s  fo r
basic u n d e r s t a n d i n g  of f r i c t i o n  and wear  of p l a s t i c s .
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Ihe s t a t u s  of our unde r st and~ ng of fric tion and wear of p l astics
has been summarized by Steij n  [1] and Lancas te r  [ 2] .  When stud y ing wear
phenomena , the i n i t i a l  surface f i n i s h  is u s u a l ly  of l i t t l e  i n t e r e s t  be-
cause the wear process is continuously modifying the surface- . However ,
when a p l a s t i c  s l ides  on a me ta l  s u r f a c e , the me ta l  s u r f a c e  s u f f e r s
r e l a t i v e l y  l i t t l e  change as the p l a s t i c  Is worn away and t r ans fe r s  to

4 the metal  s u r f a c e .  The l i m i t e d  da ta  found  in the l i t e rat u r e  on t h e
e f f e c t  of surface fin ish on plastic wear [2 ]  show t h a t  wear has a pos-
i t i v e  correlation with AA roug hness .  Other  s t ud i e s  [3 ]  have shown tha t
the curvature of the  s u r f a c e  has a positive correlation with wear of
plastics.

An increasing number of investi gators are recognizing that several
parameters  can be used to c h a r a c t e r i z e  a surface [ 4 ] .  I t  was the purpose
of t h i s  work to I n v e s t i ga te  the  r e l a t i o n  between surface characterization
parameters and friction and wear of a p lastic , PCTFE , s l i d i n g  on m il d
steel.

FXPF.RIMFNTS

Purpose

The purpose of the exper imenta l  program was to measure the wear
and fric tion force of a plastic rubbing on a harder metal surface. The
major independent variables were the AA roug hness of the  meta l  s u r f a c e s
and the method of producing  the su r faces .  A l l  o t h e -r  pa ramete r s , such as
norma l load , s l id ing  speed , ma te r i a l s , e n v i r o n m e n t a l  c o n d i t i o n s , and
geometry  of the  e x p e r i m e n t a l  materials were fixed.

g Apparatus

A pin—on—disk machine , show-n in Fi gure 1, was used to provide
the  r e l a t ive  mot ion  between the  materials. The p l a s t ic  p in , A , 3 . 175 mm
diameter and 3.175 mm long was mounted  w i t h  i t s  a x i s  parallel to the
surface of disk , B , and parallel to the relative slidin g veloc ity vector.
f~~ p in was attached to an arm , C , which p i v o t e d  v e r t i c a l ly at 1) and
horizontally at E . H o r i z o n t a l  mo t ion  of t he  heart was r e st r a i n e d  b y a
cant i lever  beam , F , on which were mounted  s t r a i n  gages , G .  The o u t p u t
of the s t r a i n  gages was p l o t t e d  on an X—Y r ecorde r  and c a l i b r a t e d  to
read friction coefficient. The norma l load yes app l ied  b y dead wei ght ,
H.  The d isk  r o t a t i o n  was c o n t r o l l e d  b y a v a r i a b l e  spe ed t r ansmiss ion
and the  power was supplied by a 1 /2  HP synchr onous m o t o r .  The r a d i u s
of the path of the  pin on the  disk was c o n t r o l l e d  by moving the  p ivo t
support , I , in the  d i r e c t i o n s  Indicated .

Experimental Variables , Parameters , and Conditions

The parame ters , conditions , and v a r i a b l e s  f o r  the  experiments
are given In Table 1.

*
Numbers in b r a c k e t s  r e f e r  to  sim ila rly numbered references listed at
the end of the paper.
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I
Table 1

Exper imental Parameters , Cond it ions , and Variables

Parameter Pin Disk

mate r ia l  PCTFE 1018 cold rolled steel

diameter 3.175 mm 76 .2  mimi

th ickness 3. 175 mm 6 .35  mm

contacting surface as extruded glass—bead blasted ,
su r face  ground ,

* 

hand lapped .

polychlorotrifluoroeth ylene

~p~era t ing  Condi t ions

Norma l load : 1 k g

Sliding speed: 0 . 2  cm/ sec .

Atmosphere : A i r  at 73° F , 50—60% Re la t ive  H u m i d i ty

Lubricat ion : None

Variables

Surface prepara tion of disk AA (Tim)

Surface  gr ind to 0 .8 um AA , then
Blast wi th  g lass beads
.074 to .147 mm dia  1.26

Surface grind , unidirectional with 0.68
Aluminum oxide , 46 grit 0.135

Surface grind to 0.12 urn AA ,
Hand lap , 400 gr it SIC , dry ,
unidirectional 0.067

Materials P repa ra t i on

The disks were finished as indicated in Table 1 and stored in
light oil to prevent  rus t ing . Jus t  prior to running an experiment
the disks were rinsed wi th  methanol  and put  on the machine . The p ins
were cut to  size from 3.175 run dia . extruded rod , rinsed in pentane ,
air dried and sealed in pol ye th y lene v ia l s .

Wear Measurement

Because of the small amounts of material transferred in the Initial
phases of wear , a wear method had to he used which  was a ccu ra t e  and
sensitive . A radio—tracer techni que which is described in detail
elsewhere [5] was selected . The technique requires that the element



to be traced cats h e- a c t i v a t e d  In the  n e u t r o n  f l u x  of a r e a c t o r  and t h a t  the
a c t i v a t e d  e l e m e n t  have a h a l f  l i f e -  long enoug h to p e r m i t  r u n n i n g  an exper i—

~~ ment and c o u n t i n g  o f  t h e -  a c t i v i ty  of the t r a n s f e r r e d  m a t e r i a l  s u b s equ e n t
to  the e x p e r i m e n t .  sf those e l e m e n t s  found in commonly used plastics , only
ch lo r ine  1t~is t h e -  s i c - s i r e d  c h a r a c t e r i s t i c s, i t s  h a l f  l i f e  being 37 m i n u t e s .
T h e r e f o r e , PCTF E was se lec ted  as t h e  e x p e r i m e n t a l  ma t erlal.

In a typ i c a l  e x p e r i m e n t a l  run  t h e  pol y e th y l e n e  v i a l  w i t h  the  PCTFE
p in inside was i n s e r t ed  In  t ime  r e a c t o r  f o r  10 m i n u t e s .  A f t e r  i r r a d i a t i o n

I the  v ia l  was opened and the p in mounted  i n  the  arm (C , Fi gure  1 ) .  The
normal load was app l ied  and the  d i sk  was ro t a t ed  f o r  a p r e d e t e r m i n e d  number
of r e v o l u t i o n s .  F r i c t i o n  measurement s  were made p e r i o d i c a l ly  d u r i n g  the

I run . At the  c o n c l u s i o n  of the  run  the  d isk  was remov e- d and taken  to the
rad ia t ion  coun te r  where  i t  was counted  f o r  30 m i n u t e s .  The mass t r a n s f e r re d
was de t e rmined  f r o m  a c a l i b r a t i o n  curve of t o t a l  c o u n t s  as a f u n c t i o n  of

I 
mass.

To d e t e r m i n e  the r e l a t i o n s h ip be tween  the  a m o u n t  of PCTFE t r a n s f e r r e d
and the number of repeated  passes over the same s u r f a c e  a s e p a r a t e  run was

I made fo r  each of several  p r e d e t e r m i n e d  numbers of passes . Each run was
made on a d i f f e r e n t  r a d i u s  pa th  on t h e  same disk .

I RESULTS

I The PCTFE t r a n s f e r r e d  to the  s teel  disk as a f u n c t i o n  of the  number of
passes and the  A.A s u r f a c e -  f i n i s h  I s  shown g r aph i c a l ly  in Fi gure 2 .  Because
each expe r imen t  f o r  each number of passes on a given s u r f a c e -  was run at a
d ifferent radi us, the sliding distance for one revolution was different for

1 each run . The pol ymer t r a n s f e r r e d  was normal i zed  to an e q u i v a l e n t  s l i d i n g
distance at a rad ius  of 1 1 . 2  mm b y m u l t i p l y ing each va lue  of mass trans-
ferred by the ratio 11.2 nun to the radius of the track . All data points

I represent the mean of three separate measurements , each on a different
disk , except  f o r  the  da ta  a t  120 passes (one m e a s u r e m e n t ) ,  the data  fo r
the hand lapped surface (one measurement at II) and 20 passes and two meas—

I urements at one and 41) passes), and the data for the head—blasted surface
at 40 passe-s (two measurements).

The coeff icient of fri cti on da ta is summar ized In Table 2 .  The c o e f —

f ficient of friction was monitored during each run . Thus , a t ime history
of the  f r i c t i o n  force  could he o b t a i n e d  fo r  eacis s i n g l e  mass t r a n s f e r
measurement .  I t  was found  that during each run the coefficie nt of friction
remained near ly c o n s t a n t  when the  two rougher  s u r f a es were be ing  r u b b e d .
However , when the two smoother surfaces were rubbed a g radua l  in crease  in
the coefficient of friction was idi se-ryc-si as a f u n c t i o n  of t h e  number of
passes , as is sh own in Fi gure 3.

On the  s u r f a c e s  w h i c h  had a “ lay ” (all except  the g l ass—bead blasted
surfaces) a significant change- in t h e  c o e f f i c i e n t  of f r i c t i o n  was occasion-
a l l y noted when r i t e  s l i d i n g  d i r e c t i o n  changed f rom paralle l to p~ rpendicu—
lar to the lay . The d i f f e r e n c e  was most pronounced on t i m e  f i r s t  pass  of a
run and d ec r e a se d as time nu mber 1 pa sses lncrease- (h ms shown In  F i g u r e  4.

I
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I Table 2

C o e f f i c i e n t  of F r i c t i o n  of PCTF F S l i d i n g  on 1018 S tee l
for Various ~sir face- Finishes and ~lumher of Passes

Number of Passes

SURFACE/AJ\ 1 5 10 20 40 120

** *
B e a d— b l a st e d / l . 2 6  cm .34 .25 .28 .24 .28

** ** *
Sur face  g r o u n d / 0 . h8 pm .29  . 2 2  .26 .28 .31 .24

Surface ground/0.l35 urn .18 .20 --- - .28 .26 .16

Hand lapped/ O. C67 rn .14 .18* 
~4 . l8~~

All coefficients of friction are the  mean of t h r ee  measurements , each
averaged over the last pass of each run , except  those  f o o t n o t e d  as f o l l o w s :
*
One measurement

**Mean of two measurements

One samp le of each type of surface was characterize d by t a k i n g  a s ty l u s
s u r f a c e  p r o f i l e  and comput ing  several  s t a t i s ti c a l  p a r a m e t e r s .  The resul ts

~s r e  g iven in Table  3 below .

Table  3

S u r f a c e  P r o f i t - C h a r a c t e r iz a t i o n

**
Metho u of teA Average  A v er a C e  Cor re la t ion  AAxL

P r e p a r a t i o n  cm S l o se  W a v e l e n g t h  !ength *** put
2

( r n )  L ( p m )

Glass Bead Blas ted  1.26 . 135 58 .7 34 .2  43.1

Rough sirfa ce 900* (1 .68 .170 25.2 17.1 11.7

Ground 00 0.30 .037 5Q~9 47.5 14.2

Smooth Surface 90° 0. 135 . 039 2 1 . 7  15.2 2 . 9
Ground 0

0 0.078 .007 70. () 142 .5  11.1

Hand Lapped 90° 0.0h7 .0226 18.6 15.2 1.0
00 0 .075  .01 3 1 36 . 0 26 .6  2 . 0

*Direction of s ty lus t r a ve l w i t h  respect  to lay.

2 (Ate ) 
_ _ _ _ _**Average Wavelength = - — [4]

Av eralp- Slope

***l) i s tan c e -  p r o f i l e  mus t  he s i m i  f t e d  fo r  the amitocorrelat ion funct Ion

to drop to 10 percent of i t s  zero s h i f t  va l ue
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Lancaster [2] has identified three major t \-pe -s of wear of polymers:
abrasive wear , fati gue wear , and adhesive wear. Abrasive wear Is caused
by hard a s p e r i t i e s  on the  me ta l  s u r f a c e  p e n e t r m t  ln p  t i e  polymer and
ploug hing and a b r a d i n g  the  n o lv r se r s u r f a c e .  Fa t i gue wear is t h e  de t achmen t
of m a t e r i a l  as a r e su l t  of c y c l i c  s t r e s s  v a r i a t i o n s  on a localized scale.
Adhesive wear is the  t r a n s f e r  of m a t e r i a l  f rom ofle- su r f i c t -  to  a n o t h e r as a
consequence of the  forces of adhes i on between t h e m .

For the i n i t i a l pass over the meta l  s u r f a c e , the  abras ive  wear  of t h e
pol ymer w i l l  p redomina te .  The da ta  in Fi gure 7 shows t h a t  the wear on t h e
f i r s t  pass is approximately proportional to the teA roughness of the  s u r f a c e s .
However , f o r t u i t o u s  as t h i s  c o r r e l a t i o n  may appea r , i t  is i m p o s s ib l e  to
re la te  the  sing le pa rame te r  of AA roughness to the- mechanism of abrasive
wear . The AA roughness contains no Information on the spacing of the
asper i t i es  itt t he  meta l  p r o f i l e  nor on the  shapes  of the asperities.

The simp lest theory  on a b r a s i v e  wear assumes t h a t  a s p e r i t i e s  of a
hard s u r f a c e  p e n e t r a t e  a s o f t e r  m a t e r i a l  and remove m a t e r i a l  by c u t t i n g
or sise-aring [6]. The model leads to the  r e l a t i o n s h i p

Kw~ tan 0
—

p

where v is the volume removed per a s p e r i t y ,  w is the  norma l load per
a s p e r i t y ,  is the s l id ing  d i s t ance , p is the f l o w  pressure of the softer
mater ia l  ( approx ima te l y equal  to i n d e n t a t i o n  h a r d n e s s) ,  0 is t h e  angle
of slope of the asperi ty, and K is a constant to account for the geometry
of the  asper i ty  and the  p r o b a b i l i t y  of some p l o u gh in g  of the  so f t e r
ma te r i a l  w i t h o u t  remova l of m a t e r i a l .  The t o t a l  vo l ume removed i s  the sum
of the volumes removed by all the a sp e r i t i e s  In c o n t a c t  w i t h  the  polymer
and can be expre-sse-cl as

= 
KW tan

p

where V Is the  t o t a l  v o l u m e t r i c  wE-ar , ~J Is  the  t o t a l  norma l load , and
tan 6 is the  average a s p e r i t y  s lope.

A correlation between the  si op e s of the a s p e - r i t  Ies  and the  wear on the
f i r s t  pass can he se-eu in Table  4 .  For t h e  g round  and lapped s u r f a c e s  the
sliding dir ection periodically c h a s s ~’es from parallel to perpendicular to the
lay. Thus the average of t i me 90 0 and O ° slopes g iven  i n  Table  3 has  been
tabula ted  in Table 4.
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Table 4

Initial Mass Transfer as a Function of Average Asperity Slopes

Surface Average Slope Mass Transferred (pg)

Glass Bead Blasted .1348 8.0

Surface Ground , Rough .1033 4.62

Surface Ground , Smooth .023 0.42

Hand Lapped .0175 0.59

It  is evident from Fi gure 2 and Table 4 that  the initial mass transferred
correlates  both w i t h  the teA roug hness and the average asperity slopes.
However , the average slope is directl y rela ted to the mechanism of transfer
and hence has a ph ys ica l  s i g n i f i c a n c e  in th i s  wear process.

As the plastic pin wears , two impor tan t  geometr ic  changes occur : the
plastic material transferred to the metal surface changes the profile of
the metal and a flat is worn on the surface of the pin . The transfer of
the mater ia l  to the  sur face  does not occur as a cont inuous  f i l m  as has
been observed fo r  p las t ics  such as PTFE and l inear high dens i ty  polyethy-
lene sliding on smooth surfaces [7]. Rather , it occurs in discre te lumps
at widely separated asperi ties on the metal surface as shown in Figure 5.
Since transfer as a resu l t  of abras ive  wear w i l l  occur where the hi ghest
asperities contact the p lastic sur face , the s u r f a c e  parameters  which
describe these highest asperities would be the most relevant to predicting
the plastic wear. Thus , it would be more appropriate to take the profile
data and calculate statistics such as the slope and curvature of the upper
most portions of ti e pro f i l e  r a the r  than from the comp le te  p r o f i l e  as is
cotu~ on practice. T1 e importance of the geometry  of the asperity tips
has been noted by Hol 1 ander and L a n c a s t e r  [ 3 ] .  Th ey found an inverse
power relation between polymer wear rates and the average radius of
curvature of metal asperities.

As the p l a s t i c  p in makes m u l t i p le passes on the same wear track ,
polymer continues to transfer hut at a decreasing rate for the rougher
surfaces (see Fi gure 2 ) .  The increase  in the  f r e q u e n c y  of the deposi ts and
the growth of t he  m a t e r i a l  t r a n sf e r r e d  on p rev ious  passes on the ground
surface  is c lear ly shown in Figure  6. However , the  t r a n s f e r  of pol ymer
to the glass—bead blasted surfaces (Figure- 7) occurs at  a spe r i t i e s  which
are much more w ide l y separa ted  than those on the  ground s u r f a c e s  (compare
Figures  6a and 7b , fo r  examp l e ) .  As pol ymer b u i l d s  up at the asperities ,
some of the norma l load is support ed by the  polymer , r e s u l t i n g  in less
penetration of the steel asperities into the pol ymer surface. This decrease
in penetration leads to a (be-crease In the wear rate.

The geometric characteristic of the surface which determines the amount
of polymer which can be transferred to the surface Is the volume of the
valleys between the asperitli-s. Surfaces with widel y spac ed peaks and
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deep valleys will be able to be filled with more polymer than surfaces
with close spaced peaks and shallow valleys. The Ate roughness is a measure
of the profile height distribution or of the depth of the valleys. The
correlation length is a measure of the spacing between the asperities.
The product of these two measurem will be a parameter which is related to
the volume of the valleys. The lcrger this product , the more polymer
will be transferred to the surface. Table 5 indicates that a strong
positive correlation exists between the product of Ate roughness and cor-
relation length and the wear after 40 passes.

Table 5

Correlation of Surface Parameters with Wear After 40 Passes

AA Corre la t ion AA xL Wear

Surface put Length , L , pm p m
2 pm

Glass Bead Blasted 1.26 34.2 43.1 39.3
* *Surface Ground 0.68 17.1 11.7 15.5
* *

Surface Ground 0.135 15.2 2.9 3.3
* *Hand Lapped 0.067 15.2 1.0 2.3

*
Measured perpendicular to the lay .

The fric tion force between two sliding surfaces involves two main
components [2]: the rupture of junctions produced by adhesive forces at
the contact point and the deformation of material by the relative motion
of interlocking or interpenetrating asperities. In the wear of polymers
both components are significant. For the initial passes of PCTFE sliding on
steel surfaces , the location of the t ransferred pol ymer at asperities
supports the deformation component as the dominant factor in the friction
process (see Figure 5). A p o s i t i v e  co r r e l a t ion  between f ri c t i o n  coe f f i c i en t
on the first pass and the Ate roughness is ind ica ted  in Table 2. The
coef f i c i en t  of f r i c t i o n  also cor re la tes  pos i t ive ly w i t h  the  average slope.

However , i t  is evident t ha t  t r y ing to oredict  f r i c t i o n  of the  polymer
by parameters calculated from the entire profile is unrealistic in view of
the limited portion of the metal surface in contact with the polymer.
Hence, meaningful parameters would be those calculated from the upper por-
tions of the profile.

The coefficien t of friction of PCTFF on itself is reported as 0.27 for
crystall ine polymer  rubbing aga in s t  amorp hous pol ymer [ 8) .  On the rougher
surfaces , the de fo rma t ion  component of the  f r i c t i o n  fo rce  is dominant
during ini t ial passes , giving coefficien ts of friction of .29 to .34. As
the polymer transferred to the steel surface , more of the load was carried
by a polymer—polymer interface and the friction coefficient was largely
a result of pol ymer rubb ing  on po lymer .  Because t h e  i n i t i a l  f r i c t i o n  due
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to deformation and the later friction due to polymer sliding on polymer
were approximately equal , little change was observed on the coefficient of
friction during a run .

On the smoother metal surfaces , the friction coefficient increased as
the number of passes increased (Figure 3). The initial friction was low
because the a spe r i t i e s  were much smaller than those on the rougher surfaces.
The smaller asperities did not penetrate as deep ly as those on the rougher
surfaces. As polymer transferred t o  the steel and more of the load was
transferred to the polymer—polymer Interface , the coefficient of friction
rose approaching that of the polymer-on—polymer sliding system .

The change in the coefficient of friction as a result of tran~ ’~~~~ed
polymer is also shown in Fi gure 4. In itIally the eoerficient of friction
when traveling parallel to the lay was less than that when traveling per-
pendicular to the lay . As polymer was transferred , the minimum friction
was increased and the maximum decreased. These- r ianges were due to the
increasing dominance of the friction force by t h E  p o l ym e r — p o l y m er I n t e r f a c e
as the number of repeated passes increased .

CONCI.US T~ N~

1. While Ate roughness may correlate with friction and wear of p la stics
rubbing on hard surfaces , other parameters calcul ated from profile
statistics such as asperity slope , and the  p r o d u c t  of the AA roughness
and the c o r r e l a t i o n  l e n g t h  a l so  c o r re l a t e  and have a physical rela-
tionship to the friction and wear  phenomena .

2. Because friction and wear p henomena Involve the uppermost par ts of a
surface , some profile statistics (such as curvature , average slope ,
and wavelength) should he calculated for on1~ the upper portions of
the pro~~ le , If meaningful correlations are to be made.

3. On the initial pass of PCTFF on a mild ste-el surface , the fr iction and
wear are domlnat~ d b y  deformation processes which are very dependent
on the s t e e l  ~~ r~~ ace p r o f i l e .  On subsequent  passes , as more polymer
is t r a m — t e r r e d  to tiji- steel surface , the friction and wear are increas-
ingly Influe nc. i by the Interactions at the pol ym er—polymer interface .
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On the influence of the degree of crystallinit y of PCTFE on its transfer
to steel surfaces ~~~ difference roughnesses
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In this study , the wear of PCI’FE on mi ld  steel was n~ asured using

neutron activation analysis. The major var iables studied were the

crvstallinity of the PC~FE and the rouc~ftk-ss and 1 w of the steel

co~~terface. ~~~ degrees of crystallinirv , 45 and 65 nercent , were ob-

tained by heat treaur~nt .  Surfaces were produced for the pit -on-disk

- • apparatus by surface grinding to roughnesses ranging fr~ : 1. 26 rn to

0.07 urn Ra and various lays - ¶
~4ear n~ asurev~ nts and SE~I observations

indicate tha t the crystall ine po1)~~ r had higher wear than the anDrphous

polyn~ r ; the wear correlated with the inverse of the energy to rupture .

The wear was highest when the direction of sliding was at an angle of

10 to 80 degrees to the lay for nultipie passes over the s~~ track .

Under this condition , transferred particles of PCl~FE were dragged out of

the groove by the sliding notion leaving space for continued transfer to

occur .

1. ~OtXJCTION

when a polyn~ r slides on a hard srDoth surface , t)olynEr transfers by

t~~ rr~ chanisms . For V1’FE and high density polyeth ylene , a very thin ,

highly oriented film transfers . Trans fe r is caused by a~~esive forces
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I
drawing out polvmar malecules ~~ich can slide easily by each other be-

cause of thei r snuoth :rieL -u lar prof i1eIH~ When other po1yn~ rs rub on

the srruoth surface , ei t l11 r no d&- t cc! (ibh~ film is transferred or transfer

occurs in discret e lumps. The iLup ~ransler is caused by the bulky

side groups on the polynur chains inhibit in~i interchath niven~nt arid pro-

~i)t Lflg i racture on a cr~ s T al 1in~- s~- il e ra! her than rrclecular scale .

When a polyn~ r slides on a rwgh surface - the node of transfer is a

ltmpy transfer as a result of the abrasive wear nuchanisrn l2 l .  Sinp le

rrodels of abrasive wear have related the wear directly to norma l load ,

sliding distance, and average asperity slopes arid inversely to the polytier

hardness[3]. Hcx~ever, nuasuren~nts of the wear of polyncrs making single

traversals on steel surfaces at l~~ speed did not confirm the propor-

tionality bet~~en wear and asperity slope Neither did wear of polyrr~rs

correlate with the inverse of the polynur hardness.

Ratner[4] considers that ~~~rk required to rupture the material during

sliding, which is equivalent to the area under the stress-strain curve, is

the mast inportant paran~ter in abrasive wear of polynurs. The ~.x rk of

rupture can be approximated by the produ ct of the strain e and stress S

at rupture. Ratner found a correlation between wear rate and 1/ ~ of 18

polynurs making single t raversals on a 1.2 rn R~~ steel surface.

When a polynur rubs on a rough surfac e for nultip le passes , the wear

rate is highest on the initial pass and decreases on subsequent passes[5].

One explanation for the decrease in wear rate is the increase in the

load sharing by t•he t rans ferred polvmar which decreases the load supported

*
!‘&nibers in brackets refer to literature listed in References .

R is the in t irn at  ninal syn-bol for an t hnEt ic average r~ igiuiess
which ha~ a lso het~n designated CIA and M.
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by the metal asperities. For smooth surfaces, the wear rate dropped to

zero after a very few nurrber of passes. For rougher surfaces the wear

rate decreased with increasing passes but it was not conclusive that the

wear rate ~~uld eventually reach zero.

In mast ~~rk reported on the wear of polymers, little information is

given to characterize the polvn~r. The method of polymer processing can

result in a wide range of properties caused by different degrees of

crystallization and different crystal habits . Mechanical properties are

also highly influenced by the arrount of plasticizers used in the polymer.

In this paper the wear of the polymer polychiorotrifluoroethylene

PCTFE will be examined as a function of the degree of crvstallinity of

the PCTFE, roughness and lay of the steel surfaces, and the number of

repeated passes over the surface. The work extends the single traversal

and limited nultiple pass experiments to long run experiments with a

polymer of different crystallinities .

2 - EXPERIMENTAL

2.1 Apparatus

A pin-on-disk machine , sh~~~ in Fig. 1 , was used to provide relative

mation between the materials. The polymer pin, A , was nounted in arm , C ,

which pivoted vertically at 1) and horizontafl.y at E. Horizontal :i ~~ ion

of the beam was restrained I- a cantilever beam , F , on which were maunted

st rain gauges , C. The output of the strain gauges was p lotted on an

X-Y recorder and calibrated to read f r ic t ion  force . The norma l load

was app lied by dead weight  H. The disk rotatlon was controlled by a

2 . 3



variable speed t ransmission and the power was supplied by a 1/2 HP

synchronous mator. The radius of the path of the pin on the disk was

controlled by maying the pivot support , I, in the directions indicated .

The transfer of the polymer to the disk was measured by Neutron

Activation Analysis (NAA), a technique which has been described in [6].

In these experinents , PC’rF1-~ was selected for the pin material because

it contained chlorine which is suitable for NM. However, the analysis

of the an-cunt of PCTFE transferred was performed differently fr~ ri that

described in [6]. Instead of measuring the activity of the Cl38 isotope

through a window which spanned the twe major energy peaks of ganma

radiation , the activity of each energy peak was measured . The mass

• transferred was then calculated to he the average of the mass predicted

by each energy peak.

2. 2 Experimental Materials

~“rie PCfFE pins were prepared frcxn 3. 18 nm dia axtruded rod -

degrees of crystallthity were obtained by a procedure obtained fr xn the

manufacturer of the po1 r~ r [ 7 J .  The PCTFE rod was inserted in a quartz

tube with a 3.18 ruin dia, placed in a furnace, and heated to 218 C.

Following a half hour at that temperature , one set of sarrples was renoved

fran tl~ furnace and quenched in water - Thes i. samples had a lower degree

of crystallinity and are designated as arrorphous in this paper. A

second set of samples r~~ained in the furnace while it cooled down to

100 C over a one-hour period. These samples had a higher crystallinity

and are designated as crystalline in this paper. The PCTFE rods were then

cut to a length of 7.9 nmn arid turned to  conical shape with a 200 half
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I
f angle on a lathe, washed in pentane , air dried , and sealed in poly-

ethylene vials.

$ To obtain conf irmation of the effect of heat treat ing the PCrFE ,

x-ray diffractions were obtained on the as-received extruded rod, and

the anDrphous and crystalline heat treat ed specimens . The specimens

were sliced into 0.5 nm thick pieces for the flat-p late x-ray diffraction

camera , or chopped into small particles for the cy lindrical (powder)

$
Each specir~ n was first irradiated with copper K ~ radiation,

I 1.54 A° wavelength, A , in the flat-plate canera, the specimen to plate

I distance, D, being maintained at 40 nm for each exposure. Di ff raction

rings will appear at angles 2 fran the original direction for crystalline

( specinens , the ~aIue of 2~ being related to the radii, R , of the rings

by R = D tan 28. The Bragg Angle , 0, is given by 2 d Sin (3 = A where

I d is the interplanar spacing.

I Powdered specimens were p laced on a glass fiber and irradiated with

Cu K radiation. The diffraction maxima were recorded on a cylindrical

$ fi lm placed 5.73 an fran the fiber axis. Thus , the distance along the

film fran the undeviated direction when measured in millimeters, will

• I also be the value of 2 in circular measure .

I 
The disks were machined fran 1018 cold rolled steel bar. The surfaces

of the disks on which the p in rubbed were ground with roughnesses and lays

I shc~~ in Table 1. Disks with a unidirectional lay were ground on a

surface grinder. The radial and circular l ays were ground on a lathe .

I The radial lay was generated such tha t he lay in the vicinity of the

I
1 
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I
radii of the wear tracks was perpendicular to the sliding direction .

‘I After grinding, disks were coated with oil to retard rusting. Just prior

to  testing , the disks were repeatedly flooded with methanol and wiped

with a paper wiper. A final thin coating of methanol was allowed to

evaporate fran the disk prior to  the start of a run.

2.3 Experimental Procedure

All xp~ r inents were run at 0.49 N normal load and .935 an/sec

sliding speed in 1 th r at rv air at an average Len~erature of 24 C and

rela t ive hun id it v  ot bft • A typ ica l nni would start with irradiation of

th e: PCTFE p in in he react r t O r  10 ruinute s . The pin was t hen nuunted

in the hOl~ e r  and tht d isk  ro t ed At 50. 100 , 250 , 500, 750 and 1000

re volut ions , t t  u~ ~~
- was r ove d , the radi~ ac~ iv i r.y coun ted , and then

the disk w:e~ re t unkd ‘0 t 1~ i~~ . i r i t  is to o u t  inue the run. ~~~ tracks

were run on eac h iu idireerionally ground disk at 14 .3 ruin and 16.8 ruin

radius . Th ~~~ was ~~ilibr :i ted by p lacing known masses of PCTFE at

these radi i on it d ish  s ~~~: ~ a~ ou ing the . i e t i v i ty .

To obtain i~~i i sure of e u n i f o r m i ty  of t ran sfer to a disk

w i t h  un id i r ect  iona l Li’; it u i t  oradiograph was made by placing a disk with

transferred PCTFE (Ti hi gh resolution medical x-ray film for one hour .

The disk bad rikI dt 200 revolut ions when the out oradiograph was made .

3. RESULTS

f 3.1 Degree of Crysta llinity of PCTFE

In general , the f i a t  p lot phot ngraphs f ran the extruded rod and the

~ orphous and crystalline st ruct ures revealed mare information than the

I
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dif fraction patterns obtained in the cylindrical canera. In part icular ,

preferred orientation effects can only be observed in the flat plate

photographs because the speciiuens mast be ground up before irradiating

in the cylindrical car~ ra. Table 2 gives the interplartar spacings and

descriptions of the diffraction maxima

3.2 Effect of Crystallinity on Polymer Transfer

The effect of the heat treatment on the po1yrr~ r transfer is shown

in Fig . 2. ‘I~~ runs were made on each disk , one with an amorphous pin

and one with a crystalline pin . Because the runs were made at different

radii on the disk , one revolution of the disk (pass) resulted in a

different sliding distance for each run. The mass transferred to the

disks was normalized by the track circumference which is expressed in

units of rn/pass . Thus the wear is reported in kg-pass/rn. The data is

plotted as a function of the nurrber of passes rather than the sliding

distance because in rrultiple pass experiments the t :ansfer which occurs

each pass is influenced by the material transferred on previous passes .

In a study of the transfer during the first and subsequent passes [5]

it was convenient to plot the data as a function of the nuther of passes

and this abscissa for the plots has been continued in this research .

Fran the data in Fig . 2a , the mass rate transferred was calculated

arid plotted in Fig. 2b. Caiparing the wear rates of the crystalline and

artorphous pins on the sane disks , it is seen that in all cclrparisons

except at 375 passes on disk A , the wear rate of the crystalline pin was

greater than that for the anorphous pin. Fi g. 3 shows the mass transfer

on t~~ disks which were srroother t han those used in the runs p lotted in

2. 7
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Fig. 2. Of the seven ccxiparisons of the wear of crystalline and anirphous

pin on the same disk , the tran sfer of crystalline PC~FE was greater than

that for the anDrphous PCTFE in four carparisons .

3.3 Effect of Roughness on Polymer Transfer

Figs. 2a and 3 illustrate the effect of roughness as measured by the

aritFv~ tic average Ra~ 
The mass transfer on the smaother surfaces is an

order of ma~ iitude less than that. for the rough surfaces . It was also

noted that the wear on the roucth surfaces continued throughout the

experimant nu-i whereas trDst of the wear on the smaoth surfaces occurred

in the first f~~i passes . Because of the lesser amaunt of transferred

material on the ~~ooth surfaces , the radioac t ivity of the Cl 38 had becai~

indistinguishable fran the background for runs greater than 250 passes .

The data shown in Figs. 2 and 3 were obtained on disks which were

unidirectionally ground. A circular wear track on the disk would result

in the sliding vector rotating 360° with respect to the lay during one

revolution of the disk . Hence , a roughness par ’cer measured perpen-

dicular to the lay would not be indicative of the ccxrposite roughness

seen by the pin during a revolution . Disks were ground with a radial

lay and a circular lay so that we ar  could be obtained on a disk for

which the rctigFness measure ~ xi1 d app ly t.o the entire circumference on

the wear track . These wear data are shown in Fiit . 4 .

The data shows that the t ransfer of an arcrphous pin to the rougher

of the two radia l ground di sks was greater than tha t of the crystalline

pin to the smaother surface Here the greater roughness of disk M ~cxn-

pletely masked the difference in wear of anurphous and crystalline

2.8
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PC~FE observed on the unidirectionally grou.zid disks . Carparing Fig. 4

with Fig. 2 shows that canparable wear was obtained even though the rough-

ness of the radial ground disks was 3 to 4 times that of the unidirectional-

ly ground disks . Caiparing Fig. 4 with Fig. 2 shows that caiparable

wear was obtained even though the roughness of the radial ground disks

was 3 to 4 times that of the unidirectionally ground disks . Clearly the

difference in lay had an influence on the transfer; this effect will be

discussed later .

The transfer of the polymer to the disks with circular lay was

four to five times less than the transfer to unidirectional ground disks

of canparable roughness (Caipare Figs . 4 and 2a) . While lay is also a

factor in the caiparison , another factor is the roughness measurement on

the circular lay . Because the sty lus instrument niived in a straight line , it

did not track along the circular grooves. Hence , the stylus measured a

carponent of roughness perpendicular to the grooves which gave a

reading higher than if the s ty lus tracked in the grooves. Because the

wear track foll~~~d the circular lay, the roughness that the polymer

responded to was less than that traversed by the stylus. In cauparing

Figs. 3 and 4 it is noted that the wear on the snuoth unidirectional

grou.r~d surfaces was caiparable with tha t on the circular lay disks.

4. DISCUSSION

4.1 Degree of Crystallinity

The nDst si~~ ificant result of the x-ray investigation of the

struc ture of PCI’FE is the preferred orient ation which exists In the
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extruded rod. Evidence for this orientation is the arcs observed in the

photos taken by the flat-plate c~~~ra which are noted in Table 2. The

absence of arcs in either of the other specimens indicates the r~ m~val of

the preferred orientation by the heat treatment . No arcs were observed in

the cylindrical powder camera results on the extruded rod because it is

chopped up into a powder which destroys the orientation. Preliminary

wear experiments with the extruded rod showed tha t the wear rate was

higher when sliding parallel to the rod axis than when sliding on the end

of the rod with the axis perpendicular to the surface. These preliminary

experin~.nts agree with the x-ray data.

Both the flat plate and cylindrical camera techniques reveal that

the crystalline specimans have very praninent interp lanar spacings at

5.75 and 5.44 A° . These spacings also appear to be present in the

extruded rod (see 5.53 A° which could be a doublet). It is possible that

these spacings are related to the helical structure of the PCTFE.

According to Kaufn~~i[8] the repeat distance of the helical structure is

35 A°, while Liang and Krim[9] maintain it i.s 43 A°. These investigators

assui~d 13 and 16 n~nai~r units of 2 .69 A° , respectively. If the repeat

distance 43 A° is divided by the 5.44 A° spacing, ~he result 7.9 is

approximately half of 16 repeat units of 2.69 A°. Hence , this spacing may

be an indication of che helix structure . However, considerably rrure work

is required to relate the spacings to t-he pOlvrL t stnrctui

The data in Table 2 show tha t  nrre shart lines are present in the

crystalline than in the anorph~ is pat t erns . These sharp lines also m di-

cate a higher degree of crys t : i l lin i ty . The :unufacturer et this po1yn~ r

states that these heat treatment s should yie 1d structures which are about

I
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45 percent crystalline for the anurphous (quenched) and 65 percent for

the crystalline (slow cooled). The manufacturer also indicated that the

degree of crystallinity could be predicted fran the following relation[7):

Percent crystallinity = 1503 - (3067/specific gravity)

However , the specific gravities for 45 and 65 percent are 2. 104 and

2.133, respectively. Hence, to predict percent crystallinity by this

equation , one would have to measure the specific gravity to a mininun of

three si~ iifican t figures and preferably to four. While an att~ iipt was

made to measure the specific gravity it was limited by the accuracy of

the measurement of the volume of the specimen. A technique for measuring

specific voliir~ by measuring buoyancy is described in [101.

4.2 Effect of Crystallinity on Wear

~ ie of the effects of the different heat treaui~nts is to alter the

mechanical properties of the polymer as shown in Table 3. If the Se

products for the an~rphous and crystalline PC~FE are caipared , the

crystalli ne polymer should wear nure [41 which was c(~~firmed by the data

shown in Fig. 2.

The difference in both the anuunt and size of the particles trans-

ferred to the steel were confirmed by scanning electron microscope (~E~ )

photographs. Fig. 5 shows that nure crystalline PCTFE is on the disk than

aiDrphous PCFFE . In addition , the loose wear particles at the edge of

the wear track were n~ re nulErous for the crystallin e material than for

the ~m rphous .
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4.3 Effect of Roughness and Lay on Wear

L.ancaster l3) shows that roughness as measured by Ra has a strong

posit ive correlation with the abrasive wear of polymers making single

traversals of polymers over steel at low speeds. A cariparison of Fig.

2 and 3 shows that this correlation also holds for rrultiple pass experi-

ments. However , the roughness effect interacts with the lay of the surface

in determ ining abrasive wear and hence both parameters nust be considered.

Fig. 6 is an SEN photo of a wear ç~rack on a unidirectionally ground

disk . As the sliding direction changes with respect to the lay of the

surface , the loose particles which are on the inside of the track in the

left side of the photo are not present when the sliding vector is parallel

to the lay . The loose particles are on the outside of the track in the

right side of the photo . The photo also indicates that there is nure

transfer when the sliding direction is at an angle to the lay than when it

is parallel to the lay .

Confirmation of this non-uniform transfer as a function of sliding-to-

lay directions is shown in the autoradiograph of the wear tracks in Fig. 7.

The darkest portions of the track , which indicate the greatest transfer ,

occur when the sliding velocity is at an angle of tO t o  80 degrees to the

lay. The transfer is least when sliding parallel to the lay and inter-

mediate when sliding perpendicular to the lay .

()~e of the objectives of this work was to see if the transfer of

PCTFE to the steel would reach an equilibrium stat e at which the

t ransfer would cease after  rtu it i ple passes . The data in Fig. 2 indicated

that only one run out of four appears to be approaching such an equi lib-

rium . The others show l i t  t i c  ev idence ef reaching equilibrium after  750

2.12



passes. The rtixie of wear tha t )ccur s when the s 1 i ding direction

makes an angle with the lay provides an explanation ~or not reaching

equi librium . As abrasiv~ we~ir occurs, particles of polytcer transfer

to the steel surface . (~ subsequent p.:~sses, the friction of the passing

polymer pin nuves the transferred material along the grooves until it

~~ rges at the edge of the trac~< where it accuiulates. Because the

polymer is continually being rruved out of the groove , rtore space is

available for polymer to be transferred and the wear will continue.

However, when the polymer slides either parallel to or perpendicular to

the lay, transferred material can not rrove to the edge of the track . It

can only be pulled dlong or over the asperities into the next groove

and hence the transfer that can occur is limited by the voli.~~ of grooves

between the surface of the steel and that of the polymer pin.

To rest the limiting nature of transfer when sliding parallel to

and perpendicular to the lay , the radial ground and circular grooved disks

were prepared . As the radial lay disks used in these tests were the first

ones produced with this radia l grinding technique , the roughness was

difficult to control. As a consequence they were ruch rougher than the

unidirectional lay disks . The large roughness was due in part to sai~

extr~~~ly high ridges such as the one shown in Fig. 8(a). Hence , an

equilibriui~ state of no wear was not achieved a.~ expected because the

high r idge continued to rcn~ve polymer on each pass. It is inportant to

note that the wear on the radial lay disks is carparable with that on

the unidirectional lay disks in spite of the nuch higher roughness of the

radial lay disks . Hence , a nure uniform roughness on a radial lay disk

would give less wear and approach an equilibrium st ate.

2 . 13
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Fig. 8 shows the fine wear debris fran the crystalline pins and

the lumpier , lar~;e debris frun the ~n :urph~.xis material found on the radial

lay disks. The crystalline material , buin~’, slightly mere brittle than

the amerphous material , has less eloi~~’ut ion t o  rupture and hence pro-

duces smaller we ir par t ic le s ~~. I) l )~;erVed .

5. CC~ CU1SICt’JS

The x-ra dat a o~ t he extruded rod and heat t reated PCTFE show tha t

a wide v~rictv of struc ’ ura l con f igurations are possible for a

polymer . Because the struc nire determines mechanical properties , predic-

tion of ~hrasi~e wear which is a strong function of mechani ca l, properties

depends on knowing the polymer structure . The structure of PCTFE

which is less crystalline has a larger energY to rupture and lower

wear than the T~ure crystalline specimens .

The achi cvu~en~ of an equil ibrium transfer condition is a strong

function of the direction of sliding with respe ct to the surface lay .

fti lti ple pass experin~nts , sliding either parallel to or perpendicular

to the lay , result in the grooves fi l l ing  U~~ wit h t ransferred polymer .

The transferred polymer shares sar~ of the normal load , and eventually

reduces the transfer rate to an insignificant value . When sliding occurs

at an angle to the lay , the tran sferred polymer is gradual ly nuved out

of the grooves providthw r xiii 1 i- nure transferred pol~ i~ r. Hence , wear

continues indefinitely.

It is evident that charact erizing the roughness of a surface is

often insufficient if pol ymer ransfer is t o  he pr edicted . The interaction

between roughness and lay is si gnificant and ~~ i~ ; he considered .

I
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T~b1e 1. Surfaco Characterization of Di’~ks

Disk Roug hness  Lay Description
AA ~~ ___________________

A 0.63” Unidirectional

B 0 . 7 1 ’
~ U n i d i r e c t i o n a l

F 0 .13* U n i d i r e c t i o n a l

C 0.12 ” Unidirectional

M 2.30* Radial

N 2 .7 1* Rad ia l

0 0.59~~
’ Circular

**P 0.77 Circular

*measured perpendicular to lay

**measured parallel to lay

Table 3. Mechanical Properties of PCTFE for Differen t Heat
T r e a t m e n t s [  7 1

Property Amorphous Crystalline

Yield Strength 17.93 MN/rn2 2 3 . 1  MN /rn2

Tensi le  Strength(S) 36.27 MN/ m ’ 35.C5 MN/rn2

Elongation to Break(e) 1.8 rn/rn 1.25 rn /rn

Product Se 65.3 M N m / m
3 

~~~~ MNm / m 3

Elastic Modulus 1.1 CN/m ~ 1.31 GN/ m ’

2 . 17



Table 2. Interp lanar Spacings of PCTFE as Extruded and
Heat Treated

— 
Flat-Plate Camera Cylindrical Powder Camera

Extr u de d R od

I d(A ) Description of line d(A ) Description of line

5 . 4 8  Broad , strong lin e , ~l5 Very bro ad , diffuse
Arcs  at 0° and 180° 1 ine of medium , uni-

form intensity
3 .30~ Broad l ine , f aint
2 .85J Arcs  at 0° and 180° 5 . 5 3  Broad s t rong  l i ne  of

u n i f o r m  i n t e n s it y ,
2 .7lI~ Broad line , faint p ossib ly a doub le t

Arcs  at  90° and 270 °
4.03 Broad , diffuse , med-

l urn i n t e n s i ty

2 . 3 1  Sharp , f a i n t , un i fo rm
i n t e n s i ty

Amorp hous

5 .86  Broad , st rong l ine , ~12l Very br oad , dif f use
u n i f o r m  i n t e n s i t y  4J l ines , medium i n t e n s i t y

3.411 Broad , very  f a i n t , 2 . 31  Sharp , f a i n t  l ine ,
3 .04 ? -  un i fo rm lines u n i f o r m  i n t e n s i t y
2 . 44j 

_________________ ____________________________________

Crystalline

5.75 Medium , strong line 12 Broad , diffuse faint
uniform intensity line , uniform intensity

5.48 Sharp line , medium Broad , strong lines

3.301 Sharp, faint lines of 4 Broad , diffuse ,
2 . 84j  u n i f o r m  i n t e n s i t y  f a i n t  line

2 . 4 4  Broad , faint , uniform

~1~ 1 M
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Fig. 7 Autoradiograph of t ransfer of PCTFE to steel disl< ,
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Contribution to the discussion of the paper by N . S .  Eiss, J .H .  Warren

and T.F.J. Quinn entit l’-d “On the Influence of the Degree of Crystallinity

of Pc’rFE on its Transfer to Steel Surfaces of Different Roughnesses”.

I
The authors have reported that further work to establish the

structure of PCTFE in more detail migh t be of value in determining the

mechanism of wear .  I have carried out work in  the last few months a t

Aston Un ive r s i t y  which has ~:ed  some f u r t h e r  l ight  on t h i s  topic and

wh ich may be of int e r e s t .

X-ray d i f f r a c t i o n  pictures of a number of samples - worn , unworn ,

“ amorphous ” and “ c rys t a l l ine ’ - have been obtained using the conventional

Powde r Camera modified so that glancing angle photographs (as described by

Ishe rwood -. Quinn B r i t . J .Ap p l .P h y s .  19t 7 , 18, pp. 717-25) could be

obtai ned. These p ic tures  showed lines corresponding to two t e tr agOf ldl

forms of c rys ta l .  The large r uni t  cell (a = 7 . 5  ; c = 11.5 is

perhaps more common in the ‘ crys tal ’ine  sample:; , w i t h  a smal ler  cell

(a = 7.2 X ; c = 8.7 A) more common in the “amorphous” samples. The

evidence shows quite clearly that the two forms exist , but , due to

practical problems , intensity measurements have na so far been made which

could conf,rm the proportions of the two types.

The larger cell contains seven monomeric units , whilst the smalle r

contains five monomeric units. Calculations based on atomic volumes show

that each cell contains a sinjle t urn of a h e l i x .  The se calculat ions were

made on the assumption that t l e  published S.G. of 2.12 could be applied to

both cells. However, it is likely that  the slight differences, which can

be measured for different sarr~~les f the polymer, are due to different

proportions of the two cell type s, and that these have in fact slightly

differing jensities.

2 . 25



It may fur the r be os;;u~i - - i  that the three forms of l y r n r ( at a c ’ l c ,

isotactic and syndiotact ic)  w i l l  a l l  se t t le  down to one of these two forms ,

and that  their  existence represents s l igh t ly  d i f f e r e n t  energy leve ls .

Thi s bei ng so , i t  is possible that the d i f f e r ence  in wear between •‘ aniorphous ”

and “ crys ta l l ine” samples may be explained by the presence of these

d i f f e r e n t  energy levels in different proportions. Wear, which requires

the “ teasing” apart of the crystall i te structures, wi l l  then be reduced

wht-r. the sample contains more of the low energy form.

C.J .L .  Tye ,

Dept. of Physics ,

I Univers i ty  of Aston in
Birmingham ,

14th Septembe r , 1976 . 
Birmingham B4 7ET .

I
I
I
I
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ABSTRACT It DPE ( 1)  .~~ rh - other mo di- is lumpy t r a n s f e r  w h i r l ,
li ~~ been ‘i l - s e r v e d  both on smooth  s u r f a c e s  (2 )  and

P olymers  were ~ i i d  on rough , h ard  s u rf a c c~ v t t l i  r ough  i i i  c t - s  ( 1 — 3 )  f o r  a v a r i e t y  of p i v i se r s .  The
norma l j~~~ds which  c i i  ed f u l l  p i i t r i t  I on  ( t e a l  a i d  th in  i i  It - r a l i s t  or has been ex p l a i n e d  b y ad es i ve

a p p a r e n t  a r e a s  cc u . i l )  and p a r t  ~ - l  p i t r a t i e n  (re i i  1 , - i c eS  di a w i n g  ou t  p o l ,-:rc r r~i l eCt , l e i i  wh i c h  c a n  e,-s, ly
less t , i n  apparent  d t - ej )  . St - .M p t io r : r .~~-t ts  i t  u l  s l i d e  by 1 h  i I i . -  r ‘-cause  of t h ~~1 r smooth m o l e c u l a r
penet i t  tori shotted t h a t  t ic  po lyr :i- r slu t r i d  o f f  a t  p r o f i l e .
an a n g l e  t o t h i ’ h o e  1z r i t s ~~, t he  s h e  ang l e s  we: T h e  t r a nsf er  of p oly m e r  t o  r ough su r f a c o s  has
2 0 . 8 , 12 .6 , an d l t , 9  F i g  t i -i p u l yv lny l c h lu r l d e , bee ti  ah ciwtu ex ; u i - r i m o n i a l l y  to c o r t e l l t i - p o s i t i v e l y
pol y c h l o r o t r i f l u o r o e - t h y l e i e , and  ny l o n 6 / 6 , c - s p e c —  w i t h s -  or ,, 1 

~
j; j n r  . r s .  Ra tner  (4)  ci er e l  t. i-d wea r

t i v e l y .  These s l e u r  an ~~1es cc- i e l a t e d  w i t h  t he  r a t e  of 1~ p ol ymers  itia~~ing a s ing le  t r — i n s v c r s s l  on a
e n e r g y — t — r u p t u : Y e  of t I ,  po 1v:-~~rs and i n ver s e ly  wi th 1 . 2  i: H s t e e l  ~urfa i e with the rec~~ - ci :ii of tt~e

the wear rI polyv i n y l c t l o r i F e  and polyi-h lorotr i— produ ct ol itt ,- tensile strength and t i~ eloncation at

f l u c -  i i  th y lene . In  p i t  l i i i  ~ i i i  ra t ion ex p e r i  m o n t  s r u p t u r e  - I a n  i s t~~r ( 5 )  gh swt -d ,t oc -—1 i c - c  ir  bu t , pos i t  ive
the  -~i- i r  of p o ly v in y 1c l o r i i ~ and p o l v - h l o r o i r i —  c or r e l n i  l u t i s  of wi -c w i t h  the  average  a r p e r i t y  slope .
f lu o r o e t h y l e n e  c o a d  !te d i a c r i t i c  t e d  b~ t he  d e p t h  H r i - ig F i  as , and th ~ h i n , si of t h c  p o l y m  r hardness .

- of 1u - t u e t r a : i o n  of t h e  su r t ~~c-- i n t o t h e  p o l y m e r .  ft, A s t r n p li r icidel f r i r  a b ra s i v e  wear (ti) r e d i i  i s  t h a t
p e n e t rat i o n  dep th  is  a f u n c t i o n  0f t h e  polyme r v i , l a  wear is Pt p o r t  I m e l  t o  the  normal  J ‘ -d . si  d i

bt t  , r . p . z l. ~ , d  ;ft g r i i-. cc c - f  ~t :c s::r~~ace d l  s t a t i c ,  and c i v , - r a r -~ uisno ’tt v slope and h i s  - r se lv
p r op or t  l o u , i l  i : he j o l s - r e t  h a r d n e s s .  ci i x p e r i—

NONI-F’P l A I 1 R E  t5ental t e s u l t  ni-i sh re s :  - ,- w ar  ni - del c t ’ -  v show

2 
that  b o th  p l y - e r  tnechanical yr pit L i  Os a lu t t c r f a c e

A r Real  area of c o n t a c t  (a ) t opo grap h y c h a r  ci t or za t  t n t  a r t -  ut -it cd t o i - a c
q u a n t i t a t I v e  i ’ a r i ~-c wear r i l e ]

back ground  Count Th~- nirp l~- a b ra s i v e  w ar  model  (6)  is based con bunhi r ot nieat;urements - -the  as sumpt  Ion  I l i t  a l l  of t h i c - i l  v~ icr in f r o n t  ml  a
PC Peak Count -

- 0 . 5  penet r a t  i n g  as p i -n v is c — i  co d w O n  ~1 iii u~~ occurs .
— P e t c e n t  I r r o r  l0O (P C f PC ) /PC However , i f  t b t  a spe r i t y  sl WI’ i~ c x tr e t s e lv  - m a l l  i t

R — Ar l t h m et  ii lv i i ~ t o u g hness ( u r n )  -a is pos s i t l o  tF, t t h i -  . l t ~~,l .- r i t v  c unes  an t’ e l a s t i c
— Root me lt ,  t i p - r u -  ii, F u , ~~~ i ( t - )  st r e sse s  in I he pol ymer and s l i d i n g  ~ ii i s  nO

— Standard d c v i  ion of the i l ~ ir a n g l e  ( log)  perm I t - t i  dcl  r n ,  ion or f t  l i t  in  i - I  I ii’ p r l  er  -

— Normal load ( N )  2 
l an c a s t er  ( 5 )  c a l c u l a t e d  ftc l i m i t  t n t -  ~i5N 1t ’ Slopes

y — Yield St i l gIli (MN/rn ) for  I t o  i iu~~Ct  of p l a s t i c  d e f o c it  c-n wht- i pc’ lvm e r

~ •h~ •~ — Mean , liii - , i n - I l ow u i-a t i , n g l t , , e sp e r i t  l i e  w i t -  t F t  t -ne l t v - I  w i t h  a h i t e  p l a n e .
r e pi - t i , e -  ly l the ~ ) He cone 1 t i . -d t h i , i t  ~~,1 v:-i- r s are n i t -  l i i i  1; t o

e x p e r i e i t - t - o n l y  c i  i st  i i ’ si c i - :  - c i  a t  t h i c i  - l i p c i t y

IN T R O I ) r C T lOt ~ c on t  Sc I ii t ban - , - :  i i..
The ca l  , , t  t i i ~~ n c i d e  by I c i t c i I c r  k~~p lv  t h a t

The t r c - n s f e ,  c.l a ~~- l ymi - r to  a h ard sut I ai ’- t h e e  I t ,  n t c i t  i i  i l  ,i .lli -r l  t v s i  ~pt’ bel ow i.-h i c h  the
o c c u r s  in two m ode: , .  fIne mode I s  a t h i i t t  It i ts  t r f l r i s -  s tr esses  liet’ i t i s u f t l c i e n t  t o  c~~u ?  iie .it . t t i s  e lope
fe r  o~ v e r y  smoo t hi t o e ’  j c , - ~~ ( 1  e n s  ba n 0. 1 I r n  I F , ) - b e i n c  a t u t u  t i i i  ot  i i , -  , a t  10 -f  the h . , r d t i , - s s  t o the
This  ti-- dc- h..s on ly  I - c - - n  t ki- , e r v - - l  o r p~~lv  ~ t i t  ~~c c o i  ~~ -- c i a s t  Ii I u i , , - I o n  I lie pu i  v t - i - i  - A i i :  ion i t  the
e t h y lene , P178 , and l i i  :11 den~~i t y  p I v i - t h y l eri e , wi-,, k I r i ,  i I n  i t s  p a per  Is i- sp ec , r & - i i t ~~i ev idence

of the t - i t t  i l - _ I  b p twi ’ e- t i  t i c  a s p - - c i t y  slopes ~nd t h e  

— 
vt at  ~l y t r : - : s  -

1 - 
P , -  i t  i ~- ; e  i t  Ii  ( 7 . 8) tic , q t,liowri t ha t  a s l i t g le

i t !  on a die -u t t a l l  cat by J . I f .  b - i  r r i - i l  sulicci l f t  c I sur f no , -  c i t - i c  i i  t i  I z n  I on parameter is in su : i c l e n t  for
to  V i r g i n i a  Pnl ~~t ,. .h n t -  l i t - I  I t t i t e a cid t i e  t ! t I v e i - -

I i ,  t h e  ii t i o n of a - ,~i r t : i c i ’ . O f t - n , two or
c i t y  In  j i r  t i - I  I u l  i l l  I n c - n t  of r cr j u I c - - u i - u r f in  t tic

cieire ,ci u i i , u i - , -  - n  i i  - - 1 , - is  i r e  noed~ d 0 e s e l e c t i o n  of
h ie 1 r e , .  of Pocto t  cit P u! l i i - . - j i l t ,  in M it c h -i n l i - i l
H n g l n e e r  I , i g .  

t h e  , - , r ,i - - t  - cc ;  I i , -  i i , ~ guided b y phy cc ic a  I i r ’ - h t -  is of the

2 i n  t o l l  y r e - i s , r  li t : I i u , , r  , f l u P ø i tt  Sa v an .ial i  K l e t - i
l~~t ut i atory , A l  kin , S i c i i t  h i C a r o l i n a .  b un t - , , In  1 - i i - -nt t i ( - s c t  c i  f e c  to II t e r a t i t  .- l i s t e d

in 1 , - It ’ , ti es

3.1
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phenomena.  An oth e r p o r t  I o n  of  t h i s  pa p t ’c  p r o s i e r  s Ito- i - s p i t it ’ t - t i t  a v t - r e  run a t  an averag e  s l i d i n g
ct-ar da t  a of pelt-i-e ra sliding tin roug h s c c r  t i c s , sp e e d  oh 0~ ‘435 r titl e, - For t h e s p i r a l  t cu t - , t h e

and t he t u tu  act - p aram e t i -cu ;  w i t i l c i t  c i r c e -  h i t  t - with the s ; u e e r t  ear l  i’d I r i t —  O~ 4 n i - f  - -it the  i - l d e  r ad ius

data. i i  1 . 0 1  f l / S t -  on l w -  o ut a l  I t -  cad f i t s .  Tne experi-
ments we- i t- i- u t i  itt lab oratory air at 24 C at: F hi)

EXPERl’t’ N t~ L pe ru i-u P re- i a l i v e  t urni di t y . In a dd i  i Ion to t i e
d i f f e r e n t  j i - l v r : e - r t .  .ind d i f f e r e n t  p i n  pt - I - i - :  r i t e

W, - r  ex p e r i m e n t s  s- ri - per f o r m e d  on a p it t—c u rt — o t h e r  ex~~, r  l i n e - i t t  a I s - i c  i n h i e s  wi re  the er -c r - i  i load anti

d i sk  mach in e -  i t t - s o c i l -el in  h - - I c i i  In  (3 .9) . In one - the  t a t  ( i i  i rocu 1 t r  - s s - The i-x re r I i t-vi tal variables

s e r f - n  of t e s t s , th,- p it :- pin ui-; mov etif i .cd iallv are givi tt In  l . t l t l e  2 .
wh i l e  the  d i s k  r o t a t e d  u c - - i t i ng  -i s p i r a l  t r a ck f o r  5 i~o we - c r  nueasu r - - ; i t s  were  made on t h e  r e u - t i n i -u l a r

r e ’v u l u t  l ens  I t l i t -  d i s k . I n  lIe - o t h e r  - - t i - tes u t  b l o c k .  The- h I  i i  V s  s-c-re p b t o t  c g r i p h ced  In t I 

t e s t s , a r e c t a n g u l a r  b loc-k -_ - i i ,  f , i  - , t u - t ~~- F  I i -  t l u i  t t i nt  - - p h o t o g r i u l i -  St  i i -  ott - -i t o ire-ac- - -  r c t ni - - c t- l u- hi-i sceic

table  w h i c h  was held s l i t  l o u t v w h i l e  t b ,  - p o l - - i - i t -  r t h e  sh ea r p lanc- fo r the poise:’- r and t i t ~ p h t . ne  -if the

p in was moved r a d i a l l y  - T h i s  p c o c e d u r e  cr a t e d  a sur f a c e  - We- cu r t n e - n s , t n r - r t , - t r t  w i - r e  m u d ’ -  on t I c  c i r c u l a r

straight line w e - a r  ira d i s k s  it - t int: il -cit t i n  . i - t l - : u t i r a  a n a l y s I s , a t e c h n i q u e

lo r c l u e -  wi c u r  i - x p e r i t - - n t - i  it n the  r o t u t  l n g  , h l s k s , w I t l i t ,  f - _ di ti u ii F in  h i - i  ~ l 1  c - l s ~ -w :e- n -  (3 , 1 2 ) .

C u po lynrc - r  p i n  geom et r i  us ~ e u t -il - One 
~, 

n t - t r y A l l  S o r t  i i - s  w e - re  p r o f i l e d  w i t h  a - - - etS i n s t r u —

was a 7.9 mm I l u g ,  3. l u-i ru in c i i  rod v iO l  a 21 Iii I I f luent n i s I  u u i ~ p r p e n i l  icu 1~ r to the l a y  - Se v e r a l
angle cone- t u r n e d  on one e n d , l b  o i l i e r 

~- r i - i n t  s ur f  ace c h i t  ii- t i - c  i c - - u t  ion p a i  i:. - I c r  - - S i t  c- c a t  c u l a t e - d

s-a - a t r u n c a t e d  cone • f o r t - n - i t b y m a c h h c i  I ii~ a 0. ~~ c f r o m  t he  d l g i  i : t I a n a l  ii d a t a .  i l ie  d i g i t i zed h,- i~~ic - t
f l a t  an t h e  c - t u e .  For t I c  i- sp i t I r - n - t u t  s - i t t  t h e  i - e e l —  t i l i t a  W i l t  -t  1st u s c - e l  to  - i l  u l a t e - sorn - - - .p , - i t e l t te i l  t I t n a —

angu la r  f l o c k , only c o t i l e - a l  pin- , were o l e  me- t a rs  wh i c h  c u - l o t  t i  t o  th e -  - p u  r i m e n r a l  c o n d i t i o n s
IS polvr eirr- we- r e  ch i e - .e t i  t a r  the ex p e -r  it :a- r c t s in  t l t i st  t u S i  S -

on the-  r u t  a t in g  ui-i5 -; , l u  I l- I- u i  l \ (  - The I i  I I was

r ece - pv t -d in t h e -  fort s  e l  3 1 8  re’s d u i ~ t - n t r c t d e i l  rod , l ab l e  2 E x p e r i m e n t - i l  V a r i a l - l e - --
To remove the an l sot ropy  o:  s e c h a n i r a l  p r u p o r t u u - - ;

a u - u - F  by the e x i r t u s i  i n  ~~i i  u- -in , the-  r o t ;  w~- r -  p l a c e d L i n t - a r  Wear  T n ,  I: (Ri--i - i t - c l a r  P l c - r H )
In q u a r t z  t u be t , I - t I e d  t o  a f u r n a c e  to  2 1 8  C anti i t i l y p i - r s ; J~VC , I’ C T I I . ,  n \ l o n f / (

I i  id a t  t h a t  tecct p e- r ; t t  n e  or t u e  h a l f  h o u r .  TI:t Norma l I ’i ,u~Is (N) - 2 . 45 , 9 .8 , I s  ~7

furn a ce  wa s t u r n e d  o f f  it o. i t l e t  t i-c e rods ; led Pin  ( i t ,  t r y;  lt o fn t t  if c c - n e-

d i u w i r  to  100 C ove c t outt - ii ,ur p e r i o d t t c ~~v s-u cc P (tm) 1 0 . 32
ct - m i - s - e d  f r o m  the f u r c i i i c c  - T h i s  hea t  I t e a  t i c - n t  p r o —  - - -

- - S p i r a l  I- i - i t  f r a c k  ( C i r c u l a r  D u c k s )
duc -d a St r 1(1 c-ir e  i f - t a t  was f j t , -  i c e n t  e- i  v.  : a l l  i n ,

- - 
P olv t , e - r s  - I V ( , ci I l L P . c  • PCTFE

(3 ,11 ). ike m a c h i n i n g  was dor ia cu t t e n  ti c - c t  f i t - a t  I n g .  - 
-

The PVC s - i~i r i  - c i v i l in the t -arm of 6. 36 mm di- ;  cods 
N o r m a l  I .iads (5 )  0 .98 , 1 - 1. 96

wh ich were machu t n o  I t s  i n  t i t i  and c u i n i e a ;  ~ n rio C u - i  , t t - , :  Tr : -n t~~J C c c v  i 4 - ~~~~ c- t t’-~~~~~

one e at . T e n s i l e  s t - c f me;t~ wet - prepared l iv  cna ch in — R (t i m )  0 . 2 5 — 0 . 4 3  0.10 , 0 - 1 - ~
log the 6. is tins rod ~l - s-- t i  1 .18 mccc d i t ;  l e t -i  vi 5(4 .8

g l c i g e  l e n gt h .  R F - U L T S
I - en  0cc- ex 1 s-r im ent s  c-n c t 1 i t  r e c t a n g u l a r  b l o c k  

-

ny lon 6/ 6  5-  tu tu- I in a d d i t i o n  to  PVC acid l’i TFt .
- 

An~~l i - Me;c - - : i u u  u - : - - - a i i ,  on P u c e - c r  W ear Tr a ck s
The 3 . 18 mm die  t v  i u 6/f, w- i tut u b i t  ned i i i  a 7 . ~1 t i ’s  - - ~ - __________

l en gt h  and can t c a l  on r I , - t ’i t d , f l e c l c a m  l e i  i u i n i u ( - t : t 
S h e a r  al t: I r c - a 5 u t r e - :- l , i l l s  w e r o  trade f o r  a l l

da ta  I or a l l  t h r e e  polyne - u s - - i t  
~

- iv c -ui ~~ I d - I  ~ - 
n i c t e c o m h l c i e t  u i - n i 0! pc-I  v inci  -i and lr i~ ,l vi l i s l e - -I i n

I l i c -  d i s k s and tee t i c -  c i  lar  b l o c k s  w e- , ,  uruatfe of 
T i b l  ci 1 - The i t o t !  r ie’asur L i n t  r i t e  on t h e  p hct t cieric

m i l d s I t - i - I and s u r f a c e  j~u ound . l i - i t -  di w ir e ’  r o t  t e c h c t i i  i - l u ’  ang le  o t  t i l t  o f  t h e  - - - c I men

gr ound w i t h  a r l i i i  I t - -  nyc t t c  I I ’ -  ~ l i t 1 i n g  d i r e c —  s u r fe i t- w i t b c  t u b - c  t o  t I ,  c i l u  , tr o n  I - e a r n  ott t t s~

t h u  wa s  a l way s  p e r p e c i d i c c i cr  t o  t i t e  l ay  i l l  1- -c  t h u . 
- I H . F I g .  I I s  a t v - p l e a !  - b ’ !  - t i c - t o  s It o v I : i  I - c

The ~l i d i n g  ‘ ir e ct  r on n i t  r i o t  c i i i  l i t  block wi t 
Ii ar an ,  b u s  t i t  i r e  I o f t c  i s er  i n

also  a i w c u v ’, pi rpend  i , ; cdar  t o  t i le  l a y .  
m l  nuci couri and c u ; c x  i c-st at  in  i- i c-s cc - - t c u r e d t h e  t i n - t n  r t it

m e a s u re - n i - i t t , , t h u  ‘ t a n d a r - h  d c - s t a t i o n  of  t h e -  cii i’ t su e —

Table  1. M e c ica r i l cal  b’ n p - i /  D a t a  f o r  1 , 1  vine-ri, mO ul t  s ai  ,- gi  c - t i  I i  Ta l~ ’ 3.

Pd IE~ ~~~~ t i y l i - c c  6 I t ~~ -

25 C 25C 
l ) c y ( c - n f l —

5 
1 R~’f .  ( 1 W.

Ti risI~ e St rt-i r gt h S’ u b ,  102 .38 86.9 59.3 
2 

Av erau --c v alue - i from 4 stnu-sn- ,;tr iln cuu ~~t’- s ,
(WI /rn ) 5 cimc/r-i i c i .  c c  c t ; s  he-id sp e l l -

E l i - i d - i t  ion to I—c y a k 1 . 2 5  Q . i 6 3  0 .90  2 . 4 0  -

(m/cci ) -j R i -f. (11 .
Y i e I ’ l P e , I n t  1( 54 13 6 . 8 6  — —

(KS/ c 2 ) Dry c i -  m o i , t -  I .
Y i e l d  S t r e n g t h  2 i h l  1 103,42 iu- 9 59 .3
(0 . 2 2  o f f s e t , MN/rn ) Co n di t i , c c u t - f  t c u  l td  P .14 .
M o dut lu s  - 1  l 1 n ~ t 1 - 1. 11 3.94 .h lP ~~~ i t ’~
I ty (Ti-i t - - f -ui , 1 ,5 f r )  6 7 h : t , i  l ct, .it i- ui i r i f t  - t  c, i t i t -s i; train curve i t  l e t  ruc ted
E ii i- rgy i i  l i i t p t  - r i -  4 1 . 82 .14 . P2  7 8 . 2 8 14 2  38 

f r ~ ct t u c t  e - i I . ; t  a -

( T c n t c i u n , K N m / m )
A r e a  , c i u t i - c  t ; t i t - , i i u — c c t r , u i n  cu rve .

8 ‘f~ n ci1 I i ’  H t t  - n g l hi I i me- 5 u - l o n g a t  ion i bne ’c ik

1 .2



I

A test (13) of multiple comparisons was made of the  Poisson distribution is the s q u a r e  roo t  of t h e
w i u i i i h ~b cu u we ib t t t a t  the  av e rage an g l e - s  were s i g n i f i —  mean v a l u e .  The s tandard  d e v i a t i o n  f o r  the  ma ss
can ti-, dhl f e ren t from ea ,h  o ther  excep t  fo r  t he  t r a n s f e r r e d  can be e s t i m a t e d  by m u l t i p l y i n g  t he  pu -c—
.atgle-ci for ltVi and i i [1 1-. a t  the low load. A one—way cent e r ror  by the cnaas transferred divIded by LOG.
A’, i i , It ’- t a l so - I u s - u ui that the angles measured for  The percent error increases as the amount of t r ~i u - ; ~~l - r
a ~ i si  po l ymer ut - r e  not s i g n i f i c a n t l y diffe rent at decreases , a rela tion that limits thue sensitivits- r b
the d iIb,- r t-tut l u  u s  except lor PVC . For this polym er  the wear measuremen t .
the average -mgi for t he  li -c i t load w i t  s I i ’ n i f  I —  On d i sks  20 , 31 , 33 , 11 and 2 2 , t h e  PCTFt :
c , i i t  i i  d i t  t e n - i t t  t t o m  Out ang le -  mea v i u red  at the experime nts  were run f i r s t .  The subsequent  k-Jr

I o ; c - f s .  exper iments were  run at a d i f f e r e n t  r a d i i .  I n u c - ,
the wear data were normalized by the length of the

I

_

- I wear track so that direct comparisons coul d be r- i i i -

+4 ~~
- of wear at diffe r e n t  radii. On disks 19 and 31 the

PVC exp er im ent s were  run first. Necause PVC c at . to

diss o lved i t-, ch lo r o f o r m , whereas PCTFE t~~ s no con—
ven it-nt solvents , tl,t- transferred PVC was ditu solved

were run at lu - c ’  ~~~~~~ r ad i i .  lkunce , dire ct c o - - C u r ; —
o f f  t t u t -  di~~b. - and the subsequent PCTFE expeninn e-nts

sons ca n be made between polymer t r a n s f e r  vi t  th e-
i s  same load on the same surface on disk 19 , and at.

djff e r ,- t loads on the same surface on disk 31.

~ 

8u~- T a b l e  4 Mass of Polymer Transferred to Circular Di

Tr u c n y a t e d  Cone
— — t

______________ 
h-lass (lO s k t -  !rt )__________ S -

‘~~~ Disk Load (N) PCTFF L td

~~~~
-
~

-t.1

~4~* 

- 18 1.96 — — —  7 .16 (5.52)
1

*2 *— 
---—- 

it 19 0.98 2 .91 ( 6 . 7 9 )  5. 73 ( 6 .37 )

4 5 ~~ 20 0 .98 0.46 (17.2) 0.96 (16.3)

*31 1.96 0.89 ( 13.9) l tI Fu (14.4)
0.98 O .70*(14.2)

F1S . I . Sc;ur-i I r- g e l e c t r i c- “h n t o —
cct ic rograph of nylon 6 / 6  t r cuns 1erred 

33 1.96 2.14 (8.0) 1.47 ( l3~~5~to a t i - i~~ - steel surface; full pene-
tration . Tyç i u I  si tes  where  shear Poin t ed Cone
ang les  ser e measu red are  shown . 11 1.96 0.17 ( 3 2 . 0 )  0 .22  ( 2 2 . 3 )

Tab ]- 3 Sh e a r  t .ngle M e a su u t  ti’i u c - t a 22 1.96 7.69 (4.38) 20.10 (3.3~ )

Load , W (N)

P- l ee r 2 4 1  
- -  

9 . 8  14.7 1 
Numbers in parenthe ses ore percent e r ro r , PE.

o 9u i 
- 

Rn 
- 

1o6
1 2.12 3 .59 2.64 

2 
Starred values were run at cam ,- radii , on the

P11° 11.9 10.9 9.81 same disk.
1 19.9 24 .2 34.7
,h 

3.B0 _  6 . 71- _4.38 S u r f a c e  C h a r a c t e r i z a t ion
n 45 I i i  46 S u r l a c e  p r o f i l e s ot all disks and cne 1 .- e l-

i . P .87 t .87 6.34 angular block were f i l l ,  and se v e r u l  s u r t n i i  s t a t i c - —
P(TFF 13 .3 12. 4 12.0 tics we re ca lcula c ed fo r  eac ii  c u r b  . These

26.2 19,9 16.6 statistics are g iven in Table S. Th e definition s
a 3jij 2 .~~2 2 .67 — of t Ie - s e parameters arc- give -n in R e-f. B and 9. In
n ‘il 64 illi a dd I ti o n to the para me te- r s in Table 5 , the power
$ 7 82 9.51 7.19 ~p~ c trel c’u .ti- ,i tv , I t o  correlation function and IS .

k .i or. • ‘ l u-L I l i D  19.0 l i t - - i r l n g  a rea  curve were ’ calcula ted  for  each sur l ICC .
I 32.9 34.0 46.6 Finally , cer tain - .t c r  i - ’i  ic e , such as the mean

4 98 5 .06 5 .55  a b s o l u t e  slope s-i - i-c - c a l c u l a t e d  f o r  o n l y  t h a t  p o n t l u c n
of the profile which , penetrated the poly m er in t he -
truncated cone exp erim ents.• n s n t t , on I bi t -  ‘-i~c t r e l  m u - k s

- - - polyci -- r t t .i - c - . l  c c  i t ’ d to  the dtska
DT SCLIS! 108

~t - - ~~’ j r  Table 4 . The i - r u - c u  I - c  rot c-an h i-  used
- - u .1 - -  hu e i i ’  u i - l td d e v f ; i I  ion of the t r a i t s —

The- 3o~ ds on t h u  p o i n t e d  cone-s i i  the  e x p e r i —- .~ u -.- i c i t a - u f  by th e i t  a t  I i t t  (ci. i i i  (hi’ decay
lcW n t ;  run on Oce re-e l cn geu l~~t I, l i i i  but ‘ crc lii gh e-nough- - -1 -  .uv pi u t - s e  c iii  he de sc r i b e d  by a to cause m l  I pent-tr o t ion of t h e  asj , ,’r i t f e s  i n t o  the

I - - i -ut , i i  w h u i c h t he mean id pol yc , - r  - Fu ll p c -ni -I r d  ion is i l l - b  l c t t - l as t h e ’  p t i i t .
I Ic, - S t .u ’it i ,t  -I dcv f ; i t  ic-n (ra t u - u  required to make the real and ,- cp p;i rt -u tt area s



I

Table 5 Surface Statistical Parameters

Disk Rectangular Block

Parameter 18 l~~ -— 
20 31 3~ ~~~~~~~~~~~~ ——i—

R (c cii) 0.26 0.41 0.40 0.25 0.43 010 0.34 0.12 0.82
a

RII S (ic ci,) 0.35 0.70 0.51 0 . 3 1  0.54 0.14 0.47 0.43 0.88

Me,ui . A bsolute
Sic-pc 0.026 0.032 0.033 0.023 0.038 0.0072 0.023 0.032 0.052

Reciprocal Mean
Peak Curvature 36.0 34.4 29.2 37.6 44.6 —— — —  18.9 11.2

(Ccii)
Peak—t o—Volley
)ie~ ght (urn) 3.84 5.41 2.97 2.45 2.94 1.17 7.00 3.17 6.08

All values In the table were cub ta ined  w i t h  a 762 .uit wavin ess filter cart- r I the values on t h i s  colucnn f o r
which no filter was used .

approximate]~- equal. The ,t-1 t-t p f u o t o g r a p h s  shoved t h a t  t h a t  for PCTFE . The ratio of t l , u -  eni rgy—to—ruptur e

t h c ~ p ol s  r -, h u - ; u r , t ot f -. -in .u : i g l ~~ to the h n n i z o n t a u l of PCTFE to  t h a t  f u r  PV C f r o m  Table  1 is 1 6 8  Hence ,
plane . This ang le  is defined ,t. t h e shear a u c i - le- - t h e  ic iv e ,  - u -  u - f  t h e  en- - r e v  t o r u p t u r i -  is p i u s i t  ively
The sheac ac -gil-s varied u :uui u s l-1e - uahl y as shown in  con r eLt e d  w i t h  t h e  f e u l l — p e n e t r a t i o n  wear  f o r  t h u -se -

Table 3 by t he  max im- it s  and m in i c ~u u n  shear  a n r b t : s  pol y cilert ; .
measured and the standard deviations. I l - w i - v u - :  the - t a ble 4 also c-hews that the wear on disk 22 was
shear ang les were I n d c - p r - i u d u ’ u i t  eu f load f o r  a given more t t u  i ci  c u l t  u - r d e r  i -f inagn i  t ude  g r e a t e r  than  t a t  fo r
po lymer .  As the- norma l load I -  u u . c i tg e d  in f u l l  disk I i .  flue s i r b a c u -  t o p o g r a p h y p a r a m e t e r s  in Table
penet ra t ion , th e- r e a l  ac :.b a p j- u ri-n t areas change- t u  5 show t h a t  d i s k  22 h a d  h i~~h c- r  P . k M . , mean absolute
s u p p o r t  t he  load — the load on c- a c-h aspe ’nirv w i l l  s iope , and  peak- t uu --i’ .ullt- y hei~~i u t ’ t h i an  d isk  11. The
remain tel -it iv -ly constant. H o;; e , th in fo rce-s hi gh e r  average sl ei r t - f~-r d i s k  22 imp l es t h a t  t h e r e
t- aiu iru i~. shear  ~it t u - u t  i-or -n I ty  s i l l  be- t i u u i e p~~~! i . l e - i t t  were  more  a- , ; u i - r  i t  i c e  with s l o p e - s above the-  m i n i r u u r :
of t h e  t o t a l  normal  load - slope aiug i u - . b u n t , , more  a s pe r i t i e s  c i t - c e  re-u i-ru e in k-

Otto p u u -  cc’ for  t a’ vu - a ir ac-d c me asutnt-mc- nts pol yzc - r  on d i c -k  22 . The c r c - u i  u c hei gluc. t t f  the
sat. to determine i f  l u - u - - r e  w as  a minimu m shear cu iu it l~ asperit ies on di sc cT2 nc’s ults - ,- p -. i~, - r

belciw wft ich p0 -
~~ or WOS not re-t iuuuve ih - I f  :cn us pt - n t v  at c i  h asp ui ’c i t  y I h u d t- u  ton li - -c 11 .

removes polymer the t h u r - C t  a n g l e  t a r  the polvn -u-r The tru iu -at i -i I l i a c  e x p e r im e n t s  s- - r e  dea l  r e ed  so

mus t  he less than the slope - angle for t i c ’ asperit y, that the r i  a l  a r e_ u itt - i - c - t a c t  would  be less t h a n  t h e
Hence , with each sttear ang le measure-I t hu c- r u’ Is u appar e-n t are- a i f  c t- c - tact , a condit ion which is called
cor re spond in g  a s p e r i t y  slope o t . u - -. I c  w l u l c h  Js l ar g e r  p a r t i a l  p e n t t r u t  iou  Ic i t h i s  p a p e r . ,The i lp I- a r e i t t

t ha cu  t h e  shear  ang l e - ,  I f  a h i m i t i n  t l u ’  i n  angl e -  area f eu t d l  u ’x t - e r t  - u u , t i t s  s-as 0 . 2 5  rr-~ . The real are .u
were obu. et  -i,- b , i t  w o u l d  i i :  p l y t h a t  t f i e r e  was a was c- s t  I c - i l  t~d I r em iS W I T - i w i u r - n e  U 1- - t he noncno i
larger , l imi t ing  a - p t  l i l y  s l o p u - ang le ,  load ~nd 5’ is t b .  v I ~-l d s t r e ngt h  f o r  t hi- p t s l v m c ’r .

The d a t a  lii T a b l e  3 ‘ubu c -s - - - t h a t  t h e  m i n i m u m  and Tab le  6 gi v et t h u  i u t  io of the c e - at i i  t h e  a p p a r e n t
mean shear an g l u - s  are -  luis-i-- - t i t - u i  PVC , i n t e nu a -d i . t t e  area fo r  t h e- l oads. .ind p01 - -c-si- ri..
for PCTFE , and maximum for ~v Ju- u t 6/6.  R e f e n t i n g  to  T h e  d i s ks  s i - r e -  se l e .  tod for  t he  t u n e  .u i u -d eec-c
T a h u l e  1 , t he e t i e - r e v - t o — r u p t t c r t - Is lowest for PVC , ex j u u- i; m e n Cc - tue the -  i t u s i s  o t  an P v 3l u n me a s u r e d  by
inter mediate for  PC I’FE and h u l p h u e ’ s t  f o r  ny lc ur i  6 / 6 .  s u r f a c e  a n a l y u - e - r th -si u - i i e - u t for  p-~- f u i c t ; o n  or qu l i l y
ilecice , the mini - st . and mean she-ar ang les  c o r r e l a t e d  c o n t r o l  us e- . l Ice d i - -h - s s e - i e c t u - i u -  had d u p p r o x i m a t e - l y
pc-si lively with u l i t - u - c - I - i  g v - t o - n i u j - t u r u ’  for (bce p oly ’- (hi- .~u ruuI t - H v a l u e s .  Ib owe- ver , wh t  n n iea sur e d  by a more
mars , se n s i t i v e -  / , - i u u - c r c h i  s c u r  l u  e - and y, ’, r a v an i a t  ic- fl in R

Conc~ f i r  i t -v  two p t u l v r t i t - r i  w i t h u  d i f f e r e n t  va lues  for i bu u - d i s k s  was  found  , i —  w e l l  iS  van -Il tans
e n e r g i e s — t o — r u p t u r e  s l i d i n g  c-cu the same n u - u u g bi surface in -, t v t - t  c i o t h u i - r  c - c u r i a e - c  ch ar a c t  t - r i i a t  ion p ar . u r i e - t e r s -

~- l t h i  a normal loa d s u f c< i c i e ~c c t  t -- ca u s e  f u l l  p e-n ~~t r a —  Thcc ’ r i - f u u i  u - , t h u  u- - s i r  mu a- - t i r e d  w as a fc ; , i c  t i u ’n  i t t  t h e
( I o n . The above c o r r e - l a t  j ot -i su u gg es i  -u t ha t  t h e  p o i v —  p u i l s r t - r , I - - c u b , - i t c h  t h t -  s c i r f a c e  I u -po u’ r u h u V  -

mar w i t - I c  the l u - - u--t i e n e r g y  to  r u p t u u r e  will ha i-  a l iuwer  The i l  i c - c t  u u t t i e  pu t l y me r  on u., i n  is t ubes -n on
min imu m shear a n g l e .  The’ I t - w e t  tu tn ic i curn  ~hc-ar a n n I e  d i s I s 19 , 20 , 31 ,i: . h  33 Ic -  T a b l e  4 .  h u n  d I s k , ;  i’l,
I s  a s s oci a t e d  w i t h  a I owt - r  tu f r u im ui m i , . p - n i l  y sI  api- - 20 , m d  31 tl t e rat h u i ~, of PVC s-u -ar to l i  ~13 ci t  c c were
Hence , cu - lint- t ’ p u ’r  i t  le a i 11 h . r t - t - u c c v I n g  th uc -  p o ly c i i u - r  1 .97 • 2 . 1 1 , , u n u f  1 . 2 0 , respect  ( v o l t - . The l u i v e -  t ‘.e c f
w i t h  l i c e -  lower i ru t ’tu 1:5 t I c  c ap i  l u r e  anti the  wi -a r o h  t bt i s E l  ci - - n p . - --i  i i -  i c - p t  c u r t ’  w - , u u l d  p r e i l l et  t I c _ i t P V C  s.oulul
po lyme r w i l l  be g t i - .sc er t u m i  t Ic -u t  for t h -  po lycta- r w i t h  w e-ar 1 .68 t tcnctu . t h u d  f o r  I t C T F E .  b ios -ever ,  the  P - C
the  hi ghei- u - u u m - r g y t o  r i t j i l u i r - - 3h i  a cone I u t — . i u u i i  m g i  u - cc -i si - u i  i - u i  -.11 vk 33 ii. li - s ( h u n  t h a t  for  P C TFF - Thus ,
w i l l ,  Ra tner ’ s d~~t , t  ( 4 )  .ot .t w ith t h c t -  h , i t . u  in  ‘! t t t i r -  -, C f l C c  -V h o  i c i p t i t i t - , h -v  i t s e l f , d- ’t -s r iot  a p p e t i  t o  he
f o r  t f u u’  p c - i t -ct ad C l u i U ’ , .,n s c r i u r u t  C p t t - t i l c t  u r  of t h i t t C l - C t  cd the-i.i rd imie-ri,

I n  Table 4 , t l u t -  dit; i l u ,  the po inbi - el i-one r c - ; u r e —  I c - i  c r 1  I , u l  Pt l u - t i  I t It un . I-Ic-wet-i t , I-- - combin ing
h u n t S  we ar when t h e  t i c - d m a ) I u u .id I i t t _ t i .  ful (tnnec.r, i— cot-u s-v - t c — c  tu~- t u ,, cuuu i i t he . i c c i t t  I c i t  . 1  s b - u n  , c u i 1 - l e  i-ru

t I c - n . On c - a c -h  f i s k , t h i t  h V (  s - c u r e -  more t lu - i t t  t b - ’  pt-t l yiuie r ui w i t  Ic i c - u i  S i c  I g r a p u - l y  i n i t - i  utua t I - i , g r ea te r
PCTF R ;  fo r  d i s c  11 , t h u  I ’ l l .  w.- ,-ct was  1 3  t h u ,  - - t h u — u i  ( t u f t - b i t  i i c t c u  l i c e ’  v . i r l - t t i n n a  in t’- . -ci q t u f t - u i  w, - , u c  i i i  hi-
fu r  PCTT E , on d i k  J2 , i l t i -  h - V u :  wear was 2 1 .  t I m e e  o h u t a t i t e t l , 



For t hima- t e e x p o r i u u t - n t s  w i t h t he  t n l u c i -  C I  u - b  (-i n ,- ’. Table 7 We -ti c and Profile Data

p a r t i a l  p e n e t r a t I o n  u u c- e i , r s .  r - i - r e f o r e , i t  is  o n ly
the upper port ion imi t~ u e pru. t I l u  s - h e  I I - t  i t t  eu-lu i i i  t L o u i u l  D e p t h  We-ar
wi th  the pt lyticer. l - I ~~. 2 s f i - - u c s the b t - c c  (tug area D Ia k ( i )  Pol )n~y-j ,J ~~~~,, _~~ Slope ( lO 9kg/m )
curve for the  u p p er  p c ’r t  b u n  of I u uu ~ un .: l i e  f o r  a l l  

—

I 
l i v m -  d i s ks . The p e t u e t r a t h i u n  u b t I - t h u l u  th e ’  i i -  t i n  u 18 1.96 PVC 1.95 0.084 7.16
t hat  t h e  h i g h e s t  u u i t b l ni - v mus t  I . t u u ’ t i . u t , .- the pulv ’- - t  -

in or d ,- i  t o  s u p p o r t  t h u  , - a n m a l l oad .  Thu ~ ‘ . u l - u u r u u  t u b  
9 0 .98 PCTFE 1.08 0. 069 2 .91

b et a r bcc g  a r t - c  from i u f u l e  hi i r e - 1 u i i , t ( t - d as t o r t  i c - i l  19 0.98 P VC 0 . 40 0.060 5 . 7 3
line s on the grap h. ~h o  it - i t c’i~~, - - u t  I t - c -  u t the  v t - n t  I —
cal l ines  w i t h  the  hu- , u r i ng  a rea  c l i n t - t v  eh u t h u u c - s t u e  

2 ( 1  0.98 PCTFE 0.38 0 .052 0. 46

depth of petietration [cur i- - u c h  pob  i u  u i  , load , anu l  20 0 . 93  PVC 0.20 0 .078  0 . 9 6
disk combina t ion  t e ’ ;t c -d . b’he - a v e - r a p t - -~1 ope of thu -
a s p e r i t i e s  in con t , u~ L was cai t -tu lat e d i c u r  c u d ; e c p e - r —  

31 1 . 9 6  PCTF C 0 . 5 2  0 . 0 3 9  0 .89

iment . All  these ei ,t t~~ are su i tu i tu an ized in b u d - ’ 7 .  31 l .9h  PVC 0.31 0 .047 1.08

~‘~‘1 ‘ ‘ ~~~~~~ t t t - r - i t ~- - 31 0.98 i-CTFE 0 .42  — 0 . 7 0

J 
—

~~~~~~ 33 1 .96 PCTFE 0.83 0.051 2 . 14

- I 
33 1.96 PVC 0 .52  0. 071 1. 4 7
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Fig . 2 . renetration depth as a 
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func t i on  of b e a n i n g  area f o r  PENETRAT ION ~~ PTH ( mJ
amt ve rai db , .~ , polyme r , and load
combinatiu- u u v . Nuciil,e-rs c-c- C o r v u s Fi g .  3 .  P o l vu -  r wear as a f u n c t i o n

are disk nuriberec . 
of p e n e t r a t i o n  d e p t h .  0— PVC ,
/ ~

— PCTFE .

Table 6 T h u  p u - i t ’ I r u c t  ion dep th  is a p u a n a n u e t e r  wh i c l c  is
R a t i o  of Real to A pparent  Area of C o n t , u - i a lu n c h  h u t  of t h e  l i e s -  pressure of i l , -  pole - - i  aci d

- - 
the  bearin g ,u curv e ’ h u n  the t ; u ; n f a c e .  Hence , it is

Load ~~t )  a parameter s-Ic~~cbt  canno t be- d i r e c t l y  e d t -  ut .’- but

must be c u u l c u u l a t t I . The f low p n e - s - u u i u -  has  been
yiuI yme:n _____ - —  

1 . 9 6  e s t I m a t e d  inc h a t - , -  c a l c u lat i o n s  by 35’ . How ever ,
PV C 

- 
0 . 0 I . ( i  0.0252 si nce V l u  - t  t i u n c t i o n  nif s t r a i n  n . u u r - , the .uppr -~~n iat t -

I ( T I E 0.0566 0.113 va lu , -  of 5’ t o  u s t -  in t- st i m~~t i , t g  I lu - u. prensure will
dep euid  on k n o w l e - t i g e  of the stra in rates u vepee t a d in

The s - u - u n  Is p h i l  i l  cac a f u c i c t i o n  of t he  d e p t h  s l i d t n ~- c u d  h h , ’ s-car pr uce s s. Hence , uncut r ea son f o r

of pene t r a t ion in Fi g .  3, W h u t b e  t h u - - r e -  is c o n a l u b c - u - i l  ~ 
slow - t b - h i .  ,,pu- .-u f  i t t  these  e x p e r i m e n t s  s- - i c  t u )  t ry to

Bca t t ’- i  in the ul.u t u , t h u r  s-ear of i’CtFi . at a g b u - t - u i 
f u t - m - 1 c  st r.u I t n u t  i--u low ac id co u t i p a r a h b  e to I b ; . se- used in

b.c J r -t ; s tha n t b . m  t I - .ur ;~\u~~ Thu s , die 1 u m - u u l  1 
measurl ci i - u uit rI,ani c~~l p r op e rt tes .

t ion d e p t h  I s  a t i n  . u u , - ’ l ; - t  w h u  t i - h i  ru i n  u t  I Sc ,  l i - u i  i i i  m - 
P I t - n  t h u t -  r e a l  tnt a h a s  I’~ -e- n cc I c - i t t  ate d from

b ct wet -n the wear c- I  PVC acid l u l l - b ,  1 l , . - , b u i -  i t  J f l p h t  
A W I l Y , ti n s i n c - u m u s t  be re t ,it e d t o ( h u t  b ea r in g

meas ur i-t u enis  I n  J , i b h e  3 ‘ u t i h u r u i c  t t h e  ret - c,cI t , t  , I i i c s - i i  ~c- 
a r c a  c c i i  vi- - I c i  t h u u  -, h i .c l u( - r , I t h i s s  bet -u i a r . sumcu d t h u . i t

F i g .  3. 11 b’VC acud  I’C ’l l- L t i m  ( - n - t r , .t i - ;h t u u  t h m t r  it u t u t  t he- r t ’ , u l  I r u t a  i s  t h u - t i  formed by t h e  i n t e r s e c t i o n  of a

dept h I t y  a surf  a l e , m e t u c -  u t - .p t  n i t  l i - s w i l l  c -c ’u v u  l’S ( p l u m t u -  p~ac  . m l  l u - i  Ic-  t I c - ’  se-an p lane u - f  th e pro f  l i e  s - i t b t

th an i i  I P E  hr -u  u , . , ’  (lie t i c - L i m i t s  i t h ie - n t  cu i c t ~i - - l i i i PVC w i q  t h e  t i - l i d  po r t  (ecu oh t h u t ’  r-- u u t  la ce - - T h i s  assu mption

observed tut u  h u -  I t ’ s - . t h a i ,  t h u  b r  I ’ C l l - l . .  l i i  t i - t I l t  I n i c i , 1~~ v al  I t b  f u r  n c - r i t u a l  lct ,it i s on l y .  b b u u w c i i  r , ~~ u u  uu  ta flgefl

-l .- the me —i n ‘ h u t - - i c  ut c a g l e  l u - n  l W .  b u m  it- u, ’- t h i , m u i  b c - i t  i . u l t l u u . u i l u .  m i -  Sp it ) I m ’ t I  at • 
~~I i d l i i u ,’ t u’uu-’ -r ’; - , m ‘. , most of

l uu l b  I FE , c a I r O  l’Vu w i l l  Ut . removed b cy a gl u t - t i  t h u ,  n c - c u r - u  I I r i sh t i l t p I l i - - i u ’  l i i ’ ’ t r a i l i n g  i l , i nk s  of

i s l e - f  i t y  t h a i ,  I’CTFF . t b u u  ~ spt- r I t ic- tm w I l l  tip trana t t - rr cd to the l e a d in g

1 , 5



- Hence , the  p e n e t r a t i o u s  d e p t h  w ouul u l  he larger d ifferent p ol ytu- t - n  s are slid on the same surface ,

than pr edii-tcd in these c a l c u l - m t l c - n s .  more .-t h u e - c l t i u  s w i l l  r i-move t h -  ~u u 1 y-men w i t h

An e s t i m a t e  u u t  the ’ u i -p t  r l i m i t  f o r  t h u  p en e t r u u — the licwe ’tu t e n e r g y — t o — r u p t u r e .  A l t o , because t h e
t i o n  d e p t h  d u r i n g  s l i d i n g  c- tin hut’ ma le bu y a s eu m i i i g  lower  shear  a u u 1 - l c u -  i s  associa ted w i t h  t h e  lower
t h a t  c l u , norm a l l u -tad is  u - c i t 1  1s u n  , - ,b only on t h i c  h i d  f o g  C f l Ct  p t — h  u — n u t  u u n ,  po lymers , c u r e  of the  J u t s - u - i

i -d pi ’ -, u - b  t b m e auc ~ e’r ( t i e - u--c . I I c - t t i  u -  , to c- -u i i c n a t m -  t h c  e n e r gy — I i u -- l t j l - t  c -c  mc p c - I  ,uruu tu r w i l l  lu - trans f erred

p c - u t .  t u i t i o n  d e p t l c  t h e  v a i c t . - of t h e  b e a n i n g  ,u t u - . c  cuc u m - pc- u a s p e r i t y .
•‘l 1 u dt to t w i c e  (b i t ’ t m - i l  mu ea w o u l d  be used . b I uw c ’v e -r  , For p c - I yr. - -it, cl Idi n g on c ocig li—ha rd su u t I u 1-5

t h u  t i l e - c t  of this penetr a tion u b c p t b i  on the ’ t ia la b ut unth-r p a r t h - u l  l u m ’ cirt n u l t i o n , we - c u r  of d i f f e r e n t

I ig  - 3 u.- u u i t l d  bc. t o  move i l l  d a t a  p c - i t - i t s  to t u u u -  r i g h t  - p u u l y f l i c ’ r t u  can h - u -  d i  s c n i c t u l n a t e d  Icy t I n ’  d c -p t h  u - tb

The conc lus ion s draw n f rom Fi g. 3 would teccicuita peutet i. ctl on p a t . u t u - u  u t - n .  T h i s  p a r . u : - ; u t e r  Is - c  u u n c t i n n

unchanged. of t Il t- p o lv nc - t u t u u-cbi an i col prop -n t ic - u-u (yi e ld a trc -ngth)

Tlue penetration dept h is .m ; u u i u m m ’ t t ’ n w h i c b m  is and t h e  s u r f a c e -  p n o h i l e  c h u a t a u i c u - i i s t i c s  ( b e c u r f n 1
de - f ined  by the e x t r e m e  p ea k of the p r o f i l e ,  Pi i u f i l e ,ur c ,u curve). i b t i ;  c o n c l u s i o n  It  base- b on ttt e data

s t a t i s t i c s  are i f- t alc - e d frum c - i ulv - u small samp le of f r o m  o n ly  twO pu t l\ ’me -ns . Thus , cotus lubuc r a blv itt- re

the surface - on wh it -lu sli e li n h t. o c e u u c s ,  I t  is u - u n u - r . u l l y  t es t  d mu tcm is  n tu - e d uc d t o  exp l o r e  t l u u  u t i l i t y  of p ene—
assumed that  the sample s u - l e i t i - d  Is r c - l u n e s e n n c u t i v e  (nation dc- prh for w.- ur  p r e d i c t i o n  jut p artial p a ne—
c-I th u ,. e ntire sun - ace, Hos’evi~’r • if the s c u . t : b u h ut uh uc eu tu ( r a t  h u n  u - 51u1’ r bc - n t  a.

not include the h i g h e s t  pe- .uks in the s u r l , t u  u , ii S u r f a c e -  p r o f i  ic  st i t i s t i t  a a r e  v i t a l  in  t he
p a r a m e t i r  su c h as the- penetrati on depth will be pr t- u i i c t i oci of w e - u r  c u t  p o l y m e r - ;  on har d , r u i u c ’ ; u

estitr, : 1  u-il to be sma l le r  tbcan it t - u utuaximeum 1u u u - - . ble surfaces. Houm-ver , tIie use c -b waviness f i lt e c s

val cie . Hence , tb uc- we-ian pred ictt-d by th i s  dep tl wi ll —t i- u i be- selected In cnn iii der ahi cc n ci  t h e  a 7 h u a r C n t

be sm a l l e r  than a c t u a l l y  n . - m - i u r e d . It ;; c l g b i t  be area of c o nt a ct. The - t a t i s t i c s  c a l u u u l , a t e - d  mu- c t be

argued that nIc e o m i u ; s i i t t u  of n b a -  h i gh est peak fr- t u tu  a p p l i c a b l e  i t ;  t h e  p - i t t , ion  of ( l ie  p r o f i l e  in . o f l l a c t
the p r t u f i l m —  sa—u p l u  w eu eu l d have a small u o h e ,  I tin i h u ’ w i t f i  the- po l y c ; ’ !  . b 1 ~’nc - -~ statist ic-s best- -b c-n t h e
ove rall wt- . t i  pre ihi c led becau se (lie peak only lu ccuns total p t  u u l i l t ’  c u t  hue  - u - u r u i n g i c - u c - . i n I l d i t u g  s - lu c r e
o ; ne  per disk r e v o l u t i o n . I l - w e - v u -n , i t  can t ’a s i l v  hu e p a n t  cul p en et  tuu t lu u u . i s  o c i t u r r i c u g

*mhu owci (b ut for simil arly sltape’uh .tu ~uc’c i t  ic’ s , t h u
volume removed v m ~~j es  as di,’ uu b i u, ute - of the pit - c -utica — A Ch hoW l b - I l iTh’b b  N t  b~
(ion depth. Thus, 10 asperities pen etratitu g 0 1  ~,zt
w i l l  remove c- ne—ten th  the amouci t  of r , i t u c r i u c l  as urIc This wuur k wcs stt p 1 tnte;b by a g r a n t  I ron’ r I c e
a s p e r i t y  p e n e t r a t I n g  1 ccci . Ar my R e s t - a r t - l u  h i l t - c , h i-si-ar c - li T riang le P u r r - , North

It should be n - t e d  tbi .it the wear data cannot be Carol ict a a - a  pe n l out c t  a &tudv on the w ,-an of

c- c u r l  m -l ated with anyone of the following pana c t u ’ r ;  t pc-len t -i -ti by t h c e -  cs .hu :mni snu of t r u t - u s  or n td 11 hr- s .

t I l t  C l~s’ngt .’— t o — r i i p t u r e  f o r  tb ic-  pc-I v u l u -  i- ic , nor ti u cu l The i t t - I t  l i - c s  g n a t - - ’  a l l y  a c kn o w l e -  h i - -  u hue  - u i s u s t  i n _ i .  of

loads . a verage  slopes , on t I u -  s t a n d a r d  roug hness  H.  1. ° ‘ 01 (a l t - u pic - Conp. , itt!IaIo , h u e  tu ck

Ju c i r u u r - m - t e n s  such  as 
~a or 0-h. - - The p o l y m er  p r o p e n t i e c u  i n  t h u  s u r f a  tu r u a b y s f s  ~ t t h u ’ spec  tru e-na - u n e

i n t & - n , i a t  with t h e  s u r f a c e  n c -u g l in e s s  in t h u e  v- - u n  co o p e r . t i o c u  t u t -  g- t; n t ;ortn el  of t h u  N e ut ro n  A c ;  1va~
ti u-ss . Both po lytnc r p c u 1 u t - r t  i t s  and s u r f a c e  r o c ~~-. b i —  t i c -n  A n a l y s t — : .  I t t - t t t - t r v , V.1.1. & ~ .U. in pr~c-- i d i ng

ne -ecu c h a n a c t e n i s t  i c-u- .  un ; -  e’oiuuh i cu ucd in a p a c . u u - u ’ - c  u - i  suc h space f o r  tu f t— ~ . - u r a p p u u  att:x an d ~ni, h v s i s  of t h e

as th e- p e n e t r a t i o n  d e p t h . II ; ’ ef l u - i -  t of  t h e -  let c r —  vt -ar  uf at -‘ I - - Jp; i i  t’e Ic c i cuti
ac - tic - n of s u r f a c e -  c h t , u r u u - i t- u f t u t ic,, and polyme r i c c —
pert  ies  c- cc wear was also tu l u s u r vt - uI in multiple past; R E F I : R F N u  l - .S
e x p e r I m e n t s  ( 3 ) .

Surface profile In t l t tur t u-ti t s have ele-ctron ic I. B r i u c e cu u ’ , B.  .t. • Pooley , C .  ii., and Tuub .r . 0.,
f ilt er u t wh l c lu ic-mui ve ’ thu I - c u ; -  wa rn -  li -t ip t h u s (way u l e s t - - ) “The F r i  u - h u -it .in i T r a n s I t - n  of Some P o lvmer a  in
f rom the  s u r f a c e -  p r o f i l e  In  1 - u r c i t  it-un al lowiflg c - cm y t Ic - i c - h u n  u m u  u - i ‘ 1 - ;  - p  •~ i n  h i - u- • I . .  H .  , ed
the- h i gher I rt’quency ‘t u r ! ; u u  t u e - n t  a to be gm t . s e u b  - The A h v , cru u . - . u - ~, - t b r h c t ; u n u  c ut -  :-~~lI. P l e n u m
b at a for  t he  n e c - I  a t u g u  I c c  block  in Table ’  S s I c - u s - u -  the Pc t’t - ;u • h m ’ u. - k , I~ t , pp .  191 20
d i i  t i - r u - n c - - in p r o f i l e  s t - u t  j a r  i t -s w i t h  and w i t  bu ouc t a 2. Pou cb m u  , I . ~-L , ,u ’,;d l u t i t u u n  , 0. , ‘‘ Fni u ion and

762 hum waviness fi l ter. I t  it , o h u v f i u u ; s  tha t  i hu e n o n —  lb- il u - u  l u r  N t ui ;  t u t u - :  lice Rch .u v u o r  of Soicuui
f i l t e r  statist Ic - s are -

_ u ~iui I i  cant ly i;urg .-r . Hen ce , Tbic’ i T u u u u b u h  i l _ _ I  S , ” I’ i ’ e_. io~.- h o o .  • London ,

w h.  i i  ob ta in ing  pr of  l i t ’  S L I t I t ;  i c s  for vt- a r i t  u - b l c —  St-ri m- s A , V o l. 3 2 1  • 1 9 7 2 , pp. 2 ~u l— 2
t ion , it is i m p o c  t i u n t  b u t t  thuc ’ election of a 3. III as , Ii . S ., In ., ~cm nn mtn , .1. H .  • , u u u - b  Q uI n n , ‘I . F . J
wa vin es s l i l t  •‘c I t ’  d u e  ta t ‘ ui by due ge-tune u n’ cu b tIc- - 

it Oct I ui- Ic - f l o u  iu , -
. of the c-p u t c ’ of Cryst -illi c-itt’

sliding cutr-mbe ni; . Onc e u u - t u u - u a l  gu i ub c-li n e w o t u l d  but’ of l t C ll b u n  i t t - ,  ! r a n s f t - r  t~ S t ee l  S u r f , u u t ’ s  of
to include wa velenp thiu e q u u  ul t i c  or lm -sa t I t a n  tIl e ’ 1)1 f f e r e ’ i u t  lboc i gl u u u t vu - u . s , ‘‘ u t  be presented at the
l u n g e - s t  d imens ion  of t b . -  ap p ;u nc - i t t  C i t - a  c-I c ont a ct l” ,’ub u-. - b y - l i  ‘ ‘.-; ;~u - u - . i uim on f’ n t c t  ion  and W ear  of
itt  thi’ slidin g dire ct l t -  - h- u t—M t - I - c l i i  e M .i  I c - r i  cii s , 7—10 - c I t  u u uiue r 1C76

l . o t’t ls  • I n i g h  i c c - b  -

f;ONu :l t u u -IONN 4. K a t n e r  , S. 11. t - i  . 1  . , ‘Co n n e ct  l u a u  Between Wear
I u u ’ s l t . l c t t i c e  u t  I ’ l a s t i u  ci and u u t h e r  M e ’ c - hua ni u ol

W i u t i .  polyTiier,t are I i - u - h o d  . u p i h  ta t rou gh h i n d  Pr u , 1 u , ’ r  I I i t ; , - ,  I n  I O n I c -S , 0. 1 . , u - I .  , Alu t c - s h - u - n i l

su r f a c e s  in a condi t  i c - c-  u t -  m u l l  ; u c - i u m - t  n a t i o n  c u d  R u u l - h ’ c ’ r , tI L,u n m -uc & N c - i t S , l,miti t Icuct , 196 7 , p - I - t i  -

slid along the suit l i - - i- , ti l e’ In- b ymt- r ab c - u i - s eu l I ml S - l . u i u i  u t  u-r • 1. . , ‘‘ ll ns I a M e - c h i c - n i  ama ot  Fr i t  Lion

an ac -u - I -- to thu . hoc I zon Lual -our f ace- . TI u .- . h i u - .t r i i i  Ii’-; tint1 t i - u i  r oh It , h s-u - .t ’c a , ‘ P l c - u t  i ‘ :  i t u i 1  Po l  v u u e i  S

ar m a i g r u i f i c a c u t l y  di f I u ’ i  u - i t t  i i i  l’VC , l” I FL and v - I  . 4 1 , Pc ’ t - 9 7 1 , ~~~ - cic) / bitt - u , 
-

ny lon 6/6  and ( b i t -  t . h u t ’ . u i  art 1-, R - t ,  t t r r e l u i t e  s - f  i t , t l u , ’  6. Rah ino wi cz , I - , I c i i  t i u u u c  :i u t f  ~ -at u - f M u t m ’ t h u m l a ,

en t u - r g y — t o — r i u p t t i r u -  f u r  t h u .  p o lyncer  . I I . -  s Iui ’ u m n  u cc c 1 - I c  b i u b m i c  hi’I i t u- y  7. u u u i u - .  h i s -  i~’i K - I i u ’u , p .  1 t i l l .
d a t a  a l s o  i r i d h i c i u c - - , t l m , u t  I t t - t i  a re  m i n l m u u m  ~h i t - . u c
ang le s  for c I t . -  l u l l  y r- - ’- r a  w I t 1  i - lu  .t I ii i, c c - c r c ’  I ,u i u ’ s - l i l t
energy—to—rup t u rl- h u n  tIm e 1 u b )m ,’rs. Ikui ce- , i f
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APPENDIX 4

Full  P e net r a t i o n  Wear Model

4. 1 Single Point Or t h~~~ pa1 Cuttin j~e~~y

The consideration and determination of factors important in a wear

model , cons i s t en t  with the wear and shear angle data already presented ,

were the major efforts of this rm-Ne’arch. From the SEN observations of

wear t r acks , pol yme” d e p o s i t s  were  seen to be distributed in discrete

sites rather than continuous films . It was apparent that some of the

steel asperities were removing material and some were not. It was also

apparen t , due to the differences in thc- amount of polymer deposited at

these discrete sites , tha t some asperities were removing more material

than o the r s .  Thus two i m p o r t a n t  q u e s t i o n s  mus t be answered in order to

c o n s t r u c t  a wear  mode l :

1) Wh ich o~ the steel asperities are going to remove

mate r i a l ?

2)  How much m a t e r i a l  w i l l  they  remove?

It is p .)ted that the process of the i - utt ing or machining of metals

is related to the polymer wear mechanism , where the cutting tool and

the steel asperity are analagous. Thereforu- , in order to answer the

above questions and develop a wear model , a m o d i f i c a t i o n  to o r thogona l

c u t t i n g  t h e o r y  was made. Before discussing the model , a br ief review

of orthogonal cutting theory must be presented .

Orthogonal c~uttIng occurs when the cutting edge of a tool Is a

straight line perpendicular t o  t h€- dir ect ion of m o t l c c b )  of the ’ tool [1).
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The forward f ace of the tool is usually cons idered to be a plane surface

and th e  ang le which this plane surface make-s with the normal to the newly

tormed metal surface is called the rake ang le (a). All of the forces

of an orthogonal cutting system lie in a plane and may be repres ented

as shown in Fig. I. This figure illustrates a positive rake ang le , but

the mathematics applies to both positive and negative rake angles if

the appropriate sign Is attached to a.

The tool is driven through the work—piece with a horizontal force

F0 and a ver t ical force F
~ 

giving a resultant force vector R 5 wh ich

forms the diameter of the force circle. The chip in escaping exerts

a fri ction force F along the tool surface and a normal force N

perpendicular to the surface.

The r e l a t i v e  m a g n i t u d e s  of F and N are determined by the coefficient

of friction i.i according to the usual relation

p =  tan t = F/N (2)

The forces on the shear plane consist of a compressive force FN 
and a

shear ing forc e Fs, The shear plane of area As 
Is t h e  plane in w h i c h

the shear s t - re- u-i s

S F IAS S S  (3)
is a maximum .

The model is based on the  assumpt ion  t ha t  all m a t e r i a l  in the path

of the tool is removed as a chip. The work-p iece shears along a narrow

zone which is the plane of maximum stress leading from the tip of the

tool to the s u r f a c e  of the  work—piece  and f o r m i n g  at~ angle~~with the

direc tion of tool travel. Assuming a constant shear strength for the

2
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m a t e r i a l  being cut , i n v a r i a n t  with respect to ~ and solving f o r  the

olane in w h i c h  t h e  shear s t ress  is a maximum , Ernht and M e r c h a n t  [2 1

le f i n e d  t h e -  b eat  ion of t h e  shear plane ~ as

~~~~= 45 0 + — (3 )

Therefore , the shear plane ang le i s def ined by the rake angle and the

c o e f f i c i e n t  of f r i c t i o n  between t h e  tool and c h i p .  The shear s tress

on th e shear plane has a value equal to

s — 
R i O N  (~~ 

+ T 
4

S 
— A / s i n  

(

Kobayashl and Thomsen 13) defined the shear strain (‘~~) in me ta l

- c u t t i n g  as shown In Fi g. 2a. In the case shown

= u r n  ~~~ ‘ 
cOt (~~~~) 

+ tan 
~~~~~ 

(5)
*O Ax

The shear strain defined by Eq. 5 is a measure  of la rge  p l a s t i c  shear

deformation and also holds for negative rake at3gles as shown in  Fig. 2b.

In r e f e r e n c e  4 , Me r c h a n t  found  t h a t  t he  c o n s t a n t  shear s t r e n g t h

assumpt ion  was a poor a p p r o x i m a t i o n  in the’ case of tile cutting at  a

polycrystal line metal. The reason for this is that the shear strength

is influenced by a number of different quant ities. The most Important

are temperature , rate of shear , sheari ng strain (plastic) and the stress

acting norma l to the plane of shear . Mere’hant concluded that of the

above q u a n t i t i e s , t h e  normal or - o mp r e s s i ve  s t - r e - u - is e x i s t i n g  on the

p o t e n t i a l  shea r  planes , i i ce - ad  o f  t h e  r u t t i n g  edge was the  o n ly  one

w h i c h  wa~ ac t. ly e  In t n t  hit ’nc - I tig t t u e  s l i e , u r  st r -ng t  It ~ I i e - u i  t h e ’  m e t a l  was

merely stressed and had not yet started t o  un~L -rgo p lastic SI  rain.
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Le concluded that temperature , rat e of shear , and shearing st rain shou ld

all be secondary in their influence on the shear  angle , compared to the

compressive stress on the shear p lane.

According to Merchan t , tile shear strength of a polycrys talline

metal had been quite extensively investigated and for conditions closely

duplicating those in metal cutting the relationship between shear strength

and normal stress was approximately linear. Therefore , the shear

strength of the metal (Si) was defined as

S
~~

= S + k S
N 

(6)

I
where S is the shear strength of the meta l  under zero compressive

stress , SN 
is the normal stress , and k is the slope of the shear strength

I 
versus compressive stress curve . S’ is  approximately equal to one—half

the tensile strength of the metal at hi gh values of strain.

Using Eq . 6 , Merchan t again solved for the p lane of maximum shear

stress. In this case Eq. 3 became

(7)

where

C = uircco t(k) (8)

The shear stress on the shear plane Is then equal to

Fc i
S - - - - 

~~
- --  - 

~~
- -

~~~~~~~
— - —— -  (9)

S A 1 cot 4, + tan (C—4,)

4 . 6



$

I
4.2 Full Penetration Model

I Fi gure 3 i l l u s t r a t es  the  fo r ce s  acting on a single steel asperity

with full penetration under the application of norma l (W) and tangential

(F) loads. I,ines BC and CI) denote the steel asperity. Under static

cond itions the polyme r azid Ste~e~l make conta ct on tile surface ABCDE. When

a tangential fo r u- c- (F) is applied to the asperity as shown in Fig. 3,

the polymer no longer contacts the steel along CDE , where E is deter-

mined by the vi-;coelastic properties of the polymer , the rate of

tangential loading and the rate- of wear. In t h e  orthogonal cutting

theo r y ,  as previously discussed , shear occurs along a shear plane AC

making an angle 4, with the horizontal. The chip is free to move along

the steel surface BC. However , in this single asperity wear  model ,

the “chi p ”, or polymer deposit , is not frc€- to move along the steel

asperity face due to the steel surface AB. Therefore , th ere can he no

friction force between the s t e-e l asp erit y and the polymer deposit

along BC and hence -r must equal zero. The only way i can equa l zero is

for the resultant R to be perpendicular 10 the cutting side of the

steel asperity BC. The amount of normal load (W) suppor te - ul by the

asperity is

A 1 tan (—a)

A 
- - - . (10)

where Bt is the length of side BC , A
1 

is the  cross  s ec t iona l  area of the

polymer as shown in Fi g. I , W
t- 

Is  tIic total norma l load and Ar is the

real area of  contact of the e n t i r e -  po lymer  p i n .

Know ing  t l t e ’  dIrection of R , the magnitude and direct ion of W , and

4 . 1
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I
p the direction of the friction force F, the magnitude of R and F can be

determined . As shown 1.n Fig. 3, the angle between R and W is defined

as 0 where, 0—a 90°. Therefore

R = W/cos 0 Ui)

and

P F~~~W •  tan O. (12)

Because the average 8hear angles for Nylon 6-6, PVC, and PCTFE, as

given in Table 3, Appendix 4 were different , it appeared that some

mechanical property or properties of the polymers must influence $.

Therefore, the polymer wear model must include polymer mechanical

properties. If the constant shear strength assumption is made for the

polymers, the shear angle $ is a function of only the asperity angle

(— a) according to Eq. 3. However , if one assumes that the shear

strength of the polymer is a linear function of the normal stress, then

Eq. 7 predicts that $ ehanges not only with —a but also with k, a

property of the polymer. Therefore, the shear strength of the polymer

was assumed to be a linear function of the normal load as described

in Eq. 6 for the wear model. With r—O , Eq. 7 became

(13)

In order to determine the shear stress on this plane , which is

the maximum shear stress in the polymer, F / A
i 
was determined so that

4 Eq. 9 can be evaluated. Referring to Fig. 3

F~~~ (14)
C tan (—a)

4.9



and from Eq. 10

A1 tan 
(_ a)

W~~ A V (15)
‘ r

Assuming

W = A  p (16)
t r m

then

F 
A1 tan (—a) A1~ (17)

C Ar tan (••a)

or

F
C~~~~~p 18

A

Therefore, the maximum shear stress in the polymer occurs along an angle

$ with the direction of horizontal pin travel and is

s~~— ~m (19)
cot $ + tan (C—$)

It was assumed that the relative motion between the slider and the

surface will produce sufficient strain to cause rupture if the maximum

stress exceeds the shear strength. Therefore, rupture or shear will

occur if the shear stress (Ss) is equal to or greater than the shear

strength (Si) of the polymer. Substituting Eq. 13 into Eq. 9 and

setting S~ < S~ , then those asperities that have values of a 
which

satisfy the following

I !
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SS < 1 (20)
Pm — 

cot tan (C—a)

will produce wear.

Figure 4 is a plot of Si/Pm versus a for various values of k. On

f this graph, the values of Si/Pm 
are shown for PVC and PCTFE. These

values were calculated by assuming S~ was equal to one half the tensile

I strength of the polymer and was equal to three times the yield strength

F of the polymer. Tabulated values of the tensile and yield strength were

obtained from Table 1, Appendix 3. For a given value of k, one notes

in Fig. 4 that PVC will shear for values of a which are more negative

than the values of a for which PCTFE will shear. For example, if

1. k—0 for both polymers, PVC will shear for angles $ greater than —53 .5

F deg whereas PCTFE must have asperity angles greater than —35.2 deg

before shear will occur. This means that if k 0  for both polymers,

) asperities with angles a between —53.5 deg and —35.2 deg will produce

wear on PVC and will not produce wear on PCTFE. Thus, PVC should wear

I. more than PCTFE. It should also be noted in Fig. 4 that as k increases,

the asperities must become sharper (a becomes less negative) in order

to produce stresses in the polymer that are large enough to exceed the

shear strength of the polymer.

Figure 5 is a plot of $ versus k for various values of a. The

I average shear angles measured from the profiles are also shown. One

i notes from this plot that for a given asperity angle, the average shear

angles measured imply different values of k f or the three different

I polymers. For example, if a —SO deg, k • 0.328 K
avg pvc PCTFE

4.11
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H
0.264, and k — 0.040. This shows that k,1 is greater than

I Nylon 6-6 VC

kpcTpE. From Fig. 4 for these values of k, asperities with rake angles

I less than —46 deg viii remove PVC and those with rake angles less than

—33 deg will remove PCTFE. For sliding on the same surface there are

I more asperities with rake angles less than —46 deg than with rake angles

less than —36 deg. Hence, more asperities should remove more PVC.

Figure 5 also indicates that for a given asperity angle a, if

PCTFE and PVC are being removed , PVC will have a shear angle 
~
•PVC~ 

less

than the shear angle for PCTFE 
~~PCTFE~ 

As seen in Fig. 6, the

volume removed by a given asperity per unit depth is the area between

the profile and the shear plane angle. Thus, PVC will again wear more

I than PCTFE with the cross hatched area indicating the difference in the

amounts of wear.

One also notes from Table 3, Appendix 3 on the shear angie data

that the minimum average shear angles also correlate with the energy to

rupture of the polymers given in Table 1, Appendix 3. The overall

minimum shear angle averages are 2.8 deg for PVC, 6.7 deg f or PCTFE ,

and 8.2 deg for Nylon 6—6. These correlated positively with the energy

to rupture (ER) values of 24.82 MNin/m3 for PVC, 41.82 PQ~u/m
3 for

PCTFE, and 142.3 MNm/m3 for Nylon 6—6. Thus, this was another indicator

that there is a minimum asperity angle below which the product of stress

times strain attained in the polymer is not high enough to produce

fracture.

I Comparing the wear and surface topography data to this model ,

I several conclusions are made. From Table i PVC wor.~ more than PCi?!

for both disks 11 and 22, correlating positively with the S~/P~ and 1/ER

I
4.14
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A~~~~~~~~~~~ CTFE : D

POLYMER c

f Figure 6. Volume of material removed by a given
asperity for PVC and PCTFE.

1
Table 1. Wear Data for PVC and PCTFE Conical Polymer

Pins Run on Steel Disks 11 and 12.

Disk Load Polymer Average No. of Distance Mass

I No. Pin Radius Revolutions Travelled Transferred
(N) (m) Spiral Path (in) (lOs Kg/m)

11 1.96 PCTPE 0.0143 5 0.4587 0.1711 ± 32.O%~

I ll 1.96 PVC 0.0167 5 0.5244 0.226 ± 22.3%

22 1.96 PCTFE 0.0143 5 0.4587 7.69 ± 4.38%

1 22 1.96 PVC 0.0167 5 0.5244 20.10 ± 3.32%

I ~Percent Error , see Nomenclature, Appendix 3.

1
I
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I
of the polymers. The inverse of the energy to rupture for PVC and PCTFE

I is 1.68. From Table 1 on disk 11, PVC wore 1.3 times more than PCTFE

I and on disk 22 PVC wore 2.6 times more than PCTFE. Thus, the energy

to rupture ratio was between the wear ratios for the two disks.

I Comparing the wear data for LDPE with tha t for PVC and PCTFE

I 
(Table 2, Section 3.1) shows that three of four comparisons correlated

positively with the inverse of the energy to rupture. The LDPE wear

I was greater t han the PCTFE wear on both disks. The quantity on the 0.10

pm disk was larger by a factor of 5.46 and the quantity on the 0.34 jim

disk was larger by a factor of 1.12. The energy—to—rupture of the PVC

is 2.57 times greater than that of the PE. The PE wear on the 0.10 pm

I disk was greater than PVC by a factor of 4.22. However, the PE wear on

I the 0.34 pm disk was smaller by a factor of 2.34.

From Table 5, Appendix 3 the maximum peak—to-valley height for

I disk 22 was 7.00 pm whereas for disk 11 it was only 1.17 pm. The

average profile slope for disk 22 was 0.0234 and on disk 1]. the slope

was only 0.0072. This implied sharper asperities and higher stresses

in the polymer for disk 22 than 11, according to Fig. 4. The RNS and Ra

roughness measures were greater for disk 22 than 11. Hence, all of the

I above measures of surface roughness correlated positively with the wear

observed.

k Comparison of the measured shear angles with the slopes of the

asperities revealed the following inconsistency. From the profile data,

the maximum asperity slope was 24.5 deg. According to Fig. 4, in order

for shear and wear to occur for PVC with k 0, the maximum base angle

4.16
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(90 + ci) must be greater than or equal to 36.5 deg. Hence, the model

I predicted no wear when, in fact , wear did occur.

There are several assumptions that are made in the model which

I must be investigated further. One notes in Fig. 4 that if Si/Pm for

I each polymer were lower, wear would occur for asperities with smaller

slopes. Therefore, the value of S~ equal to one—half the tensile

strength of the polymer might be too large and hence should be

- investigated for varying strain rates. Also the flow pressure of the

polymer probably varies as a function of asperity angle and strain rate

and might not be a constant equal to 3Y as shown and assumed for metals

in reference 6. Because the shear angle data is different for different

polymers, the shear strength must be a function of the compressive

strength on the shear plane. However, the assumption of a linear

I relation (Eq. 6) should be verified for polymers.

I In reference 5, Rao , et al. ran some cutting tests on Delrin

and Zytel plastics and found that the coefficient of friction between

I the tool and the chip was approximately zero. Thus, the assumption

that t—O when the chip cannot move is correct.
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