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The Effect of Molecular Weight on the Behavior of Poly-

styrene Coated Steel Disks Under Fretting Conditions 

by 

Randall S. Bradley 

N. S. Eiss, Jr. 

Mechanical Engineering 

(ABSTRACT) 

Thin polymeric coatings have been applied to metal surfaces 

to prevent and/or prolong the onset of fretting corrosion, 

but the properties that make a polymeric coating effective 

and the means by which a coating fails are unknown. The 

purpose of this study was to determine the effect of molecu-

lar weight, casting solvent, and amplitude of motion on the 

life of thin (25 ~m nominal) polystyrene coatings. Narrow 

molecular weight distribution polystyrene coatings ranging 

from <Mw>=19,400 to <Mw>=1,460,000 were applied to UNS 

G10450 steel disks with toluene and MEK as casting solvents. 

The coatings were fretted against UNS G52100 steel balls at 

20 Hz under 22.3 N normal load. Amplitudes of motion ranged 

from 100 ~m to 500 ~m. Coating life and friction force were 

measured. Coatings of <Mw>=207,700 showed maximum life at 

all amplitudes. Friction remained constant for all tests, 

and increasing amplitude decreased life. Toluene-cast coat-

ings had slightly shorter lives and more coating cracks than 

MEK-cast coatings. Toluene-cast coatings below <Mw>=53,700 

cracked severely during solvent removal and were not tested. 
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1.0 Introduction 

Fretting is a wear, or surface damage phenomenon between 

two surfaces undergoing small relative motion of a recipro

cating nature. It is common in mechanical systems with 

close fits and tolerances such as bearings and shafts and 

can cause 1055 of fit~ noise, excessive vibration, and/or 

premature fatigue failure. In metal-on-metal contact sys

tems, fretting is often noted by the production of abrasive 

metallic oxide particles and pitted or corroded appearing 

surfaces, giving rise to the term "fretting corrosion". How

ever, fretting corrosion can occur when metals fret other 

types of materials including polymers. 

The causes of fretting corrosion are complex and poorly 

understood. Thorough investigation of fretting corrosion 

mechanisms requires broad interdisciplinary study from 

mechanics and thermodynamics to materials science and chem

istry. Numerous theoretical fretting mechanisms have been 

proposed, but most of these theories are too one-dimensional 
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to have general applicability or wide-spread acceptance. 

Development of universal fretting corrosion theories and 

control mechanisms is not likely in the near future. 

Even without the help of clearly established theoretical 

principles to follow, tribologists are still required to 

solve important engineering problems by combining the best 

of mechanical models, empirical knowledge, logical infer

ence, intuition, and experimental verification. With the 

increasing levels of aerospace sophistication and the 

increasing speed demands of automated factory machinery, the 

elimination of fretting corrosion has become one of the most 

important engineering problems facing the tribologist today. 

Obviously, the best way to approach a fretting problem 

is to eliminate it through design. This entails eliminating 

joints, reducing system vibrations, and increasing clamping 

forces to eliminate slip. In many cases, design cannot be 

altered and other steps to reduce fretting corrosion must be 

taken. 

One general approach for reducing the deleterious 

effects of fretting is applying sacrificial surface coatings 

to the metal surfaces in contact. A major consequence of 

fretting is the reduction in fatigue strength of a mechani

cal part because fretting introduces crack initiation sites 
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at the part's surface. An ideal sacrificial surface coating 

will wear at a lower rate than the bulk material but protect 

the bulk material from surface damage that reduces fatigue 

strength. Soft metal surface coatings such as cadmium and 

nickel, and surface conversion coatings such as anodizing 

have been used in fretting applications. These coatings are 

expensive, often difficult to apply, and sometimes haye 

effects on fatigue strength that are as deleterious as those 

caused by fretting corrosion. 

Use of sacrificial polymeric coatings is a promising 

newer approach to the same problem and polymeric coatings 

offer additional benefits of lower cost, easier application, 

and minimal fatigue strength degradation to metallic sur

faces. These polymeric coatings are different from fluid 

lubricants in that they are compliant elastic coatings 

rather than liquids which separate surfaces by hydrodynamic 

forces. The function is similar, however, with the ultimate 

goal of preventing metallic contact. 

An ideal sacrificial polymeric coating would be wear 

resistant enough to prevent metallic contact of the mating 

parts during the service life of the mechanical system, 

would not damage the metal surfaces in contact, and would 

not affect the strength of the bulk material. With the 

numerous classes of polymers available today and the diver-
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sity of fretting systems possible, significant research must 

be performed to determine the feasibility of sacrificial 

coatings, their limitations, optimum polymers to use in 

given situations, and ultimately the mechanisms which govern 

their wear properties under fretting conditions. Research 

to this end has been on-going in the Tribology Laboratory at 

Virginia Polytechnic Institute & State University (V.P.I. & 

S.U.) for the past five years. 

The overall purpose of the research at V.P.I. & S.U. is 

to characterize polymeric coating behavior under fretting 

conditions using simple wear geometries and standard polym

ers. Additional objectives include determining which 

polymer types are most effective and determining how and why 

the polymer coatings fail. Results of these fundamental 

investigations would serve to expand the body of tribologi

cal knowledge on polymeric coating properties and would pro

vide insight on selecting appropriate polymers for coatings 

in more complex tribological systems. 

The research at VPI & SU began in 1983 with a grant from 

the Army Research Office [1]. Some key findings of this 

research are summarized as follows. 

-- Swietzer [2,3] performed the initial studies by coat

ing steel balls with polyvinyl chloride (PVC), low-density 

polyethylene (LDPE), polytetrafluoroethylene (PTFE) and 
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polysulfone (PSO). The balls were fretted against a flat 

steel plate, and the time for coating failure was measured. 

All the coatings except PVC fretted the steel plate. 

-- Puzio [4] investigated PVC and polyvinylidene chlo

ride (PVDC). He considered possible chemical processes act

ing in the sliding interface, particularly the action of HCl 

released from PVC degradation interacting with humidity. 

-- Rorrer [5,6] studied the effects of various exper

imental parameters including sliding amplitude, load, and 

environment on the fretting wear of PVC coatings. Humidity 

and load were shown to have the greatest relative influences 

on coating life. Rorrer changed the geometry of Swietzer 

and Puzio to a ball fretting on a coated, flat steel disk. 

This geometry has been used for all subsequent experimenta

tion. 

Day [7] performed fretting studies of polymers that 

had not been previously studied and included polymethyl 

methacrylate (PMMA) , polyimide (PI), polyvinylidene fluoride 

(PVDF), polystyrene (PS), and high density polyethylene 

(HDPE). He showed that PI, PS and PVDF did not fret the 

steel counterface and had relatively long lives compared to 

the other polymers. Day's polystyrene results were particu

larly promising, and surprising. A glassy amorphous polymer 

such as polystyrene would be expected to fail rapidly 

because of its brittle nature. 

-- Further study was made by Raciti [8,9] to determine 
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the influence of thickness on the life of polystyrene coat

ings. Raciti coated steel disks with different thicknesses 

of polystyrene and measured coating life at fixed sliding 

amplitude, load, environment, and frequency. Raciti con

cluded that thick coatings (52 ~m or more) have a substan

tially longer life than thin coatings ( < 38 ~m ), probably 

due to lower tensile and shear stresses in the coating. 

Raciti theorized that plastic deformation, fatigue fracture, 

delamination, crazing, and bond destruction are possible 

wear mechanisms that lead to the destruction of the polysty

rene coatings but act in different proportions according to 

coating thickness. 

-- Gaydos [10] studied the effects of load on friction 

coefficient and the effects of humidity on life time of 

polystyrene coatings. He demonstrated that as load 

increases, friction coefficient decreases and that polysty

rene coating life is insensitive to humidity. 

The research performed to this point and particularly 

Raciti's work has shown that plastic deformation is a sig

nificant contributor to the loss in life of polystyrene 

coatings. Cracks in the wear scar normal to the sliding 

direction further indicate tensile stresses and possibly 

fatigue mechanisms at work. In this case, one would expect 

that polystyrene's life dependence on molecular weight would 

follow its tensile strength and fatigue strength dependence 
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on molecular weight unless other unforeseen factors are dom

inant. 

The mechanical properties of polystyrene, including ten

sile and fatigue strength, depend on both molecular weight 

and molecular weight distribution. For narrow molecular 

weight distribution polystyrene, the magnitudes of the prop

erties increase from zero at low molecular weight to a lim

iting, fully developed value. The transition point of full 

development depends on test specimen preparation but is near 

a weight average molecular weight, <Mw> = 150,000. The lit

erature supporting this assertion will be covered fully in 

the literature review. 

It is the hypothesis of this thesis that the life of the 

coating is controlled by the coating's strength properties 

and that the wear life of coatings will increase from a 

value near zero for low molecular weight coatings to a fully 

developed value for coatings of <Mw> greater than 150,000. 

If the coating life dependence on molecular weight does not 

mirror the strength dependence on molecular weight, then 

mechanical and chemical mechanisms other than tensile stress 

and fatigue cracking are responsible for coating failure or 

at least their influences on tensile and fatigue strengths 

are more complex than expected. 
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A complex interaction of chemical and mechanical factors 

may give rise to either an optimum molecular weight, a worst 

case molecular weight, or both conditions for the same 

polymer. Because the mechanical properties and structural 

behavior of polystyrenes are dependent on molecular weight, 

the presence of an optimum molecular weight would indicate 

which mechanical properties are opt~mum for fretting resis

tant coatings. Knowing which mechanical properties are dom

inant at optimum and worst case conditions could also lend 

insight into the wear behavior and failure mechanisms of the 

coatings. 

Having identified polystyrene as a polymer effective in 

reducing fretting damage, one would like to more fully char

acterize and understand the beneficial properties that make 

it an effective coating. Raciti and Gaydos began such 

studies. The objective of this thesis is to continue the 

characterization of polystyrene coatings by studying the 

effects of molecular weight and amplitude of sliding on 

coating life at fixed thickness, normal load, environment, 

and frequency. For this investigation, the coatings are 

solvent-cast onto steel disks and fretted by a smooth steel 

ball. Each molecular weight is tested at several' ampli

tudes, and the results are compared. 
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2.0 Literature Review 

The primary objective of this thesis is to demonstrate 

the effects of polystyrene chemistry on its fretting wear 

properties for the stated experimental conditions and geom

etry. However, a discussion of polymer chemistry alone 

would be an incomplete treatment of the fretting processes, 

both chemical and mechanical, occurring in this research. 

A review of methods of fretting mitigation, mechanisms 

of wear in metal-on-metal contact systems (for which there 

is extensive research), mechanisms of wear in bulk-polymer

on-metal systems, and sliding contact mechanics, is equally 

necessary for developing the background for proper interpre

tation and critical review of experimental results; thus, 

this review is included first though briefly. 

The study of fretting processes in metal-on-metal or 

bulk-polymer-on-metal contacts goes beyond giving just a 

general understanding of fretting processes to give some 
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direct insight on the behavior of polymer coated metals. In 

a tribosystem where a polymer is bonded to a steel substrate 

and fretted by a steel counter-surface, several cases of 

fretting wear can occur. Either the metal counter-surface 

can wear, the polymer can wear, or both can wear. Intuit

ively, one would expect the mechanisms of metal wear and 

polymer wear to be different but interactive and follow some 

of the same modes generic to metal-an-metal and bulk

polymer-on-metal systems. The commonality of these fretting 

systems to thin polymeric coatings is emphasized. 

The review will then cover the mechanics of and use of 

thin polymeric coatings as a fretting corrosion preventa

tive. The results of the research at V.P.I. & S.U., already 

highlighted in 1.0 Introduction, will be emphasized because 

they are the foundation of this thesis, most closely relate 

to its experimental methods, and most comprehensively 

describe the behavior of thin polymeric coatings under fret

ting conditions. Outside of the research at V.P.I. & S.U., 

little research has been published that studies the use of 

thin polymeric coatings under fretting conditions. 

The review will close with a discussion of polymer chem

istry and principles that directly relate to the hypothes

ized and actual results of the experimentation. Polymer 

chemistry and mechanical behavior are inseparable entities 
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which must be discussed together to make sensible interpre

tation of experimental results. Thus, the focus of the lit

erature review is polymer chemistry principles and polymer 

properties and their influence on the results of this exper

imental work. 

2.1 Fretting - A Definition? 

Fretting is an extremely important process in mechanical 

systems with close fits and tolerances, such as bearings and 

shafts, and can cause loss of fit, noise, excessive vibra

tion, and/or system failure. Surface damage due to fretting 

can lead to fatigue initiating surface cracks and ultimately 

failure of shafts, structural joints, and bearing surfaces. 

Recognition of fretting processes began as early as 1911 

when Eden, Rose, and Cunningham [11] noticed red dust in the 

grips of fatigue machines used to test tensile specimens. 

Since that time the awareness of fretting has grown as has 

the number mechanical failures resulting from excess fret

ting. 

As defined by the Organization for Economic Cooperation 

and Development, O.E.C.D., [12] fretting is a "wear phenomena 

between two surfaces with oscillatory relative motion of 

small amplitude." In metallic systems, fretting is often 

noted by the production of abrasive metallic oxide par-
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ticles, pits and a corroded surface appearance. It was this 

"rusting" behavior that led Tomlinson [13] to coin the term 

"fretting corrosion". D.E.C.D. defines fretting corrosion 

as a uform of fretting in which chemical reaction predom

inates." 

The D.E.C.D. definitions are problematic, however, 

because they are vague and over simplistic. Leading author

ities in the field dispute not only the role of mechanical 

versus chemical factors but also the mechanisms underlying 

the factors. Likewise, debate arises as to what constitutes 

small slip amplitude and where does the regime of fretting 

cease and become unidirectional sliding wear. Further, do 

the mechanisms proposed apply to all sliding systems or spe

cific cases? The answers are not clear. However, the need 

to control fretting is not in question and a substantial 

parallel effort has been made to identify means of mitigat

ing fretting. 

2.2 Fretting Mitigation 

The optimum way to minimize fretting wear is through 

improved design. Increasing clamping forces or interfacial 

friction, reducing vibrational forces, or eliminating the 

joint altogether are design techniques which eliminate fret

ting. In many cases, mechanical designs cannot be altered 
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and alternative steps to reduce wear damage to the surfaces 

undergoing fretting, such as applying metallic coatings or 

special surface treatments, must be taken. Electrochemical 

plating, surface ion implantation, anodization, and electro

less nickel plating have been used to reduce surface damage, 

but these treatments introduce other problems such as 

hydrogen embrittlement and loss of fatigue strength [14, 

15, 16, 17, 18]. These surface treatments are also expen

sive and difficult to apply in many instances. 

Lubricants have often been used to reduce fretting wear. 

In one such study Frantz (19) used a common grease on a 

bearing / cartridge interface and fretted the surfaces. 

Frantz found that the grease prolonged the onset of wear but 

increased wear after the incubation period was over. Known 

problems with lubricants are loss of their quality in the 

interface after extended periods of time and their entrap

ment of debris which often forms a slurry of abrasive par

ticles to enhance the wear process. 

Using polymeric coatings between fretting metallic sur

faces is under consideration as an effective, inexpensive 

means of controlling surface damage, and some promising 

results have already been demonstrated. Lui, et al. [20] 

used a polytetrafluorethylene coating to raise the fretting 

fatigue strength of titanium alloy by 40%. Bill [21J used 

Literature Review 13 



graphite-filled polyimide, molybdenum disulfide filled poly

imide, and unfilled polyimide coatings to reduce the wear of 

titanium alloys by as much as a factor of three. Furey [22] 

proposed a different mechanism of depositing polymeric coat

ings directly on surfaces to reduce wear. Furey proposed 

that the high temperatures and pressures at surface contact 

points can form polymers from monomers in-situ. The rate of 

formation, deposition, and removal will be self-regulating. 

Experimental results using dimer acid and ethylene glycol 

monoester in jet fuel have shown the technique to be effec

tive in reducing wear of fuel pump parts. 

At V.P.I. & S.U., common polymer coatings on steel balls 

and disks have been shown effective in prolonging the time 

until metallic contact. Swietzer [2,3] performed initial 

studies by coating steel balls with polyvinyl chloride 

(PVC), low-density polyethylene (LDPE), polytetrafluoroethy

lene (PTFE) and polysulfone (PSO) and fretting the balls 

against a flat steel plate. All the coatings except PVC 

fretted the steel plate. Day [7] extended the work of 

Swietzer and performed fretting studies of polymers that had 

not been previously studied including polymethyl methacry

late (PMMA) , polyimide (PI), polyvinylidene fluoride (PVDF), 

polystyrene CPS), and high density polyethylene (HDPE). He 

showed that PI, PS and PVDF did not fret the steel ball and 

that PS and HDPE had the longest lives of their class. 
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The literature shows a clear indication of the promise 

of polymers to reduce fretting wear but the works largely 

are not definitive on the mechanisms by which wear is 

reduced. An understanding of fretting wear phenomena of 

metals is only partly applicable to polymers and is reviewed 

first. The work specific to polymer fretting mechanisms is 

covered in a later section. 

2.3 Fretting Mechanisms 

2.3.1 Metallic Contact Systems 

During this century two basic schools of thought have 

existed regarding fretting mechanisms. One school proposes 

that fretting wear is due primarily to mechanical factors, 

i.e., material removal by asperity deformation, adhesion, 

shear, and delamination. The other major philosophy is that 

fretting is chemical in nature. This school proposes that 

oxidation of surface material is key to the wear process; 

however, in this school, two distinctions remain. One group 

proposes that oxides are formed on the surfaces and the 

oxidized layer is removed. Another group proposes that sur

face material is first removed by mechanical processes and 

then oxidizes. Research exists to support in part each of 

these assertions. 
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2.3.1.1 Mechanical Fretting 

Tomlinson [13, 23] began some of the earliest systematic 

studies of fretting phenomena. Tomlinson noted that 

machined surfaces in contact and subject to vibration exper

ienced a noticeable production of oxide and that the sur

faces became pitted and corroded in appearance. Tomlinson 

concluded that the action was due to molecular cohesion of 

surface material as the surfaces came into close contact and 

then separated. The adhered surface material broke away 

from the bulk surface material to create the wear debris. 

More recently, Suh [24], proposed the delamination 

theory of wear. In this theory, passing asperities generate 

high subsurface shear stresses as predicted by Hertz contact 

theory. Subsurface material imperfections are stress con

centrators in the Hertzian stress field and produce suffi

cient stress for material failure in the form of subsurface 

cracks. Repeated loading cycles will propagate the crack 

parallel to the surface but at some point it reaches the 

surface. A large wear flake will then be loose at the sur

face and will be removed by continuous sliding action. 

The delamination theory has been applied to fretting sys

tems as well as sliding systems to explain the wear mecha

nisms. Waterhouse and Taylor (25] support Suh's assertions 

of the significance of subsurface cracks in fretting systems 
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and find fretting consistent with the delamination theory. 

2.3.1.2 Chemical Fretting 

Uhlig [26] theorized that during sliding, ploughing 

action of asperities creates regions of clean metal that 

easily react with the surrounding atmosphere to form metal

lic oxides. The oxides formed are then removed by the next 

passing asperity giving rise to wear debris. 

Godfrey [27] is of a contrary opinion, stating that 

metal is removed first and quickly oxidizes. Feng and 

Rightmire [28, 29] suggested that once the initial oxide 

layer is removed, metal debris is created by mechanical 

means, i.e. plastic deformation. The debris in the contact 

is subject to high pressure which crushes the debris to a 

fine powder highly susceptible to oxidation. Colombie et 

ala [30] further supported this theory and added that par

ticle oxidation due to thermal effects is negligible. 

Bill [31] states that oxidative processes give rise to 

three different types of behavior. Initially, thin oxide 

layers are stripped from the surface during each cycle of 

loading. Oxidation continues at sites of fatigue damage, 

and continual formation of oxides on the surface limits the 

severity of fretting damage. Bill noted that temperature 
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does play a significant role in the oxidation process espe

cially as temperatures increase. 

2.3.1.3 Summary 

The literature shows varied and striking contrasting 

opinions on the nature of fretting. Those interested in 

further detailed summaries of the subject should consult [14 

18, 32, 33]. Clearly, no single theory proposed has widesp

read acceptance or applicability. The problem is still 

largely undefined making the phenomena difficult to study. 

However, several factors about fretting are generally recog

nized. Mechanical forces, material deformation, and chemi

cal reactions are all contributors to the wear. Fretting 

processes are also dependent on many input variables includ

ing number of loading cycles, amplitude of slip, load, 

frequency of vibration, contact geometry, relative velocity, 

contact material chemistry and mechanical properties, sur

face topography, temperature, environmental conditions, and 

presence of lubricating substances. 

2.3.2 Polymer-on-Metal Contact Systems 

At least two types of polymer to metal contact systems 

can occur. The first type is a bulk body of polymer fret

ting against a metal. Most of the polymer-on-metal fretting 
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wear studies consider this type of contact, and these 

studies provide some insight on how the polymer of a thin 

coating will act on its sliding metal counter-surface. The 

second type of contact is a thin polymeric coating fretting 

against a metal. Few studies of this kind of contact have 

been made and thus proven wear mechanisms for this type of 

contact are lean. The information that exists primarily 

characterizes the behavior of the input variables and how 

they affect the wear of the coating. One may gather that 

the mechanisms of bulk polymer fretting on metal will have 

general applicability to thin coatings. A major distinc

tion, however, arises in the analysis of the contact mechan

ics of a thin coating, a topic which will be discussed 

later. 

2.3.2.1 Bulk-Polymer-on-Metal 

Higham, Bethune and Stott [34, 35, 36, 37] performed 

extensive study of steel fretting on polymers using steel 

ball on polymer sheet contact geometry. They tested a 

series of polymers including PTFE, PE, PVDF, polychlorotri

fluorethylene (PCTFE), PSO, PVC, PMMA, polycarbonate (PC), 

and polyhexamethylene adipamide (nylon 66). They were 

fretted under light loads (130-330 ~g), small amplitudes 

(3-10 ~m) and frequencies of 30-60 Hz. They found that the 

wear of the steel followed a pattern of incubation, run-
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ning-in, and then steady state. The form of damage to the 

steel was the transfer of a-Fe20a to the polymer. The 

length of the incubation period, in which no wear of the 

steel plate occurred, was a function of the polymer and was 

longest for PTFE. The steel did not wear when fretted 

against PTFE, and no polymer wear occurred for peTFE and 

PMMA or PVDF at sliding amplitudes ~reater than 8 ~m. The 

amount of steel wear increases with polymer in the order 

PTFE, PE, PVDF, PCTFE, PSG, PVC, PMMA, PC, and nylon 66. 

Steel wear correlated well with adhesive strength or surface 

energetics of the polymer counter-surface. The presence of 

water vapor was necessary for wear of the metal surface. 

The authors theorized that the mechanism for the forma

tion of a-Fe20a was oxidation due to frictional heating. A 

second possible mechanism is the dehydration of a hydrated 

oxide such as a-FeOOH which would require oxygen and water 

vapor. The second mechanism proposed is consistent with 

their environmental tests which showed the need for water 

vapor and oxygen to cause steel wear. 

Ludema [38] proposes several polymer wear mechanisms, 

some of which apply to fretting conditions. Polymers trans

fer to the counter-surface with repeated load passes. 

Polymers thermally degrade at high loads and speeds. Poly

mers wear as a result of poor adhesion to their substrate. 
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Thermal and mechanical degradation of polymers is well 

documented [39, 40, 41, 42J. Numerous references of such 

degradation processes for PVC are covered in Puzio [4]. Both 

thermal and mechanical degradation lead to reduced strength 

of the polymer and a propensity toward surface shearing, 

plastic flow, and gross brittle failure. The details of 

degradation mechanisms will largely depend on the specific 

chemistry of the polymer involved, so this mechanism will 

only be mentioned here as a significant contender with spe

cifics left to a later discussion. 

2.3.2.2 Thin Polymer Coating Contact Mechanics 

A mechanics analysis of metal surfaces in contact shows 

the logical use of a polymeric material in the interface. 

The effect of the material would be to increase friction at 

the interface to prevent microslip of the surfaces [43, 44] 

and to provide an elastic medium which would "absorb" small 

relative motions between surfaces. The work of Johnson & 

O'connor [44] in microslip of surfaces with thin compliant 

coatings revealed several interesting conclusions. The most 

interesting of these was that the thickness of the coating 

must be small compared to the contact diameter to limit the 

compliance of the joint; however, a compromise must be made 

between the compliance of the joint and the rigidity of the 

coating. 
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A substantial body of literature is devoted to the 

deformation and stresses of materials in contact, each 

building on classic work done by Hertz in 1895 [45]. The 

additional analyses have modeled more difficult contact con

ditions such as surfaces with thin compliant coatings, fric

tion and traction forces, and surface plastic deformation. 

The major problem with these analyses is that the mathemat

ics are too difficult to solve in closed form, and numerical 

solution techniques are required. This limits the applica

bility of the results to specific wear problems with similar 

geometry and mechanical properties as those supposed in the 

theoretical solutions. The tabulated results do serve as a 

guide to understanding the types of structural and deforma

tional processes in thin coatings on rigid substrates. 

For a spherical indenter on a elastic plane backed by a 

rigid substrate, Ihara [46] has shown that the real area of 

contact radius, r, calculated by Hertz theory is equal to 

the actual area of contact radius, ro, when ro is less than 

the coating thickness, h. When ro > h, then r is smaller 

than roo Ihara also studied the variation of shear stress 

across the coating thickness and determined for thick 

coatings, shear was maximum in the depth of the coating but 

moved closer to the surface of the coating as thickness 

decreased. 
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Matthewson [47] developed analyses for elastomeric coat

ings, Poisson's ratio, ~, = 0.5, for similar contact geom

etry to study their use as impact resisting coatings. For 

coatings of ~ > 0.4 or large r/h, the radial stress at the 

coating / substrate interface is compressive and maximum at 

the edge of the contact zone. Matthewson [48] in another 

work studied the variation of shear stress with ~ and deter

mined shear was maximum for ~ = 0.5 and for thin coatings. 

The theoretical results indicate practical difficulties in 

preventing debonding or interface cracking of thin elastom

eric coatings. 

Barovitch, Kingsley, & Ku [49] presented a stress strain 

analysis for a thin coating bonded to a rigid substrate 

undergoing tangential stresses imposed by assumed uniform 

and elliptical force fields. The analysis was later supple

mented by Ku, Kingsley, and Ramsey [50]. In their analysis 

they examined the stress distributions in the coating as a 

function of the elastic ratio (coating modulus/substrate 

modulus or E/~) and coating thickness. For ~ = 0.3, they 

found interfacial shear stress to increase with decreasing 

elastic ratio. It was shown that shear stress was maximum 

at the coating surface and linearly decreased with depth in 

the coating. These results are contradictory to those of 

Ihara [47]. 
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Gupta [51J showed that the radial stress at the coating 

substrate interface increases with increasing friction force 

and this maximum occurs close to the trailing edge of the 

contact zone. This stress decreases for smaller elastic 

ratios (E/~) and for thinner coatings when the elastic ratio 

is small. 

These works are not definitive for the geometry, con

tact, or materials of the wear studies of this thesis but do 

suggest that certain mechanical factors, particularly high 

stresses at the coating/substrate interface, are present in 

the polystyrene coatings and could contribute to its debond

ing from the substrate. The tensile stresses in the coating 

at the trailing edge of the contact zone are a prime candi

date for causing fatigue failure of the coating. Coating 

cracks are also an avenue for moisture and oxygen to reach 

the steel substrate and initiate additional chemical factors 

such as metal oxidation and water vapor adsorption which 

weakens the coating adhesion [52]. 

2.3.2.3 Thin Polymeric Coatings 

More emphasis has been given to the contact mechanics of 

thin coatings than to detailed experimentation of fretting 

mechanisms. One might expect that for thin coatings, 

mechanics will play a more significant role because induced 
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stresses and strains will be higher, but the effect of chem

istry cannot be neglected as demonstrated by Puzio [4J and 

Rorrer [5,6] in the study of PVC wear. Naturally, the 

polymer used will have a significant impact as to whether 

fretting of the polymer takes place, whether fretting of the 

metal counter-surface occurs or if both occur [2, 3, 5, 

6, 34, 35, 36, 37]. Much of the work done on fretting of 

thin polymeric coatings has been done at V.P.I. & S.U., and 

this work has emphasized the effects of fretting variables 

rather than detailed wear mechanisms. A review of this work 

on the impact of fretting variables follows. 

Rorrer [5,6] studied the effects of frequency, environ

ment, slip amplitude, load and coating thickness on the wear 

life of thin PVC coatings on steel fretted by a steel ball. 

Rorrer's results showed that low humidity, small slip ampli

tude, low loads, thicker coatings, and low frequencies 

increased coating life over their alternatives. Load (15.6 

N vs. 31.1 N) and humidity (16% vs. 58% R.B.) had the great

est relative influences, and the humidity factor would indi

cate a strong influence of chemical effects. In these 

experiments, wear of both the PVC and the steel ball coun

ter-surface occurred. 

Day [7] studied the wear lives of PMMA, PTFE, PI, PVDF, 

PVDC, PVC, LDPE, HDPE, PSO, and PS. Each polymer was coated 
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on a steel disk and fretted by a steel ball at normal loads 

of 11.1 N, 22.3 N, and 44.5 N at a sliding amplitude of 300 

~m, frequency of 20 Hz, and constant environment. PS coat

ings 86 ~m thick had lives over 3600 s at loads of 11 Nand 

22 N. At 44 N, life decreased to 230 s, indicating gross 

brittle failure, but its life was still only exceeded by 

HDPE. Friction showed slight load dependence and ranged 

from .79 to 1.0. Day noted that PS had an elliptical wear 

scar with fine powdery debris around the periphery of the 

scar, whereas HDPE had a perfectly round scar. Day con

cluded ball slippage on the polystyrene created the ellipti

cal sacr. PS did not wear the steel ball. 

Using similar experimental conditions as Day but at a 

fixed load of 22.3 N, Raciti [8,9] studied the effects of 

thickness on the life of polystyrene coatings. Raciti con

cluded that thick coatings (52 ~m or more) have a substan

tially longer life, about 5X greater, than thin coatings 

( < 38 ~m). Between 38 ~m and 52 ~m a sharp transition in 

coating life occurs indicating two distinct regimes or mech

anisms of wear. Fig. 1 shows the effect of coating thick

ness on wear life. Raciti theorized that plastic deforma

tion, fatigue fracture, delamination, crazing, and chemical 

bond destruction are possible wear mechanisms that lead to 

the destruction of the polystyrene coatings but act in dif

ferent proportions according to coating thickness. Lower 

Literature Review 26 



10000 

1000 

8000 

7000 

~ 8000 
o 
I) 
(0 

..., 6000 

CD .... 
.... ' 4000 

3000 

2000 

1000 

~ Aver_se 
0-.0--(3 96 1. onfldence Interval 

I , 
I I 
r I 
I I 
I I 
I I 
/ I 

I I 
I I 
I I 
t I 
/ I , , , , 

/ / 
I I 
I I 
, I 
, I 

, I 
I / 
I • 

I / 
/ / 

I I 
I I 

" I • I:J,' / , 
". : 

, I 
I I 

I I,..., 
I ' ... , I 

o .#' : 
.' I 

""",,,~"'''A· ,,' 

o 

.... __ .. ., .. , ,,1 

ob~=-:::---··::--=------==--.'--.. ~" ............... ~ 
o 10 20 30 40 50 eo 

Fi 1m Th i ckness (tim) 
Fig. 1 - Coating life versus coating thickness. 

Anionically prepared amorphous polystyrene, <Mw>= 

320,000. BaIlon flat geometry tested in laboratory air 

(24°C, 45-55% R.H.). Load = 22.3 N, frequency = 20 Hz, 

and amplitude = 305 ~m. 

Literature Review 27 



tensile and shear stresses are possible in the thicker coat

ings because the ball" indents the coating and has greater 

load support. 

Gaydos [10] studied the effects of load on friction and 

humidity on life for 25 ~m polystyrene coatings. He demon

strated that as load increases, friction decreases and that 

polystyrene is insensitive to gross changes in humidity, 

from 16% to 58% R.B. Friction hysteresis diagrams indicated 

significant elastic deformation prior to plastic flow and 

coating failure. 

A common element of coating failure in the research at 

V.P.I & S.U. was plastic deformation of the coating in the 

region of the contact and debonding of the coatings in the 

contact region. If coating / substrate debonding occurs or 

if a subsurface crack develops, delamination wear of the 

coating similar to Suh's model for metal surfaces may occur. 

Further, coating debonding from the substrate is an impor

tant mechanism in reducing coating life because the boundary 

conditions of the stress field change, and the substrate 

material is no longer load sharing. Extremely high stresses 

in the coating are the result, and the coating is not strong 

enough to withstand these stresses, particularly the fric

tion force induced tensile stresses at the trailing edge of 

the ball slider. Tensile stresses may initiate cracks which 
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grow in a fatigue process. 

Veyret-Abran [53] studied the wear characteristics of 

thin elastomeric coatings and compared theoretical expecta

tion [47, 48, 49, 50] to practical outcome. Veyret-Abran 

suggested the aforementioned delamination and fatigue wear 

mechanisms and showed that the coating life as a function of 

strain could be expressed in a power law equivalent to one 

developed for the fracture mechanics behavior of metals. The 

mathematical similarity of response variables is a strong 

suggestion of fracture and fatigue as the dominant fretting 

mechanism. 

2.4 Polymer Chemistry - A General Review 

The following discussion is a basic review of polymer 

chemistry terminology and principles that may be found in 

any comprehensive text on the subject, for example [54, 55, 

56]. The general review is a precursor to the detailed 

property discussion of polystyrene. 

2.4.1 Polymer Parameters 

Polymers are characterized by strings of repeating 

units, or "chains", of carbon compounds and unusual molecu

lar size with large length to diameter ratios. Polymers 
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react and are formed by the usual reactions common to 

organic chemistry, but the reaction kinetics may be quite 

different. Polymeric solids, liquids, and melts behave 

according to a balance of thermal energy, intramolecular 

energy (energetics within chains), and intermolecular energy 

(energetics between chains). 

Seven categories common to all polymers which influence 

their behavior (energy balance) are chemical composition, 

molecular weight distribution, stereochemistry, topology, 

morphology, and miscellaneous factors such as plasticizers 

and fillers. Though all the parameters are influential, 

molecular weight distribution has a most profound effect on 

the mechanical properties of a given polymer. 

2.4.2 Molecular Weight 

Polymers are made of many repeating units of a basic 

constituent monomer or monomers which are joined together to 

form long chains. During the synthesis of polymers, reac

tion kinetics dictate that the chains formed will have dif

ferent lengths according to a statistical distribution, usu

ally either a Schultz, binomial, or Poisson distribution. 

Depending on the type of reaction, the distribution may be 

broad or narrow. To describe the parameters of the distri

bution, i.e., mean, breadth, skewness, and flatness, several 
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averages have been defined. 

The number average molecular weight, <Mn> defines the 

mean molecular weight of the molecules in the distribution 

and is indicative of the number of molecules of a species of 

molecules in the distribution. The weight average molecular 

weight, <Mw> , is the average weight fraction of each of the 

chain length species in the distribution and is indicative 

of the weight of a species of molecules in the distribution. 

The polydispersity, or ratio of <Mw>/<Mn>, is often used as 

a quantitative measure of distribution breadth. The distri

bution broadens as the polydispersity departs from unity. 

The weight average molecular weight may also be mathe-, 

matically expressed as the ratio of the second to the first 

moment of the distribution about zero. The ratio of higher 

order moments of the distribution give additional averages 

such as the Z-average molecular weight, <Mz> which is the 

ratio of the third to the second moment of the distribution 

about zero. The ratio <Mz>/<Mw> is a quantitative compara

tive measure of skewness of the distribution. For narrow 

distributions with Gaussian symmetry, the ratio will 

approach unity. Averages higher than the Z-average are not 

frequently used because their physical interpretation dimin

ishes. 
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An excellent and recommended overview of molecular 

weight distributions and their genesis is given in Ward 

[58]. This treatment gives the mathematical derivations and 

physical interpretations of molecular weight averages and 

distributions. It also covers the ways in which molecular 

weight averages are experimentally determined. 

Molecular weight, <Mn>, <Mw> , and/or <Mz> is correlated 

to a number of mechanical properties including tensile 

strength, elongation at break, elastic modulus, melt visco

sity, hardness, low temperature toughness, drawability, 

spinnability, and relaxation time. Most of these mechanical 

properties obey Flory's equation: 

P = A - B/<M> [ Eq. 1 ] 

where P is the property, <M> is an appropriate average 

molecular weight, and A and B are empirical constants of 

the polymer. Flory's [57] equation was first developed with 

cellulose acetate but has since been found to be widely 

applicable to polymers of many classes. 

Flory's equation requires an appropriate molecular 

weight to be meaningful. Some properties of polymers, for 

example diffusion coefficients, depend on the number of 

polymer chains of a given polymer and correlate well with 
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<Mn>. Other properties, for example intrinsic viscosity, 

depend on the weight of the polymer and correlate well with 

<Mw> [56]. Some properties are sensitive to the breadth of 

the molecular weight distribution even though they have the 

same <Mn> [56]. Determining appropriateness of an average 

requires an understanding of the chemistry and physics of 

the property under consideration. When stating that a 

polymer's mechanical properties are dependent on its molecu

lar weight, it is clear that the relation may depend on any 

one of many possible average measures, the breadth, or the 

skewness of the molecular distribution. To minimize verbage 

in future discussions, stating that the properties depend on 

molecular weight or molecular weight distribution will imply 

dependence on one of the possible averages unless stated 

otherwise. 

2.4.3 Reaction Mechanisms 

It is not the intention of this review to discuss in 

detail all the polymer reaction types and mechanisms. A 

comprehensive review is covered in reference [59]. The 

importance of the reaction mechanism is that it controls the 

stereochemistry and molecular weight distribution of the 

polymer. Very narrow molecular weight distribution polysty

renes are usually produced by anionic polymerization. 

Anionic polymerization is a reaction technique developed in 
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the late 1950's. Before anionic polymerization, broad 

molecular weight distributions had to be fractionated into 

narrow molecular weight components. Anionic polymerization 

processes generally produce atactic forms of polystyrene. 

Atactic forms of polystyrene are amorphous whereas isotactic 

forms of polystyrene may crystallize. 

2.4.4 Viscoelastic Behavior 

Linear amorphous polymers well below their glass transi

tion temperature respond to uniform shear and tensile stress 

in an elastic manner closely approaching Hooke's law. Vis

coelastic deformation occurs when the polymer is near or 

above the glass transition temperature and is a process of 

simultaneous elastic deformation and irreversible deforma

tion. The irreversible deformational energy is lost to 

internal heat generation and/or plastic flow. Viscoelastic 

deformation is sensitive to both temperature and strain 

rate. In a wear process of cyclic stressing and potentially 

high surface temperatures, significant non-recoverable mate

rial deformation and heat generation would be expected. 

Equally a glassy polymer under rapid loading cycles would 

approach perfectly elastic behavior. A thorough treatment 

of the mechanics of viscoelastic behavior is covered in 

references [55, 60]. 
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2.5 Polystyrene 

Polystyrene is a common polymer used in applications 

ranging from packaging to optics. It is one of the oldest 

commercially produced thermoplastic polymers and has been 

studied extensively since the 1930's. Characteristic poly

styrene properties from references [61,8] are given in 

Tables 1 and 2. As will be shown later, these properties 

will be representative of polystyrene of specific molecular 

weight and morphology. 

2.5.1 Chemistry and Morphology Properties 

Polystyrene has the chemical structure shown in Fig. 2. 

The pendant phenyl group on the carbon backbone gives rise 

to the stereochemistry of polystyrene. Both isotactic and 

atactic forms exist, but the atactic form is more common. 

In the discussion of properties of polystyrene, the atactic 

form will be assumed unless stated otherwise. In the analy

sis of molecular structure on mechanical properties, the 

phenyl group has significant impact on bond rotational 

potential, chain extensibility, intermolecular energy, free 

volume and packing density. 

The glass transition temperature is an important demar

cation point in amorphous polymers. It defines the thermal 
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+CHz -CH+X 

Fig. 2 - Chemical structure of polystyrene repeating 

unit. 
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Table 1 - Nominal Strength Properties of Polystyrene. 

The table gives nominal properties of anionically pre

pared, narrow molecular weight «Mw>/<Mn> = 1.04), amor

phous polystyrene, <Mn) = 240,000 [61]. Test specimen 

relatively unoriented and prepared by compression mold

ing. 

Molecular Formula (repeat unit) 

Tensile Strength 

Tensile Modulus 

Elongation 

Flexural Modulus 

Literature Review 

CH2 CH ( Cs Hs ) 

32 MPa 

3.1 GPa 

1.1 % 

2.6 GPa 
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Table 2 - Miscellaneous properties of polystyrene. 

Data from [61, 8] but material type tested is unknown. 

Properties should be used as estimates only. 

Glass Transition Temperature, Tg 

Melt Temperature, Tm 

Density 

Specific Gravity 

Refractive Index 

Compressive Yield Strength 

Compressive Modulus 

Shear Strength 

Shear Modulus 

Impact Strength, Izod 

Poisson's Ratio 

Bulk Compressibility 

Resistivity 

Dissipation Factor @ 1000 Hz 

Dielectric Constant 

Thermal Conductivity @ 50°C 

Specific Heat @ 50°C 

Thermal Expansion, T below Tg 

Literature Review 

99°C 

240 (lC 

1050 Kg/m3 

1.05 

1.6 

83 MPa 

30 GPa 

21 MPa 

1.2 GPa 

14 N-m/m 

0.325 

0.22 GPa- 1 

101 8 ohm-m 

15 x 10- 4 

2.5 

0.12 W/m-oC 

1256 J/Kg 

6x10- 5 °C-l 

38 



boundary point at which polymer flow behavior changes from 

glassy to leathery. At the glass transition temperature, 

the second order thermodynamic material properties such as 

coefficient of thermal expansion, compressibility, and spe

cific heat become discontinuous. Atactic polystyrene is a 

glassy and amorphous below the glass transition temperature 

of about 100 °c. 

The glass transition temperature is a function of molec

ular weight, degree of chain orientation, rate of heating, 

and presence of fillers and solvents [62]. For pure, ran

domly oriented, unstressed polystyrene at thermal equil 

brium, the glass transition temperature follows Flory's 

equation with the empirical constants defined as [60J 

Tg (OC) = 100 - 180000/<Mn). [ Eq. 2 ] 

2.5.2 Mechanical Properties 

Because polystyrene is one of the oldest and most widely 

used polymeric materials, it has been highly scrutinized, 

and much of the characterization data is 30 or more years 

old. Among the phenomena most studied are molecular weight 

and stereochemistry influences on mechanical properties. 

Much of the property versus molecular weight characteristics 

taken for granted today were originally developed with poly

styrene tests and refined in light of current understanding 
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of polymer science. This point of reference should be kept 

in mind while reading "the review of the literature. 

An excellent comprehensive overview of the molecular 

weight effects on mechanical properties can be found in ref

erence [61]. This reference includes a full treatment of 

polymer parameters on mechanical properties with graphs, 

tables, and summaries of the then current literature. Some 

of the older literature is discussed in light of more cur

rent understanding of polymer science. Unfortunately, its 

contents are too lengthy to reproduce here; however, the 

most important references and some external references are 

discussed. 

The mechanical properties of tensile strength, elastic 

modulus, elongation, fracture toughness, viscosity, and 

glass transition temperature are all functions of molecular 

weight and generally increase up to a limiting value as 

molecular weight increases. Debate exists as to whether 

some properties are a function of <Mn> , <Mw> or molecular 

weight distribution breadth. Most of the experimental work 

is done with low polydispersity (ratio of <Mw>/<Mn» polymer 

samples, so <Mn> ~ <Mw>. In these cases, it is hard to dis

tinguish which molecular weight average is important and if 

the molecular weight distribution is significant to the 

property. The conclusions of some of the experimental 
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results need to be closely scrutinized but provide a general 

insight into the relationship of molecular weight on mechan

ical properties. 

Couzens, Hetherington, & Turner [64] experimentally 

reviewed the relation between molecular weight and mechani

cal properties and determined that strength is dependent on 

the absence of molecules of low molecular weight. Polymers 

of the same number average molecular weight may have differ

ent physical properties. 

Carswell, Hayes, & Nason [65] tested polystyrene samples 

of <Mn) = 60,000, 95,000, and 115,000 at temperatures from 

-75 °C to 100 °C. They concluded that tensile strength, 

elongation and toughness increase with molecular weight. 

The critical transformation temperature for all of the 

samples was 80-85 °C. The Rockwell M hardness was indepen

dent of molecular weight below the glass transition tempera

ture but changed drastically at or near the transition tem

perature. 

Hauss [66] determined that impact strength, tensile 

strength, and flexural strength attained a maximum at a 

critical molecular weight of 150,000. At an average molecu

lar weight of 150,000, the mechanical properties improved as 

the molecular weight distribution narrowed. 
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In a series of studies, Merz, Neilsen, & Buchdahl [67] 

performed experiments with carefully fractionated polysty

renes from <Mn> = 128,000 to 1,500,000 and low molecular 

weight polystyrene blends of <Mn> < 128,000. Their test 

specimens were prepared from thin films cast from a methyl 

ethyl ketone (MEK)-polystyrene solution. They determined 

that a number of mechanical properties rise from a value of 

zero at very low molecular weight to an asymptote, or fully 

developed condition. Tensile strength, elongation, dynamic 

heat distortion, and toughness follow Flory's equation, 

Property = A + B / <Mn> [ Eq. 3 ] 

where A and B are empirical constants. 

They found the tensile modulus, tensile heat distortion, 

dynamic modulus, and dissipation factor at 25 °C to be fully 

developed for unstressed polystyrene films of minimum <Mn> = 
35,000 by extrapolation. Film formability is more of a 

function of <Mw> , and the minimum <Mw> polystyrene for good 

film formability was 138,000. This conclusion was drawn 

because <Mw> = 138,000 was the lowest <Mw> unblended polymer 

that would form a film. They determined also that the phys

ical properties appeared to be governed by the amount of low 

molecular weight components in a bulk sample. 

McCormick, Brower, & Kin [68] reproduced the testing of 

Merz, Neilsen, & Buchdahl [67] with anionically polymerized 
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polystyrene over a broad molecular weight range. Their test 

specimens were prepared from both injection molded and com

pression molded pure polystyrene. They critiqued the con

clusions of Herz et ala who thought the mechanical proper

ties were a function of number average molecular weight. 

Because intrinsic viscosity correlated better to weight 

average molecular weight, they believed that the molecular 

weight distribution had a significant effect on the correla

tion of molecular weight to mechanical properties. 

The test results showed a difference in the properties 

of injection molded and compression molded specimens. This 

is explained by the significant degree of chain orientation 

induced by the injection molding process. Tests from com

pression molded test specimens are more likely to reveal the 

properties of unoriented polymer. They also examined the 

molecular weight distribution of the molded test specimens 

and concluded that no significant molecular weight degrada

tion occurred during molding. 

McCormick, Brower, & Kin showed that tensile strength, 

elongation, and tensile impact strength are zero at low 

molecular weight and increase to a limiting value as molecu

lar weight is increased. Tensile strength and elongation 

were not found to depend on <Hn> in [Eq. 3] as supposed by 

Herz, Neilsen, & Buchdahl but rather on molecular weight 
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distribution. The narrower the distribution, the poorer the 

properties at a given <Mn> and the higher the properties at 

a given <Mw>. A molecular weight average somewhere between 

<Mn> and <Mw> might be more descriptive. An interesting 

result was that the limiting tensile strength for compres

sion molded polystyrene was the same as that obtained by 

Merz, Neilsen, & Buchdahl for their solvent-cast films. 

Another interesting result was that the molecular weight 

specimen of <Mw> = 54,000 was too brittle for molding. 

Table 3 lists the measurements of mechanical properties by 

McCormick, Brower, & Kin. Figs. 3, 4 & 5 are reprints of 

the compression molded results plotted against molecular 

weight. 

One may conclude from the literature that mechanical 

properties are not simply dependent on molecular weight but 

also on factors such as orientation, solvents and impuri

ties, temperature, tacticity, and molecular weight distribu

tion breadth. For relatively pure, unoriented, narrow 

molecular weight distribution, atactic polystyrene tested at 

room temperature, the mechanical properties of tensile 

strength, tensile modulus, tensile impact strength, elonga

tion, and film formability are functions of molecular weight 

and are probably best described by <Mw> in Flory's equation 

[Eq. 3J. Certainly low molecular weight species in a 
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Table 3 - Properties of compression molded polystyrene. 

Specimens are anionically prepared, narrow molecu-

lar weight distribution polystyrenes measured by 

McCormick, Brower, & Kin [68]. 

<Mn> <Mw> Tensile Tensile Elongation 
Strength Modulus 

MPa GPa % 

66,300 78,100 3.03 .06 
95,700 110,000 13.6 3.02 .43 

116,000 125,000 20.7 3.07 .73 
131,000 141,000 30.2 3.09 1.03 
159,000 171,000 33.8 3.25 1.20 
189,000 210,000 35.5 3.08 1.17 
240,000 249,000 32.1 3.10 1.06 
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distribution reduce the value of the mechanical properties. 

Mechanical properties have values almost zero at low molecu

lar weights, <Mw> on the order of 50,000, and rise with 

increasing molecular weight to a fully developed condition, 

<Mw> on the order of 150,000. Film formability will depend 

on <Mw> , and a minimum value of <Mw> for which a good film 

will form exists. This value is somewhere between <Mw> = 
54,000 and <Mw> = 138,000. 

2.5.3 Viscoelastic Properties 

The viscoelastic properties, dynamic modulus and creep 

compliance, are determined as a function of strain rate and 

temperature as well as molecular weight. To combine all of 

this data in a convenient form, "master" curves are gener

ated at a specific temperature over a range of frequencies. 

To obtain the results of the master curve at other tempera

tures, a shift factor is applied which moves the curve left 

or right depending on the temperature differential. Molecu

lar weight differences create families of curves which are 

nearly parallel but shifted slightly. 

Herz, Neilsen, & Buchdahl [67] measured the dynamic mod

ulus of polystyrene fractions at differing molecular 

weights. At room temperature, a small variation in dynamic 

modulus was noted for differing molecular weights. The 
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molecular weight dependence became more pronounced at higher 

temperatures near the Tg, but excessive data scatter would 

not support statistically significant conclusions about the 

the molecular weight dependence. A "master" curve taken 

from Aklonis and Tobolsky [69], Fig. 6, at room temperature 

shows the effects of molecular weight on creep compliance 

and stress relaxation modulus. Molecular weight does not 

have much effect on these properties except at very low 

rates of strain. At these low rates, the modulus and com

pliance falloff much faster for low molecular weight poly

styrene than for high molecular weight polystyrene. The 

trends to conclude from these studies is that molecular 

weight has little effect on the viscoelastic response of 

polystyrene except at high temperature near the Tg and for 

very low rates of strain. 

2.5.4 Rheological Properties 

Fox and Flory [70] performed early investigations on 

melt viscosity dependence on molecular weight and viscosity 

dependence on temperature for fractionated polystyrenes of 

<Mw> = 3,700 to 134,000. They tested the melt viscosity at 

217 °C for a variety of molecular weights and found it to be 

a function of <Mw> rather than <Mn> regardless of heteroge

neity. But it did not vary linearly with <Mw>~ as supposed. 

The relation between log n and liT proved to be nonlinear 
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and independent of molecular weight for polystyrenes above 

<Mn> = 25,000. Polystyrenes below <Mn> = 25,000 did not 

follow any of the known classic trends of low molecular 

weight polymeric materials. 

McCormick, Brower, & Kin [68] also studied the depen

dence of melt viscosity and high shear stress viscosity on 

molecular weight using narrow molecular weight distribution, 

anionically prepared polystyrenes of <Mw> = 95,700 to 

240,000. Their data shows that the zero shear melt visco

sity is related to weight average molecular weight and that 

data is used to fit the empirical constants, K and a, to the 

relation [no]=K*<Mw>a. The K value, which is a measure of 

the Newtonian characteristics of the flow, shows that low 

molecular weight polymer acts more Newtonian than high 

molecular weight polymer. They compared the narrow molecu

lar weight distribution viscosity results to broad molecular 

weight distribution polystyrenes and found that their behav

ior is not similar and that narrow molecular weight distri

bution polystyrene is more Newtonian. 

2.5.5 Degradation Mechanisms 

Polystyrene is known to degrade thermally, thermo

oxidatively, photo-oxidatively, and mechanically [41, 42, 

61]. Thermal, thermal-oxidative, and photo-oxidative degra-
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dation are caused by high temperatures, oxygen, and strong 

UV radiation. Under these conditions, styrene volatiles, 

hydroperoxides, and unidentified residues are formed. Macro 

radicals are also formed and may react to cross-link, 

increase chain length, or terminate. In any case a change 

in molecular weight distribution is noted. The specific 

response of the system is dependent on the physics and chem

istry of the polymer and external influences involved. 

Of particular interest to a wear problem is mechanical 

degradation of polystyrene. The work on mechanodegradation 

[41, 61] shows that highly stressed polystyrene will degrade 

to lower molecular weights to a limiting value dependent on 

degradation time, i.e., duration of stress application. 

Baramboin's [41] study of the mechanisms of breakdown show 

the formation of macroradicals which may cross-link, recom

bine, or terminate. Other studies [61] have shown a 

destruction of only the high molecular weight species of a 

broad distribution polymer into low molecular weight species 

to create a narrow, low molecular weight polymer. As noted 

from the discussion on mechanical properties, a significant 

reduction of average molecular weight or the introduction of 

low molecular weight species in a high molecular weight 

sample may have a profound effect on the mechanical proper

ties of the polymer, for example, causing a reduction in 

strength. 
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2.5.6 Fracture and Fatigue Properties 

Ward [60] gives an extensive overview of the mechanics 

of failure of polymers and shows how the work of Griffith 

for brittle fracture of metals has been applied to glassy 

polymers with some modifications by Irwin. The mechanics 

formulation shows that fracture occurs when an the energy 

required to extend a crack reaches a critical value. The 

fracture energy is mathematically related to the polymer's 

surface energy with additional work factors. The discre

pancy between the theoretically calculated value of work 

energy and the experimentally determined value is explained 

by craze formation energy. 

In the region ahead of a crack tip, the polymer chains 

flow and orient themselves as cylindrical fibrils parallel 

to the direction of maximum tensile stress. The craze 

attempts to relieve the stress singularity ahead of the 

crack tip and is analogous to the plastic flow region ahead 

of cracks in metals. Because the craze material is less 

dense than the bulk material, its refractive index differen

tial from the bulk scatters light. The craze material is 

self-healing when annealed near the Tg. 

Crazing and stress cracking are sensitive to molecular 

weight. Berry, as reported in Ward [60], showed that the 

Literature Review 54 



surface energy for fracture was related to viscosity average 

molecular weight according to Flory's equation, [Eq 1]. A 

reduction in craze dimensions and craze stress for low 

molecular weight materials is expected. Crazing is appar

ently sensitive to molecular weight distribution as well as 

average [71]. Low molecular weight components reduce the 

time to break as shown in Fig 7. 

Fatigue is process of crack propagation and relaxation 

during cyclic stress loading. In fatigue, a crack propa

gates with each stress cycle until it is of sufficient size 

to initiate catastrophic failure whereas in brittle fracture 

the stress is raised to a point where a cracks initiates and 

propagates all at once to failure. The basic principles of 

fracture mechanics, crazing, and stress cracking apply to a 

fatigue process. Likewise, the molecular weight influences 

the fatigue life as it does in brittle fracture. Increasing 

molecular weight increases fatigue life. Ward [60] reported 

a lOx increase in fatigue life for a 5x increase in molecu

lar weight for polystyrene. 

2.5.7 Consequences of Solvent and Casting Technique 

Briscoe and Smith [72, 73] studied the rheology of thin 

atactic and isotactic polystyrene films with a ball shearing 

a thin film of polystyrene on glass. In their studies, the 
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investigators found that the pressure and temperature depen

dence of the interfacial shear strength of the film was 

dependent on the casting solvent and thermal history of the 

film during preparation. Good solvents were shown to impart 

a brittle behavior to the films and a temperature dependence 

discontinuity at the Tg. Poor solvents produce a gradual 

decrease in the interfacial shear strength with an increase 

in temperature. In their discussion of the results, Briscoe 

and Smith theorized that the solvent affects the morphology 

of the film and degree of molecular entanglement. They 

extended their results to show that sliding friction of 

polymeric films may be largely controlled by solvents and 

thermal treatments during their fabrication. 

Merz, Neilsen, & Buchdahl [74] studied effects of cast

ing solvent on mechanical properties prior to their more 

extensive property measurements in reference (67]. They 

cast thin polystyrene films from solution in benzene and MEK 

and noted differences in dynamic modulus and creep com

pliance with each solvent. Using a stringent solvent drying 

procedure, each film casting process produced repeatable 

results, but the measured property values were different. 

Creep compliance for benzene cast films was higher than for 

MEK cast films, and the compliance significantly increased 

with load application time for benzene cast films but not 

MEK cast films. Dynamic modulus differences were not sig-
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nificant until the temperature approached Tg. Merz et ale 

explained the difference to small amounts of benzene tena

ciously held in the film after drying. 

Haas and Livingston [75], after reviewing the results of 

several investigations of mechanical properties of polysty

rene including Merz et ale [74], suggested that solvents 

used to cast thin polystyrene films affect the degree of 

molecular chain entanglement. Molecular entanglements, they 

postulated, were responsible for measured property differ

ences noted when using poor and good solvents. They con

cluded that films cast from thermodynamically poor solvents 

will have a higher degree of molecular entanglement and 

consequently higher film strength. 

Prest and Luca [76] studied the effect of solvent cast

ing on the molecular orientation of thin polystyrene coat

ings 1-5 ~m thick. They determined from birefringence 

measurements that polymer chains are preferentially aligned 

in the plane of the coating and studied the mechanisms 

responsible for the orientation. They concluded the align

ment is a result of the molecular conformations frozen into 

the coating during the drying process. The parameters 

affecting the degree of orientation are ambient temperature, 

Tg, coating thickness, and solvent volatility. The exper

iment showed that molecules are more highly oriented in thin 
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coatings. Orientation of the molecules is a function of 

molecular weight and drying rate of the ·solvent. High 

molecular weight polystyrene exhibits a higher birefrin

gence, or greater alignment, than low molecular weight. The 

dependence of birefringence on molecular weight appears sim

ilar to other mechanical properties rising from a low value 

at low molecular weight, <Mw> = 10,000, and increasing to a 

fully developed condition at higher molecular weight, <Mw> = 
100,000. They estimated drying induced stresses on the 

order of 1 MPa at the upper limiting value of birefringence. 

Crazing is shown to increase dramatically in the pres

ence of solvents, gases, and surface contaminants [60, 71]. 

These substances reduce the stress or strain required to 

initiate crazing and their severity is proportional to the 

difference in surface energy between surface contaminant and 

polymer. Fig. 8 shows the critical stress required for 

stress cracking as a function of difference in solubility 

parameter. The solubility parameter difference is about 0.3 

for toluene and about 0.5 for MEK. Retained solvent has the 

same effect as surface contamination and would push the 

critical cracking stress to its minimum threshold value. 
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2.5.8 Grand Summary 

An extensive body of literature, even beyond material 

covered here, exists describing polystyrene's property 

dependence on molecular weight. In addition to a basic 

understanding of the trends of molecular weight on mechani

cal properties, the reader should gain an appreciation of 

the complexity of measuring and applying the results of 

polymer test data to a tribosystem because of the extensive 

interactions of external and chemical factors during a test. 

Also one should see the broad interdisciplinary factors -

from polymer chemistry and rheology to fracture mechanics 

-- associated with understanding polystyrene's mechanical 

properties. Solvent, thermal history, specimen preparation 

technique, temperature, strain rate, orientation, molecular 

entanglement, tacticity, morphology, additives, surface 

energetics, molecular weight, molecular weight distribution, 

etc. J all enter into the studies of polystyrene's response 

in a given mechanical system. The literature reviewed 

serves as an excellent guide to understanding how polysty

rene will respond in the tribosystem of this research. 
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3.0 Experimental Work 

3.1 Objectives & Methodology 

The objectives of the experimental work were to deter

mine the effects of molecular weight, amplitude of motion, 

and casting solvent on the life and failure characteristics 

of thin polystyrene coatings under fretting conditions. The 

experimentation was to be carried out under similar test 

geometries, conditions, and apparatus as other fretting wear 

experiments performed at V.P.I & S.U., particularly Raciti's 

experiments [8,9], for comparison of results. 

These objectives were to be accomplished by applying a 

spectrum of narrow molecular weight distribution polystyrene 

coatings on UNS G10450 steel disks 25.4 mm in diameter and 

approximately 6 mm thick. The polystyrene coatings were 

nominally 25 ~m thick and were applied by a solvent deposi

tion process from toluene-polystyrene and methyl ethyl 

ketone (MEK)-polystyrene solutions. A smooth, highly pol-
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ished 15.88 mm diameter UNS G52100 steel ball oscillated on 

the polystyrene coatings with a reciprocating motion at a 

frequency of 20 Hz, Fig. 9. The amplitude of motion of the 

ball was adjusted to cover a range of distances from 125 to 

510 micrometers. Other experimental parameters -- frequency 

of oscillation, load and ambient temperature and humidity 

were held constant. 

Coating life and friction force were measured and com

pared for each of the experimental conditions mentioned. 

Coating life was defined as the time required for the ball 

to wear through the coating and make contact with the steel 

disk after the start of the test. The contact was measured 

by the change in the resistance of a low voltage electrical 

contact circuit. Friction force was also monitored during 

the tests with a calibrated strain gage and amplifier. 

Optical microscopy was used to analyze the specimens both 

before and after testing. 

A major emphasis of the work was the development a uni

form coating and curing procedure for the polystyrenes 

because the large range of average molecular weight and the 

use of two casting solvents created different processing 

characteristics for each coating. Difficulties in coating 

preparation coupled with limited quantities of each molecu

lar weight polystyrene prohibited the numerous test 
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Fig. 9 - Experimental geometry. 
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Experimental geometry shows ball oscillating on flat 

polystyrene coated surface. 
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replications required for meaningful statistical analysis. 

The results obtained are compared, and, where possible, 

statistical interpretation is made. 

3.2 Polymer Characteristics 

The polymers used were atactic narrow molecular weight 

distribution GPC standard grade polystyrenes prepared by 

anionic reaction. Two grams of each of the polystyrenes 

were obtained from Scientific Polymer Products, Inc. of 

Ontario, New York. The molecular weight distribution data 

from the manufacturer is shown in Table 4. At first glance, 

some of the measurements look inconsistent. Weight average 

molecular weight is less than number average molecular 

welght in two cases and the reported ratio of <Mw>/<Mn> does 

not agree with the calculated value. These inconsistencies 

are the result of the techniques used to measure the molecu

lar weight. 

Membrane osmometry is used to measure <Mn> , and light 

scattering is used to measure <Mw>. These methods are dis

tinct, direct, absolute measurement methods of the proper

ties but are subject to some experimental error. For poly

styrenes of narrow molecular weight distribution, the exper

imental error in the molecular weight measurement can easily 

cause the <Mn> and <Mw> values to overlap. Gel permeation 
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chromatography is a comparative method of measuring proper-

ties. Molecular weight determinations by GPC are not as 

reliable as absolute methods because they depend on the 

quality of the equipment's calibration and stability, but 

relative measurements such as <Mw>/<Mn> are more accurate 

because equipment errors are cancelled in the ratio. The 

GPC results for <Mw>/<Mn> are also more sensible than calcu-

lated results. 

Table 4 - Polystyrene characterization data. 

Molecular property data of polystyrenes supplied by 

Scientific Polymer Products, Ontario, New York. 

Sample 538 was measured by two methods, absolute (MO 

& LS) and relative (GPC). 

Specimen <Mn> <Mw> <Mw>/<Mn> 
No. Ratio 

542 18900 (MO) 19400 (1S) 1.17 (GPC) 
544 #02 51150 ±6% (MO) 53700 ±6% (LS) .:S 1.06 (GPC) 
580 103 111000 (MO) 110000 (LS) .:S 1.10 (NG) 
685 102 198200 (GPC) 207700 (GPC) 1.05 (GPC) 
539 #02 S00250 ±S% (MO) 598800 ±S% (LS) .:S 1.10 (GPC) 
538 790000 (MO) 1460000 (LS) 1.85 (CAL) 

925000 (GPC) 1440000 (GPC) 1.56 (GPC) 

(MO) - indicates measurement by membrane osmometry 
(LS) - indicates measurement by light scattering 
(GPC) - indicates measurement by gel permeation 

chromatography 
(NG) - determination method not given 
(CAL) - determined by calculation 
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3.3 Specimen Preparation 

The specimen preparation process involved three facets 

ball cleaning, steel disk preparation, and disk coating. 

Where possible, the preparation techniques of Raciti [8, 9] 

were followed to provide comparability of results. In this 

experiment, Raciti's cleaning methods were followed care

fully, but the coating methods used deviated significantly 

from Raciti's methods because only a small quantity of 

polymer was available. A detailed discussion of coating and 

curing methodologies is included later because their devel

opment became a major part of the experimental work. 

3.3.1 Ball cleaning 

The UNS G52100 steel balls were ball bearing quality 

with a very smooth, polished surface finish. The balls were 

supplied by Dixie Bearing of Roanoke, Virginia, in a sealed 

plastic bag and coated with oil to prevent corrosion. The 

balls were first wiped with a Kimwipe to remove excess oil. 

The balls were suspended by a magnet in a beaker full of 

methanol. The beaker was placed in a sonicator partly 

filled with water, and the sonicator was run for 15 minutes, 

Fig. 10. The balls were then placed in a wire basket and 

suspended in a beaker half full of methanol, Fig. 11. The 
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beaker was covered with a watch glass. The methanol was 

brought to a boil and the vapors condensing on the watch 

glass dripped on the balls to wash them. The vapor wash 

procedure was repeated using hexane. After the balls were 

cleaned they were stored in a desiccator jar until use. 

Both vapor rinses lasted for approximately 15 minutes. 

3.3.2 Steel Disk Preparation 

The steel disks were rough cut from bar stock and ground 

flat on one side with an aluminum oxide grinding wheel to a 

surface roughness Ra = 0.8~. Highland Precision Machine 

Co. of Christiansburg, Virginia, cut and ground the disks. 

Just prior to coating, the disks were grit blasted perpen

dicular to the ground surface with silicon carbide dust for 

about one minute. The grit blasting procedure left an aver

age roughness of Ra = 1.2 ~m. The grind marks were not 

distinctly noticeable after the grit blast, and the surface 

appeared to be randomly roughened. 

The steel disk cleaning procedure was identical to the 

ball cleaning procedure and used the same apparatus. The 

disks were stored in a desiccator jar until use, but in most 

cases the disks were coated immediately. 
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Fig. 10 - Ball (disk) cleaning in sonicator. 

Balls (disks) are suspended from magnets in methanol 

bath while sonicator agitates bath liquid. 

Experimental 69 



Steell\1esh 

Hot Burner 
Top 

Solvent 

Watch Glass 

Condensing 
Vapor 

Specinlen 

Fig. 11 - Ball (disk) cleaning in vapor bath. 

Balls (disks) are suspended in a wire basket over 

boiling methanol then hexane. Vapors condense on 

watch glass then drip on balls (disks). 
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3.4 Coating Application 

3.4.1 Review of Previous Techniques 

Raciti [8, 9] and Gaydos (10] applied polystyrene coat

ings to steel disks by dipping the disks in solutions of 

dissolved polymer. In this method, coating thickness is 

controlled by varying the solution concentration and number 

of times the disk dips into the solution. The method also 

provides a smooth surface by allowing excess polymer to flow 

off the disk. Dip coating, however, requires a relatively 

large amount of polymer solution, and the solution concen

tration and number of dips must be optimized for each 

polymer type and molecular weight. Approximately 50 ml of 

solution are required to effectively dip coat 5 disks. At a 

10 weight percent concentration in MEK, almost 6 gm of 

polymer is required. 

To test for molecular weight influence on coating life, 

only characterized, narrow molecular weight distribution 

polymer could be used. This polymer is expensive, and only 

two grams at each molecular weight were available. Not 

enough polymer was available to effectively dip coat the 

disks and especially not to optimize the concentrations and 

coating technique for thickness control. The first step in 

the coating process was development of conservative disk 
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coating procedures, i.e., procedures that consumed a minimum 

amount of polystyrene while still creating a uniformly thick 

coating at a predetermined nominal thickness. 

3.4.2 Coating Method Development 

A solvent casting process with common solvents such as 

MEK and toluene was thought to be the best way to spread 

minimum polymer over maximum surface area while still main

taining results consistent with Raciti [8, 9]. The problem 

with solvent casting is controlling the nominal coating 

thickness, the thickness uniformity of the coating, and the 

surface roughness of the finish. Developing the techniques 

to cast uniformly thick coatings of various molecular weight 

polystyrenes would take some trial and error and much prac

tice. Several grams of polystyrene of varied molecular 

weights left over from previous Tribology Laboratory exper

iments were used to develop and practice conservative but 

effective casting methods. MEK-polystyrene solutions were 

examined first followed by toluene-polystyrene solutions. 

The first method tried was spin casting. This method 

was only partly effective because drops of polystyrene solu

tion placed at the center of the disk would not wet the 

entire disk. Additional applications of polymer caused 

severe nonuniformity of thickness and finger-like spreading 
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toward the disk edges. By covering the entire disk with 

excess polystyrene and spinning the excess free, very uni

form thin coatings, about 5 ~m, could be made. But addi

tional applications of solution either caused removal of the 

first layer or the occurrence of the aforementioned nonuni

formities. 

The second coating method attempted was spray applica

tion. The polystyrene solution was thinned and sprayed on 

the steel disks with an airbrush. This method produced uni

form coatings, and thickness could be controlled with prac

tice and proper technique. The method was extremely non

conservative and at times extensively entrapped gas bubbles 

in the coating. 

The third coating method attempted was pond coating. 

A ring of Teflon surrounding the disk and extending above 

the disk's surface made a fluid barrier. The disk was 

placed on a flat level surface with the side to be coated 

facing up_ Polystyrene solution was poured or dribbled on 

the steel surface and spread as uniformly as possible 

inside the Teflon ring. The solution was then slowly air 

dried. This method showed promise as a conservative means 

to cast a uniform coating; however, this method often pro

duced an unevenly dried "orange peel" looking coating. 
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Two forms of modified dip coating were tried. One was 

to set the disk on edge and drool polymer solution on the 

face with a pipette until it flowed and covered the disk 

face. This method was non-conservative, and the polymer did 

not usually flow evenly on the surface. The second method, 

using an artist's brush to apply the polymer, was more solu

tion conservative and the flow could be controlled slightly 

better. Controlling thickness and uniformity was still dif

ficult. 

The final method tried was using an artist's brush to 

"paint" polystyrene solution on the disk surfaces. This 

method was the most conservative and allowed building the 

coating thickness up in layers. Nominal thickness could be 

controlled as well as in any other method but uniformity 

with MEK as a solvent was not very good. The MEK evaporated 

and left a surface skin before the brush marks could flow 

out. No other method to that point held any more promise 

than brushing, so it was chosen on the premise that the 

technique was conservative enough to allow error and still 

produce some good coatings. The next step was to change the 

solvent to toluene because of its lower volatility. The 

lower volatility of toluene allowed the brush marks to flow 

out, resulting in more uniform coatings. With some skill 

and much practice, toluene coatings with reasonable unifor

mity close to a desired nominal thickness could be produced. 
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Because the polystyrenes used for practice had molecular 

weights of <Mw> = 79,000 and <Mw> = 633,000, they were use

ful in noting deposition and viscosity differences in high 

versus low molecular weight polystyrenes. Solution concen

tration at each of these practice molecular weights was 

adjusted for optimum "brushability" for both MEK and 

toluene. These practice polystyrenes coincided with the 

molecular weight range of the polystyrenes to be used in the 

experimentation; therefore, optimum concentrations were made 

for each experimental molecular weight by linearly scaling 

the practice molecular weight concentrations. This optimum 

was developed strictly as an art and personal feel for "good 

brushability." In some cases, especially at the higher 

molecular weights, the amount of solvent used in the solu

tions could have been reduced. 

3.4.3 Coating Method 

Solutions of polystyrene in MEK and toluene were made 

according to empirically determined "optimum" concentrations 

that varied with molecular weight to account for changing 

viscosity and deposition characteristics. Table 5 gives the 

polymer molecular weight and solution concentrations used. 
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Table 5 - Polystyrene Coating Solutions. 

Polystyrene coating solution concentrations are given as 

a function of molecular weight and solvent. 

Solution Concentration, glml (weight %) 
Polymer 

<Mw> MEK toluene 

19,400 0.26 (32. %) 0.26 (30. %) 
53,700 0.22 (28. %) 0.22 (26. %) 

110,000 0.18 (22. %) 0.18 (21. %) 
207,700 0.14 (18. %) 0.14 (16. %) 
598,800 0.069 (8.6 %) 0.069 (8.0 %) 

1,460,000 0.056 (6.9 %) 0.056 (6.5 %) 

density of: MEK - 0.80 gm/ml @ 25° C 
toluene - 0.867 gm/ml @ 25° C 

The polystyrenes were applied to the cleaned steel disks 

with separately marked sable artist's brushes. The brushes 

were also cleaned in separate solvent jars to prevent any 

mixing of molecular weights. 

Coating deposition was an art learned from practice but 

the general method follows. Thin layers were first applied 

to the disk and allowed to dry for 15 minutes and sometimes 

longer for toluene. If strong air currents were present, 

they would ripple the coating surface. Sometimes a small 

beaker was placed upside-down over the disks to pro-

tect them from air currents or to slow the drying process. 

An intermediate layer was then applied and allowed to dry 
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hard in air. This frequently took a half hour or more. A 

quick measurement of the coating thickness was made with the 

Elektro-Physik thickness gage to determine how close the 

coating was to the target value. A final coat was applied 

as needed, and the disks were then placed in the oven at 

room temperature until dry. Great care had to be taken 

applying any coats beyond the intermediate coat because the 

solution would dry rapidly before letting brush marks flow 

out to a smooth, uniform thickness. 

3.4.4 Curing Method 

The curing process used by Raciti [8, 9] had sound 

scientific basis and was to be used for this experiment 

until some difficulties were encountered. Reviewing 

Raciti's curing method first will be helpful to understand 

the modifications made for this experimental work. 

After Raciti dipped his specimens in polymer solution 

for the final coat, he dried his samples in a oven for two 

hours at room temperature. The oven was turned up to 75 u C, 

5° lower than the boiling point of MEK, for 24 hours. The 

oven temperature was raised 20° above the Tg to 120°C for 

annealing for 2 hours. The oven pressure was reduced to 

-100 kPa (gage) during the annealing step to ensure drying 

of the coating. 
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This method was attempted but resulted in immediate 

cracking of the lower molecular weight coatings at the 120~C 

cure temperature. Even the high molecular weight coatings 

cracked, but the cracking occurred several hours, even days, 

after the coatings cured. 

A thorough discussion of the curing method development 

and problems encountered is covered in 4.0 Results and Dis-

cussion because the nature of the cracking problem is a sig-

nificant result by itself. Several curing methods were used 

depending on solvent and past curing history. The curing 

processes used are summarized in Table 6. 

Table 6 - Summary of curing methods. 

Specimens Casting Cure Process 
for: Solvent 

Test 1 toluene dry 2 hours, cure at ao°c 24 for 
hours, anneal at ao°c and -90 
kPa (gage) for 24 hours 

Test 2 toluene dry 2 hours, cure at 60°C 24 for 
hours, anneal at 60°C and -90 
kPa (gage) for 12 hours 

Test 3 toluene dry 2 hours, cure at 20°C and 
-100 kPa (gage) for 100 hours 

Test 4 MEK dry 2 hours, cure at 20°C and 
-100 kPa (gage) for ao hours 

Vapor pressure required for boiling at room 
temperature for: 
toluene -93.3 kPa (gage) at 25 °C 
MEK -83.4 kPa (gage) at 25 °C 
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Each cure method resulted in a different test run, and the 

specific test conditions will be discussed in 3.7 Experimen

tal Procedure. 

3.4.5 Coating Thickness Measurements 

The thickness of the coatings was measured by an Elek

tro-Physik eddy-current thickness probe. The instrument is 

comprised of a hand held contact probe attached to an ampli

fier unit with an analog read out meter. The measurement 

probe tip was a 1 mm diameter hemisphere in the center of a 

8 mm diameter probe head. The probe head was placed on the 

coating normal to the surface and pressed down until the 

probe tip made contact with the coating. When the meter 

needle reached steady state, the coating thickness reading 

was taken. 

The device required zeroing and full scale calibration. 

To set zero, the measurement probe was placed on the surface 

of a bare steel disk, and a gain knob was adjusted until the 

meter read zero. To calibrate the full scale, calibration 

standards, plastic sheets of known thickness, were placed on 

the steel disk and their thicknesses were measured. A gain 

knob was adjusted until the thickness on the meter corre

sponded to the thickness of the standard. The precision of 
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the instrument was determined by making 50 measurements in 

the same place on a disk of known thickness. The thickness 

chosen was 21.7 ~m which was representative of the coating 

thicknesses in this experiment and coincided with the center 

of the meter scale. The standard deviation of the measure

ments was 1.11 ~m. Because the sample population was large, 

this statistic is considered representative of the true pre

cision. 

Prior to a fretting test, the thickness of the coating 

was measured four or more times at random positions across 

the surface of the disk. The measurements were averaged. 

The average thickness was the value used in all subsequent 

test analyses and interpretations. 

3.5 The MARK III Machine 

3.5.1 Machine Overview 

The MARK III machine was used to provide the oscillatory 

fretting motion of the steel ball against the polystyrene 

coated steel disks. The MARK III was originally developed 

by Frantz [19] to study wear at a bearing / cartridge inter

face. Figure 12 provides an overall picture of the machine. 

It operates by converting rotary motion of a variable speed 

drive motor (20) into horizontal reciprocating motion 
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through a shaker table (3) and connecting linkage (4). The 

yoke holder (2) and plate holder (1), detail Fig. 13, was 

added to the machine after Frantz to perform ball-on-flat 

fretting studies such as this one. Frequency of oscillation 

is measured by the cycle counter (21) and displayed on the 

meter (8). Frequency is adjusted by the rotating the rheos

tat switch on the variable speed motor. Friction force is 

measured by the strain gage in the yoke (18). Sliding 

amplitude is adjusted by changing the eccentricity of the 

shaker table. The amplitude is measured statically by dis

placement gage (5), and monitored by the linear variable 

differential transformer (6). Environment is controlled by 

sealing the environmental chamber (15) and flooding the 

chamber with the desired gas through the gas inlet (16). A 

list of MARK III machine capabilities for ball-on-flat 

studies is shown in Table 7. 

3.5.2 Disk Mounting 

The steel disk is secured in a cylindrical cavity 

slightly larger than the disk in a mounting block and is 

clamped by two set screws. The mounting blocks clamp on the 

angle iron bracket (10) with set screws and can be adjusted 

perpendicular to the axis of sliding. 
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Legelld: 
1. Plate Holder 
1. Ban Strain Arm 
3. Sh3ker Table 
4. Link3ge 
S. Dil'placement Gage 
6. LVDT 
7. Frequency :'VIanual Control 
8. Frequency Meter 
9. Plate Set Screws 

10. Iron Bracket 
11. Plate Holder Set Screws 

t 1. Ball Insert 
13. Ball Holder 
14. Wei2hlilanging Points 
15. En'tironmental Chamber 
16. Gas Inlet 
17. Hygrometer 
18.. Strain Ring 
19. Force Calibration Pulley System 
20. Variable Speed Motor 
21. Cycle Counter 
22. Motor On/Orr Switch 

Fig. 12 - MARK III machine schematic. 
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Fig. 13 - Detail of MARK III yoke & plate holder. 
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Table 7 - Capabilities of MARK III Machine. 

Capabilities listed are for ball-an-flat fretting wear 

studies 

Frequency 0 - 100 Hz 

Sliding Amplitude 0 - 550 ~m 

Load a - 50 N 

Environment Various except vacuum. An 
environmental chamber allows 
use of various environmental 
gases and vapor contents. 
Temperature is not readily 
controllable. 

3.5.3 Ball Mounting 

The balls are mounted in the yoke hole and protrude 

about 5 mm from the bottom of the yoke, Fig. 13. The balls 

are held tightly by the threaded pipe ball holder. The yoke 

is attached to the connecting linkage with anti-friction 

bearings to allow free pivoting of the yoke and full contact 

of the ball against the plate. 

3.5.4 Load Application 

Load is applied by hanging containers of lead shot from 

a looped cable with ends attached to the yoke at points 

equidistant from the ball)s center, Fig. 14. The weight is 
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Fig. 14 - Detail of MARK III load application. 

hung from a pulley which rides freely on the cable loop. 
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3.5.5 Amplitude Adjustment 

The amplitude is adjusted by loosening a locking nut on 

the shaker table with the liT" handle extended and altering 

the eccentricity of the shaker table. Peak to peak ampli

tude is measured using the dial displacement gage. The 

locking nut is tightened, the machine run through several 

cycles, and the amplitude rechecked. Several iterations are 

sometimes needed to tune the amplitude to the desired level. 

3.6 Test Instrumentation 

The important data required from the MARK III machine is 

coating life, friction force, frequency of oscillation, and 

amplitude of sliding. Several pieces of external instrumen

tation are required to resolve these data signals. 

3.6.1 Coating Life 

Coating life is the measure of time for the ball to wear 

through the polymer coating and make contact with the steel 

disk. This is measured by the change in resistance of a 30 

mV electrical circuit, a method" developed by Furey [78]. A 

potential is applied to the ball and the disk remains 

grounded. When a polymeric barrier is between the ball and 

steel disk, resistance remains infinite. When the ball 
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wears through the coating, the contact resistance drops to 

zero and current flows through the circuit. A strip chart 

recorder measures the voltage changes during the test. The 

time to failure is determined from the length of the trace 

and the paper feed speed of the recorder. 

A problem with measuring coating failure with this 

method is that contact occurs intermittently. Figure 15 is 

a typical trace which shows a transition into coating fail

ure. Points A, B, and C are different measures of failure. 

Point A represents the initiation of some coating cracks and 

intermittent contact. Point B represents a condition where 

metal to metal contact is as frequent as polymer between the 

surfaces. Point C represents complete failure and continu

ous metallic contact. Point B was chosen as the point of 

failure in this experiment because it was a more consistent 

measure than point A or C and was a sensible measure of 

failure. 

3.6.2 Friction 

Friction force is measured by strain gauges on the 

strain circle in the ball yoke. Friction force strains the 

yoke giving rise to a strain signal proportional to the 

force. The output of the strain gauges is balanced and 

amplified by a Vishay-Ellis bridge amplifier and further 
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Fig. 15 - Contact resistance trace. 

Trace of electrical contact resistance showing transi

tion into coating failure. Points A, B, and C are dif

ferent measures of failure. 
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amplified by a custom electrical circuit made at V.P.I. & 

S.U. before being sent to a strip chart recorder. Force is 

determined by comparing the recorder deflection of a 

measurement to the deflection at calibration. Figure 16 is 

a typical friction force trace made by the recorder. 

Friction is calibrated by inserting a specially machined 

plug in the yoke, Fig 17. A cable loops around the plug and 

feeds out over the pulley in the side of the environmental 

chamber (19). Different weights are hung from the cable and 

the strip chart recorder deflection for each weight is meas

ured. The deflection for each weight is then plotted 

against weight to form a calibration curve. Figure 18 is a 

typical curve showing recorder response to increasing 

weights. Repeatability of friction measurements were within 

the readability of the measurement, ± 1 mm, or ~ 20 %. Sig

nal noise from high amplification reduced the readability of 

the measurement. 

3.6.3 Amplitude 

Amplitude is measured in the static condition with the 

displacement gauge. The LVDT generates a voltage propor

tional to its displacement from a reference position. The 

output is amplified and sent to an oscilloscope. The LVDT 

peak to peak output is noted during a hand activated cycle 

Experimental 89 



Fig. 16 - Typical friction force output. 

Typical strip chart recorder response to friction 

force which starts low but quickly develops to a 

steady state condition. 
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Fig. 11 -'Friction force calibration apparatus. 
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Fig. 18 - Typical response to calibration weights. 
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of the shaker linkage and is correlated to the displacement 

gauge reading. During testing, the peak to peak amplitude 

from the LVDT is monitored to make sure no machine adjust

ments have slipped. The LVDT output is used during testing 

because the dial displacement gage is unreadable. 

3.6.4 Frequency 

The frequency of the slider is measured with a photo

electric cycle counter. A slotted disk is attached to the 

drive wheel of the shaker table. Cycles are counted with a 

photoelectric emitter/receiver sensor which activates each 

time the slot in the disk passes the sensor. The output is 

amplified and registers the frequency on the frequency dis

play-meter. 

3.6.5 Operation 

The operational procedures followed for each test were, 

in principle, the same. The desired amplitudes were deter

mined ahead of time and the first amplitude setting was 

made. The machine and all instrumentation were turned on 

and allowed to warm up. The strain gauge bridge amplifiers 

were balanced and the strip chart recorder gain was set to 

maximize the friction force reading. The strain gauges were 

then calibrated. The oscilloscope gain was adjusted to get 
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nearly a full screen peak to peak amplitude from the LVDT. 

The " LVDT peak to peak voltage was recorded. The gain on the 

strip chart recorder's second channel was adjusted to maxi

mize the contact resistance measurement. The contact was 

checked using a ball and a practice coating, and then a bare 

steel disk. 

When all the instruments were operating satisfactorily, 

a disk was loaded in its holder and mounted in the MARK III. 

A ball was loaded in the yoke and tightened down. The load 

was applied slowly. After the load was fully applied, the 

machine was brought rapidly up to speed. The contact trace 

was monitored until failure. The machine speed was rapidly 

turned down and the load removed. The ball was wiped with a 

Kimwipe to remove debris and rotated to a new position. The 

disk was moved to a new position and the coating tested 

again. Each of the wear scar's position, life time and 

friction force were recorded. This sequence of operations 

was repeated as many times as necessary. 

3.7 Experimental Procedure - General 

A test series means the coating life testing of all 

molecular weights at all amplitudes. Four test series were 

conducted 1 and each test series was made without interrup

tion to minimize the effects of time dependent variables. 
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Test series 1 and 2 were exploratory tests. Their pri

mary purpose was to explore the practical difficulties 

involved in preparing, curing, and testing a broad spectrum 

of molecular weight specimens and to improve experimental 

technique as required. They also were to provide a prelimi

nary look at what kinds of results to expect and how to make 

the best of the tests with the remaining polymer. Test 

series 3 and 4 were conducted under more stringent controls 

and were intended to be used as the supporting data for 

experimental conclusions. 

All the coatings for one test series were made and cured 

just before the test. When preparing the specimens, several 

disks would be coated with the expectation that some would 

turn out bad. After curing, coating thickness was measured, 

and the disks most closely matching a nominal thickness 

across the molecular weight spectrum would be tested in that 

test series. 

Coating thickness nonuniformity both within a disk and 

across the molecular weight spectrum was the single greatest 

cause of experimental uncertainty. All amplitudes at a 

given molecular weight needed to be tested on the same disk 

to minimize thickness uncertainty. Only 10-12 tests could 

be performed on one disk, 50 either many amplitudes, five or 

six, were tested twice each as in tests 1 through 3, or a 
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few amplitudes, three, were tested four times each as in 

test 4. 

The coating procedures used to prepare test 1 and 2 spe

cimens were different from each other and tests 3 & 4 

because at this point in the experimental work, a curing 

technique that could produce a testable low molecular weight 

coating was still under investigation. In both test 1 and 2 

specimens, the curing process did not give coatings below 

<Mw> = 110,000 that could be tested. 

Using the information gained from tests 1 and 2, test 3 

and 4 specimens were prepared and cured with an extended 

duration low temperature vacuum cure. Test 3 specimens were 

cast-from toluene and each of the five amplitudes were 

tested twice. The objective of test 3 was to study ampli

tude effects specifically. Test 4 specimens were cast from 

MEK and were tested four times each at three amplitudes 

spanning the same amplitude range as test 3. The objectives 

of this test series were to improve the statistics of the 

molecular weight influence on coating life and to compare 

the effects of casting solvents on processability and coat

ing life. 

After testing, the specimens were examined under an 

optical microscope to observe coating wear patterns and 
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debris and to observe the balls for indications of fretting 

damage. Photographs of typical wear scars were taken with 

the microscope camera attachment using Kodak Ektachrome 160 

Tungsten film. The data was reduced and statistical range 

testing was applied to test 4 data. 

3.8 Experimental Procedure - Test Conditions 

The experimental work set out to test not only the 

molecular weight influence on coating life but amplitude 

effects as well. Amplitude needed to be varied in some rea

sonable manner. By selecting amplitudes which gave ampli

tude to thickness ratios consistent with Raciti, the exper

imental results of this thesis could be compared directly 

with"Raciti's results [8, 9]. 

Amplitudes for tests 1 through 3 were determined by 

using similar amplitude to thickness ratios, A/h, as 

Raciti [8, 9]. Amplitudes for test 4 were determined by 

using amplitude to thickness ratios corresponding roughly to 

the high, low, and intermediate values of the Alh ratios of 

tests 1 through 3. 

It should be noted that in Raciti's work, the thickness 

was varied at a constant amplitude while in this experiment, 

the thickness was held relatively constant and the amplitude 
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was varied. 

A summary of the experimental conditions (normal load, 

frequency of oscillation, environment, coating thickness, 

nominal Alh ratio, and test amplitude) for each of the tests 

is given in Tables 8, 9 & 10. In test 1, strict adherence 

to the Alh ratio ~as being followed which meant changing 

amplitude for each coating thickness to maintain a constant 

amplitude to thickness ratio. Changing amplitude with such 

frequency was theoretically easy but practically difficult. 

If not careful when loosening the shaker table locknut one 

could suffer skinned knuckles from a tight or jammed nut and 

tight working quarters. In addition, continuous amplitude 

changing added a significant time factor to the experiment 

which affected the delay time between coating cure and test. 

In subsequent tests, tests 2, 3, and 4, the amplitude 

would be determined using Raciti's Alh ratios and the aver

age thickness of all the coatings in a test series. Once 

the amplitude was set, all the coatings were tested at that 

amplitude regardless of thickness. Small variations in Alh 

would be attributed to experimental error in any direct com

parison of coating life versus nominal Alh ratio. Errors in 

data reduction were minimized by using the exact Alh ratio 

of the test rather than the nominal Alh ratio of the test. 
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Table 8 - Experimental conditions common to all tests. 

Conditions common to all tests: 

Normal Load 22.3 N 

Frequency 20 Hz. 

Temperature 22-25 °C 

Environment Laboratory air, 55-65% R. H. 

Table 9 - Test 1 & 2 specific test conditions. 

Conditions for test 1 

<Mw> Disk ID # Thickness 

19,400 -- --
53,700 17 26.2 JJ,m 

110,000 43 21.6 J.,.lm 
207,700 38 26.2 J.,.lm 
598,800 24 19.1 J.,.lm 

1,460,000 23 25.4 JJ,m 

Exact Alh Ratios : 5.87 6.63 8.03 10.2 13.3 23.5 

Conditions for test 2 

<Mw> Disk ID # Thickness 

19,400 -- --
53,700 8 23.6 J..Lm 

110,000 45 20.3 }.lm 
207,700 22 21.1 J..Lm 
598,800 25 17.8 }.lm 

1,460,000 32 20.3 J..lM 

Nominal Alh Ratios : 5.87 6.63 8.03 9.83 13.26 23.5 
Exact Amplitudes (J.,.lm) :119 135 162 198 267 478 
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Table 10 - Test 3 & 4 specific test conditions. 

Conditions for test 3 

<Mw> Disk ID # Thickness 

19,400 -- --
53,700 56 27.4 IJlIl 

110,000 58 27.4 IJ.m 
207,700 62 26.2 IJ.m 
598,800 64 26.7 IJ.m 

1,460,000 69 26.7 J..lm 

Nominal A/h Ratios : 5.87 6.63 8.03 9.83 13.26 
Exact Amplitudes (IJ.m) : 155 180 216 262 349 

Conditions for test 4 

<Mw> Disk ID # Thickness 

19,400 108 40.0 IJ.m 
53,700 109 36.8 IJ.m 

110,000 92 33.5 IJ.m 
207,700 104 26.2 IJ.m 
598,800 105 25.4 IJ.m 

1,460,000 107 25.7 J.lm 

Nominal A/h Ratios : 5.10 11.8 19.6 
Exact Amplitudes (IJ.m) : 127 305 508 
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4.0 Results 

4.1 Curing Study 

The curing process is technically part of the experimen

tal procedure; however, it coincided with the exploratory 

portion of the experiment, and the results of the study pro

vide a significant insight into processing and property 

characteristics of polystyrene coatings as a function of 

molecular weight. The study and results, then, are included 

in this section. 

Raciti's curing method of baking disks at a temperature 

5°C below the boiling point of the casting solvent was tried 

on some of the low molecular weight practice coatings. For 

toluene cast coatings, the drying process was carried out at 

95°C, 5~ below toluene's boiling point at atmospheric pres

sure. The low molecular weight coatings severely cracked 

during the high temperature cure and fine cracks developed 

in the high molecular weight coatings after removal from the 
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oven. Cracking also occurred in low molecular weight MEK 

cast practice coatings cured according to Raciti's method, 

and high molecular weight MEK cast coatings formed micro

cracks but many hours after the cure. 

The coating cracking phenomena was troubling because it 

indicated high residual stresses in the coating which could 

affect test results. It was believed that the cracking was 

due to thermal stresses induced by the coefficient of ther

mal expansion discontinuity at polystyrene's Tg or the 

polystyrene coating / steel disk thermal expansion differen

tial, - 10 ~m/~m·oC, at high temperatures. Therefore, the 

temperature was reduced, in separate experiments, to ao°c, 

and 60°C for the duration of the curing and annealing steps 

on toluene cast coatings. Also the oven was allowed to slow 

cool to room temperature at a rate of about 4°/hour. The 

disks prepared by this method were used for tests 1 and 2, 

respectively. 

The lower temperature cures used for test 1 & 2 speci

mens prolonged the time for severe cracking to initiate but 

still did not eliminate or even reduce the cracking once it 

started. The <Mw> = 19,400 coating was 50 severely cracked 

and debonded from the steel that it was not tested. The 

<Mw> = 53,700 coatings were tested even though severely 

cracked. An example of the cracking in a <Mw> = 19,400 disk 
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is shown in Fig. 19. 

High power optical examination of the specimens after 

testing, revealed small cracks in the high molecular weight 

toluene cast coatings. After several days, the cracks 

formed an extensive network giving a white haze to the 

.coating similar in appearance to crazing. This phenomena 

was also noticed in MEK cast practice coatings cured at 80°C 

but to a lesser severity and at a much longer time from 

casting, on the order of 1-2 weeks. 

Lowering the cure temperature seemed to prolong the 

onset of and reduce the severity of coating cracking to a 

point where tests could be made. A low pressure, room tem

perature cure of extended duration was considered as a means 

of reducing thermal stresses while causing solvent evapora

tion. Using an equation from [77], the vapor pressures of 

toluene and MEK were calculated to be 8 kPa abs. (-93 kPa 

gage) and 15 kPa abs. (-86 kPa gage) respectively at 25°C. 

By setting the oven vacuum to -100 kPa gage for an extended 

period of time, the solvents presumably would evaporate out 

of the coatings. However, the polystyrene would not have a 

chance to anneal near the Tg. This alternative was pre

ferred to cracked coatings. A room temperature cure at full 

vacuum was attempted on a practice disks cast with toluene. 

Severe cracking of coatings of <Mw> = 53,700 and greater was 
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~----------~, 200 ~m 

Fig. 19 - Post cure cracking in a <Mw> 19,400 coating . 
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prolonged enough that tests could be performed. 

A series of specimens, those used in test 3, were pre

pared from toluene solution and vacuum cured at room temper

ature for 100 hours. The <Mw) = 19,400 coating was not 

attempted because of past performance history, but the <Mw> 

= 53,700 coating showed short term improvement. The coating 

was only slightly cracked when removed from the oven. It 

was tested at all amplitudes immediately. During the test, 

a significant cracking network appeared. The higher molecu

lar weight coatings were stored under vacuum until ready for 

test. None showed any cracking problems until well after 

the tests were complete. 

A final series of specimens, those used in test 4, were 

prepared from MEK and vacuum cured at room temperature for 

80 hours. All the molecular weights were attempted in this 

series. The low molecular weight coatings had only a few 

isolated cracks when removed from the oven. They were 

tested immediately at all amplitudes. Several hours after 

the tests, the coatings developed the usual crack network. 

The cracking of the <Mw> = 19,400 coating was more extensive 

and formed smaller fragments than the <Mw> = 53,700 coating. 

The fragments of the <Mw) = 53,700 coating were large enough 

to be seen with the naked eye and were easily debonded from 

the steel disk. 
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The key points learned from the curing problem were that 

low 'molecular weight coatings are difficult to cast and 

test. The reasons will be postulated in the discussion. The 

temperature of cure, the casting solvent, and the molecular 

weight will affect both the time for cracks to form and 

their severity. The time delay between curing and testing 

is important. If enough time elapses, the coatings of all 

molecular weights will form cracks regardless of cure tem

perature. 

4.2 Coating Life and Friction Tests 

4.2.1 Data Reduction Methods 

After a test, the data was reduced in four different 

ways -- cycles to failure, energy to failure, wear rate, and 

a power law curve fit. The methods of data reduction and 

their functional relationship are given in Table 11. 

Cycles to failure is a general descriptor of coating 

life which is directly proportional to failure time and test 

frequency. Coating lives are primarily compared by cycles 

to failure, and the cycles to failure plots are also used to 

show the magnitude of data uncertainty. 
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Table 11 - Definitions of analysis parameters. 

Basic 
Parameters Definition 

h Average coating thickness of a specimen 
t Time to failure 
A Sliding amplitude 
F Friction force 
f Oscillation frequency 
L Normal load 

Calculated Functional 
Parameters Definition Relationship 

N Cycles to failure = t-f 
~ Friction force = F/L 
Wr Average wear rate = hit 
E Friction energy to failure = F-A-f-t/h 
r Coating strain = Alh 
a Empirical fit parameter to N = lOa • rb 
b Empirical fit parameter to N = lOa. fb 
Rsq Pearson correlation coefficient of fit 

Friction energy to failure is the work done by the fric-

tion force integrated over the life of the coating. Because 

variations in thickness will affect the life of the coating 

and, consequently, the energy to failure, the "friction 

energy to failure" discussed in this experiment has been 

divided by h to compensate for thickness variations. 

Wear rate is the average coating thickness divided by 

the time to failure, hence, it is an average wear rate. 

Consequently, this measure will not be able to indicate 

instantaneous changes in wear rate that occur during the 

test. 
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A power law model is a completely empirical method of 

characterizing coating life. Raciti [9] used a power law 

model to describe the relationship between coating life and 

thickness. Veyret-Abran [53] used a power law to describe 

the relationship between cycles to failure and Alh ratio. 

The relationship between cycles to failure and Alh ratio was 

used in this analysis. 

4.2.2 Test 1 Results 

Test 1 was stopped early because of difficulties in the 

test apparatus. The batteries in the contact and friction 

amplifier stopped working part way into the test. A closer 

look at early data showed a drift in the friction data. 

When new-batteries were installed, a jump in recorder 

response, about 2X, was noted. Also, two of the tests had 

unusually long wear times. Investigation of the apparatus 

showed that one of the set screws used to clamp the mounting 

block to the angle bracket had cracked and was not providing 

sufficient clamping force to prevent movement of the disk. 

Tests performed after changing the set screw showed a reduc

tion in coating life. Because of the amplifier problem and 

the mounting block problem the data could not be trusted. 

The disks had been used to the point where the questionable 

tests could not be rerun, so the data was ignored and a new 

test, test 2, was started. 
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4.2.3 Test 2 Results 

Tables 12, 13 & 14 are the mean values of cycles to 

failure, energy to failure, and wear rate. Figures 20, 21, 

22 & 23 are graphs of cycles to failure, cycles to failure 

with high-low range indicators, energy to failure, and wear 

rate, respectively. Each amplitude was only tested twice 

and that is not enough data to provide a meaningful confi

dence interval; thus, the limit bars on the cycles to fail

ure curve show the range limits of the data. The range val

ues give an indication of experimental error and uncer

tainty. Wear rates for the <Mw> = 53,700 coating are an 

order of magnitude below the wear rates of the higher molec

ular weight coatings. When plotted all together, the scale 

difference compresses the curves too much to see any differ

ences in the data; therefore, only the wear rates for coat

ings above <Mw> = 53,700 are plotted. 

Table 15 contains the values a and b which fit the power 

law model for cycles to failure. The R-squared correlation 

coefficient for the fit is also given. Figure 24 is a dis

play of the goodness of the fit of the data to the power law 

model. 
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Table 12 - Test 2 mean values of cycles to failure. 

Cycles to Failure, N (cycles) 

<Mn> <Mw> Amplitude, A, in J..lm 
119 135 163 198 267 478 

51,150 53,700 110 70 35 15 x x 
111,000 110,000 1840 1150 570 610 410 270 
198,200 207,700 7980 3760 2270 1320 1310 650 
600,250 598,800 1590 2280 780 830 270 290 
790,000 1,460,0,00 7950 6060 3240 510 1350 1390 

x - indicates not tested 

Table 13 - Test 2 mean values of friction energy. 

Energy to Failure, E (J/JJ.M) 

<Mn> <Mw> Amplitude, A, in jJ.rn 

119 135 163 198 267 478 

51,150 53,700 .006 .004 .002 .001 x x 
111,000 110,000 .204 .138 .086 .112 .093 .110 
198,200 207,700 .854 .467 .341 .237 .322 .267 
600,250 598,800 .207 .336 .136 .174 .073 .141 
790,000 1,460,000 .909 .782 .517 .090 .334 .636 

x - indicates not tested 

Table 14 - Test 2 mean values of average wear rate. 

Wear Rate, Wr (J..lm/sec) 

<Mn> <Mw> Amplitude, A, in J..lm 
119 135 163 198 267 478 

51,150 53,700 4.95 8.23 16.5 35.4 x x 
111,000 110,000 .229 .377 .723 .681 1.01 1.51 
198,200 207,700 .053 .115 .192 .395 .322 .913 
600,250 598,800 .225 .176 .642 .433 1.36 1.23 
790,000 1,460,000 .051 .067 .135 1.05 .304 .067 

x - indicates not tested 
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Comparison of Cycles to Failure 
Test 2, toluene cost 
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Test 2 Friction Energy to Failure 
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Fig. 22 - Test 2 friction energy to failure vs. <Mw>. 
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Test 2 Average Wear Rate 
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Fig. 23 - Test 2 wear rate vs. <Mw>. 
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The <Mw> = 19,400 coating was too cracked and brittle to 

test. Also, the testing of the first four amplitudes on the 

<Mw> = 53,700 disk generated such large wear scars and 

debris flakes that no room was left on the disk to test the 

last two amplitudes. 

Table 15 - Test 2 power law model fit parameters. 

Fit Parameters-
Power law model is an exponential relationship 
between cycles to failure, N, and coating strain, 
r = A/h, of the form: 

N = 10a*rb 

<Mn> <Mw> a b Rsq 

51,150 53,700 4.803 -3.91 .998 
111,000 110,000 4.062 -1.24 .845 
198,200 207,700 4.878 -1.59 .846 
600,250 598,800 4.456 -1.49 .780 
790,000 1,460,000 4.636 -1.28 .396 
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4.2.4 Test 3 Results 

Tables 16, 17 & 18 are the mean values of cycles to 

failure, energy to failure, and wear rate. Figures 25, 26, 

27 & 28 are graphs of cycles to failure, cycles to failure 

with high-low range indicators, energy to failure, and wear 

rate, respectively. As in test 2, each amplitude was only 

tested twice; thus, the limit bars on the cycles to failure 

curve only show the range limits of the data. Also, the 

<Mw> = 53,700 coating wear rates are an order of magnitude 

below the wear rates of the higher molecular weight coat

ings; therefore, only the wear rates above <Mw> = 53,700 are 

plotted. 

Table 19 contains the values a and b which fit the power 

law model for cycles to failure. The R-squared correlation 

coefficient for the fit is also given. Figure 29 is a dis

play of the goodness of the fit of the data to the power law 

model. 

The <Mw> 19,400 coatings cast from toluene had such a 

bad history of cracking that specimens were not even pre

pared. The last amplitude, 626 ~m corresponding to an Alh 

ratio of 23.46, was also not tested because it was consid

ered outside of a reasonable amplitude regime for fretting. 
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Table 16 - Test 3 mean values of cycles to failure. 

Cycles to Failure, N (cycles) 

<Mn> <Mw> Amplitude, A, in J.lm 
157 179 214 261 352 

51,150 53,700 260 60 70 105 65 
111,000 110,000 609 1280 625 735 670 
198,200 207,700 3890 2650 3940 2780 2880 
600,250 598,800 1210 1360 1120 1580 1910 
790,000 1,460,000 2510 1980 890 1520 1680 

Table 17 - Test 3 mean values of friction energy. 

Energy to Failure, E (J/JJ.m) 

<Mn> <Mw> Amplitude, A, in J.lm 
157 179 214 261 352 

51,150 53,700 .026 .006 .008 .165 .131 
111,000 110,000 .061 .152 .087 .135 .157 
198,200 207,700 .436 .331 .633 .541 .762 
600,250 598,800 .121 .166 .164 .293 .462 
790,000 1,460,000 .242 .130 .280 .406 .267 

Table 18 - Test 3 mean values of average wear rate. 

Wear Rate, Wr (JJ.m/sec) 

<Mn> <Mw> Amplitude, A, in JJ.m 
157 179 214 261 352 

51,150 53,700 2.57 9.41 8.53 5.33 9.91 
111,000 110,000 1.99 1.83 3.28 1.52 1.24 
198,200 207,700 .138 .197 .146 .188 .231 
600,250 598,800 .498 .392 .531 .346 .321 
790,000 1,460,000 .234 .310 .601 .351 .319 
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Comparison of Cycles to Failure 
Test 3, toluene cast cootings 
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Test 3 Friction Energy to Failure 
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Fig. 27 - Test 3 friction energy to failure vs. <Mw>. 
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Test 3 Average Wear Rate 
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Fig. 28 - Test 3 wear rate VS. <Mw>. 
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Table 19 - Test 3 power law model fit parameters. 

Fit Parameters-
Power law model is an exponential relationship 
between cycles to failure, N, and coating strain, 
r = Alh, of the form: 

<Mn> <Mw> a b Rsq 

51,150 53,700 2.839 -0.95 .239 
111,000 110,000 3.065 -0.20 .048 
198,200 207,700 3.743 -0.25 .191 
600,250 598,800 2.644 0.55 .689 
790,000 1,460,000 3.595 -0.41 .123 
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4.2.5 Test 4 Results 

Tables 20, 21 & 22 are the mean values of cycles to 

failure, energy to failure, and wear rate. Figures 30, 31, 

32 & 33 are graphs of cycles to failure, cycles to failure 

with high-low range indicators, energy to failure, and wear 

rate, respectively. Each amplitude was tested four times 

to improve test statistics, and enough data was taken to 

provide a meaningful confidence interval; therefore, the 

limit bars on the cycles to failure curves are the 90% con

fidence limits of the mean. The confidence interval gives 

an indication of experimental error and uncertainty. Again, 

the wear rates of coatings below <Mw> = 53,700 are an order 

of magnitude below the wear rates of the higher molecular 

weight coatings; therefore, only the wear rates for coatings 

above <Mw> = 53,700 are plotted.-

Table 23 contains the values a and b which fit the power 

law model for cycles to failure. The R-squared correlation 

coefficient for the fit is also given. Figure 34 is a dis

play of the goodness of the fit of the data to the power law 

model. 

An interesting result is that the <Mw> 19,400 coating 

could be cast with MEK and tested. Even though severely 

cracked, the coating was well adhered to the steel disk. 
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Table 20 - Test 4 mean values of cycles to failure. 

Cycles to Failure, N (cycles) 

<Mn> <Mw> Amplitude, A, in J..l.m 
132 305 505 

18,900 19,400 370 420 505 
51,150 53,700 1290 23 275 

111,000 110,000 11225 2200 1250 
198,200 207,700 19325 1305 1310 
600,250 598,800 5820 1415 915 
790,000 1,460,000 8715 1655 1675 

Table 21 - Test 4 mean values of friction energy. 

Energy, E (J/J..l.m) 

<Mn> <Mw> Amplitude, A, in IJ,m 
132 305 505 

18,900 19,400 .017 .054 .095 
51,150 53,700 .078 .003 .064 

111,000 110,000 .777 .374 .364 
198,200 207,700 2.13 .360 .601 
600,250 598,800 .551 .327 .366 
790,000 1,460,000 .905 .379 .637 

Table 22 - Test 4 mean values of average wear rate. 

Wear rate, Wr (urn/sec) 

<Mn> <Mw> Amplitude, A, in IJ,m 
132 305 505 

18,900 19,400 3.05 2.67 2.06 
51,150 53,700 1.31 41.4 11.6 

111,000 110,000 .089 .327 .598 
198,200 207,700 .024 .440 .329 
600,250 598,800 .124 .431 .679 
790,000 1,460,000 .085 .395 .635 
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Comparison of Cycles to Failure 
Test 4, MEK cast coatings 
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Test 4 Friction Energy to Failure 
MEK cast 

2.2 ,-----------------------------------------------------------~ 

2 

1.8 

1.6 

1.4 

1.2 

0.8 

O.S 

0.4-

0.2 

0 

0 0.2 0.4 O.S 0.8 1.2 1.4 
(Millions) 

Weight overage molecular weight, <Mw> 

Fig. 32 - Test 4 friction energy to failure vs. <Mw>. 
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Test 4 Average Wear Rate 
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Table 23 - Test 4 power law model fit parameters. 

Fit Parameters-
Power law model is an exponential relationship 
between cycles to failure, N, and coating strain, 
r = A/h, of the form: 

<Mn> <Mw> a b Rsq 

18,900 19,400 2.444 .223 .939 
51,150 53,700 3.624 -1.52 .254 

111,000 110,000 5.014 -1.66 .982 
198,200 207,700 5.864 -2.13 .860 
600,250 598,800 4.746 -1.41 .976 
790,000 1,460,000 4.801 -1.30 .856 
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4.2.6 Optical Study 

After a test was performed, the wear scar was observed 

at high magnification. An observation common to all the 

wear scars for <Mw> > 53,700 was severe plastic deformation 

and flow. Figures 35 & 36 are photographs of typical wear 

scars. Figure 35 shows a close up view of the center of a 

<Mw> = 207,700 coating tested at 119 urn amplitude (test 2). 

The scar is rounded but shows material flow at each end of 

the ball travel and cracking normal to the ball travel 

direction. Figure 36 shows a <Mw> = 207,700 coating tested 

at 157 urn (test 3), and Fig. 37 shows the same coating 

tested at 352 ~m. The scar is more elongated with material 

flow at each end of the ball travel. The photographs show 

typical scar characteristics common to all the coatings, i. 

e., significant plastic flow at each end of the ball travel 

and small cracks eminating from the scar normal to the ball 

travel direction. No powdery wear debris was noticed on any 

coating above <Mw> = 53,700. 

After a test, usually a large piece of coating debris 

from the center of the contact area would be adhered lightly 

to the ball. Figure 38 is a typical example of wear debris 

adhered to the ball. The debris could be slid around the 

ball's surface easily but not easily removed. The attrac

tion seemed electrostatic. 
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~--------~I 200 ~m 

Fig. 35 - Photograph of test 2 wear scar . 

<Mw> = 207,700, Amplitude = 119 ~m. 
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~---------41 200 ~m 

Fig. 36 - Photograph of test 3 wear scar. 

<Mw> = 207,700, Amplitude = 157 ~m. 
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~------~I 200 ~m 

Fig. 37 - Photograph of test 3 wear scar. 

<Mw> = 207,700, Amplitude = 352 ~m. 
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~----------------------~I 200 ~m 

Fig. 38 - Photograph of debris on ball after test. 
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Observation of the center of the wear scar under pola

rized light showed regions of high birefringence indicating 

high stress anisotropy. The color changes were so frequent 

and mixed that a preferential stress direction could not be 

determined. Some cracking of the coatings normal to the 

sliding direction was evident but crazing was not seen. A 

number a fine cracks developed around the plastic flow 

regions after testing but these were attributed to curing 

induced stresses rather than wear damage. 

The polystyrene in the region under and very near the 

wear scar was usually separated from the steel surface. The 

size of this delaminated region had a mild correlation to 

failure time. Those tests experiencing premature coating 

failure compared to long life tests usually had a larger 

delaminated zone, but not always. Those coatings which had 

extremely long life always had very small delaminated zones. 

Such a case is the MEK-cast <Mw> = 207,700 coating which 

always had small delamination zones and long life times. 

Figures 39, 40, & 41 show the <Mw> = 207,700 coating of test 

4 at each amplitude. The scars have a very similar appear

ance to Figs. 35, 36 & 37. 

The <Mw> = 19,400 and 53,700 coatings had characteristic 

wear patterns of flake formation and removal. These low 

molecular weight coatings develop crack networks during the 
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1--------11 200 ).lm 

Fig. 39 - Photograph of test 4 wear scar. 

<Mw> = 207,700, Amplitude = 132 ).lm. 
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~----~, 200 ~m 

Fig. 40 - Photograph of test 4 wear scar. 

<Mw> = 207,700, Amplitude = 305 ~m. 
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I---~I 200 j..lm 

Fig. 41 - Photograph of test 4 wear scar. 

<Mw> = 207,700, Amplitude = 505 j..lm. 
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curing process. Figure 42 is a photograph of a <Mw> = 
19,400 coating that was tested at 508 ~m. It has developed 

a typical crack network. At test, the coating ruptures 

along the crack lines, and flakes of coating material are 

delaminated, removed, and pulverized by the sliding action 

of the ball. The photograph shows the preferential removal 

of flakes of material. Plastic flow is not noted. After 

testing, white wear debris was lightly adhered to the ball 

with an apparent electrostatic attraction. The debris from 

<Mw> = 19,400 coatings was very fine and powdery, while the 

debris from <Mw> = 53,700 coatings was larger and flake

like. 
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~-----II 200 J..lm 

Fig. 42 - Photograph of <Mw> = 19,400 wear scar. 

Test 4, Amplitude = 508 J..lm. 
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5.0 Discussion of Results 

Given the literature on properties of polystyrene as a 

function of molecular weight, one can reasonably conclude 

that narrow molecular weight distribution pure polystyrene 

of <Mw> greater than 150,000 will show no appreciable change 

in mechanical properties with increasing molecular weight. 

Thus, it was presumed at the outset of this experiment that 

wear properties would show little dependence on molecular 

weight with increasing molecular weight above <Mw> = 
150,000. This presumption has been shown partly incorrect 

because solvent, cure, ageing, strain rate, and coating 

adhesion play more significant roles in the tribological 

system than once thought. The role of polystyrene chemistry 

and experimental factors on the results of this research 

will be discussed further in the following sections. The 

discussion will begin with comments on sample preparation 

and disk curing. Then the results will be compared to 

Raciti's results and discussed in light of polymer chemistry 

principles. 
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5.1 Disk Preparation 

The quality of polystyrene's adhesion to steel disks is 

largely dependent on the surface preparation of the disks. 

Because polystyrene's adhesion to the steel disks appears to 

be a factor largely responsible for coating life, it needs 

further examination. Surface roughness and disk cleanliness 

both strongly influence the adhesive bond. Raciti's [8, 9J 

preparation methods were being used in this experiment to 

provide an equal basis for comparing test results. The 

preparation methods, however, are worthy of further discus

sion because of their importance to the experimental 

results. 

Raciti [8, 9] states that the disk surfaces were roug

hened to provide better adhesion and mechanical interlock

ing. However, there are different schools of thought on the 

mechanisms by which surface roughening affects adhesion 

[52]. A rough surface will provide more area for adhesive 

forces and some mechanical interlocking between a dried cast 

polymeric coating and surface asperities. Conversely, a 

rough surface may make wetting more difficult which causes a 

poorer coating and weaker bond. Adsorbed gases and debris 

are more easily trapped in rough surfaces when coated by 

liquids. The benefits of roughening the surface may be off

set by equally plausible negative effects. 

Discussion 145 



Solvent washing alone did not seem to be appropriate for 

developing the cleanliness and surface energetics for good 

adhesion. Many commercial surface preparation techniques 

[52] include a soap and water and/or acid and water wash. 

Day [7] also used a detergent wash prior to solvent cleaning 

in his fretting wear experiments. One quick experiment was 

performed using Day's [7] method of disk preparation to see 

if it made a difference on disk wettability. Day's procedure 

for roughening the surface was the same, but Day added a 

five minute wash in one weight percent aqueous sodium phos

phate and a five minute water wash prior to the methanol 

rinse and vapor rinses common to both preparation methods. 

The water bead test. Fig. 43, was performed on a disk 

prepared Day's way and one prepared Raciti's way. The disk 

prepared by Day's method was wetted by the water but the 

disk prepared by Raciti's method was not. This shows the 

surface energy of disks prepared by Raciti's method is lower 

than that of water and indicates that organic contamination 

was probably not removed from the surface or added to the 

surface during solvent rinses. A more sensible order of the 

vapor rinses for organic contamination removal is hexane 

then methanol. Because wettabillty is an undisputedly 

important factor in coating adhesion, and a case can be made 

for detergent washing disks prior to coating or new orders 

of solvent washes. 
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Wetting Nonwetting 

Fig. 43 - Water bead test. 

A water drop is placed on the surface of an inclined 

disk. If the water runs off the edge or stays beaded 

up, the surface has poor wettability. If the bead 

spreads and stays on the surface, the surface has good 

wettability. 
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The subject of disk preparation prior to coating needs 

more specific study. Certainly wettability can be improved 

with relatively simple measures if it has a significant 

effect on the adhesion of the coating. If smooth surfaces 

give equal adhesive strength to rough surfaces, then smooth 

surfaces are preferred to eliminate stress concentrators in 

the coating caused by the larger, roughened surface asperi

ties. It is thought that much of the variance in the wear 

life data is due to nonuniform adhesion as evidenced by the 

size of delaminated regions for short life coatings compared 

to long life coatings. 

5.2 Coating Application 

Coating application entails both the solvent used and 

the curing process. The two are almost inseparable. The 

casting solvent will affect the ability to cast stress free 

coatings over a wide range of molecular weights, and the 

curing process will affect the coating's residual stresses 

differently for each solvent. 

The first major problem in the experimental work was 

preparing stress-free coatings. Coatings of all molecular 

weights formed fine crack networks during and after curing. 

Toluene-cast coatings had a higher propensity toward post

cure cracking than MEK-cast coatings even though both types 
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of coatings cracked after a period of time. But the initia

tion of cracks was delayed by lowering cure temperature and 

using MEK as a solvent. Curing the coatings at room temper

ature did not eliminate cracking; therefore, thermal 

stresses were not the sole cause of the cracks. Some 

insight on the cracking problem and the influence of solvent 

and cure temperature can be gained from the literature and 

on the physical chemistry of polymer-solvent interactions. 

Haas and Livingston [75] commented on molecular entan

glements stating that coating strength may be influenced by 

the degree of entanglements of polymer chains. A coating 

which does not have high intermolecular entanglement could 

be subject to cracking because the intermolecular forces may 

not be sufficient to overcome residual stresses of drying 

and curing. 

One measure of polymer-solvent interaction is the dif

ference in solubility parameter between solvent and polymer. 

When squared the solubility parameter is a measure of II cohe

sive energy density". In a solution, the difference in 

solubility parameters of the solutes is proportional to the 

enthalpy of the mixture. As the enthalpy of the mixture 

approaches zero, the mixture approaches an ideal solution 

[79]. A polystyrene-toluene solution has a difference of 

about 0.3 and a polystyrene-MEK solution has a difference of 
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about 0.5. Toluene is a thermodynamically better solvent 

than MEK and, as shown by Herz et al. [74], is held tena

ciously in polystyrene coatings even after prolonged drying 

conditions. Toluene would be expected to minimize molecular 

entanglements and the intermolecular forces required to 

resist residual and thermal stresses. 

Prest and Luca [75], in their work on molecular orienta

tion mechanisms in thin polystyrene films, present the foun

dation for an equally plausible and partly complementary 

cracking theory. Prest and Luca showed that polymer films 

formed from solution on a rigid substrate will experience 

competing processes of solvent extraction and polymer relax

ation in their formation. Glassy amorphous polymers, such 

as polystyrene, below their Tg will have restricted molecu

lar mobility to respond to free volume created by loss of 

solvent. The process is temperature driven because increas

ing temperatures increase chain mobility and accelerate sol

vent removal. Intramolecular forces are tending to prefer

entially align the polymer chains but alignment is inhibited 

by intermolecular forces and entanglements. Strain induced 

tensile stresses in thin, 1-5 ~ polystyrene films were 

determined to be on the order of 1 MPa. 

The work of Prest and Luca [75] can be expanded for the 

specific curing processes in this research. The chemical 
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structures of toluene and MEK shown in Fig. 44 indicate that 

toluene will occupy more volume in solution than MEK. 

Toluene is also more thermodynamically compatible with poly

styrene and will extend the coiled polymer more and com

pletely engulf the chain. Because toluene is tightly held 

in polystyrene-toluene solutions and occupies sizeable vol

ume, polystyrene molecules in drying coatings will have to 

undergo significantly more strain to come to intermolecular 

and intramolecular equilibrium in toluene-cast coatings than 

in MEK-cast coatings. Therefore, toluene-cast coatings 

experience the most cracking and the fastest onset of crack

ing. 

Drying the coatings at high temperature accelerates the 

solvent removal faster than molecular relaxation can respond 

to the excess volume. The result is more frozen-in free 

volume and high coating strain. The strain leads to 

stresses high enough to cause tensile fracture in the coat

ing. Thermal expansion will only increase stresses in an 

already brittle coating under stress. Vacuum cured coatings 

experience the same stress phenomena but at a slower rate. 

This is what allows testing of uncracked coatings which 

subsequently crack after testing. 
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Fig. 44 - Chemical structure of toluene and MEK. 
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A consequence of the solvent casting technique is that a 

new variable, molecular relaxation, is introduced in the 

wear testing. Time from cure to test, or coating age, will 

alter the stress state of the coating and, consequently, 

will alter the life of the coating. Also the coating life 

will directly depend on casting solvent and cure tempera

ture, and cure duration. 

5.3 Low Molecular Weight Coatings 

Coatings of <Mw> = 19,400 and 53,100 were extremely 

brittle and cracked independently of casting solvent and 

cure temperature. This result was not too surprising. None 

of the researchers [61, 68] studying mechanical property 

dependence on molecular weight distribution have been suc

cessful in preparing low molecular weight specimens to test. 

The mechanical properties, especially tensile strength, at 

such low molecular weights approach zero. Just about any 

coating tensile stresses are sufficient to cause brittle 

cracking, especially those anticipated from solvent removal. 

5.4 Review of Results - Mechanical Effects 

The test 2 results were intitially intended to be used 

just to provide some insight on the performance of a spec

trum of molecular weight polymers. The testing was accom-
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plished without any problems, so the data proved as useful 

as the test 3 and test 4 data. 

The cycles to failure graph, Fig. 20, shows that life is 

dependent on amplitude as well as molecular weight. Gener

ally, the number of cycles to failure rises rapidly at <Mw> 

of 207,700 except for the high amplitude tests. The rise at 

<Mw> = 207,700 would be expected because the mechanical 

properties at this point are fully developed. The life of 

low amplitude tests drops back down for the <Mw> = 598,800 

coating and then rises back to the level of the <Mw> = 
207,700 coating for the <Mw> = 1,460,000 coating. The high 

amplitude test lives remain at a nearly constant level. 

Either a data anomaly at the <Mw> = 598,800 or 1,460,000 has 

taken place. Intuitively, the <Mw> = 598,800 coating is off 

because the coating life would not be expected to vary with 

molecular weights above the fully developed mechanical prop

erty regime of <Mw> > 207,700. However, the power law model 

fit shows poor agreement with the data at the <Mw> = 
1,460,000 coating suggesting that it may be a bad test point 

instead. 

The large difference in cycles to failure between low 

and high amplitudes at <Mw> = 207,700 and 1,460,000 is unex

plainable. Range plots show a considerable level of vari

ance which may be indicative of coating thickness nonunifor-
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mity or nonuniform adhesion. Within experimental error of 

the data, decreasing amplitudes showed increasing coating 

life, a result which was expected. A repeat test under sim

ilar conditions was performed in test 3 except that the 

coatings were processed with a different method of cure. 

In test 3, the cycles to failure, Fig. 25, peaked 

slightly at <Mw> = 207,700 and declined slightly at molecu

lar weights above that. Within experimental error, the 

trend in the data of rising to a fully developed condition 

and remaining at that level can be seen. In general, the 

effects of amplitude were not as well behaved. Small ampli

tudes in some cases showed decreasing life while large 

amplitudes sometimes showed increasing life. Again, a 

slight peak is shown at <Mw> = 207,700. The power law model 

showed very poor agreement with the data, and the <Mw> = 
598,800 coating even showed an increase in life with 

increasing amplitude. The data of this experiment was 

clearly being affected in an adverse way. Solvent was 

likely still entrapped in the coating and affecting its wear 

properties, but even so, the cycles to failure were not 

appreciably different from those of test 2. 

The MEK coatings showed the same basic wear phenomena as 

the toluene cast coatings in tests 2 and 3. The cycles to 

failure, Fig. 30, peaked at <Mw> = 207,700 for low amplitude 
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and declined slightly at higher molecular weights. High 

amplitudes remained at a constant but low level at all 

molecular weights. Also noted was the drop in peak height 

with amplitude at <Mw> = 207,700. The low amplitude test 

showed life two to five times greater than at high ampli

tude. The high amplitude test lives were slightly lower 

than the toluene cast coating tests at equal amplitudes. 

The power law model fits to the data are good at each molec

ular weight except at <Mw> = 53,700. 

Within experimental error, it could be argued that the 

wear phenomena followed the hypothesized pattern of rising 

to a fully developed condition and remaining at that level. 

However, that argument cannot be statistically supported, 

nor does it seem to be all inclusive for a wide variety of 

test conditions. An interesting trend is that the cycles to 

failure and energy to failure peak at <Mw> = 207,700. In 

the work of McCormick, Brower, and Kin [68], Figs. 3 & 4 and 

Table 3, a slight peak, about 10 %, in tensile strength and 

elongation was shown at <Mw> = 210,000 for anionically pre

pared polystyrenes. They attributed the peak to experimen

tal error. 

It is possible that the peak is real and common to plas

tic deformation processes of polystyrenes. Miller [56], in 

a discussion on determining the appropriate molecular weight 
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average to use in Florey's equation, showed the results of 

an interesting study on the drawing properties of polyacry

lonitrile versus molecular weight. Polyacrylonitrile is a 

glassy amorphous polymer with a T, near 100°C which makes 

its morphological and thermodynamic behavior very similar to 

polystyrene. The drawing properties of polyacrylonitrile 

are dependent on molecular weight distribution and correlate 

better with <Mw> than <Mn>. The interesting part of the 

study was the form of the relationship between drawability 

and molecular weight as shown in Fig. 45. The molecular 

weight rises to a maximum at <Mw> = 10,000 and drops down at 

molecular weights above that. 

The original reference on the polyacrylonitrile work was 

unattainable, so the specific details of the experimental 

conditions are not known. However, it is known that drawing 

is a process of plastically deforming a polymer, and that 

the intermolecular and intramolecular forces that determine 

the T, also control the plastic flow behavior of polymers. 

Because the morphology and T, characteristics of polystyrene 

and polyacrylonitrile are so similar, one might conclude 

that the mechanical-chemical interactions that lead to a 

peak in drawability would lead to a peak in any plastic flow 

dominated test whether the tensile testing experiments of 

McCormick et al. [68] or the fretting conditions of this 

research. 
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In the MEK coatings of test 4 and in the toluene coat

ings of test 2, increasing amplitude decreased the peak at 

<Mw> = 207,700 to a level consistent with the lives of 

higher molecular weights. One may interpret that reduction 

in peak with increasing amplitude as the indication of a 

transition in wear mechanism regimes and/or in fretting to 

unidirectional sliding regimes. In large amplitude sliding, 

cyclic tensile stresses created by the trailing edge of the 

ball would cause the coating to fail by fatigue. This mode 

of failure is dependent on tensile strength which varies 

with molecular weight as discussed. Thus, the coating life 

comes to a fully developed condition above a critical <Mw> 

and remains at that condition. For low amplitude sliding 

the coating failure is governed more by plastic deformation 

and flow from the contact region. In this case, the coating 

life would follow a trend similar to polyacrylonitrile, Fig. 

45, where maximum material draw without breakage would lead 

to maximum coating life. 

The reasons for the plastic flow behavior of Fig. 45 are 

probably due to competitive properties of long and short 

chain molecules. Flow and relaxation properties are maxim

ized by short chains but the drawability will be limited by 

the low tensile strength of the polymer. Tensile strength 

is maximized by long chains and extensive molecular entan

glements but the reduced molecular mobility will limit the 
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drawability of the polymer. At some point between flow dom

inated and strength dominated molecular weights is an opti

mum value. 

5.5 Points From Raciti's Work 

An analysis of Raciti's [8, 9] data shows that cycles to 

failure and energy to failure are proportional to the square 

of the thickness for thicknesses in the range of 0 to 40 ~m. 

Friction, however, is linearly related to thickness. Fig

ures 46, 47, and 48 show how the data fits the models. The 

Pearson correlation coefficient, Rsq, is on the order of .98 

for all models. The models show the sensitivity of coating 

life on thickness. Even small differences in thickness will 

have a strong impact on coating life. 

The benefit of knowing the relationship of life to 

thickness is that one might be able to compensate the life 

tests for small thickness variations to make data compari

sons equal. This compensation technique would only work if 

the constant, a, in the relationship 

N = a· hOi [ Eq. 4 ] 

were constant for all amplitudes and molecular weights. 

This is not the case as shown in Figs. 49, 50, and 51. The 

value of the constant, a, mirrors the life vs. <Mw> plots 

for tests 2 and 3, Figs. 20 and 25. 
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Fig. 46 - Cycles to failure dependence on thickness. 

Data from Raciti [8, 9]. 
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Dependence of Energy on Thickness 
Doto Modeled by E = .0521 h-2 
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Fig. 47 - Friction energy dependence on thickness. 

Data from Raciti [8, 9]. 
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Dependence of Friction on Thickness 
Data Modeled by u=.005244h+.7597 
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Fig. 48 - Friction dependence on thickness. 

Data from Raciti [6]. 
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The test 4 plot, Fig. 51, is rather different. The 

coefficient, a J vs. <Mw> curves are of a more equal magni

tude than the life curves and show the form of rising to a 

peak and leveling off. The major difference is that the 

peak is shifted to <Mw> = 598,800 from <Mw> = 207,700. 

Raciti's data also showed a transition in life at coat

ing thicknesses above 40 ~m. A fit of the power law model 

to each of the domains of coating life, one above and one 

below 40 ~m, gives different exponents to the strain ratio, 

r, and the power of 10 multiplier. Table 24 gives the power 

law model parameters for both regimes of fit. 

Raciti's lowest strains correspond to a unique, long 

coating life regime with large exponents in the power law 

model. The coatings of test 4, about half as thick, had the 

same strain ratios as Raciti but much smaller exponents and 

lives. Test 4 data showed no transition point with respect 

to strain either. The difference in the power law model 

behavior shows that thickness, not just strain, is uniquely 

involved in the life of the coating. Empirical power law 

relationships may be a useful means of describing the data, 

however, they are probably only valid when describing the 

performance of coatings of similar thickness and amplitude. 
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Table 24 - Raciti data fit to power law model. 

Fit Parameters on Raciti [6] data -
Power law model is an exponential relationship 
between cycles to failure, N, and coating strain, 
r = A/h, of the form: 

N = lOa *rb 

Coating Strain, r a b Rsq 
Thickness (A/h) 

8 - 38 ~m 38.6 - 8.03 5.63 -1.76 .997 
38 - 52 ~m 8.03 - 5.86 11.47 -8.26 .958 

5.6 Comparison to Raciti's Results 

A comparison of test 2, 3, & 4 results to Raciti's 

results is given in Table 25. Coating life is anywhere from 

1.5 to 3.2 times greater for Raciti's coatings than for the 

coatings in this research. This is somewhat surprising 

because test conditions are not significantly different. 

The variables that have changed are the cure process and the 

polymer used. Raciti's high temperature cure may have 

annealed the coatings such that little residual stress was 

left. No comments were made in Raciti's work regarding 

cracking after curing or the time for crack onset if it did 

happen. It would be helpful to know any processes that 

Raciti used to prevent cracking. 
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Table 25 - Comparison of closest test 2, 3, & 4 data to 

Raciti 1 s data. 

Parameter Raciti Test 2 Test 3 Test 4 

Casting Solvent MEK toluene toluene MEK 
<Mw> 320,000 207,700 207,700 207,700 
<Mw>/<Mn> 1.39 1.05 1.05 1.05 

Thickness, IJ.m 23 21 26 21 
Amplitude, IJ.m 305 267 352 305 
Normal load, N 22.3 22.3 22.3 22.3 
Frequency, Hz. 20 20 20 20 

Cycles to failure 4281 1310 2880 1305 
Energy, J/lJ.m .984 .322 .762 .360 
Wear rate, J..lm/s .114 .321 .231 .440 

Strain, r (a/h) 13.3 13.3 13.3 13.3 
exponent a of fit 5.63 4.45 3.50 5.86 
exponent b of fit -1.76 -1.49 -0.49 -2.12 
Rsq of fit .997 .846 .160 .860 

The polymer used and its source may have great signifi-

cance on the results. Raciti's polymer was synthesized 

anionically in the Chemistry department at V.P.I. & S.U. 

Its <Mw> was 320,000. This <Mw> is between two test points 

of this thesis, <Mw> = 207,700 and 598,800. It is quite 

possible that Raciti's polystyrene is a more optimum poly-

styrene than those tested in this thesis. 
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5.7 Comparison to Day's Results 

Day [7] performed the initial studies on polystyrene and 

a comparison to his results would be valuable; however, a 

direct comparison of life or friction is difficult because 

Day's coatings were 86 ~ thick and the chemical character

istics of his poly~tyrenes are undocumented. The photo

graphic evidence shows no major differences in wear charac

teristics except for the formation of fine particles of wear 

debris. Small debris particles were noted in Raciti's tests 

but only for coating thicknesses above 40 ~m. 

5.8 Wear Mechanisms 

Optical examination of the wear scars indicated that 

severe plastic deformation occurred at the coating inter

face. Also the coatings showed regions of delamination 

around the scar and under the plastically deformed regions. 

The mechanism of failure appears to be a combination of 

coating debonding and plastic deformation. The deformation 

is likely accelerated by debonding because the coating will 

then be slipping between two interfaces instead of slipping 

against one. Also the stress distribution in the coating 

will be much higher because a strain discontinuity will 

occur at the polymer-disk interface. The steel disk will 

not provide the load support that it does when the polymer 
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is fully adhered. Unfortunately, theoretical mechanics is 

not able to help one comprehend the full implications of 

coating debonding and plastic deformation because all the 

models of contact stress fields in thin coatings were devel

oped assuming complete adhesion to the substrate and elastic 

behavior. 

Veyret-Abran [53] has studied the fretting of elastom

eric coatings on steel under test geometries and conditions 

similar to those of this experiment. He postulated the phe

nomena of coating degradation to be a two part process of 

coating debonding through high subsurface shear stress and 

then ductile crack propagation in the debonded coating. He 

then developed the power law model for an elastomeric coat

ing undergoing such a delamination and fatigue process. 

Veyret-Abran found that the experimental data fit well to a 

power relationship between cycles to failure and Alh, the 

measure of elasto-plastic strain, r. He compared the power 

law to a theoretical power law developed by Hertzberg [80] 

and Hertzberg & Manson [81] to describe fracture and fatigue 

processes in engineering materials. The magnitudes of the 

power exponents were of the same order as values published 

for other polymeric materials. The agreement between the 

empirical power law and the theoretical fracture mechanics 

treatment suggested that his coating failures were due to 

fatigue processes. 
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The correlation coefficient of Raciti ' s [8, 9J data and 

the test 2 and 4 data to the fatigue model plus the visual 

evidence of debonding are strong arguments for debonding and 

fatigue wear mechanisms common to Veyret-Abran's elastomeric 

coatings. However, the fatigue life of a polymer is reduced 

with decreasing molecular weight [60], and the presence of 

an "optimum" molecular weight at <Mw> = 207,700 is not con

sistent with the fatigue properties of polymers. The Hopti

mum" molecular weight and visual evidence of plastic defor

mation are arguments for wear by plastic deformation pro

cesses. It is likely that both factors playa role, and the 

relative influence of each is probably determined by ampli

tude. 

The role of chemistry effects on the wear mechanism can

not be ignored. Mechanodegradation and adhesion are chemi

cal processes which are known to play a role in the life of 

the coating even if their effects are considered secondary, 

As mentioned in the literature review, polystyrene does 

degrade under the action of high stresses, temperatures and 

strong UV light. The effect of degradation is generally to 

reduce the molecular weight of the coating which would, 

consequently, make the coating weaker under tensile stresses 

and fatigue loading. The data of this experiment and the 

characteristics of drawn polyacrylonitrile indicate that an 

"optimum" molecular weight occurs near the lower mid-range 
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of molecular weight polymers tested. Depending on the 

polymer's initial molecular weight, the degradation may take 

the coating closer to the "optimum" or further away. If the 

wear mechanism is dominated by plastic flow, mechanodegrada

tion would tend to broaden the "optimum peak". If the wear 

mechanism is dominated by fatigue processes, any degradation 

of polymer would accelerate coating destruction. 

Adhesion of the coating to the disk is undoubtedly 

involved in the wear mechanism. The small debonded regions 

on wear scars with the longest lives indicate that good 

adhesion is required for long coating life. A theoretical 

mechanics treatment of coatings also shows the need for them 

to be fully adhered to their substrates for minimum stress 

and maximum load sharing. The question that needs to be 

asked is how does the molecular weight of polystyrene affect 

its adhesion to steel disks? Molecular weight may have an 

interaction with surface roughness that is either favorable 

to adhesion and builds strength or decreases adhesive 

strength. Different molecular weights polymers may also 

have different steel wetting properties. Further, is the 

"optimum" molecular weight peak is due to increased adhesion 

rather than plastic flow? The answers to these questions 

are unknown and require further investigation. 
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5.9 Secondary Factors on Coating Life 

Secondary factors are labeled such because they are pre

sumed to be less significant to the overall wear process 

than other factors already discussed. They may not be 

insignificant, but the inability to measure some of these 

parameters leaves their influence in a state of speculation. 

Secondary factors include surface temperature rise, thermal 

softening, degree of polymer chain orientation, and electro

chemical effects. 

Surface temperature rises have not been measured in this 

experiment and their magnitude in similar fretting systems 

is generally unknown. Without good surface temperature 

information, thermal softening is equally speculative. No 

specific evidence has been presented in the experimental 

outcomes to either indicate or disprove thermal softening. 

Polymer chain orientation will tend to make the coating 

stronger in one direction than in another. The orientation 

of the disk to the sliding direction of the ball was random

ized enough that preferential directions would be averaged 

out. No particular disk orientation showed longer coating 

life than any others. Chain orientation is most influential 

in thin coatings and decreases with increasing thickness 

[76]. 
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Electrostatic effects appear to be present in the poly

styrene fretting systems of these experiments. Wear debris 

appeared to be attracted to the ball by electrostatic 

forces. This attraction would have a life extending effect 

on the coating by providing a "dry lubricant" between the 

ball and disk surfaces to prevent metal to metal contact. An 

interesting result of test 4 was that the <Mw> = 19,400 

coating had longer life than the <Mw> = 53,700 coating. The 

debris of the <Mw> = 19,400 coating was more powdery in 

nature and more attracted to the ball. Electrostatic 

attraction may have kept the debris in the interface longer. 

A possible outcome of this observation would be a new fret

ting mitigation technique which uses powdery and burnished 

polystyrene coatings electrostatically attracted to the con

tact area as a preventative for metal to metal contact. 
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6.0 Conclusions 

The mechanical properties of polystyrene -- tensile 

strength, elastic modulus, elongation, fatigue strength, 

etc. -- depend on molecular weight. The dependence is char

acterized by values near zero at low molecular weights, <Mw> 

about 50,000, which increase to a fully developed condition 

near <Mw> = 150,000, for example, Fig. 2. The original 

hypothesis of the thesis is that coating failure is basi

cally a result of tensile or fatigue failure; therefore, 

coating life, which depends on tensile and fatigue strength, 

would depend on molecular weight in the same fashion as ten

sile strength or any of the other mechanical properties 

depend on molecular weight, i.e. rise from a near zero value 

to a fully developed condition. 

The original hypothesis over-simplifies the complex 

mechanical and chemical interactions in a tribologic system 

over a wide range of test conditions. The difficulties 

encountered in coating and curing test specimens illustrate 
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just one aspect of the indefinite nature of polymers. While 

some coating lives tended to follow the pattern of rising 

from a low value at low molecular weights to a fully devel

oped value at higher molecular weights, the pattern was not 

definative, statistically provable, or all inclusive. The 

most interesting finding in the coating life versus molecu

lar weight data was an "optimum" molecular weight at <Mw> = 
207,700. This "optimum" coating chemistry is a result of 

complex interactions of many factors including molecular 

weight, amplitude, casting solvent, coating adhesion, and 

coating cure. The major conclusions of the testing are sum

marized as follows. 

1. With the limited amount of test data, the original 

hypothesis of the thesis could not be statistically substan

tiated. Except for test 4, the results reported represent 

trends rather than statistically significant differences. 

In some cases the coating life, measured in cycles to fail

ure, rose from values near zero for <Mw> ~ 53,700 to fully 

developed values at <Mw> ~ 207,700; however, this dependence 

did not apply to all test cases. The magnitude of the fully 

developed values depended on casting solvent, cure method, 

and amplitude of motion, but ranged from 1000 to lO,OOO 

cycles. 

2. An "optimum" molecular weight was found at <Mw> = 
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207,700 in almost all test cases and amplitudes. "Optimum" 

means highest coating life. The "optimum" is only a trend 

and connot be shown as statistically significant. The find

ing of an "optimum" result has been compared to maximum draw 

ratio of polyacrylonitrile, Fig. 45, and Table 3, the ten

sile strength of compression molded polystyrene specimens 

from [68]. The conclusion drawn from the comparison is that 

it is possible for polystyrene to have an optimum response 

to certain deformation processes. It is speculated that 

differences in adhesion of the polystyrene to the steel sub

strate could also account for the peak in coating life at 

<Mw> = 207,700. 

3. Coating life is dependent on amplitude. Test 2 and 

4 results show that increasing amplitude decreases coating 

life. Test 4 shows that the decrease in coating life by 

increasing amplitude from 127 J,.lm to 305 JJ.m is statistically 

significant at the .10 level of significance. The differ

ence from 305 JJ.m to 508 JJ.m is not significant. Test 3 

results show both a decrease and an increase in coating life 

with increasing amplitude. The latter result is suspected 

to be in error. 

4. The magnitude of the peak in coating life at <Mw> = 
207,700 is dependent on amplitude. At higher amplitudes, 

the magnitude of coating life at <Mw> = 207,700 diminishes 
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and becomes on the same order as molecular weights greater 

than <Mw> = 207,700. At higher amplitudes, the coating life 

dependence on molecular weight more closely follows the pat

tern expected in the original hypothesis of the thesis. 

5. High molecular weight coating wear scars are opti

cally characterized by substantial plastic deformation and 

flow of polymer from the ball contact region to the ends of 

the wear scar. The material at each end of the ball travel 

was wavy and folded like an accordion. The coating is 

debonded from the steel disk in these regions. 

6. The low molecular weight coatings, <Mw> = 19,400 and 

53,700, were too brittle to effectively cast and test. 

Their results were usually anomalous. 

7. Low molecular weight coatings had a visually differ

ent wear mechanism than high molecular weight coatings. Low 

molecular weight coatings develop micro-crack networks after 

their casting solvent dries. The cracked fragments rapidly 

debond from the steel disk and are crushed to a fine powder 

under application of load. 

8. The casting solvent and curing process appear to 

influence coating life. Toluene cast coatings had slightly 

lower mean wear lives than MEK cast coatings, but not enough 
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data was taken to show meaningful statistical differences. 

9. Toluene cast coatings had a higher propensity for 

cracking after curing than MEK cast coatings. The basis is 

probably due to the thermodynamic compatibility differences 

of the solvents with polystyrene. 

10. The time between cure and test, or polymer age, is 

a significant variable. Crack networks will form in all the 

polymer coatings at some age, and their severity will depend 

on solvent and curing process. The phenomena is attributed 

to molecular relaxation stresses being relieved through 

cracks. 

11. RacitiJs results for similar coatings under similar 

test conditions showed coating lives 1.5 - 3.2 times longer 

than the wear lives of specimens in this experiment. The 

difference is not understood but is probably due to differ

ences in coating curing or the polymer used. 

12. An empirical model fit to Raciti's thickness data 

shows that coating life and energy to failure is propor

tional to the square of thickness for coatings in the thick

ness range of a - 38~. The proportionality constant, a, 

in N=a-h2 was computed for the data in tests 2, 3, and 4. 

The constant was shown to be dependent on molecular weight 
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and amplitude and could not be used to compensate for coat

ing thickness variations. 

13. The power law model between cycles to failure and 

strain ratio, r =A/h, as given in Veyret-Abran [53] was 

applied to the data of the this experiment and to Raciti's 

[6] data with good correlation between data and model. Test 

3 data was an exception. The exponents of the empirical fit 

are in the same magnitude range for tests 2 and 4 and for 

Raciti's coatings less than 38 ~m thick. 

14. By optical observation, in no case was the ball's 

surface damaged from fretting the polystyrene coating. 
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7.0 Recommendations 

The recommendations are two dimensional. One dimension 

emphasizes the area of continued research needs and the 

other emphasizes experimental apparatus improvements. Some 

of the results of the experiment are clouded in uncertainty 

and experimental error. Any apparatus changes that improve 

repeatability would reduce the experimental uncertainty. 

7.1 Research Needs 

1. Limited polymer supply and uncharted preparation 

difficulties did not allow extensive test duplication. With 

the knowledge of polystyrene chemistry and behavior of dif

fering molecular weight polystyrene coatings gained by this 

thesis, a statistically robust experiment should be planned 

and executed to confirm the results of this thesis. Future 

experiments should include analysis of variance (ANOVA) 

studies of load, amplitude of motion, and frequency effects. 
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2. Although an "optimum" molecular weight was deter

mined at <Mw> = 207,700, it is because it is the only 

polymer tested in that range. Further testing of narrow 

molecular weight polymers in the range between <Mw> = 
150,000 and 500,000 but more closely spaced should be per

formed to determine if and where a true optimum exists. 

3. Coating to substrate adhesion is suspected as a s 

nificant contributor to coating life. A thorough analysis 

of substrate cleaning procedures, casting solvents, curing 

processes, and molecular weight/surface interactions on 

coating adhesion is needed. A means of testing adhesion 

strength of cast coatings should be developed. The test 

should be widely applicable and available to all researchers 

performing these fretting experiments to ensure specimen 

integrity and repeatability. 

4. A study on mechanodegradation should be performed. 

Large quantities of wear debris and plastically deformed 

polymer at each molecular weight should be generated and 

tested by GPC to determine if the molecular weight distribu

tion has broadened or degraded. 

5. The real mechanical properties of the coatings 

tested are unknown. Their values are assumed to be consis

tent with the literature. Effects of casting solvent, 
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curing processes, and orientation will affect the properties 

of these coatings. Determining methods to test the proper

ties of the coatings is important to know if the differences 

in coating life are attributable to real property differ

ences or experimental error. 

6. A study on the effects of electrostatic attraction 

should be performed to see if the attraction will maintain a 

powdery polymer in the sliding interface as a dry lubricant. 

7. A study on the interfacial surface temperature rise 

should be performed to see if a sufficient temperature rise 

occurs for thermal softening or thermal degradation. 

1.2 Equipment Needs 

8. Coating application techniques is one area in dire 

need of equipment and expertise. Wear life is highly depen

dent on coating thickness, and experimental repeatability is 

dependent on coating uniformity. Some processes or equip

ment that could conservatively apply polymeric coatings in a 

uniform manner would be well worth the investment. 

9. An optimum curing process is needed. This will 

require some methodology research as well as equipment to 

actively control temperature and pressure, measure residual 
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solvent, and measure residual stresses. 

10. A method to measure coating residual stresses 

should be developed. Optical microscopy birefringence tech

niques are commonly used on minerals but the apparatus in 

the V.P.I & S.U. Tribology Laboratory is not sophisticated 

enough to measure small levels of birefringence in thin 

coatings, and no means is available to calibrate birefrin

gence with actual stress levels. The apparatus of Prest and 

Luca [76] would be a good start toward developing this capa

bility. 

11. Coating thickness is currently measured by a large 

probe at a few places on the coating. The coating thickness 

is assumed to be constant over the disk but this is not 

always true. Measuring the coating thickness at the point 

of load application would be more meaningful. This would 

require great modification to the MARK III machine. 

12. Positioning and viewing a specimen prior to test is 

restricted. The MARK III should be modified so the ball's 

point of contact on the sample could be fine positioned and 

viewed. An X-Y mounting table for the disk, and an over

hanging binocular looking through a glass ball is a sugges

tion. 
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13. A displacement gauge and an LVDT are supplied with 

the MARK III for measuring amplitude. They are attached to 

the slider linkage not the ball yoke and may not read ampli

tude as accurately as they should. A high accuracy proxim

ity sensor should be mounted in the system to measure the 

amplitude of the ball yoke directly. 

14. The MARK III electrical sensors for force, 

frequency, and contact resistance should all be linked to a 

computerized data acquisition system. This would aid data 

reduction and human errors arising from trying to monitor so 

many tasks at once. 
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Appendix A. List of Equipment 

1. Vibration Testing Machine 

Manufacturer: All American Tool & Mfg. Co. 

Model No.: 10-VA-T 

2. Cycle Counter 

Manufacturer: Hewlett-Packard 

Model No. : 5326B 

Serial No.: 1612A03614 

3. Bridge Amplifier, A 

Manufacturer: Vishay Instruments 

Model No.: Vishay-Ellis -11 

Serial No.: 032461 

4. Strip Chart Recorder 

Manufacturer: Gould Inc. 

Model No.: 15-6327-57 

Serial No.: 

5. Oscilloscope 

15840 

Manufacturer: Tektronix 

Model No.: T 922 

Serial No.: B013453 
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6. Photomacroscope 

Manufacturer: Wild Heerbrugg Ltd. 

Model No.: 420 

Serial No.: 189759 

7. Exposure Meter and Shutter 

Manufacturer: Wild Heerbrugg Ltd. 

Model No.: MPS 55/512 Photo Automat 

Serial No.: 112598 

8. Profilometer Electronic Unit 

Manufacturer: Rank Precision Industries 

Model No.: 112 

Serial No.: 1000-F-3113 

9. Profilometer Rectilinear Recorder 

Manufacturer: Rank Precision Industries 

Model No.: 112 

Serial No.: 1005-2775 

10. Coating Thickness Gauge 

Manufacturer: Elektro-Physik 

Model No.: F102 

Serial No.: 

11. Ultrasonic Cleaner 

82083 

Manufacturer: Fisher Scientific 

Model No.: B-92 

Serial No.: 0131 
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12. Vacuum Oven 

Manufacturer: Fisher Scientific 

Model No.: 281 

Serial No.: 3365 

13. Grit Blaster 

Manufacturer: Trinco Dry Blast 

Model No. : 30/BP2 

Serial No.: 27367-4 
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Appendix B. Friction Calibration 

Friction force was calibrated by using a special plug in 

place of the ball in the yoke, Fig. 17. Friction force was 

simulated by hanging weights from the wire attached to the 

plug. The recorder sensitivity and amplifier gain were 

adjusted for maximum scale deflection at a friction coeffi

cient of 1.0. The response of the recorder with increasing 

force was plotted to make a calibrarion curve. The calibra

tion curves for tests 2, 3, & 4 are shown in Figs. 52, 53, 

and 54, respectively. 
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Test 2 Friction Forc e Calibration Curve 
Slope - 0.11 -46. Rsq - 0.990 
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Fig. 52 - Test 2 friction force calibration curve. 
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Test 3 Friction Forc e Calibration Curve 
Slope - 0.1178. Rsq - 0.989 
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Fig. 53 - Test 3 friction force calibration curve. 
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Test 4 Friction Force Calibration Curve 
Slope - 0.2156, Rsq - 0.992 
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Fig. 54 - Test 4 friction force calibration curve. 

Appendix B. Friction Calibration 201 



Appendix C. Thickness Measurements 

Table 26 - Test 2 thickness measurements. 

Thickness measurements, J..1.m 

<Mw> Meas. Meas. Meas. Avg. 
# 1 # 2 # 3 

53,700 19.1 26.7 25.4 23.7 
110,000 19.1 21.6 20.3 20.3 
207,700 20.3 19.1 24.1 21.2 
598,800 19.1 17.8 16.5 17.8 

1,460,000 17.8 22.9 20.3 20.3 

Table 27 - Test 3 thickness measurements. 

Thickness measurements, J..1.m 

<Mw> Meas. Meas. Meas. Meas. Avg. 
# 1 # 2 # 3 #4 

53,700 30.5 27.9 27.9 22.9 27.3 
110,000 30.5 22.9 35.6 20.3 27.3 
207,700 12.7 27.9 27.9 35.6 26.0 
598,800 25.4 22.9 25.4 33.0 26.7 

1,460,000 25.4 27.9 30.5 27.9 27.9 
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Table 28 - Test 4 thickness measurements. 

Thickness measurements, J..lm 

<Mw> Meas. Meas. Meas. Meas. Meas. Avg. 
# 1 # 2 # 3 #4 # 5 

19,400 38.1 38.1 40.6 43.2 40.0 
53,700 38.1 35.6 35.6 38.1 36.8 

110,000 30.5 30.5 35.6 38.1 33.0 33.5 
207,700 25.4 17.8 21.6 20.3 21.3 
598,800 25.4 30.5 20.3 25.4 25.4 

1,460,000 30.5 25.4 20.3 21.6 30.5 25.6 
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Mean Thickness Comparison 
All tests 
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Fig. 55 - Comparison of coating thicknesses. 
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Appendix D. Experimental Measurements 

Table 29 - Test 2 coating life data. 

Time to Failure, t (sec) 

<Mw> Run Amplitude, A, in IJ.m 
No. 

119 135 163 198 267 478 

53,700 1 3.5 2 2.5 .5 x x 
2 7.5 5 1 1 x x 

avg 5.5 3.5 1.8 .75 

110,000 1 74 72 25 35 23 14 
2 110 43 32 26 18 13 

avg 95 58 28 30 20 14 

207,700 1 345 154 135 37 67 50 
2 453 222 92 95 64 15 

avg 399 188 114 66 66 32 

598,800 1 86 153 60 37 11 15 
2 73 75 18 46 16 14 

avg 80 114 39 42 14 14 

1,460,000 1 389 275 118 38 60 60 
2 406 331 206 13 75 79 

avg 398 303 162 26 68 79 

x - indicates not tested 
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Table 30 - Test 2 friction coefficient data. 

Coefficient of friction, M 

<Mw> Run Amplitude, A, in $J.m 
No. 

119 135 163 198 267 478 

53,700 1 .466 .526 .526 .526 x x 
2 .584 .526 .642 .526 x x 

avg .525 .526 .584 .526 

110,000 1 .816 .816 .816 .876 .876 .758 
2 .876 .816 .876 .816 .816 .816 

avg .846 .816 .846 .846 .846 .787 

207,700 1 .816 .876 .876 .816 .876 .816 
2 .876 .876 .876 .876 .876 .816 

avg .846 .876 .876 .846 .876 .816 

598,800 1 .876 .876 .876 .816 .876 .816 
2 .876 .876 .816 .876 .816 .816 

avg .876 .876 .846 .846 .846 .816 

1,460,000 1 .876 .876 .934 .816 .816 .876 
2 .876 .876 .876 .816 .876 .876 

avg .876 .876 .905 .816 .846 .876 

x - indicates not tested 
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Table 31 - Test 3 coating life data. 

Time to Failure, t (sec) 

<Mw> Run Amplitude, A, in IJ.m 
No. 

157 179 215 262 353 625 

53,700 1 18.5 2.5 4.5 4.5 4.5 x 
2 7.5 3.5 2.5 6 2 x 

avg 13 3 3.5 5.3 3.3 

110,000 1 53 120 4.5 10.5 53 x 
2 8 8 58 63 14 x 

avg 30 64 31 37 34 

207,700 1 160 136 257 8 211 x 
2 229 129 137 139 77 x 

avg 194 132 197 74 144 

598,800 1 81 69 74 92 130 x 
2 40 67 38 66 61 x 

avg 60 68 56 79 96 

1,460,000 1 87 135 47 73 78 x 
2 164 63 42 79 90 x 

avg 126 99 44 76 84 
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Table 32 - Test 3 friction coefficient data. 

Coefficient of friction, Ji 

<Mw> Run Amplitude, A, in Jim 
No. 

157 179 215 262 353 625 

53,700 1 .816 .700 .700 .700 .758 x 
2 .758 .700 .700 .816 .758 x 

avg .787 .700 .700 .758 .758 

110,000 1 .816 .816 .584 .816 .816 x 
2 .700 .758 .816 .876 .816 x 

avg .758 .787 .700 .846 .816 

207,700 1 .816 .816 .876 .816 .876 x 
2 .876 .816 .876 .876 .876 x 

avg .846 .816 .876 .846 .876 

598,800 1 .758 .816 .816 .876 .816 x 
2 .816 .816 .816 .816 .816 x 

avg .787 .816 .816 .846 .816 

1,460,000 1 .816 .816 .816 .876 .816 x 
2 .876 .816 .816 .816 .816 x 

avg .846 .816 .816 .846 .816 
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Table 33 - Test 4 ~oating life data. 

Time to Failure, t (sec) 

<Mw> Run Amplitude, A, in JJ.m 
No. 

132 305 505 

19,400 1 19 21 10 
2 8 35 23 
3 10 7 42 
4 37 21 26 

avg 18 21 25 

53,700 1 12 2 7 
2 32 .5 12 
3 45 1 1 
4 169 1 35 

avg 64 1.1 14 

110,000 1 456 105 101 
2 178 69 53 
3 565 134 41 
4 1046 132 55 

avg 561 110 62 

207,700 1 1333 55 54 
2 700 125 70 
3 1115 55 66 
4 717 26 72 

avg 966 65 66 

598,800 1 103 32 40 
2 315 91 21 
3 206 92 48 
4 540 68 74 

avg 291 71 46 

1,460,000 1 267 61 19 
2 155 82 34 
3 593 38 198 
4 728 150 84 

avg 436 83 84 
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Table 34 - Test 4 friction coefficient data. 

Coefficient of friction, J..l, 

<Mw> Run Amplitude, A, in J..l,m 

No. 
132 305 505 

19,400 1 .544 .760 .544 
2 .652 .760 .652 
3 .652 .760 .652 
4 .652 .760 .760 

avg .625 .760 .652 

53,700 1 .652 .868 .760 
2 .760 .760 .760 
3 .760 .760 .760 
4 .760 .652 .760 

avg .733 .760 .760 

110,000 1 .868 .760 .868 
2 .868 .868 .868 
3 .760 .868 .868 
4 .760 .868 .868 

avg .814 .841 .868 

207,700 1 .868 .868 .868 
2 .760 .868 .868 
3 .760 .868 .868 
4 .760 .868 .868 

avg .787 .868 .868 

598,800 1 .760 .868 .978 
2 .978 .868 .978 
3 .760 .868 .868 
4 .760 .868 .868 

avg .815 .868 .923 

1,460,000 1 .868 .868 .868 
2 .868 .868 .868 
3 .978 .868 .868 
4 .868 .868 .868 

avg .895 .868 .868 
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