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Summary 

Results are presented of investigations of the running-in period in 
reciprocating sliding of a semicrystalline polymer, Nylon 6.6, on metal. 
A correlation was established between the changes in transfer film geometry 
and both the friction coefficient and the wear rate variations during a 
single stroke, as well as with sliding time. The role of wear products in 
~nn~g-in was found to be the determin~g factor. In order to avoid any 
unspecified influence of frictional heat variation on the sliding process, 
the counter specimen temperature was kept constant. Significant correla- 
tions, between both local and mean coefficients of friction and local and 
total areas of transfer film respectively, were found. The latter relation 
shows the existence of two different types of running-in process which 
depend on whether, initially, adhesive or abrasive wear mechanisms prevail. 
In both cases, the building up of the transfer film together with roll-like 
wear particles create several types of interactions between the rubbing 
bodies. These interactions, subsequently called subprocesses, have their 
own different specific coefficients of friction and can exist on the sliding 
track solely or in combination. They also change their distribution over 
the track and finally create a variation in the mean friction coefficient with 
time. This variation is expressed as a function of the total area fraction of 
transfer film spreading with time. It is also shown that changes in wear rate 
coincide with variations in mean friction coefficient. The presented model 
can also be extended qualitatively to other semicrystalline polymers. 

1. Introduction 

Sliding friction and wear of polymers on metals, under certain condi- 
tions, lead to material transfer from the polymer to the metallic counter- 
face. Most authors agree that the transferred material takes part in the 
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sliding operation and produces significant changes in the friction coefficient 
and in the wear rate. Frictional transfer, as the most important characteristic 
of adhesive wear of polymers, is the subject of extensive and multidisciplin- 
ary studies. Most of these studies are concerned with multiple pass-steady 
state conditions. The first period of sliding, called “unsteady state wear” or 
“running-in” is often only briefly mentioned or even ignored as a temporary 
irrevocable stage. However, some more recent publications concern transfer 
film formation, identified with the running-in phase of sliding. These inves- 
tigations have been performed on several types of polymers sliding on metals 
(usually) in unidirectional motion. From these papers the following view on 
transfer film formation emerges. 

There are three effects that contribute to material transfer: the defor- 
mation of surface asperities under load; the fracture of material in the 
substrate; the adherence of this material to the other surface [l]. They 
depend on the type of wear mechanism; abrasion for rough or adhesion for 
smooth counterfaces. If abrasion is the dominant type of wear process, the 
wear particles are produced by tearing of the material, (locally) softened 
by frictional heating from the polymer surface. If a particle strongly adheres 
to the counterface, a transfer film begins to form. 

Subsequent transfer occurs preferentially on to the first adhered 
particles, so bands build up by the agglomeration of wear particles [Z]. 
The bands grow in length and widen as sliding progresses. Finally, when 
the transfer film fully covers the sliding track, the transition from unsteady 
to steady state wear occurs. 

In the case of an adhesive wear process, the building up of the transfer 
film seems to be similar to that described above but wear arises from the 
shear and fracture of adhesively bonded junctions. The general features of 
the fully developed transfer film depend on the severity of sliding which 
is defined in terms of the product pLV, where p is the coefficient of fric- 
tion, L is the applied load and V is the sliding speed [l - 41. At low PV 
values the film is not continuous and consists of a relatively thick and 
hard agglomeration of adhered wear particles. At high PV values the con- 
tinuous and very thin film heats up and behaves more as a viscous liquid. 
During running-in the thickness of the transfer film increases with sliding 
time until a maximum and constant value is reached. The time to reach it 
depends strongly on the initial roughness of the metallic counterface. Trans- 
fer is easier with smoother counterfaces where more intimate contact facil- 
itates adhesion 14, 51. The final limiting thickness of the transfer film is 
probably a characteristic feature of each rubbing pair and the operating 
variables [Z, 3, 61. It is determined by the balance between the removing 
action of the front edge of the polymer body and the replenishment of the 
polymeric film by material transfer [ 4, 61. Obviously, drastic changes in 
counterface surface topography 13, 51 and in the material constants of 
the transfer film lead to changes in friction coefficient and wear rate. 

It is usually recognized that the initial wear rate is very high and de- 
pends significantly on the initial roughness of the counterface. Gradual 
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build up of the transfer film during running-in produces a decrease in the 
wear rate which levels off at a certain constant value when the steady state 
sliding regime is entered. The decrease in wear rate is explained by the 
lower surface roughness of the transfer film covering the counterface or by 
a transition from abrasive wear to adhesive wear or both [ 4, 7, 81. 

It has been found that when a transfer film is formed the wear rate is 
lower for a high severity of sliding than for low severity [2] but it is not 
clear whether the speed or the load is more responsible. Some authors have 
concluded that sliding speed has no apparent effect on wear rate [ 81 whereas 
others have argued that the wear rate is independent of the applied load 
[4, 71 or, on the contrary, that the wear rate increases with increasing load 

]5, 6, 91. 
Generally, it is concluded that, as far as the coefficient of friction is 

concerned, it increases with sliding distance (more rapidly for smooth 
counterfaces) and remains approximately constant when the thickness of 
the transfer film becomes constant [2, 6, 8, 91. This limiting friction coeffi- 
cient pi is lower for low severity conditions, corresponding to the thick, hard 
and discontinuous transfer film, and higher for a high severity of sliding 
when the transfer film behaves like a homogeneous viscous liquid [2]. 

‘The influence of speed on the final limiting friction coefficient pi, 
observed in the steady state regime, is not clear. It was found that /.~i in- 
creases with increasing speed [ 2, 81, especially for a low severity of sliding, 
but it is independent of the speed for severe sliding. It was also found 
that /.L~ increases with decreasing speed [2] and that it decreases with in- 
creasing load for most types of polymers [9]. The initial roughness of 
the counterface does not seem to affect the friction coefficient in the 
steady state regime but plays a very important role in sliding, influencing 
the running-in period [4, 5, 91. Only one publication discusses running-in 
during the reciprocating sliding of polymers on metal [ 71. It emerges from 
this paper that, in principle, running-in in reciprocating sliding is generally 
similar to that in unidirectional motion. However, some differences do 
exist. Wear debris is different in shape, compared with that observed in the 
unidirectional tests. Frequently, it takes the form of “rolls” and plays a 
more important part in the wear process. The transfer film is uneven in 
thickness, increasing at the ends of the track compared with that at the 
centre. The wear rate decreases with time and finally reaches a value much 
lower than that found in unidirectional motion. The friction coefficient 
rises with the formation of the transfer film until it reaches a more or less 
constant value. 

This description of the running-in period in polymer sliding indicates 
that a particularly significant factor in the sliding process is the temperature 
of the rubbing contact, resulting from a balance between frictional heat 
production and its dissipation. Some aspects of the contact temperature 
in sliding have been considered by several authors [2, 3, 5, 8, lo] but the 
temperature itself was not an operational variable; rather the result of the 
sliding process. 



The descriptive model for running-in presented above is insufficient 
to explain the variations in the local friction coefficient with the polymeric 
slider position during a single stroke of reciprocating motion. It also does 
not explain the variations in the relation between local friction coefficient 
and specimen position with sliding time or number of strokes. These were 
fixed on photographs during introductory tests for reciprocating sliding of 
Nylon 6.6 against stainless steel on the S tribometer [ll]. 

The general goal of the work presented in this paper is an explanation 
of the reasons for the variations in friction in reciprocating sliding of a 
polymer on a metal before the steady state regime is reached. 

2. Experimental procedure 

2.1. The specimen 
The Nylon 6.6 used in the experiments was Akulon S-240C manufac- 

tured in the form of a large plate 3.3 mm thick. All wear strips were ma- 
chined from one plate with a working surface of 11 mm X 3.3 mm. The 
bearing surface of the strip was cut on a microtome to obtain a high initial 
smoothness and flatness. Before use the specimens were cleaned ultrason- 
ically in carbon tetrachloride. 

2.2. The counterspecimen 
Stainless steel counterfaces were machined from austenitic stainless 

steel RVS 316. They were plates of 58 mm X 18 mm X 5 mm. All wear sur- 
faces were prepared by surface grinding and/or lapping to the required 
roughness. A hole was drilled into the side of the plates to locate a thermo- 
couple in the centre. Before use, the counterfaces were cleaned ultrasonically 
in carbon tetrachloride. 

2.3. The apparatus 
Friction and wear tests were carried out on the S tribometer shown in 

Fig. 1. The apparatus executes a sinusoidal reciprocating motion of a speci- 
men on the stationary counterface of amplitude 46 mm. The specimen (1) 
is fixed in a holder (2), held in a loading arm (3), connected to the slider 
(4). The pivot of this loading arm lies in the plane of the sliding contact. 
The slider is driven by a crank mechanism (5) connected by a belt trans- 
mission to a motor with a continuously variable speed. The specimen is 
loaded through a short spindle (7) by a pressurized air bellows (6) fixed on 
top of the slider. The slider moves in a plane parallel to the counterface 
through a system of four roll blocks (8) guiding two cylindrical bars (9) 
fixed to the slider. An inductive displacement transducer (10) is placed 
in a holder (11) fixed to the front of the slider. The measuring spindle 
of the transducer touches the cantilever (12), being part of the loading 
arm. The counterface (13) is held in an aluminium holder (14) which is 
fixed to the heat exchanger (15). The heat exchanger is connected to a 



Fig. 1. Schematic arrangement of the S tribometer. 

thermostatically controlled oil bath and is supported by two steel blade 
springs (16) fixed to the frame (17) of the tribometer. These springs only 
allow movement parallel to the direction of sliding. This movement is 
restricted by a piezoelectric force transducer (18) fixed between the heat 
exchanger and the frame of the tribometer. An electromagnetic transducer 
(19) is used for trigge~ng and counting the number of cycles. 

A diagram of the electrical measuring system is presented in Fig. 2. 
It consists of four measuring blocks. 

Block I. Temperature measurement by means of Cu-CuNi thermo- 
couples of (1) the counterface temperature Z’, in its central point 2.5 mm 
below the surface, (2) the holder temperature T,, in its centre 1 mm below 
the bottom surface, (3) the oil temperature To of the thermostatically 
controlled bath. 

The thermocouples are directly connected to the recorder. 
Block II. Frictional force Ff measurement, where the output from the 

force transducer is fed into the charge amplifier. The output signal from 
the amplifier is simultaneously used for (1) visualization on the oscilloscope 
of the coefficient of friction pX as a function of the relative position x of 
the slider, (2) recording of the maximum value of the friction coefficient 

P,, measured as the peak-to-peak value of the friction signal during one 
cycle, (3) recording of the first harmonic of the signal measured using an 
adjustable band pass filter. Appendix A shows that this value is proportional 
to the frictional work per cycle and thus to the mean coefficient of friction 
@, (4) spectral analysis of the variations in the frictional force for frequencies 
up to 100 kHz, on a spectrum analyser. 

Block III. Measurement of the wear Ah of the specimen by a displace- 
ment transducer connected to the recorder through an amplifier and a low 
pass filter. 

Block IV. Me~urement of the frequency of the reciprocating motion 
and the number of cycles in sliding time, where the pulse output from 
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Fig. 2. Measuring system of the S tribometer. 

I MULTIPOINT 
RECORDER 

the electromagnetic pick-up is converted in the frequency meter and in the 
electromechanical counter. 

The three temperatures, the maximum and mean value of the coeffi- 
cient of friction, and the displacement (wear) of the polymeric strip are 
recorded as a function of sliding time (distance) by means of a l%channel 
multipoint recorder. 

The operational variables are as follows: the normal load L; the average 
sliding speed V; the temperature of the plate T, ; the initial roughness of 
the plate working surface R,. Additionally, optical microscopy was em- 
ployed for examination of the specimens’ working surfaces and wear par- 
ticles. A profilometer and an image processing system were both used for 
measurement of the transfer film geometrical features. 

3. General assumptions 

It has been found in introductory tests that, under some conditions, 
the frictional force varies strongly over the length of sliding track, giving 
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(on an oscilloscope) a characteristic shape of the curve p, = f(x). This 
curve-shape, as well as the mean coefficient of friction fi, varies with time. 
Three examples are shown in Fig. 3. The figure clearly shows a lack of any 
direct correlation between the local friction coefficient and the actual 
sliding speed. These variations, however, seem to be related to variations 
in the transfer film over the sliding track. 

It is assumed that the local coefficient of friction is either related to 
the local thickness of the transfer film or to the local coverage of the plate 
with transferred polymer, or to both. Consequently, the mean coefficient 
of friction should be related either to the average thickness of the transfer 
film or to the total area of film covering the sliding track or to both. Inves- 
tigations were divided into two parts. Firstly, the relation between the local 
coefficient of friction and the local geometry of the transfer film was in- 
vestigated, and secondly, the relation between the mean friction coefficient 
and the total area of a transfer film. These results, together with observations 
of the plate surface and the wear debris, were used to determine a model 
for the running-in period of reciprocating sliding. 

I 

bl 
-_ 

I.rx LTlSON “x 
_ i7 i 0.2 m/s + 

Fia = 0.6 ,um 

Tc : 358 K 1.0 * Tc = 310 K -0.5 

I 0.6 - -0.4 

, 

0 

0 23 L6 
x mm 

Fig. 3. Examples of the variation with time of the local coefficient of friction /I, as a 
function of the position x of the strip. Curves are photo~aphed from the oscilloscope: 
---, &x = f(x); - - -, local sliding speed V, distribution, 
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4. Results and discussion 

4.1. Local friction coefficient 
The experimental conditions of the four series of experiments are 

summarized in Table 1. Each set of experiments was repeated three times. 

TABLE 1 

Experimental conditions 

Pmizmeters 

(1) Plate temperature 329 - 393 0.4 180 0.2 
(2) Initial roughness 368 0.02 - 0.8 180 0.2 
(3) Normal load 368 0.02 36 180 0.2 
(4) Average speed 368 0.4 180 0.1 - 0.4 

The following procedure was used: (1) sliding was continued until the 
partial formation of a transfer film on the plate; (2) curve p, = f(x) was 
photographed and sliding was stopped shortly afterwards; (3) the plate 
working surface, with the transfer film on it, was photographed; (4) pro- 
filograms of the plate surface were made in ten equidistant transverse sec- 
tions on the sliding track. 

Two correlations were investigated, according to the procedure shown 
schematically in Fig. 4. 

(1) Local coefficient of friction pX us. average local thickness of the 
transfer film g, . 

(2) Local coefficient of friction pX us. local area fraction of the transfer 
film 6,, . 

In both cases the values of local coefficient of friction were read at 
ten positions from the curve ~_l~ = f(x) and related either to the corre- 
sponding local average thickness of the transfer film or the local area frac- 
tion of the film. 

The local average thickness of transfer film is expressed as g, = A,/Wr,, 
where A,, is the calculated real area of the transfer film section at the posi- 
tion X, measured by means of an image processing system (IPS) and W;, is 
the real length of the film section, both estimated from profilograms. 

The fractional local area of transfer film 6,, = Apx/As, defined as the 
relative amount of area under the strip covered with a transfer film, was 
calculated, where A,, is the area of a film at position x close to the perim- 
eter of a wear surface of strip (also measured by IPS) and A, is the nominal 
area of that surface. No correlation between the local friction coefficient 
and the local average thickness of a transfer film was found. It was con- 
firmed that the thickness of the film varies for different combinations of 
operational variables but is approximately constant for a chosen combina- 
tion, independent of the position X. 
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Fig. 4. Scheme of the correlation procedure for the relations (1) local friction coefficient 
px us. local relative transfer film coverage 6,, = A,,/A, and (2) local friction coefficient 
px us. local transfer film thickness & = A,,/W,, where (a) curve ~1, = f(x) is photo- 
graphed from the oscilloscope, (b) the sketch represents the photograph of the transfer 
film on the sliding track, (c) the trace is one of the ten profilograms of the transfer film, 
and A, is the total sliding area, AT is the total transfer film area, A, is the wear area of 
a strip, A, is the local transfer film area, A, is the local area of a transfer film transverse 
section and W, is the local length of this section. 

It was found, in contrast, that the local coefficient of friction could 
be correlated with the local area of a transfer film actually in contact with 
the wear surface of the strip. 

Results of these analyses are presented in Fig. 5 which shows a de- 
crease in the local friction coefficient with increase in the fractional local 
area of transfer film for all conditions studied. This decrease is stronger 
and more significant for lower values of 6,, and seems to reach a minimum 
for 6,, = 1 but this estimated minimum value is usually obscured by the 
scatter of results. It seems that this scatter may be due to action of the 
loose wear particles which are produced in great number during the early 
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Fig. 5. The variation in the local coefficient of friction /.A~ with the dimensionless local 
transfer film coverage represented by the parameter 6,, = A,,/-%. (a), (b), (c) and (d) 
illustrate the effects of plate temperature T,, counterface roughness R,, normal load L 
and average sliding speed p respectively. 

stages of sliding. Figure 5 also shows that the relation between the local 
friction coefficient and the local area of a transfer film is influenced signifi- 
cantly by the initial roughness of the counterface and by the normal load 
but there are no effects due to the plate temperature on sliding speed. It 
was observed, however, that at certain plate temperatures a transfer film 
did not form at all. The absence of a transfer film on the counterface for 
a plate temperature of 323 K (50 “C) suggests a connection with the glass 
transition temperature of Nylon 6.6. In this case the sliding process did 
not show a variation in the local friction coefficient with the actual posi- 
tion of the strip, the curve px = f(x) did not change shape with time (see 
Fig. 3(b)). 

In the early stages of reciprocating sliding, when the transfer film 
begins to form, the local coefficient of friction decreases with an increase 
in the local area of the film. The minimum local friction coefficient is 
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reached in places on the sliding track where the local area of a transfer film 
6,, is close to or equal to unity. This minimum falls with the increase in 
the initial roughness of the counterface and with increasing normal load. 
Accordingly, the mean friction coefficient should decrease with enlargement 
of the total transfer film area. The relation between these two quantities 
was investigated separately. 

4.2. Mean friction coefficient 
The variation in the mean friction coefficient was investigated as a 

function of the total area of transfer film, expressed non-dimensionally as 
6, = AT/AC, where A, is the total area of film, A, is the area of the sliding 
track, equal to H( W + A,), where H is the stroke of reciprocating motion, 
W is the width of the strip and A, is the wear area of the strip (see Fig. 4). 
The relation between local coefficient of friction and the local thickness 
of the gradually developing transfer film was also investigated several times 
until steady state sliding conditions prevailed. The influence of the initial 
roughness of a counterface was taken into consideration and a high normal 
load applied to evoke a large amplitude of friction force variation. Accord- 
ingly, tests were performed for three different initial roughnesses, 0.02, 
0.1 and 0.8 pm R,, at a constant load of 180 N, an average speed of 0.4 m 
s-l and a plate temperature of 368 K (95 “C). The experiment was repeated 
five times for each chosen roughness of the counterface. Each test started 
with a newly prepared sliding pair and was continued for a longer period 
than the preceding test. The last test was stopped only when the transfer 
film fully covered the sliding track and steady state conditions were reached. 

The previously described correlating procedure was applied (as shown 
in Fig. 4) and was extended by measurements of the relative total area of 
transfer film 6, with respect to the mean coefficient of friction p, recorded 
as a function of sliding time. This relation is shown in Fig. 6. As expected, 

o_ , , , ,/ 

0 a2 QL 0.6 0.8' 1.0 

LT - 

Fig. 6. The variation in the mean coefficient of friction ji with the dimensionless area 
of transfer film represented by the parameter 6 
L=180Nand~=0.4ms-‘. 

T = AT/A, for the conditions T, = 368 K, 
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the enlargement of the transfer film produces a decrease in the mean coeffi- 
cient of friction. However, only for the lowest initial roughness of a counter- 
face, 0.02 E.tm R,, is this decrease monotonic and finally approaches the 
minimum limiting value which corresponds to the fully developed transfer 
film. Different relationships were observed for the initially rough counter- 
faces, 0.1 and 0.8 pm R,. There are two phases. 

Phase 1. Decrease in the mean friction coefficient ,Q to the minimum 
with increase in the relative total area of transfer film 6r, within the range 
0 < 6, < 1 - CL, where CL = 2(A,/A,). 

Phase 2. Increase in the mean friction coefficient ji to the limiting 
value with a further increase in the transfer film area 6r to unity. 

The final, mean coefficients of friction are approximately equal to that 
obtained for a smooth counterface. Two general conclusions can now be 
drawn. 

(1) The running-in process strongly depends on the initial roughness 
of the counterface, resulting in the initial wear being either adhesive or 
abrasive. It is not clear at this stage what determines uniphase or biphase 
changes in the mean coefficient of friction in relation to the initial wear 
process. 

(2) The final limiting mean coefficient of friction, corresponding to a 
complete coverage of the sliding track by a transfer film, seems to be inde- 
pendent of the initial roughness of the counterface (but dependent on the 
properties of the transfer film under applied load, speed and plate tem- 
perature). 

4.3. Loose wear particles 
Direct observations of the counterface during sliding and microscopical 

examination of the mating surfaces and the loose wear particles suggest a 
very important role of the latter in the running-in phase of reciprocating 
sliding. Various types of wear particles were found during the investigations 
and four basic groups, presented in Fig. 7, could be distinguished. 

(1) “Needles” - highly slender, with sharp ends (see Fig. 7(a)), but 
soft and viscous; could smear into a very thin transfer layer with a charac- 
teristic crescent shape. They were found only on initially smooth surfaces 
of the plate as a mechanical agglomeration of microscopic drops of a solid- 
ified polymer previously melted in microcontacts. 

(2) “Cigars” - rather short, blunt-ended (see Fig. 7(b)); elastic rather 
than plastic. “Cigars” were created by rolling between the rubbing surfaces 
of previously irregular wear particles which were products of abrasion by 
the rough metallic surface on to the polymer above its glass transition 
temperature. 

(3) “Compacts” - compact, random in shape and brittle (see Fig. 
7(b)); the result of abrasion by the rough metallic surface on to the polymer 
only below its glass transition temperature. They were characterized by 
very low adhesiveness to the metallic surface and so could not create a 
transfer film. 
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Fig. T. Polarized micrographs of the four basic types of loose wear particles: (a) “nee- 
dles”; (b) “cigars” and “compacts”; (c) “flats”. 

(4) “Flats” -irregular, flat and resembling floating ice (see Fig. 7(c)); 
usually with marks of oxidation. They only appeared when the transfer 
film fully covered the sliding track. These wear particles are simply the 
transfer film debris scraped from the ends of the sliding track. They are 
characteristic of the steady state phase of reciprocating sliding, independent 
of the initial roughness of the counterface. 

The two types of roll-like wear particles, “needles” and “cigars”, were 
mainly observed during transfer film formation in both sets of tests. When 
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the films had completely formed, however, only “flat” wear 
found, independent of the initial roughness of the counterface. 

5. Model for running-in 

debris was 

It is suggested that the variation in local friction coefficient with dis- 
tance, shown in Fig. 3, can be represented schematically by two types of 
running-in behaviour (Figs. 8(a), 9(a) and 9(b)) and a steady state regime 
(Figs. 8(b) and 9(c)). 

5.1. Initially adhesive wear, 0.02 pm R, 
5.1.1. Phase 1, 0 < hT < 1 (Fig. 8(a)) 
During the first few passes of the polymer slider over the clean smooth 

surface of the plate, the curve pX = f(x) is flat (0), but it soon changes to 
a concave shape with a strong local variation in the frictional force (1). 
It is suggested that this concavity is associated with a layer of “needles” 
rolling between the rubbing surfaces (1’) (compare with Fig. 3(c)). The 
distribution of the “needles” on the sliding track is uneven. The highest 
concentration of the biggest needles was in the centre which corresponds 
to a minimum average local coefficient of friction. Conversely, there were 
no needles over the “turning areas” (at the ends of the stroke) where the 
local friction coefficient was a maximum. Only a very small number of 
“needles” were removed from the sliding track. The subsequent appear- 
ante of a thin transfer film in the 
result in a significant change in the 
Moreover, this did not suppress the 

centre of the sliding track (2’) did not 
average local coefficient of friction (2). 
local variation in the frictional force in 

(a) 

steady state S,=l 

(b) 
Fig. 8. The variation with stroke H of the local coefficient & and transfer film thickness 
g, during (a) the running-in period and (b) the steady state for initially adhesive wear. 
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the centre of the sliding track. This variation seems to be due to internal 
flow of soft viscous “needles” in a viscous film, rather than to rolling of the 
“needles” above it. The areas at the ends of the stroke gradually became 
covered with a layer of fine “needles” which produced a gradual decrease 
in the local friction coefficient. 

Finally, the curve p, = f(x) changed to a convex shape (3). This change 
corresponds to the coating of the turning areas by a transfer film (3’) and 
the accompanying disappearance of both “needles” and the local variation 
in frictional force. Running-in has now reached the steady state phase. 

5.1.2. Steady state phase, fjT = 1 (Fig. 8~b)) 
The curve pX = f(x) is now convex (4) whereas the transfer film thick- 

ness distribution in the sliding direction (4’) has a concave shape. No “nee- 
dles” and only a very small number of floating-ice-like wear debris are 
being scraped from the ends of the transfer film. 

5.2. Initially abrasive wear, 0.1 - 0.8 pm R, 
5.2.1. Phase 1, 0 < 6, < (1 - CL) (Fig. 9(a)) 
The curve pX = f(x), which was initially flat (0), corresponding to the 

evenly distributed layer of moving “cigars” rolling between the rubbing 
surfaces (0’), gradually changes with time into a concave shape. This concav- 
ity appears in the centre (1) and lengthens and also slightly deepens (2, 3) 
with time. This corresponds to the appearance of a transfer film in the centre 
of the sliding track (1’) and its further lengthening and slight thickening 
(Z’, 3’) (compare with Fig. 3(a)). The local friction coefficient ptx is lower 
wherever the “cigars” are rolling above the transfer film. “Cigars”, which 
accompany the process of enlargement of the transfer film, occupy the 
whole sliding track and leave the sliding area in great numbers, mainly in 
the sliding direction. 

5.2.2. Phase 2, (1 - CL) < ST < 1 (Fig. 9(b)) 
The curve j3, = f(x) gradually changes from a concave to a convex 

shape (4) and rises (5) with time. This corresponds to coating of the turning 
areas by the transfer film (4’) and to a change in transfer film thickness 
dist~bution in the sliding direction to concave (5’). This process occurs 
with a drastic reduction in the number of “cigars” produced and eventually 
to their suppression. Running-in reaches the steady state phase. 

5.2.3. Steady state phase, & = 1 (Fig. 9(c)) 
The curve /.+ = f(z) is convex (6), in contrast to the concave shape of 

the transfer film thickness distribution in the sliding direction (6’). No 
“cigars” and only a very small number of “flat” wear debris are scraped 
from the ends of the transfer film. In spite of different running-in processes, 
the early phase of steady state reciprocating sliding for initially abrasive 
wear is similar to that for initially adhesive wear. The limiting mean friction 
coefficient and limiting wear rates (see Fig. 10) are approximately equal in 
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both cases. Moreover, similar correlations exist between local coefficients 
of friction pX and average local thicknesses of a transfer film &. Relation 
of these two quantities to the magnitude of the local sliding speed V,, 
however, is not excluded. The controlling factor in this interaction appears 
to be the local temperature of the contact. 

5.3. Subprocesses in running-in 
From the observations presented above, it is postulated that four basic 

types of interaction occur between rubbing surfaces during running-in. Each 
of them possesses its own specific coefficient of friction and a specific 
wear rate. The latter is discussed in Section 5.5 and presented in Fig. 10. 
Thus the types of interaction have been called subprocesses. Their general 
features are as follows. 

Subprocess A-direct contact of both rubbing surfaces without, or 
almost without, the influence of a third body. A single-pass condition with 
the specific coefficient of friction PA and specific wear rate k,. 

Subprocess B - existence of moveable “roll-like” wear particles be- 
tween the rubbing surfaces. The specific coefficient of friction C(a is lower 
than PA and the Specific wear rate kB iS lower than kA. 

Subprocess C - simultaneous presence of the moveable “roll-like” 
wear particles on a stationary transfer film between the rubbing surfaces. 
The specific coefficient of friction pc is lower than j_& and the specific 
wear rate kc is lower than k,. 

Subprocess D -presence of only the immoveable transfer film be- 
tween the rubbing surfaces. The specific coefficient of friction pu and 
the specific wear rate k, are both characteristic of the applied operational 
variables. 

5.4. Sequence of subprocesses 
Subprocesses occur alone or in combination on the sliding track; 

moreover, the position and extent of their presence change during running- 
in. ff the specimen moves and changes position with respect to the sliding 
track, the transition between different subprocesses can take place two or 
more times in one stroke. However, the dist~bution of subprocesses on the 
counterface changes with time and it produces a specific succession of 
subprocesses. The initial wear process controls this sequence which is dif- 
ferent for initially adhesive wear from that for an initially abrasive wear 
process. 

The appearance on the counter-face of the subprocesses is as follows. 
For initially adhesive wear 

A - subprocess exists only during the first stroke and soon disappears 
except in the turning areas, 

B - subprocess appears after the first stroke, develops and only exists 
until the transfer film appears (D subprocess), 

B/D - subprocesses coexist but the increase in the D subprocess area de- 
creases the B subprocess area, until, 

D - subprocess is present alone. 
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For ini~i~~l~ abrasive wear 
A - subprocess exists only during the first stroke and soon disappears 

except in the turning areas, 
B - subprocess appears after the first stroke, develops and exists 

alone until the transfer film appears (C subprocess), 
B/C - subprocesses are present simultaneously but a continuous in- 

crease in area of the C subprocess produces a decrease in the 
B subprocess area, 

(B/Q/D - subprocesses exist together but gradual coating of the turning 
areas results in the disappearance of the couple B/C because of 
suppression of the production of “cigars” until, 

D - subprocess exists alone. 
If the differences between the specific coefficients of friction pn, pg, 

j.+ and pn are sufficiently large, we can expect a distinct variation in the 
local coefficient of friction in relation to the specimen position. This will 
result in a time dependence of the shape of the curve pX = f(x) and of the 
mean coefficient of friction. It was found that normal load and counterface 
roughness together control some specific coefficients of friction through 
the number and size of loose wear particles. At the present stage it is im- 
possible to give a quantitative description of the variations in the mean 
friction coefficient with time and operating variables. However, with some 
degree of simplification, the mean coefficient of friction can be qualitatively 
expressed as a function of the relative total area of the transfer film and 
of the specific coefficients of friction, characteristic of the subprocesses 
taking part in the running-in period of reciprocating sliding. These expres- 
sions are presented in Table 2. 

5.5. Wear 
Continuous recording of the specimen height loss M as a function 

of the sliding time t during every experiment, supplements the model of 
running-in presented. It was found that the wear rate always decreases 
during running-in from a maximum, proportional to the initial roughness 
of the counterface, to a minimum, independent of the initial counterface 
roughness. The variation in wear rate, together with variations in the mean 
coefficient of friction with sliding time, are presented in Fig. 10 for three 
different initial roughnesses of the counterface. 

It was confirmed that the change in wear rate is uniphase for an ini- 
tially adhesive wear process, whereas it is biphase for initially abrasive 
wear. These phases correspond to the changes in friction. In the former, 
the decrease in wear rate is continuous and proportional to the increase 
in the total area of the transfer film. The wear rate reaches a minimum 
constant value when the transfer film is fully developed (see Fig. 10(a)). 
The change in wear rate for an initially abrasive wear process is completely 
different (see Figs. 10(b) and 10(c)). During phase 1, the wear rate is ap- 
proximately constant, independent of the increase in the transfer film 
area, but proportional to the initial roughness of the counterface. In phase 2 
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the wear rate decreases drastically with further enlargement of the transfer 
film over the turning areas and finally reaches a minimum constant value 
when the transfer film wholly covers the sliding track. The drastic decrease 
in wear rate in phase 2, due to the covering of turning areas by the transfer 
film, implies that the main sources of wear during phase 1 are the clean 
turning areas whereas the rest of the sliding track, being covered by a third 
body separating the mating surfaces, does not contribute significantly to 
the total wear rate. As long as onIy “cigars” are rolling between the rubbing 
surfaces, the wear rate is constant. The appearance and further enlargement 
of the transfer film area produces a slight decrease in the wear rate. These 
observations demonstrate that each subprocess possesses its own specific 
wear rate, In fact the differences in the specific wear rates kg, fit and hn 
are small because of the similar nature of specimen wear (mainly adhesive). 
The deciding factors in wear are the specific wear rate kA, close to the 
turning areas during phase 1, and the specific wear rate kD, for the whole 
sliding track in the steady state phase. The wear rate change during phase 2 
is more pronounced the greater the difference between specific wear rates 
k, and k, (see Figs. lO( b) and 10(c)). There is also a change in wear rate 
for the initially adhesive wear process; however, the difference between 
specific wear rates, k A and k,,, is small (see Fig. 10(a)), so the change is 
minor. 

If the shape of a curve p, = f(x) is compared with the distribution of 
specific wear rates on the sliding track, it is apparent that, as long as the 
subprocess A is predominant in the turning areas, the maximum in friction 
coefficient & occurs close to the turning points. In the steady state phase 
the maximum friction coefficient alters its position to the centre of the 
track. These observations suggest a more general rule; the maximum lo- 
cal wear rate occurs close to the maximum local frictional force and the 
reverse. 

It was also found that the wear rate during running-in is greater than 
the transfer rate, especially when the abrasive wear process occurs initially. 
In the steady state phase only floating-ice-like wear debris leave the sliding 
track. This can be considered as a proof that the wear products of a strip 
are absorbed by the transfer film and are then slowly transposed to the 
ends of the film, where, as worn-out material, they end their role in recip- 
rocating sliding. In that case the wear rate is equal to the transfer rate. 

6. Conclusions 

(1) Running-in, with accompanying changes in friction and wear, is 
closely related to the build-up and spreading of a transfer film over the 
whole sliding track. The occurrence of roll wear particles strongly decreases 
the coefficient of friction. 

(2) The most important factor controlling the process of running-in 
is the initial counterface roughness. At low normal loads the influence of 
the initial roughness becomes less apparent. 
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(3) Four basic types of interactions between rubbing surfaces, called 
subprocesses, occur either alone or in combination, changing their dis- 
tribution over the sliding track with time, as shown by the variation in 
the local coefficient of friction. 

(4a) Running-in is uniphase for an initial adhesive process. The mean 
friction coefficient and the wear rate decrease monotonically to a minimum 
final value. 

(4b) Running-in is biphase for an initially abrasive process. 
Phase 1. The mean friction coefficient decreases while the wear 
rate is high and approximately constant. 
Phase 2. The mean friction coefficient sharply increases to a final 
value while the wear rate strongly decreases to a minimum final 
value. 

(5) Both the final mean coefficient of friction and the final wear rate 
are independent of the initial counterface roughness. 

(6) The local coefficient of friction changes with the local subprocess 
while the mean coefficient of friction is related to the distribution of sub- 
processes over the sliding track. 

(7) The maximum friction occurs in the turning areas as long as they 
are without a transfer film. When transfer occurs in the turning areas, the 
maximum shifts to the centre of the sliding track. 

(8) The turning areas are found to be the main source of wear. 
(9) Under steady state conditions, the correlation between the local 

coefficient of friction, the local thickness of the transfer film and the local 
magnitude of the sliding speed seems to be good. It is probable that the 
local temperature in the contact zone is the controlling factor in the inter- 
action process. 
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Appendix A 

A.l. Evaluation of the mean frictional force in a reciprocating tribometer 
In a reciprocating machine, operating at constant frequency, the rela- 

tive movement of the sliding bodies can be described as a periodic function 
and may be written as a Fourier series. The frictional force changes sign 
with the direction of sliding and can, in general, be approximated by the 
sum of a periodic function F and a random dist~ban~e R. Both functions 
have expectancy zero. 

The sliding speed V as a function of time can be written as 

V(t) = 5 na,o cos(nwt + Ye) 
n= 1 

(-41) 

where a, represents the Fourier coefficients and w is the angular frequency 
of the reciprocating motion. The frictional force F can be written as 

F(t) = 5 F, cos(mwt + ym) + R (A21 
m=l 

The sliding speed and frictional force should be in phase since F(t) changes 
sign with speed, i.e. at the extremes of the displacement. 

Important aspects of the friction signal are the extreme value during 
one cycle and the frictional work W done per cycle. The latter follows from 
integration of the frictional force with respect to the displacement over 
one cycle, i.e. 

W = j FVd(wt) 
-x 

(A31 

Substitution of eqns. (Al) and (A2) into eqn. (A3) and evaluation of the 
integral using Fourier theory leads to the result 
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W=n c (da,F,) 
n=l 

(Ad) 

In the S tribometer the motion is sinusoidal, i.e. a,, = 0 for n f 1, so 
the frictional work follows from 

W = naFl (A5) 

where a = a, is the amplitude of the displacement and F1 is the first Fourier 
coefficient of the friction signal. 

The mean coefficient of friction applied in this paper is defined by the 
frictional work done, divided by the (constant) normal force and by the 
length 4s~ of one cycle. Equation (A5) shows that this value is promotional 
to the first Fourier coefficient of the friction signal. It can be measured 
using a frequency analyser or using simply an adjustable bandpass filter. 

Calibration is performed by feeding a square wave to the measurement 
circuits for both the maximum and the mean coefficient of friction and 
by adjusting the amplification for the mean value until it equals the maxi- 
mum value. 

It should be noted that this mean coefficient of friction is not affected 
by the random part R, as would have been the case when using the r.m.s. 
value of the friction signal. Averaging is performed with respect to the 
sliding length, not to the time of sliding. 


