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Abstract

The tribological properties of Feglmeasured using an ultrahigh vacuum tribometer, are compared with those of KCI. The friction
coefficient of an FeGlfilm evaporated onto iron in ultrahigh vacuum decreases@®8 after the deposition of a film40 A thick. This
value is in good agreement with that measured for reactively formed Fig@$ in a pin and v-block apparatus. The contact resistance also
increases at the same Fe@ickness as that at which the friction coefficient reaches its minimum value suggesting that this corresponds
to the completion of the first monolayer as found previously for KCI. Comparison of the friction coefficients and contact resistances for a
second pass suggests that the film is mobile during rubbing in both cases. It is found that repeated rubbing in the cadead$&CA
reduction in friction coefficient te-0.015 which is shown to be due to the formation of a transfer film on the tribotip. In contrast, no such
reduction is found for a KCI film up to 40 cycles, implying that no transfer film is formed in that case. It is also found that, while friction
reduction requires the surface to be completely covered by the halide film, suppression of damage in the iron requires the deposition of
films thicker than~500 A.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction without their crystal structures varying. We have measured
the friction coefficients of a number of alkali halide films on
We have shown previously that an extreme-pressure film iron and found, in general, that the deposition of a few tens
consisting primarily of FeGlis formed reactively when us- ~ of Angstroms of these halides substantially reduces the in-
ing model extreme-pressure lubricants consisting of methy- terfacial friction coefficient from-2 for clean iron to values
lene chloride, chloroform or carbon tetrachloride dissolved less than~0.6 [7]. Addition of more alkali halide, up to a
in a poly a-olefin [1,2]. These experiments were performed total thickness 0f-2000 A, has no further significant effect
in a pin and v-block apparatus where friction coefficients on the friction coefficient. These values of limiting friction
were found to be (1% 1) x 1072 (for a film formed from coefficient of the various alkali halides scale linearly with
methylene chlorid¢3]) and (714 0.2) x 102 (for a film their Knoop hardnesses in accord with expectations from
from chloroform or carbon tetrachloridd,5]). The mean  Bowden and Tabdj9,10] theory for thin films of a soft ma-
contact pressure during this experiment is between 500 andterial deposited onto a harder substiafe This condition is
1000 MPa with a linear sliding speed 063« 10~2m/s. In fulfilled in these cases since all of these halides have Knoop
order to obtain a fundamental understanding of the frictional hardnesses less than 200 MP4,12], while that of the pure
behavior of thin inorganic films on iron, we have studied a iron substrate is almost 700 MR6]. It was also demon-
number of alkali halides deposited onto clean iron in ultra- strated that the reduction in friction coefficient of a film of
high vacuum[6,7]. While these have cubic structures, and KCloniron coincided with the complete coverage of the sur-
are therefore different from the layered structure of LeCl face with halidg6]. In this case the proportion of bare iron
[8], they do offer the advantage of having identical crystal surface was measured by titrating it with deuterium, which
structures to each other, thus allowing variations in tribo- selectively adsorbs on iron but not on the halitig]. These
logical behavior to be related to their mechanical properties experiments were carried out using a single pass on a surface
freshly prepared in ultrahigh vacuum where the tungsten car-

* Corresponding author. Tek:1-414-229-5222; fax+1-414-229-5036.  Pide tribopin had been cleaned by heating in ultrahigh vac-
E-mail address: wtt@uwm.edu (W.T. Tysoe). uum between each experiment. It is, however, well known
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that transfer films are often formed in tribological con- electron beam heating via a retractable filament that can be

tacts[14,15] This therefore raises the question of whether placed in front of the pin. An Auger analysis of the pin fol-

such transfer films might be formed in these single-pass lowing this treatment is in accord with the bulk structure.

experiments, and whether this might affect the tribolog- Measurement of the pin topology using AFM shows that

ical behavior. This question is addressed here for modelit is substantially rougher than the iron substrate having an

films consisting of both KCI and Fe&l As noted above, approximately Gaussian height distribution with a width at

these materials have completely different crystal structures, half height of~2000 A [6].

where KCI adopts the cubic sodium-chloride-like structure,

while ferrous chloride has a layered rhombohedral GdCI

structure (space groufi3m) [8]. The frictional properties 3. Results

of KCI have been studied previoudly,13] and FeCl is the

predominant component of tribological films formed when  Fig. 1 displays the friction coefficient of an FeCfilm

using chlorinated hydrocarbon extreme-pressure additiveseyaporated onto iron measured as a function of film thickness

[1,2,16-20] Experiments are carried out in ultrahigh vac- for a single pass on the freshly prepared surface with an

uum using a pin-on-disk configuration using a ball (tungsten gpplied load of 0.29N at a sliding speed 0&410-3 m/s.

carbide) of radius 85 x 10~>m, where the load varies be-  The friction coefficient drops rapidly from the clean surface

tween 0.29 and 1.2 N, corresponding to maximum Hertzian yajye of~2 to a limiting value of (8t 2) x 102 after the

pressures 0f~420-670MPa, respectivelj21]. This is  deposition of~30 A of FeC} (see inset tdrig. 1 (m)). This

within the range of pressures in the pin and v-block appa- pehavior mimics that found previously for KCI where the

ratus, although the sliding speeds are considerably slowerfriction coefficient similarly decreased to a limiting value (in

in the ultrahigh vacuum experiments ¥410~° m/s versus  that case~0.27) after the deposition 040 A of KCI [6].

9.6 x 10~% m/s) to minimize heating in the tribocontact. The limiting value of friction coefficient of an evaporated
FeCb film is in excellent agreement with that measured for

2. Experimental

3.5
Experiments were carried out in a stainless-steel, ultra-
high vacuum chamber operating at base pressuref2of
10-1%Torr following bakeout, which has been described in 3.07 m First Pass
detail elsewher¢6]. The chamber is equipped with an ultra- ] e Second Pass
high vacuum compatible tribometer which simultaneously ] ) ——
measures normal forces, lateral forces and the contact re- 2:5 e Second Pass
sistance between the tip and substrate. It also contains a e
single-pass, cylindrical-mirror analyzer for Auger analysis
of the surface, a quartz crystal microbalance (Sigma Instru-
ments Model SQM-160) for measuring the thickness of the
deposited film, an argon ion bombardment source for sam-
ple cleaning and an evaporation source for deposition of in-
organic materials. This source has been described in detalil
elsewherg22]. The potassium chloride and ferrous chloride 1.0
(Alfa Aesar, 99.99% purity) were loaded into the small alu- |
mina tube furnace and outgassed in ultrahigh vacuum prior _ T —
to use. The clean iron foil sample (0.1 mm thick, Aldrich, 0-59 % :
-

2.0 1

1.5 1

Friction Coefficient

Friction Coefficient

99.999% pure) is attached to a sample manipulator where ’ wpeczljpniomf?kn:si/:o b
it is mounted onto a steel plate (0.5 mm thick) to provide a = = = -
rigid base for the tribological measurements. Prior to mount-
ing onto the steel plate, the sample is polished withnd T T Tt T T 1
diamond paste to a mirror finish. The sample can be resis- 0 500 1000 1500 2000
tively heated and it is cleaned using ion bombardment to re- FeCl, Film Thickness / A
move any impurities (primarily carbon, chlorine and sulfur)
and annealed to 1000 K prior to carrying out any tribological Fig. 1. Plot of friction coefficient vs. film thickness obtained following the
measurements. The iron sample following this treatment is evgporation of' FeGlon clean iron up to a tqtgl film thickness of 2000 A
almost atomically smooth and no significant surface featuresUsing an applied load of 0.29N with a sliding speed ok 402 m/s.

. . . . Values are shown for the first pass on the freshly prepared lnand
can b_e dlscemed using atom_lc fo_rce microscopy (AFM). for a second pass over exactly the same region as the first ss (
The tribopin (635 x 103 m radius) is made from tungsten  shown as an inset is an expansion of the region for low film thicknesses
carbide containing some cobalt binder. This is cleaned by which shows a fit toEqg. (1) for the data for the first pass.

0.0 1
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reactively formed films using a pin and v-block apparatus
[3-5]. This indicates that the frictional behavior of the evap- 6
orated thin film measured using the ultrahigh vacuum tri- |
bometer mimics that of Fegfilms formed by reaction with — m— First Pass
the chlorinated hydrocarbon additive, in spite of the rela- 5 e Second Pass
tively large differences in sliding speed. It is interesting to
note that the measured value ©0.08 is much lower than
the softest alkali halide measured (Kknoop = 49 MPa),
which yielded a friction coefficient 0f0.2 [7]. We were u
unable to find any similar hardness data for Fe@tesum-
ably because of its sensitivity to water and reactivity in air.
Indeed, ex situ X-ray diffraction (XRD) measurements of 5
the film reveal the formation of a dihydrate. Using the fric- 2r
tional data to calculate a hardness for Fegklds a value
of ~20MPa. In fact, because FeChas a layered crystal 1L
structure, the friction coefficient is likely to be reduced be- |
i‘
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cause of the low shear strength of this material parallel to
the layers of the crystal planes, rather than its low hardness. 0r
It has been shown previously that the variation in fric-
tion coefficient with film thickness, assuming that the first
monolayer is responsible for this decrease, is givefiLBY:

T T T T T T T
0 10 20 30 40 50 60 70
FeCl, Film Thickness / A

0 0 0 — T T T y T T T T T
1= IEim = (lFe — KEim)€ " @ 0 500 1000 1500 2000
where o is the friction coefficient,t the film thickness, FeCI2 Film Thickness / A
Mgilm the limiting friction coefficient for large film thick-
nesses up to 2000 A @+ 0.02 in this case), anﬂge is Fig. 2. Plot of average contact resistance during sliding measured as a
the friction coefficient of clean iron. It should be empha- function of film thickness up to a total film thickness of 2000 A obtained

sized that the decrease in friction coefficient to its limit- With an applied load of 0.29N with a sliding speed ofx410->m/s.

ing value at a film thickness 0£30 A does not imply that Values are shown for the first pass on the freshly prepared.lm(nd
for a second pass over exactly the same region as the first fgss (

this layer i_s 30A thick, Sin(_:e Second_ layer growt_h COM-" shown as an inset is an expansion of the region for low film thicknesses.
mences prior to the completion of the first layer; this thick-

ness corresponds to the total film thickness at which the

first monolayer saturates. A fit to the data shown as an in- ularly to thec direction. The unit cell contains two such
set inFig. 1 for the first pass M) yields a value ofx = planes and theg dimension is 17.536 A8]. This yields an
0.104 0.02 A1, It has been shown that = 1/ty where approximate thickness of a single Fe@yer of ~10.4 A

to is the first-layer film thicknes§l3] and the calculated in good agreement with the measured valuéyofThis im-
value fortg for FeCb is therefore 16t 2 A. This is clearly plies that a similar phenomenon occurs in the case of feCl
an approximate value since the model assumes that the adas found previously for KCI; the presence of a single layer
sorption kinetics into the first as well as subsequent layers on the metal surface completely reduces the friction coeffi-
are identical. Nevertheless, it is instructive to compare this cient to its limiting value. Based on the measured value of
value with the lattice dimensions of FeCAs noted above, ty for FeCb, this is tentatively assigned to the deposition
FeCb crystallizes into an approximately hexagonal unit cell of a layer of FeCl. The interlayer interaction in Fegls
with weakly interacting FeGl planes oriented perpendic- weak, presumably resulting in a similarly weak interaction

Fig. 3. Photographs of the wear scars for Fefilins evaporated onto clean iron in ultrahigh vacuum after sliding =at14—3m/s with an applied load

of 0.29N and after washing the FeCfrom the surface using deionized water to reveal the metal damage below. (A) Wear scar formed on clean iron,
(B) the wear scar formed in a single scan after the deposition of 100 A of;Fa@d (C) the wear scar formed in a single scan after the deposition of
200 A of FeCh.
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between the layer and the tribotip and a low value of friction 0.30
coefficient.

The corresponding plot of average contact resistance mea-
sured during the first pass is plotted as a function of film
thickness and displayed iRig. 2 (W). This shows similar 0.251
behavior as found previously for KCI deposited on if6h
The contact resistance remains low for film thicknesses be-
low ~35A during the first pass, indicative of metal con-
tact with the tribopin in this thickness range, in agreement
with the notion that some bare metal remains exposed. This
thickness correlates well with that at which the friction co-
efficient reaches its minimum valu€&if. 1). The contact
resistance then rises rapidly with increasing film thickness
to a limiting value of logg(contactresistange= 4.2 + 0.2,
which is the maximum value of contact resistance that can
be measured since the a/d convertor saturates at this value.

After the friction coefficient and contact resistance had
been measured on the freshly prepared surface, these val-
ues were measured in a second pass by sliding the pin once 0.05
again over the same region in the same direction. Little dif-
ference is seen in the frictional behavior in the main plot in
Fig. 1for the first @) and second®) passes. However, if the

0.20

0.15

Friction Coefficient

0.10

scale is expanded for small film thicknessegy( 1, inset) 0.00 0 1' 2' 3') .
clear differences are detected between the friction coeffi- .

cients in the first and second passes. This effect is confirmed ® Position / mm

by the contact resistance data in the inseFig. 2, which 018

also reveal differences in contact resistance between the first
(m) and second®) passes. The lower contact resistance at
higher coverages during the second pa&sg.(2 inset) and

the correspondingly higher friction coefficierfig. 1, in- 0.15
set) implies that material has been removed from the surface
during the first pass and shows that, in the case of £eCl
the evaporated film has some mobility in the contact region

during sliding. 0.12 4
In order to gauge the anti-wear properties of the ferrous

chloride film, the following experiment was carried out. The

WC pin was slid over the clean surface in ultrahigh vacuum 0.09 -

using a normal load of 0.29 N atx410-3m/s to produce a
wear scar on the iron surface. A similar experiment was car-
ried out after depositing either 100, 200 or 500 A of FeCl
on the surface, also in ultrahigh vacuum. Note that the fric- 0.06
tion coefficient in all of these cases has decreased to its min-
imum value of~0.08 ig. 1). After removal of the sample
from ultrahigh vacuum, the Feg£Was washed from the sur-
face using deionized water and the surface photographed.
The resulting images are displayedHig. 3. The top image
(Fig. 3A) shows a broad wear scar on the bare iron. The
second two images show the presence of a wear scar only 0.00

Friction Coefficient

0.03 1

at the beginning of the sliding process while no wear scar 0 1 2 3 4

is detected when 500 A of Fehad been deposited onto  (B) Position / mm

the surface. The corresponding frictional traces as a func-

tion of position are displayed iRig. 4A for 100 A of FeCh Fig. 4. Plot of friction coefficient vs. position following the deposition of

and inFig. 4B for a 200 A thick film. It is evident that the ~ (A) 100A and (8) 200A of FeGl on iron during sliding at 4 10~%m/s
stick—slip behavior is more pronounced at the beginning of Vith @ applied load of 0.29N.

the wear scar, in particular in the case of the 100 A film.

The corresponding averaged contact resistance is plotted for
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a single pass for the iron surface covered with these films in
Fig. 5A and B In both of these cases, the contact resistance
increases from a lower value to a higher value as sliding oc-
curs. These data confirm that there is some mobility of the
FeCb film during sliding.

AFM images were also collected of a surface covered with
200 A of FeC} after a single pass, under identical conditions
as used to collect the images showrFig. 3, at the begin-
ning of the wear scarHg. 6A), at the end of the wear scar
(Fig. 6B), and in a region where no wear scar could be seen
(Fig. 60, again after the Feglfilm had been removed us-
ing deionized water. The image of the worn regibig( 6A)
shows a wear scar70pm wide having substantial corru-
gations in the wear scar region due to interactions between
the tribopin and the surface. For comparison, the Hertzian 8
contact diameter under a load of 0.29N is 36tb yield-
ing a maximum Hertzian pressure of 420 MPa compared to
the measured Knoop hardness of the iron of 690 MPa such
that the width calculated assuming plastic deformation us-
ing the hardness of iron is 23udn. An image of the end of
the wear scar is shown Ifig. 6Brevealing that the corruga-
tions found at the beginning of the wear scar persist until the
end, but terminate quite abruptly, and the imag&im. 6C
shows minimal damage where no wear scar is detected
in Fig. 3.

In addition to mobility within the film during sliding found (4,
above, it is possible that material is also transferred to the
pin during sliding, resulting in the formation of a “trans-
fer film” [14,15] This was tested by measuring the friction
coefficient during repeated passes, each in the same direc-
tion. Note that the data presented above suggest that ma-
terial redistribution during sliding occurs after just the first
few passes. This experiment was carried out using a 500-A
thick FeC} film deposited onto iron using an applied load
of 0.29N at a sliding speed of 4 10-3m/s and the re-
sults are displayed ifig. 7. The friction coefficient shows
an initial slight decrease in the first few passes and subse--
guently remains constant aO80+ 0.005 for approximately
20 scans. Over the next 10 scans, the friction coefficient de-
creases to a minimum of8.x 10~2 and remains remarkably
constant at this low value. This value is within the range
found for similar lamellar Mogfilms [23—-26] Sliding was
terminated after 40 scans, following which two experiments
were performed. First, the tribopin was moved to a fresh
part of the surface without cleaning, and the resulting fric-
tion coefficient is shown in trace A where it has increased
slightly to ~1.7 x 10~2. Second, the tribopin was heated
in ultrahigh vacuum and then slid in the original track. The
resulting friction coefficient trace is marked B and shows
that the friction coefficient increases t00.08. These ex-
periments clearly indicate that material transferred to the ®)
tribopin is responsible for the reduction in friction coeffi-
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_C'ent t(? the lowest Valqe of1.5 x 10 a_md IS therefore. Fig. 5. Plot of averaged contact resistance vs. position following the
indicative of the formation of a transfer film. Thus, the tri- deposition of (A) 100A and (B) 200A of Feglon iron during sliding
bological experiments shown above are capable of detectingat 4x 10-*m/s with an applied load of 0.29N.

both lateral mobility of the film during sliding as well as
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Fig. 6. Atomic force microscope (AFM) image of the wear scar on the iron after deposition of 200A of BeGllean iron after a single scan at

4 x 10-3m/s with an applied load of 0.29 N following removal of the Fe@lith deionized water (A) at the beginning of the wear scar, (B) near the
end of the wear scar, and (C) where no wear scar could be detected.
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Fig. 7. Plot of friction coefficient as a function of number of passes following the deposition of 500 A of BeElean iron with an applied load of 0.29 N
and a sliding speed of 4 103 m/s. The experiment was stopped after 40 passes. The pin was moved, without cleaning, to a new location on the surface
and scanning continued (Trace A). Alternatively, the pin was then cleaned by e-beam heating and sliding was continued at the same point (Trace B).

transfer of material to the originally clean tungsten carbide
surface.

These observations raise the question of whether simi- 3.0
lar effects occur when other non-laminar solid lubricating
films, for example KCI, are used. In order to answer this ]
question, a similar series of experiments was carried out for
KCI films deposited onto iron in ultrahigh vacuum. A sig- 2.5
nificant amount of work has already been carried out to ex- -
amine the tribological properties of these films where it has
been shown that the friction coefficient during the first pass
decreases from 2 for the clean surface t00.27 following
the deposition of a KCI film~40 A in thickness, and this
was shown to be due to the completion of the first KCl layer
measured to be.@+ 0.2 A thick [6,13]. A comparison of
the friction coefficient between a first and second pass over
the same area as a function of KCI film thickness is shown
in Fig. 8 Data for the first pasdl) are in good agreement
with those published previous|g]. The friction coefficients
for the second pas®) are slightly higher than those for
the first pass for film thicknesses less thaf0 A indicat-
ing that some mobility occurs for the KCI film. The corre-
sponding comparison of contact resistances are displayed in -
Fig. 9for the first @) and second®) passes where a sim- 1 L
ilar phenomenon is found as for FeQFig. 2) where the
contact resistance is lower in the second pass than the first. 0.0 = ; T r T " T ; T
This confirms that there is also some lateral mobility during 0
rubbing in the non-laminar KCI film. KCI Film Thickness / A

The wear resistance is measured by examining the na-_ - . _ _ _
ture of the iron surface after removing the KCI film using Flg. 8. Plot of friction c_oefflment vs. film t_hlckn(_ess following the evapo-

i . e ration of KCI on clean iron up to a total film thickness of 80 A obtained
deionized water. The wear scars following the deposition of yjth an applied load of 0.29N with a sliding speed ofx410-3 mis.
100, 200, 500 and 1000 A of KCI on iron after a single pass Values are shown for the first pass on the freshly prepared Bingnd
with a load of 0.29N at a sliding speed of>xd10~3m/s for a second pass over exactly the same region as the first @ss (
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—e— Second Pass

Friction Coefficient
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Fig. 9. Plot of contact resistance vs. film thickness following the evapo-
ration of KCI on clean iron up to a total film thickness of 80 A obtained
with an applied load on 0.29 N and a sliding speed of ©0-3m/s. Val-

ues are shown for the first pass on the freshly prepared linand for

a second pass over exactly the same region as the first @ss (

are shown inFig. 10B—E respectively and compared with
that on the clean surface iRig. 10A Surface damage is
detected throughout the length of the region slid for film

thicknesses up to 200 A. This is in contrast to the behav-

ior found for FeC} films where wear occurred only at the
beginning of the sliding region (sdég. 3). The analogous

(A)

(B)

(©

(D)

(E)
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atomic force microscope images of the wear scar regions are
displayed inFig. 11A-E Fig. 11A displays the end of the
wear scar for clean iron for comparison and shows a wear
scar width of slightly greater than 20m, and is in good
agreement with that calculated by assuming plastic defor-
mation (23.1um). This image also reveals corrugations in
the wear scar due to stick—slip behavibig. 11B shows

the wear scar when 100 A of KCI have been deposited onto
the surface where significant wear is also seen. There are
similar corrugations in the surface, although these are some-
what more striated than for the clean surface. It is evident
that significant wears occurs on this surface although at this
thickness, the friction coefficient has already decreased to
its minimum value of~0.27 [6]. The corresponding im-
ages of the wear scars after the deposition of 200Fi§.(
110 and 500 A Fig. 11D show a similarly striated be-
havior in the wear scars, which become slightly thinner as
the film becomes thicker indicating some anti-wear behav-
ior for the 500-A thick film. Note that Feglhad com-
pletely suppressed wear by this film thickness. The wears
scar formed after the deposition of 1000 A of KEig. 106
shows a curious double wear scar where these are separated
by ~60um.

Finally, Fig. 12 shows the effect of repeated passes on
the friction coefficient of a 1000-A-thick KCI film using an
applied load of 0.29 N with a sliding speed ok4.0-3m/s.

This shows that the friction coefficient remains reasonably
constant up to~40 passes with perhaps a slight decrease
during the first twenty passes. A similar set of experiments
was carried out as for the FeClilm. That is, the tribopin
was either slid over a new region of the KCI-covered iron
without heating the tribopin (Trace A) or heated and slid
over the same region (Trace B). In contrast to the behavior
seen for FeGl (Fig. 7), only slight differences are found in
the resulting friction coefficient. This implies that there is
no detectable transfer of KCI to the tribopin, even after 40
scans.

Fig. 10. Photographs of the wear scars of KCI films evaporated on clean iron in ultrahigh vacuum after slidind Gt>4n/s with an applied load of

0.29N and after washing the KCI from the surface using deionized water to reveal the metal damage below. (A) Wear scar formed on clean iron and

the wear scars formed in a single scan after the deposition of (B) 100A, (C) 200A, (D) 500A, and (E) 1000 A of KCI on iron.
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Fig. 11. Atomic force microscope images of KCI films evaporated onto clean iron in ultrahigh vacuum after slidirgl@t%m/s with an applied load
of 0.29N and after washing the KCI from the surface using dionized water to reveal the metal damage below. (A) Wear scar formed on clean iron and
the wear scars formed in a single scan after the deposition of (B) 100A, (C) 200A, (D) 500A, and (E) 1000 A of KCI on iron.
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0.5 an approximately Gaussian height distribution with a width
of ~2000 A. Some penetration of the film is noted from the
contact resistance measurements for F€€Eig. 2), which
does not reach its limiting value until 500 A of FeQias
been deposited. A similar behavior is found for K[g]
where~1000 A of KCI must be deposited for the contact
= resistance to reach the limiting value. These thicknesses are
0.37 g o similar to those required to suppress wear and suggests that
| the penetration of the film by the tips of even relatively few
asperities leads to deformation of the substrate underneath.
In contrast the friction coefficient is reduced to its minimum
value by the completion of the first monolayer either of
FeCb or KCI [6]. This may be because such few asperities
penetrate the film that, although deformation still can occur
0.1 e o on 4 #n  %  %o with these fewer asperities, their total contact area, relative
Nigiber of Pasges to thqt fpr the filrln—.free surface, is so .Iow fthat its gﬁgct on
the friction coefficient cannot be distinguished within the
Fig. 12. Plot of friction coefficient as a function of number of passes accuracy of the experiments.
following the deposition of 1000 A of KCI on clean iron with an applied The friction coefficient of the FeGlfilm is rather low

load of 0.29N and a sliding speed of410~3m/s. The experiment was .
stopped after 40 passes. The pin was moved, without cleaning, to a new( 0'08) and Ilkely reflects the Iayer structure of FeCl

location on the surface and scanning continued (Trace A). Alternatively, Which is S_im.”ar to th'aj[ of Mo& which exhibits a simi-
the pin was then cleaned by e-beam heating and sliding was continuedlarly low friction coefficient[23—26] The values measured

0.4

wé

Friction Coefficient

0.2+

at the same point (Trace B). for the film evaporated onto iron in ultrahigh vacuum here
are very similar to those found for reactively formed halide
films [3-5].

4. Discussion Itis clear that transfer films form from Feflthough this

does not have a substantial effect on the friction coefficient

It is evident that the film thicknesses required for fric- until about 20 passes in the case of Fg@lhile no signif-
tion reduction and wear suppression are completely differ- icant transfer film appears to form from KCI. This implies
ent. The completion of a first layer of FeCipproximately that the effect of transfer films on the first pass even in the
10 A thick causes the friction coefficient to drop to its lim- case of FeGl is insignificant and that transfer of material
iting value of~0.08, while a first-layer KCI film of~2.6 A from the substrate to the pin does not unduly affect these tri-
in thickness causes the friction coefficient to fall to a limit- bological measurements. Interestingly, the frictional behav-
ing value of~0.27. It is evident, however, that significantly ior of the FeC} and KCI films as a function of the number
larger film thicknesses are required to suppress deformationof passes is strikingly different. In the case of KCI films,
of the surface where this is500 A for FeCj and more than the friction coefficient is relatively constant. The behavior
~1000A for KCI. This implies that in those cases where with FeCh is completely different. A small initial decrease
films are required just to lower the friction coefficient, such is observed during the first few passes, probably due to some
as extreme-pressure applications in metalworking in which FeCb redistribution on the iron foil within the contact re-
wear must still take place, only a monolayer film needs to gion. The friction coefficient then remains constant &0
be deposited. Since relatively high surface temperatures arepasses and then decreases almost linearly to reach its limit-
generally attained in such applicatioffd], the lubricant ing value of~1.5x 10~2 in the next 10 passes, and remains
additives that provide these films have to form a mono- constant thereafteiF{g. 7). It may be that the Fegllayers
layer during the lubrication process. Of course, since wear are initially rather randomly distributed within the film and
is occurring at the same time, the surface reaction shouldare reoriented during sliding during the first 20 cyd23].
be sufficiently rapid to balance the wear rate by the main- Unfortunately, the degree of order of the Fe@Ims could
tenance of at least a monolayer film. In contrast, anti-wear not be measured ex situ using XRD since it rapidly reacted
films must be significantly thicker in order to completely with water vapor from the air to form a dihydrate.
suppress substrate damage where films apparently between We finally address the question of the wear scar widths
500 and 1000 A are required for FeGind above~1000 A found during sliding in the presence of Fe@Fig. 6) and
for KCI. These values are of the same order of magnitude askKCl (Fig. 11). The maximum Hertzian pressur®qj for
the films formed from zinc dialkyl dithiophosphate (ZDDP), a perfectly smooth ball of radius3b x 10~3m at an ap-
a well-known anti-wear additivi27,28]. In the experiments  plied load of 0.29 N used in all of the sliding experiments is
carried out here with a tungsten carbide ball and clean iron 420 MPa and is less than the Knoop hardness of iron, which
substrates, it has been shown that the iron substrate is muclhas been measured at 690 MBa However, slip-line the-
smoother than the tungsten carbide K], which shows ory analyses of rigid—perfectly-plastic bodies show that the
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contact area grows during sliding so that at the onset of slid- the film has been removed by deionized water and therefore
ing it has grown to approximately three times that value un- represent the damage to the metal underneath.

der just compressiof21]. In addition, since the surface of

the pin is microscopically rough with a topological height

distribution of~2000 A[6], it is likely that the load willbe 5. Conclusions

supported at the tips of the pin asperities. This will affect

the total apparent contact radius, which is dependent on a The deposition of FeGlonto iron causes the friction
roughness parameter= os/§p whereos is the standard de-  coefficient to drop to a limiting value 0f0.08 in good
viation of the Gaussian distribution of heights of the peaks agreement with values measured from Feflims reac-

on the surface anéy is the bulk compression at the center tively deposited onto iron measured in a pin and v-block
of the contacf21]. Note thatos refers to the distribution of  apparatus. Measurement of the variation in friction coef-
the tips of the asperities, not to the topological height distri- ficient with film thickness suggests that this is due to the
bution which refers to all points and is therefore not equal to formation of a monolayer film of~10A in thickness, in
2000 A. Fora = 0, the surface is perfectly smooth and the good agreement with the thickness of a Felayer. Com-
contact area is calculated using Hertzian theory for an elas-paring the friction coefficients and contact resistances for
tic contact. As the roughness increases, so does the apparertoth FeC) and KCI films as a function of film thickness
contact radius and, for example reaches almost 1.5 times thefor the first and second passes indicates that there is some
Hertzian radius forr = 1. Measurement of the peak height lateral mobility of the films during rubbing. It is also shown
distribution of the AFM image of the pin surface yields a that the friction coefficient of the Feglayer decreases to
value of g5 = 5.0+ 0.1) x 10-8m[6]. The value ofg for ~1.5 x 10~ after about 30 rubbing cycles, an effect that is

a Hertzian contact under a load of 0.29N i$ 510 8m, so demonstrated to be due to the formation of a transfer film.
thata ~ 1. This will yield a Hertzian contact radius that is In contrast, no such transfer film is apparent for KCI.

~1.5 times larger than for the smooth surface. In the case of It is also found for KCI films that damage in the sub-
plastic contact, this parameter is known as the adhesion in-strate is only suppressed after 1000-2000 A have been de-
dex and is~2.3 for iron under a load of 0.29 [80]. Shown posited. This suggests that extreme-pressure films, which
plotted onFig. 11A the AFM image of the wear scar for are required only to reduce friction, but not wear, need only
clean iron, are the calculated values of the contact width for be relatively thin (of the order of a few Angstroms) while
plastic Mp) and elastic\\W) contacts. Given the above dis- an anti-wear film must be much thicker.

cussions, there is surprisingly good agreement between the

width of the wear scar and that calculated for plastic defor-

mation. This is likely to be fortuitous and the actual contact Acknowledgements
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~1000 A of KClI, the central wear region disappears but the

wear scar consists of two wear traces separated@fjum, _ _
[1] T.J. Blunt, P.V. Kotvis, W.T. Tysoe, Tribol. Trans. 41 (1998) 117.

presumably at the edge of the wear sdag(108. A sim- [2] T.J. Blunt, P.V. Kotvis, W.T. Tysoe, Tribol. Trans. 41 (1998) 129.
ilarly wide wear scar is found following the deposition of (3] p.v. Kotvis, L.A. Huezo, W.T. Tysoe, Langmuir 9 (1993) 467.

200 A of FeCh when wear is apparent at the beginning of  [4] L. Huezo, P.V. Kotvis, C. Crumer, C. Soto, W.T. Tysoe, Appl. Surf.

References

the wear scarKig. 6A), and is also about65um wide. In Sci. 78 (1994) 113.

e Fegfilm, there is a central striated region ~ [5) J- Lara, W.T. Tysoe, Tribol. Letts. 6 (1999) 195.
thbe Cazsge of th id @d ’ h id b M wid gt [6] G. Wu, F. Gao, M. Kaltchev, J. Gutow, J. Mowlem, W.C. Schramm,
about 33.m wide and rougher ridges about 1 wide a P.V. Kotvis, W.T. Tysoe, Wear 252 (2002) 595.

each side. The width of the central region corresponds ap- [7] F. Gao, P.V. Kotvis, W.T. Tysoe, Tribol. Letts. 15 (2003) 327.
proximately to the expected Hertzian width. Alternatively, [8] R.W.G. Wyckoff, Crystal Structures, Wiley, New York, 1963.

complete ploughing of a film of thicknesswith a ball of [9] F.P. Bowden, D. Tabor, The Friction and Lubrication of Solids,
Oxford University Press, London, 1964.

radius R will leave _a V_Vear trECk_Of r_adlua wherea = [10] R. Holm, Electrical Contacts, Springer, New York, 1967.
V(2R). Wher_‘ th? f'lm IS 200 A thicka is 31.2um, and for [11] A.J. Moses, Handbook of Electronic Materials, vol. 1, IFI/Plenum
an 1000-A thick film it is 71.3um. These values agree well Press, New York, 1971.

with the width of the central portion where some wear has [12] S. Musikant, Optical Materials, Marcel Dekker, New York, 1985.
occurred with the thin Feglfilm, while this has been sup- [13] F. Gao, M. Kaltchev, P.V. Kotvis, W.T. Tysoe, Tribol. Letts. 14 (2003)

. ! 99,
pressed by the thicker KCI film. In both cases, however, ad- (14] TW. Scharf, I.L. Singer. Tribol. Trans. 45 (2002) 363.

ditional wear appears to take place at the edges of the wear;s] .M. Martin, C. Grossiord, T. Le Mogne, J. Igarashi, Wear 245 (2000)
track. Note that all of these images have been collected after  107.



F. Gao et al./Wear 256 (2004) 1005-1017 1017

[16] P.V. Kotvis, W.T. Tysoe, Appl. Surf. Sci. 40 (1989) 213. [25] C. Donnet, T. Le Mogne, J.M. Martin, Surf. Coat. Technol. 62 (1993)
[17] P.V. Kotvis, W.S. Millman, L. Huezo, W.T. Tysoe, Wear 147 (1991) 406.

401. [26] C. Donnet, J.M. Martin, T. Le Mogne, M. Belin, Tribol. Int. 29
[18] P.V. Kotvis, M.N. James, W.T. Tysoe, Wear 153 (1992) 305. (1996) 123.
[19] T.J. Blunt, P.V. Kotvis, W.T. Tysoe, Tribol. Letts. 2 (1996) 221. [27] M.L. Suominen Fuller, L. Rodriguez Fernandez, G.R. Massoumi,
[20] J. Lara, P.V. Kotvis, W.T. Tysoe, Tribol. Letts. 3 (1997) 303. W.N. Lennard, M. Kasrai, G.M. Bancroft, Tribol. Letts. 8 (2000)
[21] K.L. Johnson, Contact Mechanics, Cambridge University Press, 187.

Cambridge, UK, 2001. [28] L. Taylor, A. Dratva, H.A. Spikes, Tribol. Trans. 43 (2000) 469.
[22] W.J. Wytenburg, R.M. Lambert, J. Vac. Sci. Technol. 10 (1992) 3579. [29] F.X. Wang, Y.X. Wu, Y.Q. Cheng, B. Wang, S. Danyluk, Tribol.
[23] X.L. Zhang, B. Prakesh, W. Lauwerens, X.D. Zhu, J.W. He, J.P. Trans. 39 (1996) 392.

Celis, Tribol. Letts. 13 (2003) 131. [30] K.L. Johnson, in: W.T. Koiter (Ed.), Theoretical and Applied
[24] C. Grossiord, J.M. Martin, T. Le Mogne, T. Palermo, Tribol. Letts. Mechanics, North Holland Publishing, Amsterdam, 1977,

6 (1999) 171. p. 133.



	The friction, mobility and transfer of tribological films: potassium chloride and ferrous chloride on iron
	Introduction
	Experimental
	Results
	Discussion
	Conclusions
	Acknowledgements
	References


