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I. INTRODUCTION

Molybdenum disulfide (MOS2) is a useful solid lubricant because it
deforms plastically more readily than the solid surfaces between which it
is placed. On the macroscopic scale, the low shear strength of MoS2
reduces the friction between sliding surfaces. On the atomic scale, the
low shear strength (low friction) of MoS, is explained by its anisotropic
crystal structure: the material is comprised of hexagonally packed planes
consisting of a layer of Mo bounded on each side by a layer of S. All
effective strong bonding is within the resulting "sandwich'" planes, not
between adjacent sandwiches. MoS2 is strong in two dimensions and weak in
the third, making the material a two-dimensional mechanical analog to one-
dimensional linear polymers. The low-shear-strength basal planes provide
an atomic mechanism for single-crystal plastic deformation; this mechanism
plays a role similar to that of dislocations in close-packed metals.
However, on the microstructural scale, which relates atomistic and macro-
scopic phenomena, the mechanisms of MoS, plastic deformation have not been
fully explained. For example, MoS, lubricants are polycrystalline, and
while the basal-plane slip mechanism explains deformation within a single
crystal, the naturc of the intercrystalline slip and its contribution to

overall deformation are not understood at this time.

Sputtering provides a method of applying MoS2 as a lubricant in thin-
film form; it avoids the use of the organic binders used in powder
applications, which can outgas in the vacuum of space. Studies have been
reported that attempt to relate M052 sputter-deposition conditions to film
mechanical properties, such as friction and wear, and oxidation resistance
(Refs. 1-5). An increasing emphasis has been placed on elucidating the
physical! properties of films, such as composition, crystallinity, crystal
orientation, and adhesion, in order to explain the effects of deposition
conditions on film performance (Refs. 6-23). Recently, we have shown
(Ref. 23) that structure-zone models (Refs. 24-26) can provide a convenient
conceptual framework for relaliug growth conditions to the physical

properties of MoS, films.




The zone models use the dominant diffusion mechanism operating during
growth as a classification criterion. The zone 1 structure is the result
of a low (or absent) adatom mobility that is insufficient to overcome the
effect of the shadowing favored at low T/Tm (deposition and melting
temperatures, respectively) and high gas pressures. [In geuneral, increas-
ing gas pressure enhances the shadowing of the impinging flux, as well as
decreasing the kinetic energy of ion bombardment in plasma deposition
processes. Gas pressure was added by Thornton (Refs. 24,25) to the
original model of film formation via evaporation developed by Movchan and
Demchishin (Ref. 26) as an additional measure, along with nomologous
temperature, of the degree to which adatom mobility is affected by deposi-
tion conditions.] The morphology of zone 1 films consists of large dome-
capped grains that have poorly defined fibrous interiors. The films can be
amorphous or crystalline, they often contain voids, and they generally have
poor mechanical properties. The zone 2 structure results when surface
diffusion dominates; this structure consists of well-defined columnar
grains that have faceted or flat tops. The zone 3 structure occurs when
lattice diffusion dominates. Grain growth or recrystallization can occur,
promoting large columnar grains or equiaxed grains, respectively. The
mechanical properties of zone 2 and zone 3 structures are better than those
of zone 1 structures. Thornton also defined a zone T (transiticn) morph-
ology, favored by lower gas pressures and a higher T/T_, that was between
the zone 1 and 2 structures. The zone T material has the zone 1 fibrous
interior, but with flat tops; it is not porous and its mechanical

properties can be good.

In the particular case of sputter-deposited MoS,, we found that films
from three different sources could be classified as having modified zone 1
or 2 morphologies (Ref. 23). The zone 1 films were morphologically dense
[no obvious voids were present as viewed by scanning electron microscopy
(SEM)}], had fibrous interiors and curved tops ("cauliflower" appearance),
and possessed no long-range crystallographic order as determined byVX-ray
diffraction (XRD). The zone 2 films were columnar and crystalline, indi-

cating that adatom surface diffusion during film growth was occurring.




However, columnar plates were observed instead of equiaxed columns, and
film porosity was present between the plates. The platelike morphology
appears to be a consequence of the anisotropic crystal structure and
bonding of MoS,, in that growth in edge directions was found to be faster
than growth in basal directions. Transmission electron microscopy (TEM)
studies of the early stages of zone 2 M052 film growth revealed individual
crystallites with both basal or edge orientations relative to the plane of
the substrate surface (Ref. 27). The edge-oriented regions quickly grow
and effectively shadow the basal islands, which yields voids between the
evolving plates. Porosity in the zone 2 films increased with deposition

temperature.

Chemical effects can also influence morphology. The zone models were
developed in the context of experiments on single-element film rormation.
When more than one element is present, chemical interactions can affect
mobility and structure. Such interactions can arise from heats of forma-
tion (Ref. 28) or the presence of impurities (Refs. 24,25). Buck has
clearly shown that the presence of water during deposition inhibits
mobility (Ref.15). The addition of water vapor during deposition induced a
zone 1 morphology, even at 100°C. Roberts has been able to produce RFM
films that have zone 2 morphologies, by operating at higher growth rates
than the rate used to synthesize the RFM films reported here (Ref. 17). He
suggests that increasing the MoS2 deposition flux while maintaining a fixed
water-vapor flux decreases the relative immobilizing effect of the water.

The presence of oxygen will be discussed further in Sections 3 and 4.

In our previous study, examination of films deposited by three differ-
ent sources before and after sliding wear showed that when the lubrication
ability of sputter-deposited MoS2 films is assessed, both the as-deposited
and deformed microstructures, including crystalline orientation and morph-
ology, must be considered (Ref. 23). In particular, we showed that defor-
mation at low loads can be confined to a surface region in some
morphologically dense zone 1 and zone 2 microstructures. In the zone 1
films, XRD and cross-sectional SEM showed that stress-induced

crystallization had occurred in the surface deformed zone, yielding basal-




plane orientation paralle! to the substiate. As Will be shown in Sections
3 and 4, this crystallization apparently provides sufficient lubrication to
yield good wear life. When sliding-wear tests are performed on the zone 2
films, a crystal reorientation occurs in which some of the basai planes are
realigned parallel to the substrate (Refs. 20, 21, 23). Aspects of this

process will be discussed in this report.

Our previous study (kef. 23) focused on the structural changes that
occur during sliding wear. To provide a more comprehensive view of the
relationship between film physical properties and tribological performance,
in this report, we present complementary information, including the
density, composition, and crystallinity of MoS2 films, film wear-iife data,

and aspects of film adhesion during indentation contact.




It. EXPERIMENTAL

The Mo, films on L80C bearing steel were studied in three different
lahoratories, each of which prepared the films by a different sputtering
technique: (1) radio frequency sputtecing (Hef. 21), (2) direct current
sputtering (kefs. 3,5), :nd (3) radgio frequency magnetron sputtering
(Refs. 17-18). For convenience, these films will be referred to as kF, DC,
and RFM, respertively. [ypical deposition temperatures, pressures, and
growth rates were as “ollows: RF- 70-220°C, 2.66 Pa, 245-345 A'min; DNC:
130-1757C, 3.06 Pa, 600 A/min; RFM: 25-70°C, 2.66 P=, 400-6C0 & ain. Some
of the DC films contained codeposited nickel {(Refs. 3,5). It is worth
emphasizing that the RF and DC t'ilms were formed in contact with the pl.isma
during growth, while the KFM f1lms were deposited when the piasma was
magnet.cally confined away from the surface of the film. Surface adatom
mobility, which is 1nfluenced by substrate temperature (which in turn is
affected by secondary-electron bombardment), should be .ower in the RFM
case. 1he substrates were sputter-precleaned ir the DC and RFM expeii-
ments, but not in tne KF expeiirents. Previous scanniing electron
microscopy (SEM) and X-ray diffraction (XRD) experir:nts have shown that
the RF and DC “ilms reported here have a columnar-plate zone 2 mcrphology,
with the (100) and (110) edge plane being the preferred orientation
parallel to the substrate. The RFM films had twc different morpholugies:
A fibrous zore 1 morphology, with little or (often) no crystaliinity
detected by XKD; or a zone 2 morphology. The cause for the difference in

morphology will be discussed in the next section.

The sliding-wear deformation was produced by a thrust-washer apparatus
Jander conditions described previously (Kef. 21). Briefly, the machine
consists of a disk that slides against a coated f'at under low loeds
(3.18 kg dead weight) at a mean sliding velocity of 33 mm's. The apparent
contact area between the rider and the stationary merber wds approximately
5.2 mm2. In some tests, .ilms were run until they failed (arbitrarily

defined as that point where the reaction torque of the stationary member
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exceeded 0.07 Nm). Other tests were terminated after a fixed number of
vevolutions; then, XRD characterization measurements were made. In some
cases, testing was resumed after XRD analysis. Thickness and density
rneasurements were made by passing a stylus across steps in th: films and by
welighing. GSEM observations of the stylus tracks were performed to ccount
for the effect of film de"ormation, which could reduce the thickness of the
step relative to that of the original film, as reporced earlier (Ref. 21).
Y -ray photoelzctron spectroscopy (XP5) and Auger electron spectroscopy
(AES) werc used tc ascertain f£i'm compcsition; these procedures are

detailed elsewhere (R:.f. 21).

The fi1lms were indented with a Fockwell "C" diamond braie stylus. The
radial compressive load generated at the iandentation rim caused the film to
fracture, reproducibly exnosing cross sections. These cross sections wer~
the iritilal objects of interest (Ref. 29). However, it was quickly
observed that the nature and extent of film celamination varied for differ-
ent samples, and that this variation might provide a means of assessing
inter 1cial fracture toughness. Indentations were then made at various
loads that ranged in discrete steps from 15 to 150 kg. Crack growth as a
function of load was measured later by SEM, following the approacn used by
Jindal et al. (Ref. 30), who have investigated hard coatings such as TiN,
TiC, and /\1803 to assess interfaclial fracture toughness, which is affected

by film-substratre adhesion.
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I1I. RESULTS

Film densities are listed in Table 1. The results vary widely.
Furthermore, the zone 2 films (RF and DC) are heterogeneous structures of
voids and platelets, and the average densities are not the density of the
material inside the platelets. The results of XRD on film orientation are
listed in Table 2; the preferred orientation is often seen. The films
appear similar, except for the RFM zone 1 "A" films, in which no peaks were
detected by XRD. When film thickness and density are considered, it
appears that the RF high temperature (HT) films are the most crystalline,
the RF ambient temperature (AT) and DC films are moderately crystalline,
and the RFM zone 1 films are the least crystalline. This crystallinity
ranking is consistent with the film morphologies, in that the least
crystalline films (RFM) have the zone 1 morphology, which results from an
inhibited adatom mobility during deposition that would also inhibit

epitaxial growth.

Compositional analysis indicates that the RFM zone 1 films contain
more oxygen .aan the RF or DC films. XPS of the RF films combined with
sample heating in ultrahigh vacuum have shown that the oxypen exists in at
least two forms: (1) as an MoS,_ 0, phase (with 5 to 15% oxygen within
that phase in the RF films) and (2) as MoO3 (Ref. 31). The RF films
contain between 90 and 99% of the MoS,_,0, phase, and the DC films contain
more than 98% of the MoS,_,0, phase. The RFM zone 1 films contained
between 60 and 80% of the MoS,_ 0, phase (Mou+), with the balance being
other oxides (MoO3), while the RFM zone 2 films have 80-85% of the MoS,_,0,
phase. Buck has shown that the presence of water vapor during MoS2 sputter
deposition can yield films with the zone 1 morphology and a high oxygen
content (Ref. 15). The RFM zone 1 films appear to be the result of oxygen
that originates from a new deposition system, as recently produced RFM
films have a zone 2 morphoiugy. AES analysis (Table 3) agrees with the XPS
data. The low energy ratios indicate that the RFM zone 1 "B" films are

sulfur deficient at the immediate surface, whereas the DC films are sulfur




Table 1. Fiim Density

1D Density
REM Zone 1 A 1.61 = 0.08
KFM Zone 1 B 4.07 = 0.48
RFM Zone 2 1.80 + 0.18
DC Zone 2 0.77 = 0.07
DC Zone 2 Ni 0.93 = 0.09
RF Zone 2 AT 3.03 + 0.42
RF Zone 2 HT 2.05 * 0.20

MoS, Crystal 4.8

Table 2. XKD Data

Peak Location (2%, deg)
(100)/7(110)

1D Ratio (100) (110)
KFM Zone ' & ND3 ND ND
RFM Zone 1 B 2.58 34.6 1.6
RFM Zone 2 5.17 34.2 60.0
DC Zone 2 2.67, 3.05 33.6 59.9
DC Zone 2 Ni 2.80 33.6 59.¢6
RF Zone 2 AT 2.70-3.60 ~33.7 ~60.2
RF Zone 2 HT 3.70-5.20 ~33.7 ~60.0

2No edge-plane reflections were detected.




rich. The ratio at higher energy, i.e., at deeper sample depth, shows that
all films are sulfur deficient below the surface. AES sputter depth
profiling (Fig. 1) yielded generally constant compositions during film
removal, except for a sulfur accumulation observed in some of the RFM

zone 1 "B" films. [Apparently, these were made before the other films were
deposited (e.g., RFM zone 1 "A"), which supports tne 1aea that the deposi-

tion system was initially unstable.]

The results of the thrust-bearing wear test are listed in Table 4.
The films show a similar dependence of wear life with thickness (Fig. 2):
below a critical thickness, effective lubrication does not occur, while
above some optimum thickness, additional gains of wear life with increased
thickness are small. Spalvins observed this critical thickness phenomenon,
although he did not find any gains in wear life above the optimum thickness
(Ref. 10.) In his pin-on-disk wear test (Ref. 6), wear debris was quickly
removed from the wear track, while in our test, debris is probably retained

for longer periods.

As reported in a previous study (Ref. 23), when sliding wear tests are
performed on zone 2 films, a crystal reorientation occurs in which some of
the basal planes are realigned parallel to the substrate, thus facilitating
lubrication. The zone 1 films, which as deposited have little or no
crystallinityv, undergo a stress-induced crystallization at the surface,
which yields a basal-plane orientation in the wear track. Previous SEM and
XRD studies showed that the zone 2 reorientation occurred very quickly as a
function of absolute wear life for films deposited at higher temperature.
These films had a lower platelet-packing density and fractured and deformed
more easily than films deposited at ambient temperature. More recent
analysis has focused on basal-plane reorientation/crystallization as a
function of the percentage of wear life. Figure 3 shows that the zone 2
films reorient early in wear life, and then the signal that indicates
basal-plane orientation decreases, presumably because film material is
ejected from the wear track. Basal-plane crystallization occurs more

slowly for the zone 1 films,
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Table 3. AES Results

1D (S/Mo), @ (S/Mo) P (0/Mo), ©
RFM Zone 1 A 8.51 1.16 1.74
8.95 1.1 1.31
RFM Zone 1 B 6.85 0.99 1.71
7.78 1.29 1.20
DC Zone 2 9.59 0.98 0.86
9.05 1.25 0.85
9.75 1.32 0.56
DC Zone 2 Ni 9.66 1.40 1.71
8.40 1.16 1.02
RF Zone 2 AT 8.99 1.40 0.88
RF Zone 2 HT 8.19 1.28 1.00
MoS, Crystal 8.55 1.49 -

45(151 eV)/Mo( 186 eV)
Ps(2117 ev)/Mo(20UL eV)
€0(520 eV)/Mo(186 eV)

Table 4. Thrust-Washer Test Results

Thickness, Lifetime,?
ID nm 10° rev

RFM Zone 1 A 560 366
900 305

RFM Zone 1 B 1560 849
1560 506

RFM Zone 2 1340 611
1340 763

DC Zone 2 1270 320
2170 220

DC Zone 2 Ni 1060 130
1280 230

RF Zone 2 AT 1260 1190
1240 1180

RF Zone 2 HT 1080 390
1080 590

4Revolutions to failure
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AES PEAK-TO-PEAK HEIGHTS

RF AT ZONE 2 DC ZONE 2

(arbitrary units)

RFM ‘B’ ZONE 1

R S

0 TN
I | Nc I | | i
0 40 80 120 0 a0 80 120
TIME (min)
580 2170 1560

FILM THICKNESS (nm)

Fig. 1. AES Sputter Profiles of Various MoS, Films.
contain more oxygen than the zone 2 films.
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300 —

200 —

REVOLUTIONS TO FAILURE ( x 1000 rev)

100 —

125 rpm (33 mm/s); In Nitrogen
o/
7/
/ /'RF ZONE 2 AT
/‘ / RFM ZONE 2
'/ / RFM ZONE 1

/ / RF ZONE 2 HT

0.4 0.8 1.2 1.6 2.0
THICKNESS (x 1000 nm)

MoS, Film Wear Lifetime in the Thrust-Washer Test as a Function of
As-Deposited Thickness. Below a critical thickness, lubrication
is not effective. Above an optimum thickness, increases in film
lifetime with thickness are lower.
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% (002) COUNTS COMPARED TO MAX COUNT

OB RF AT ZONE 2
® RF HT ZONE 2
2 RFM “‘A’’ ZONE 1
4 RFM B’ ZONE 1

& RFM ZONE 2
8 DC (NI) ZONE 2
A DC ZONE 2
0 L 1 !
0 20 40
% OF TOTAL WEAR LIFE
Fig. 3. XRD Intensities of the MoS, (002) Basal-Plane Reflection as a

Function of Percentage Lifetime in the Thrust-Washer Test.
Basal-plane reorientation parallel to the substrate, which
enhances lubrication, occurs qQuickly in the zone 2 films. The
initial rise is due to large-scale platelet reorientation.
Subsequent decreases represent film wear. Stress-induced
crystallization occurs in the zone 1 films and is confined to the
film surface, which yields a slower rise in (002) intensity.
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When zone 2 crystal reorientation is viewed as a function of the
percentage of wear life, it appears that these films wear in a similar way
(regardless of the absolute total wear life). Figure 4 shows XRD basal-
plane and edge-plane reflections as a function of the percentage of wear
life for an RF AT film. The initial rise of basal-plane and the fall of
edge-plane reflections represent platelet reorientation at the film surface
or through most of the film. Edge-plane intensities remain relatively
constant for the remainder of film life, apparently because they represent
underlying platelets securely bound to the interface. The drop in basal-
plane intensity thiroughout most of film life represents the wearing away of
this material that apparently is the lubricant. When this material is
eliminated, failure occurs. The measured edge-plane intensities between 20
and 80% of wear life, in Fig. 4, appear equivalent to the intensities
observed for as-deposited films that have the minimum thickness for

effective lubrication (Fig. 2).

The qualitative nature and quantitative extent of film fracture caused
by brale indentation was found to be influenced by film thickness and
morphology. At high-load indentations, lateral fracture occurred and
resulted in film delamination (Fig. 5A,B). The extent of delamination
increased with film thickness (Fig. 6A). 1In addition, beyond the region of
initial delamination, circumferential cracks or multiple buckling was
observed in 0.5-um RF films (Fig. 5C), while radial cracks were observed in
thicker RF films (Fig. 5D). Examination of the delaminated region with SEM
and energy dispersive spectroscopy (EDS) indicates that fracture occurs
within the film, very close to the interface. The exposed steel surface
appears to have tiny regions of elevation, which are presumably the result
of deformation during indentation (Fig. 7A). In addition, chromium
carbides, which are harder and more brittle than the steel matrix, develop
radial fractures (Fig. 7B-D). Both the vertical matrix deformation and the
carbide fracture may induce or contribute to the buckling and the radial
fracture observed in the extended regions of thinner and thicker zone 2

films, respectively.
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XRD Intensities of the MoS, (002) Basal Plane, (100), and (110)
Edge-Plane Reflections for a Film as a Function of Percentage
Lifetime in the Thrust-Washer Test. Basal plane reorientation 1is
similar to that in Fig. 3. The corresponding decrease in
edge-plane intensity is a consequence of large-scale platelet
reorientatior. Throughout the majority of wear life, some
edge-plane material (presumably strongly bound to the substrate)
remains until failure.
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Rockwell C Impact Delamination of MoS,

RF AT ZONE 2 (1 um) RF HT ZONE 2 (1 um)

500 um
RF HT ZONE 2 (0.5 um) RF HT ZONE 2 (5 um)

200 ym

L
c 200 um D 500 um

Fig. 5. SEM Micrographs of 150-kg Rockwell "C" Indentations. (A) RF AT,
1 pm, Zone 2; (B) RF HT, 1 um, Zone 2; (C) RF HT, 0.5 um, Zone 2;
(D) RF HT, 5 um, Zone 2.
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Rockwell C Impact Delamination of MoS,
DC SPUTTERED

WITH Ni (P) (0.9 um) WITHOUT Ni (P) (0.9 um)

Fig. 5. SEM Micrographs of 150-kg Rockwell "C" Indentations. (E) kF DC
(Ni), 0.9 um, Zone 2; (F) DC, 0.9 um, Zone 2; (G) RFM "A",
0.8 um, Zone 1; (H) RFM "B", 1.5 um, Zone 1.
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(A) RF HT zone 2 films at variable thickness. (B) Variocus zone 1
and zone 2 films of 1 um thickness showing a lower toughness in
the zone 1 films.
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Substrate Effezi1c on RC Delamination
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Fig. 7. 5SEM Micrographs Showing Possible Substrate Influences on Film
Deformation. (A) Localized vertical plastic deformation of
substrate and film., (B) Radial fracture in substrate and film
{presumably initiated in a subsurface carbide}. (C) Radial
fracture in a carbide ("C") surrounded by a rore ductile matrix
("M"). (D) X-ray energy dispersive spectra of the chromium
cartide and steel matrix in (C).
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Since the length of the delaminated region varies with film thickness
for a given deposition condition, films deposited under different
conditions must be of 1dentical thickness if one is to compare delamination
lengths in order to evaluate fracture toughness. Figure 6B shows both the
delamination length and the indentation radius, a, for films with a nominal
thickness of ' um. The RFM zone 1 films have a lower fracture toughness, K
{which is inversely related to the slope da/dL), than do the zone 2 films
(Fig. 5G,H). The zone 2 RF and DC films appear similar (Fig. 5A4,B,E,F).
This effect of morphology 1s highlighted by studies of recently prepared
RFM films that show delamination as a function of thickness (Fig. 6C).
Deiamination increased with thickness except for the thinnest film, which
was prepared first and had a zone 1 morphology, while the others had a zone
2 morphoiogy. The extent of delamination of this 0.5 um zone 1 film
exceeded that of the 2.5 and 1 um zone 2 films. Delamination also
increases with film thickness in Ni-bearing zone 2 DC films (Fig. 6D). DC
zorie 2 film delamination was not observed to vary, due to the presence of
nickel. The RF HT films have slightly shorter delamination lengths than
the RF AT films.

Another value <hat could be determined is the minimum or critical load
for the onset of fracture, PCR' We have found that for most films, PCR is
very low, often less than 30 kg and occasionally lower than 15 kg. In
addition, the delamination around the rim is often very uneven at these low
loads. [Variabiiity 11 geiamination length is also observed in thick
(5 wm) films under high loads.] Thus, we have found P-p to be a less
discriminating value for these soft films than K and the qualitative nature
and quantitative extent of fracture. Jindal et al. have also concluded
that K is more discriminating than PCR for characterizing hard coatings

(kef. 30).

Substrate precleaning appears to affect K and PCR‘ The substrates in
the DC and RFM systems were generally sputter bombarded before deposition,
although the RF system does not have this capability. The RFM zone 1 films
initially received had a low fracture toughness because of their morphology

and high oxygen content. Recently received RFM films have a zone 2
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morphiology, and two of these films that were 1 um thick were prepared. One
film received a minimal sputter precleaning, and delamination was evident
in this film after indentation (Fig. 84,B). However, the other film, which
also received sputter precleaning, did not delaminate (Fig. 8C); rather, an
abrupt fracture and folding of the film is observed at the rim (Fig. 8D).
The effect of substrate precleaning on K and Pop needs to be investigated
further. It is clear, however, that the indentation technique can reveal

differences in film response.
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Fig. 8. SEM Micrographs of RFM zone 2 Films 1 um Thick as a Function of
Presputter. (A,B) Minimum substrate presputter where delamination
is evident. (C,D) Normal pretreatment in which delamination is
retarded. See delamination vs load data in Fig. 6C.




IV. DISCUSSION

A model of film deformation and wear can be developed from the data
presented in this report as well as from earlier structural studies
(Ref. 23). For the zone 2 films, the highest absolute wear life is
obtained with films having the highest platelet-packing density (dense
morphologv) and film crystallinity (M°S2-xox phase). Lubrication is
provided by platelets that are rcoriented early in a film's wear life (<20%

of wear life).

The degree and depth of film deformation can vary with load. Under
high l»ads, significant amounts of the zone 2 platelets are reoriented,
although some material is not reoriented. The latter presumably consists
of platelets at the interface that are strongly bound to the substrate. As
sliding wear continues, the reoriented material is ejected. This ejection
occurs quickly below U40% of wear lifetime and more slowly beyond this
value. Film failure occurs when a significant amount of the reoriented
material is removed. Note that effective lubrication is provided by a
small amount of reoriented zone 2 material, presumably at the surface. In
the zone 1 films, stress-induced crystallization occurs at the wear sur-
face, providing basal-plane material for lubrication. The slow formation
of the basal material is a result of the crystallization process. High
frictional stresses at the surface induce crystallization there. Once
basal material is formed, lubrication occurs and reduces frictional
stresses at the surface; this eliminates the force that causes basal-plane
crystallization to occur deeper in the film. When the transformed surface
material is eventually worn away, the frictional stresses rise and induce

further crystallization.

The composition of the zone 1 films provides insight into the origin
of the morphology and the causes of the variability of wear rates within
this morphology. The zone 1 films contain significantly more oxygen than
the zone 2 films. The oxygen presumably comes from oxygen or water vapor

in the new deposition system that was used to make the initial films. The
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presence of oxygen or water vapor can inhibit adatom mobility in the
sputter deposition of MoS, (Ref. 15) and other materials (Ref. 24), which
will cause the zone 1 morphclogy to evolve. We believe that the presence
of oxygen in the MoS, films can enhance or retard lubricity. If the oxygen
is in an MOSE—xOx phase, lubrication is still possible (and may even be
improved), while it is inhibited if the oxygen is in another phase, e.g.,
M003 (Refs. 32,33). The zone 2 films consist of over 80% (often over 90%)
of the MoS,_,0, phase (with 5 to 15% oxygen within that phase in the RF
films), while the zone 1 films had only 60-80% MoS,_,0O,.

difference detected between various zone 1 films that had good wear rates

The ma jor

(RFM Zone 1 "A") and those that had poorer wear rates (RFM Zone 1 "B") was
that the latter had less sulfur in their surface. Chronologically, the RFM
Zone 1 "B" samples were made before the "A" samples. A reasonable conclu-
sion would be that the new deposition system yielded the most oxidized, and
hence the least sulfur-containing, films in the earliest deposition runs.
As the system improved, film structure changed from a highly oxidized and
sulfur-deficient zone 1 microstructure (a poor lubricant), to an oxidized
but sulfur-sufficient zone 1 microstructure (a good lubricant), to a
least-oxidized zone 2 microstructure. (Initial wear-test results indicate
that the absolute wear lives of RFM Zone 2 films are similar to those of

the other zone 2 films.)

The relative wear performance of the films varies with different wear
tests and test conditions. Roberts has found that the RFM zone 1 films
("A" series) perform optimally in pin-on-disk tests conducted in vacuum.“
Stupp has found that the DC films cosputtered with Ni perform better than
the others in an A-6 dual rub-block tester in ambient air (Refs. 3,5). The
tests differ in the atmosphere in which they were run (the thrust-washer
test used by the authors was run in dry N, at atmospheric pressure), and in
the nature and degree of film-debris retention in each case. Of the three

tests, the pin-on-disk test [which was also used in the studies by Spalvins

“E. W. Roberts, personal communicaticn, National Centre of Tribology,
UKAEA Risley Laboratory, United Kingdom.
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(Ref. 6)] probably ejects debris most readily. The A-6 tester also ejects
debris, while the thrust-washer apparatus probably retains film debris the
long~st. Thus, in the pin-on-dick test, thc dense zuue 1 wurphology cuuld
excel because it resists large-scale reorientation and hence the detachment

of material better than the zone 2 morphology. Morphological packing

density would be a determining factor, along with the adhesion of the
remnant deformed layer. In the thrust-washer test, detachment is accept-
able because the reoriented material is retained longer and still lubri-
cates. The determining factor here is film density (both in the morphology
of platelet-packing density and in the material density within the plate-
lets), which determines the amount of material, per unit of deposited
thickness, that is ultimately available for lubrication. The RF AT films
in the present study happen to have the highest density of the MoS2_xOx
phase; they have the highest normalized wear-resistance rate for the
thrust-washer test. The role that Ni plays in optimizing A-6 wear-test

performance is not clear at this time.

For all of these tests, the microstructures of the films in the later
stages of wear are worth further investigation, so that one can more
accurately determine the deformed structure that provides tribological
protection during the majority of film lifetime. In a previous study
{Ref. 23), the nonuniform loading in the thrust-washer test made it
difficult to make a quantitative SEM investigation of deformation micro-
structure vs wear life, particularly with respect to determining the
thickness of the deformation layer as a function of the percentage of wear
life. A cross-sectional SEM study of wear in the pin-on-disk test would be
an improvement, because the point-contact loading in this case is more
predictable. Both the structure of the remnant deformed layer and this
layer's ability to adherc to the substrate will help explain how

lubrication is accomplished in debris-ejecting sliding-wear contact.

The variable-load brale-indentation method does detect differences in
fracture toughness among films, although the relationship between measured
fracture toughness, physical properties such as interface composition, and

wear properties (including effective film adhesion during sliding contact)
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needs to be determined. The data show that (1) soft MoS, films fracture
and delaminate in a manner qualitatively similar to the behavior observed
in previous studies of hard coatings (Refs. 30, 34-36), (2) increasing film
thickness enhances delamination, and (3) MoS2 zone 1 morphologies delamin-

ate more than zone 2 morphologies (for a given thickness).

Fracture-mechanics modeling based on the indentation testing of hard
coatings has to date assumed that behavior is only brittle (Refs. 37-39);
on the other hand, MoS2 can readily deform plastica:tly. However, M052 is
an anisotropic planar material; it is strong in two dimensions and weak in
the third. In the as-deposited zone 2 material, the low-shear basal planes
are perpendicular to the substrate. When indentation occurs, strong radial
compressive and tangential tensile stresses parallel to the substrate are
generated. There are few low-shear planes along the stress directions;
rather, the stresses must displace the strongly bound atoms within the M052
sandwich planes. Localized shear can occur parallel to the substrate in
platelets that happen to be oriented so that their major axis is along the
stress directions. Vertical shear could occur if appropriate stresses
developed in any of the platelets, since the platelets are oriented perpen-
dicular to the substrate. The mechanical modeling of this process will
have to take these elements of vertical plasticity into account. The
thickness effect has been experimentally observed before (Refs. 28, 3U4-36)
and has becen compensated for in modeling (Refs. 37-39). This effect is
often attributed to residual stresses that add a further driving force to
cause fracture. (These stresses increase with film thickness.) The lower
fracture toughness of the zone 1 material may be due to (1) the lower
crystallinity of the material, which would lower the basal-plane element of
plasticity; or (2) the higher oxygen content of the material, which might

increase brittleness; or (3) both.
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V. CONCLUSIONS

In a thorough assessment of the lubrication ability of sputter-
deposited MoS,, one must consider both the nature of film debris formation
and film debris retention in the sliding-wear contact region. If sliding-
wear debris is generally retained within the contact region, such as in a
telescoping mechanism, film density and the ability to provide crystalline
MoSz_xOx of the proper orientation (as a result of either stress-induced
reorientation or crystallization) are the important film properties that
determine component lifetime. The thrust-washer test appears to be a
reasonable discriminator when debris is retained. 1If, on the other hand,
wear debris is quickly ejected, the adhesion of a deformed remnant film
that can lubricate is probably the factor that primarily governs component
lifetime (e.g., in a ball bearing). The pin-on-disk test is probably a

more appropriate simulation for this situation than the thrust-washer test.

When indentation testing is used as a means of assessing adhesion, the
following must be taken into account: (1) Brale indentations at variable
loads have been found to generate delamination fractures near the interface
between soft MoS, films and 440C steel. (2) A zone 2 morphology appears to
have a better fracture toughness than a zone 1 morphology. (3) Substrate
bombardment before deposition appears to inhibit fracture. (4) The rela-
tionship between observed fracture toughness during indentation and film

adhesion during sliding contact needs to be investigated.
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LABORATORY OPERATIONS

The Acrospace Corporation functions as an “architect-engineer” for national security
projects, specializing in advanced military space systems. Providing rese.rch support, the
corporation’s Laboratory Operations conducts experimental and theoretical investigatioas that
focus on the application of scientific and technical advances to such systems. Vital to the success
of these investigations is the technical staff’s wide-ranging expertise and its ability to stay current
with new developments. This expertise is enhanced by a research program aimed at dealing with
the many problems associated with rapidly evolving space systems. Contributing their capabilities
to the research effort are these individual laboratories:

Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat transfer
and flight dynamics; chemical and electric propulsion, propellant chemistry, chemical
dynamics, environmental chemistry, trace detection; spacecraft structural mechanics,
contamination, thermal and structural control; high temperature thermomechanics, gas
kinetics and radiation; cw and pulsed chemical and excimer laser development,
including chemical kinetics, spectroscopy, optical resonators, beam control, atmos-
pheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmospheric
optics, light scattering, state-specific chemical reactions and radiative signatures of
missile plumes, sensor out-of-field-of-view rejection, applied laser spectroscopy. laser
chemistry, laser optoelectronics, solar cell physics, battery electrochemistry, space
vacuum and radiation effects on materials, lubrication and surface phenomena,
thermionic emission, photosensitive materials and detectors, atomic frequency stand-
ards, and environmental chemistry.

Electronics Research Laboratory: Microelectronics, solid-state device physics,
compound semiconductors, radiation hardening; electro-optics, quantum electronics,
solid-state lasers, optical propagation and communications; microwave semiconductor
devices, microwave/millimeter wave measurements, diagnostics and radiometry, micro-
wave/millimeter wave thermionic devices; atomic time and frequency standards,
antennas, rf systems, electromagnetic propagation phenomena, space communication
systems.

Materials Sciences Laboratory: Development of new materials: metals, alloys,
ceramics, polymers and their composites, and new forms of carbon; nondestructive
evaluation, component failure analysis and reliability; fracture mechanics and stress
corrosion; analysis and evaluation of matenials at cryogenic and elevated temperatures
as well as in space and enemy-induced environments.

Space Sciences Laberatory: Magnetospheric, auroral and cosmic ray physics,
wave-particle interactions, magnetospheric plasma waves; atmospheric and ionospheric
physics, density and composition of the upper atmosphere, remote sensing using
atmospheric radiation; solar physics, infrared astronomy, infrared signature analysis;
effects of solar activity, magnetic storms and nuclear explosions on the earth’s
atmosphere, ionosphere and magnetosphere; effects of electromagnetic and particulate
radiations on space systems; space instrumentation.




