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Abstract: Tribological coatings with low coefficients of ftion are in high demand by
various industries since they can improve machifieiency and have an environmental
impact. A self-lubricating Ni-P-MoScomposite coating has been successfully deposited
mild steel substrate by electrodeposition. Theotdfeof MoS on the tribological coatings
have been investigated. Compared to a pure Ni-Bngpdhe Ni-P-Mo$ composite coating
exhibited a dramatic reduction in friction coeféint against a bearing steel ball from 0.45 to
0.05. Examination and analysis of the worn surfaoes wear debris, the composite coating
showed minimum wear and oxidisation compared tostheere wear and oxidation observed

in the pure Ni-P coating. The evolution of Mg&rticles in sliding wear has been elucidated.
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1. Introduction

Hard chromium coatings, with wide applications iirceaft, automotive, marine and
electronics sectors, have become restricted dtleetbexavalent chromium in the electrolyte
which may cause severe health and environmenthlgrs. Alternative Ni-based coatings
such as Ni-Co, Ni-P and Ni-Co-P, also formed bycteteehemical reduction, have shown
high hardness and good wear resistance and caorstdered as a potential substitute to
hard chrome [1-2].

Tribological coatings with low coefficients of ftion (COF) are in high demand by various
industries since they can improve machine effigreacd have an environmental impact by
reducing greenhouse gases (e.g.)G3 well as carcinogens (e.g., NCReducing the COF
of Ni-based coatings, which is currently 0.4-0.aiagt steel under dry lubrication, has been
under continuous pursuit over the last decade. fieglymaterials like molybdenum disulphide
(MoS;) or tungsten disulphide (WpBare widely used as solid lubricants or as adefitiin
liquid lubricants [3,4]. Their low friction perforamce is typically associated with easy
shearing of the weak interlayer bonds (van der Waial these materials. W3as good
thermal stability up to 594°C but Me$&as better lubrication properties (COF as low.84 0
in vacuum). Such an extremely low lubricant canrafesomewhat like an oil medium by
the formation of a tribofilm between two mutualldgng surfaces. They show an extremely
low coefficient of friction due to the layered sttures bonded by weak van der Waal's forces
facilitating interplanar shear [3-6]. However, thesolid lubricants are limited to apply in
vacuum. They are less successful in humid atmospl&nce water vapour and oxygen can
lead to the formation of oxides which result in iacrease of friction [3]. The layered
lubricant has reactive dangling bonds on the prigneiges whiclare susceptible to oxidise
and then lead to the degradation of the low frictwoperty. For example, Me®as a low
COF under 0.1 in vacuum or inert atmospheres bllitrapidly increase to 0.3 in humid air.
The increase of friction corresponds to the trams&tion of Mo$ to MoO; which then

disrupts layer movement [4].



The field of particle inclusion into electrodepssity the combination of electrophoretic
deposition has been comprehensively reviewed [S6¢cessful studies of the codeposition
of solid lubricants into a nickel matrix, includg-8o-MoS; [3], Ni-MoS; [7], Ni-W-MoS,
coatings [8] and Ni-Wg[9]. With MoS, particle inclusions, Ni-Co composite coatings
showed a reduced COF of 0.15-0.23 under loads 4fNLin contrast to 0.35-0.53 in the
absence of a solid lubricant [3]. Cobalt sattsch as the dichloride and sulphate, however
have been categorized as ‘substances of very lagheen’ [10]. Electroplating of cobalt-
based coatings is likely to face stricter regulaiio the future. In other composite coatings, a
high volume of Mo$ particles have been incorporated, e.g., 20% wtSMuarticles were
embedded in a Ni matrix [7] and 40% in Ni-W [8].éd®e composite coatings had a high
surface roughness and showed irregular spongestiketures with large pores. The resultant,
loose coatings could easily be wiped away andrbeease in MosScontent did not result in

low friction [8].

Ni-P alloys possess many advantages over otheadéecoatings including higher hardness
and wear resistance [11,12]. Although Ni-P coatiags amongst the very few candidates to
reach 1000 HV which may indicate they can be armtiereplacement for hard chrome,
there are few reports on the preparation of Ni-PSpby electrodeposition. The only
reported Ni-P-Mogcoatings were prepared by electroless depositith,the unstable COF
valued from 0.1 [13] to 0.8 [14]. However, the highth temperature (85°C) and unstable
chemicals required by this approach would preseihbstile working environment. The
present research aims to develop a near frictionba®sd robust coating at lower bath
temperature by electrodeposition. As one of fewtingamatrices reaching a Vickers
hardness of 1000, Ni-P is an ideal candidate fbeml coating. MoSparticles acting as a
lubrication reservoir will be incorporated into @bust Ni-P coating as well as be protected
from oxidation. This self-lubricating coating wilise less or do not require oil-based

lubricants which is expected to attract considerabsearch and commercial interest.



2. Experimental details
2.1 Preparation of Ni-P-Mo$S coatings

The coatings were deposited on a planar, 3 mm thitk steel substrate which was polished
using 120 and 800 grit silicon carbide papers, wdsWith detergents to remove any oil
residue, dried with a paper towel then activatedl®@%6 wt/vol hydrochloric acid for 10
seconds to remove any oxide films and to obtaimetive fresh surface. The substrate was
rinsed in purified water before electrodepositidhis pre-treatment ensured a good adhesion

between the coating and the substrate [15].

The substrate was placed in an electrolyte solukith the compositions shown in Table 1.
Each ingredient was added in sequence until fullgalved in an ultrasonic water bath. The
coatings were electrodeposited for 45 minutes a6 he low current density of 2.5 A dm
was chosen as the studies showed the higher cumaumd induce cracks [16]. A PTFE-
coated, cylindrical steel magnetic follower of 6 ndiameter and 25 mm length, centrally
located at the bottom of an 80 mL cylindrical glhssker was rotated at 120 rev thiThe
vertically mounted, plane parallel electrodes afrd exposed area were immersed 25 mm

apart in the bath.

2.2 Characterization of Ni-P-Mo$ coatings

The composition of the coatings was determinedgusin energy dispersive spectrometer
(EDS) in a JEOL JSM-6500 scanning electron micrpecdSEM). The 3D surface
topographies were constructed by a stand-alonvaamdtpackage MeX from the three tilted
(+5°, 0°, -5°) secondary electron images (SEI). phase identifications were carried out
using a Bruker D2 PHASER X-ray diffractometer w@lki-Ka. radiation at a scanning rate of
0.02° per second in thed 2anges from 10° to 80°. The hardness of the coitgposatings
was measured by a Vickers’ micro hardness instrarfMatsuzawa MHT-1) at an applied

load of 100 g for 15 s. Reported values were awstdigom 5 measurements.



A reciprocating TE-77 tribometer (Phoenix, UK) wased to evaluate the friction behaviour
in laboratory air with a relative humidity of 40%0at 25 °C. The counter body was an AlSI-
52100 bearing steel ball (diameter 6 mm) with alhass of 700 HV. The tests were carried
out under a load of 14 N (initial Hertzian contpotssure of 1.6 GPa), a sliding frequency of
1 Hz and a sliding stroke of 2.69 mm. The frictibftace was recorded automatically by a
piezoelectric transducer. The depth of wear traokse measured from the 3D Mex profiles.
To clarify the lubrication function of MgSa cross-section from the wear track was prepared
by focused ion beam (FIB) and observed under tHd.TE

A FEI Quanta 3D FIB was used to precisely mill aod the cross-section samples from the
worn area of coating. A trench depth of 1% was produced on either side of the area of
interest and the sample was thinned to approximal®0 nm. A glass needle and a
micromanipulator were used to hold the membranethadinal specimen was transferred
onto a TEM grid with a Pt film. High resolution TEfHRTEM) images were obtained from
a JEOL JEM 3010 operating at 300 kV with a resolutf 0.21 nm.

3. Results
3.1 The effect of MoSconcentration on surface morphology

The as-received MaSparticles are irregular with the majority havingsiae of 1-4um, as
shown by SEI in Fig. 1a). The pure Ni-P coatingairetd the as-received substrate
morphology (Fig. 1b) which indicated the coatingwrhomogenously. In contrast, the Ni-P-
MoS; coatings in Figs. 1c)-f) had rough surfaces witldules. The inhomogeneities are
believed to be due to the preferential depositioNi@toms on the conductive surfaces of the
MoS, particles once these were attached on the cathobstrate, instead of Ni atoms
depositing homogeneously on the substrate. At a level of MoS particles (i.e. a
concentration of 2%), the corresponding coatingiq 1c) shows a rougher surface, which is
due to the low nucleation sites and subsequentwigg to individual large crystals. With
the increase of the M@Sncorporation, the composite coatings in Fig. fidiave much
smoother surfaces with growth of smaller crystatgs indicates that the incorporated MoS
could be the sites for the nucleation of nickelvgto The increase of M@Sn the bath
electrolytes led to the formation of more densecttires. This has been further evidenced by

the 3D surface morphologies constructed by MEX im B. The composite coating of 2%
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MoS; had some large peaks and troughs of the ordemafaf microns in Fig. 2a). With the
increase of Mogparticle content to 7.9%, the coating surface bmecalmost flat in Fig. 2c).
This effect can be understood by appreciatingri@e nucleation sites on the Ni-P would be
available at higher MaoSconcentration and the roughness was reduced.tBeiuncrease of
MoS, concentration (20 g 1) led to a slightly rougher surface in Fig. 2d).eTaverage
surface roughness {Svaries from 8.um (with 2% Mo$S), 4.6 um (with 4.1%Mo0S;,), 2.0
um (with 7.9%M0S,) to 2.9um (with 7%MoS;) as summarized in Fig. 3a). The content of
MoS; particles incorporated in the coatings versusctircentration of particles added in the
electrolytes is shown in Fig. 3b). A linear relasbip held up to 10 gt in the bath
electrolyte. However after this, little change vedoserved with a further increase in the bath
concentration, e.g. 20 g'{ which might be due to the concentration satunatiausing the

particles’ aggregation [17].

XRD was employed to study the texture and phasetsire of the Ni-P-MoScoatings as
shown in Fig. 4. The broad peaks around 45° whigpeared in all the coatings were
attributed to {111} plane of the Ni phase. The doamt {111} plane in all deposits was
associated with the low surface energy of this @ldaring electrodeposition. A small Ni
{220} peak at 76° existed in the Ni-P coating bigaghpeared for the Ni-P-MgSoatings.
This could be because in the composite coatingbliipeeferred to nucleate around the MoS
particles rather than the Fe/Ni matrix. The crysiaé of the Ni-P matrix was calculated by
the Scherrer equation using Ni {111}. The crysiabshas been estimated as 2.7 nm for the
Ni-P coating and as 1.8 nm for the coatings withSMaddition (regardless of M@S
concentration). This refinement is attributed te #usorption of nanoparticles on the cathode
which act as nucleation sites for Ni deposition gnowth [18,19]. On the other hand, the
particles increase the charge-transfer resistahteecelectroplating processes and therefore
cause a more negative cathodic potential which meeththe crystal refinement. The peaks
located at 14°, 33°, 36°, 39° and 50° are condistéth the standard peaks of hexagonal
MoS; (JCPDS Card number 00-024-0513). Stronger XRD geaikresponded to higher

levels of Mo$ in the coatings.

3.2 The effect of MoScontents on friction

The Vickers hardness test was conducted usingraadid tip micro-indenter and the value
6



was calculated from indentation widths. However tluthe rough surface of the samples, it
was difficult to obtain clear indentation marks.dandentations were carried out on the
cross-section of the coatings to acquire morebidigalues of hardness. All the Ni-P-MoS
coatings showed improved hardness in a range ofté0&27 HV compared to the Ni-P
coating at 530 = 60 HV (Fig. 5a). As MgiS much softer than Ni-P, the hardness increase of
the composite coating must be attributed to othetofs, particularly the decreased crystal
sizes from 2.7 nm to 1.8 nm, where the increasathdroundaries may hinder dislocation

mobility.

Fig. 5b shows the friction coefficients versus tip@duced by the Ni-P and Ni-P-MgS
composite coatings against the steel ball. Thetidric coefficient of the Ni-P coating
fluctuated but was relatively stable at 0.45. Imtcast, the friction coefficients of all
composite coatings are much lower. The frictionfiicents of the 2.0% wt., 4.1% wt. and
7.1% wt. MoSembedded coatings started at 0.1 and ended &2.8.and 0.1 respectively at
the end of 1000 seconds reciprocating slide. WMib&, increased to 7.9% wt. of the coating,
the coefficients of friction exhibited a steady |duction coefficient of 0.05 over 1000 s. In
order to test the durability of this coating, anegxied, 1 hour reciprocating test was carried

out. The coating maintained the low friction witlh@umy sign of particle degradation [16].

3.3 MoS contents on wear of the coatings and counterpart liia

After a 1000 s wear test, the morphology of weacks on the substrate was imaged under
SEI. Grooves and scars along the sliding direattere observed on the wear track of Ni-P in
Fig. 6a, which indicated that severe adhesive weaurred. The wear tracks on the Ni-P-
MoS; coatings showed polished surfaces in Figs. 6b4ehmvere distinctly different from
Fig. 6a. With the increase of the particle contéme, width of the wear track decreases. The
Ni-P-MoS, 7.9% wt. coating shows one-third the width of wgack compared to the 2% wt.
MoS; inclusion coating. The compositions of the wearclks were measured as listed in
Table 2. In the Ni-P coating without Me#icorporation, a high level of oxygen (9.8%) was
detected. This indicated a severe oxidation ocduom the coating during the testing. The
presence of a few percentage of iron was wearfgafrom the counterpart bearing steel ball.
On the 2% wt. Mo&Ni-P coating, the oxidised debris of MoO and/oONwvere formed and

7



are presumed responsible for the COF rise to Oith 8\further increase to 4.1% wt. MgS
the patches width was narrower (Fig. 6¢) and thdaton was reduced significantly and a
low coefficient of friction was achieved. The oxiiden was further suppressed in the 7.9% wt.
MoS;-Ni-P coating sliding against steel. These patohese a Mo$ containing tribofilm
confirmed by EDS. However, with the further increasf the Mo$ concentration, the
oxidation of the 7.1% wt. MoSNi-P coating rose again as well as coefficientriation. The
increase of the MaSconcentration in the solution could result in #ggregation and as a
consequence reduce the effective MoB8verage in the coating. This resulted in an iasee

of the friction coefficient.

The wear tracks on the counterpart steel balls wks@investigated using SEM. After sliding
against the Ni-P coating, the counterpart steelfoahed a rough disc with number of debris
pieces as shown in Fig. 7a). The was in micronssizéh the compositions dominated by Ni-
P as listed in Table 3. This indicated the coatielgris was transferred to the counterpart ball,
which is understandable as the hardness of theteqant ball (700 HV) is harder than the
Ni-P coating (530 HV). Against the 2% wt. MeBRi-P coating, the counterpart ball had a
similar wear scar but finer sized debris as showiig. 7b). The debris also consisted of
MoS; in addition to Ni-P, and k&,. Sliding against the 7.9% wt. The counterpart sall
possessed higher O contents than that of pure &B-Ehe rough structure of the coating
generated high pressure against each other and cused frictional heat and severe
oxidation. When the contents of Mpif the coatings increased further, the surfacghnass
decreased and thus the oxidation on the countelppiigt also decreased. Sliding against the
7.9 wt.% MoS-Ni-P coating, the EDS analysis showed that thel &tall consisted of mostly
Fe and few O. The corresponding ball’s surfaceign Fc) had much less debris with a dark
appearance. These patches were dominated by M RlaS, which were transferred from
the coating. Considering the percentage of Mo&r (Ni-P+Mo%) was 40% compared to
7.9% on average in the coating, it may be conclutlattMoS was more readily transferred

than Ni-P onto steel to form a tribofilm layer acfias lubrication.

Fig. 8a shows the embedded Mofarticles appear as a slight darker colour in the

backscattered electron (BSE) mode. Observatiortheotross-sectional BSE images of Ni-



P/MoS composite coatings confirm that the content of M@&S; particles in the composite
coatings increased substantially as the parti@ddifgy in the plating solution increased from
1 to 10 g * but almost unchanged with a further increase efparticle concentration to 20
g L. A FIB-SEM system was used to examine the crosteseof the wear track to identify
further the behaviour of Mgarticles in the wear process. The ball-on-flaamtesting was
carried out in the Ni-P-7.9%Me@So0ating under a load of 14 N for 1000 seconds. érbes-
section was lifted up in FIB. The backscattered SEdge (centre) and high resolution TEM
micrographs (two in left and one in bottom) wereetaas shown in Fig. 8b. The top edge in
the SEM image provides a side view of the coatindase. In the coating the greyer areas
were confirmed as MagSby EDS in TEM. Within 2 microns of the worn surgadMoS
particles were elongated from irregular in the eseived particles. Each elongated direction
was observed parallel to itsplane i.e. (002),s2 although this might deviate a few degrees
only from the worn surface, as shown by high resmtuTEM, e.g. | and II. With the further
depth of 2-3 microns away from the surface, a |lavigeS, particle was split into pieces by
shear stress. All of these parts were elongateagal002),0s. although not aligned to the
worn surface, e.g. lll & IV. It is interesting wbserve that the majority of these split parts
were arranged in a triangle with or without corgadirectly. Such a pattern was well
recognised in the hexagonal titanium from phasestamation, and had been attributed to
self-accommodation in order to minimise the transftion strain [20]. It is reasonable to
deduce that such an arrangement of these fractia®, could act in a similar way to

accommodate the strain induced due to the shediedjpl].

4. Discussion

During metal or alloy electrodeposition, the distition of current over the smooth surface of
electrodes is uniform, all the metal ions movinghe electrolyte being subject to the same
Coulomb forceE* q: (E represents the electric fielg, represents the charge of ions) [22, 23].
The deposition rate remains constant at the diffesttes on the substrate, therefore a
homogenous coating is expected to be produced. wEwehe situation was different for

composite electrodeposition of Ni-P-MoS he change is directly related to the non-uniform

distribution of current on the electrode surfacéhv@dsorbed particles. When conductive or



semi-conductive particles were added into the mdétic solution, the electrolytic current
concentrated in the vicinity of particles on theéhcale (biggefE) as illustrated in Fig. 9. In
conseqguence, the ions in solution move at highkercitg v towards these tip points due to
the greater Coulomb forcE*q;, speeding up the crystal growth at these locatamd
creating many deposit protrusions on the surfaseaAesult, a rough surface was obtained
for the Ni-P-Mo$ coating while the Ni-P coating displayed a flatface.

MoS, has been attracted intensive interest as a sabdichnt. However, in a humid
environment, Mog is easily oxidized to Mo® which can cause the material to stick,
accelerate the deterioration of its easy sheappaénce and lead to an increase of friction.
In the composite coating, however, the M@&rticles were fully surrounded by Ni-P matrix
and thus prevented from oxidizing. Accordingly the®atings can maintain a low friction
coefficient for a long period. Compared to the nsitdel (Fig. 10a) and the Ni-P coating (Fig.
10b), no oxidation was detected after wear agairistaring steel ball as shown in Fig. 10c).
These results confirm that the solid lubricant heduced the friction of the resultant Ni-P
coating, and the higher the amount of Mwof8orporated in the coating the lower the friction
coefficient achieved. MgShas a much stronger adhesion to the Ni matrix tbam stainless
steel [24], in which the strong interatomic bondimguld endure the high stress and reduce
wear damage. This was evidenced by the integrith@fNi-P-Mo$ coating during the long
wear test. The weak Van der Waal's bonding betwemiayers allows Mogto slide easily,
providing low friction. A sufficient concentratioof MoS, (7.9% wt. in this study) ensured
the formation of a complete self-lubricated trilofito avoid the metal-metal contact, in this
case, Ni-iron contact. This could explain why sopnevious reports of the COFs on metal-
MoS; coatings were as high as 0.8, e.g. [14]. The mted tribofilm was also accompanied
by the benefit of diminishing oxidation by reducingating due to friction. The tribofilm was
transferred to the counterpart steel ball as labioa therefore less frictional heat was
generated and less oxidation occurred. Therefoeeincrease of Mg ontent in the coating
has not only improved the wear resistance of treging but also effectively protected the
counterpart ball from wear.
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5. Conclusions

The present research has successfully developedbusstr coating with an extremely low
friction coefficient. This composite of Ni-P-M@Soating was fabricated by an advanced
electro-deposition technique and can be used ishheondition such as humid atmosphere
instead of the vacuum conditions only often usadMoS,. The friction coefficient of the
7.9M0S-Ni-P composite coatings sliding again steel ineadhibited a steady-state value of
0.05 during a 1-hour reciprocating test, whichlieast one grade lower than that of 0.45 of

the Ni-P coating without MoSinclusion.

The concentrations of Mg®atrticles in the electroplating bath have sigaificimpacts on
the surface roughness as well as content of thgpasite coatings. In return the incorporation
of MoS, particles in the Ni-P composite strongly influesdie friction performance of
coatings. Severe abrasion and oxidation wears wieserved in the Ni-P coating but very
rarely for the Ni-P-Mog compositeoating. On the Ni-P-MoS(7.9% wt.) coating, uniform
and compact tribofilm abundant in Mp%ere observed on both coating surface and the
counter ball, protecting the coating from oxidatidihese Mogwere strongly adhered to the
surface (Ni matrix) therefore it remains effectimdubrication rather than being squeezed out.
FIB and TEM studies demonstrated that just underibar testing pressure Mofarticles
near the coating surface were broken into elondasepents parallel to theirplane and the
coating surface. The compact structure and the bagtient of Mo$ are considered to be

critical conditions for the electrodeposited Ni-R# acting a robust, low friction coating.
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Figure captions
Figure 1. SEI planar views on (a) as-received Mp&ticles; (b) Ni-P coating; (c-f) Ni-P-
MoS, composite coatings prepared by the electrolytél different Mo$ concentrations of

3, 7, 10 and 20 gt respectively.

Figure 2. 3-D surface topographies of Ni-P-Mo&mposite coatings prepared by the
electrolytes with different MoSconcentrations of (a) 3; (b) 7; (¢) 10 and (d)g20™.

Figure 3. (a) The relationship of MgSRontents in the coatings fabricated and in the
electrolytes prepared; (b) EDS measured contentda$, particles in the Ni-P composite

coatings against the corresponding concentrations.
Figure 4. X-ray diffraction patterns of Ni-P an@RMo0S; coatings.

Figure 5. (a) Vickers harnesses and (b) frictioefiicients of the Ni-P and Ni-P-M@S

coatings.

Figure 6. SEI observations of the wear tracks an Mi-P coatings with different M@S
contents of (a) 0; (b) 2 wt.%; (c) 4.1 wt.%, (d9 Wt.% and (e) 7.1 wt.%

Figure 7. SEI observations of the counterpart bafter sliding test against (a) the Ni-P
coating; (b) the 2 wt.% MagNi-P coating; (c) the 7.9 wt.% MeMi-P coating; (d) 7.1 wt.%
MoS,-Ni-P coating and (e) topography of the same locadis (c).

Figure 8. (a) Backscattered SEM image of the FiBsisectional sample from the wear track
of Ni-P-MoS (7.9 wt.%) coating and (b) HRTEM images of typiddbS, particles with
different depths of the coating.

Figure 9. A schematic diagram representing theectidistribution near the electrode during

the composite electrodeposition.

Figure 10. The oxygen mapping of the wear track¢adrsubstrate, (b) Ni-P coating, and (c)
Ni-P-Mo$; (7.9 wt.%) composite coating after 1000 s friction.
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Table 1. The electrolyte composition used for tiNV0S, deposits

Chemical compound

Concentration (g)L Sourced from

NiSOy- 6H0
H3BOs

NaH,PO,

NiCly: 6H,0
HOC(COOH)(CHCOOH),

Cetyltrimethylammonium
bromide, CTAB

MoS,

220
30
10
45
12

0.1

3,7,10, 20

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Shanghai S-Nano
Science & Technology
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Table 2. Chemical composition (wt.%) by EDS analysi the wear tracks of all the coatings

Coating (wt.%) Ni-P| Mog| O Fe
Ni-P 87.9 - 9.8 2.3
Ni-P-2M0S 87.5 4.6 7.9 -
Ni-P-4.1M0o$S 90.1 7.8 21 -
Ni-P-7.1MoS 89.1 9.3 15 -
Ni-P-7.9Mo0S 87.3| 121 0.6 -
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Table 3. Chemical composition (wt.%) by EDS analysn wear tracks of the counterpart

balls after wear test against different coatings

Coating (wt.%) Ni-P MoS| O Fe-Cr
Ni-P 51.¢ - 10.1| 38«
Ni-P-2Mo$ 32.8 12 | 155 50.5
Ni-P-4.1Mo$S 22.€ 6.3 7.2 63.¢
Ni-P-7.1MoS 11.8 3.4 3.5 81.3
Ni-P-7.9MoS 3.8 2.5 2.0 91.7
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Highlights

»  Successfully electrodeposited a super lubricateB-NloS coating.
« Composite coatings may extend the application oMo humid atmosphere.

* MoS; contents have a strong influence on friction.
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