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Surface modification is an important method to improvedbntact fatigue life of transmission paftee preparation of

high performanceoating with good tribologicgbropertieson the gears and bearingasbecome theesearchrends.

This paper presents graphite/MoSmposite spray and manganese phospbateersion coating prepared on the
AISI52100 steel surfacend investigatethar anti-fatigue mechanisnThe tribological properties of the modified layers

were studied using a SRV multifunctional friction and wear tester. The microstructure and extexf components of

the coating and wear surfaces were analyzed by SEM and EDS, respectively. The surface morphology and phase
composition of the coating were evaluated through laser 3D microscopy and XRD analyses, respectively. Both modified
layers showedgood antifriction and antiwear properties. The friction coefficients of the surfaces modified by
manganese phosphate coating and graphite/MeSreased by % and 14%, respectively, and the corresponding
extreme pressure properties increased b¥lahd 55%, respectivelyBut the mechanism of arfatigue wear and the
corresponding interfacial phenomena of the surface modification of the graphitefidifposite spraying layer is
different from those of manganese phosphate coafimghardceramicpatticleswith graphite and MoSaresprayedon

the substrate to obtain the surface haiaig layer, resulting in highewear resistance. The graphite and Ma®dified

layer can greatly reduce the friction coefficient and improve the lubrication perfornmandtlee surface Manganese
phosphate coatingervesas a chemical soft coatirandis filled with rough corrugated¢aused by surface processing

which induces afdeal meshing surfacafterinitial friction phaseThe obtainedole-shaped structure and "itifation"

role contribute to thestorage of lubricantand thus improves thHabrication performance

Keywords:surface modification, spraying, electrochemical depositidmlogy.

1. INTRODUCTION coating [12], MoS/Ti membrane[13], and phosphate
. ) . coating. Lv Y. et al. ingstigated the effect of shot peening
Gear drive is the most important form of mechanicalyggification and radar surface processing parameters on
transmission [1]. In this process, gears are subjected {Qe fatigue property of 20®InTi gear; results showed that
various forces, including bending stress, contact stress, aggh fatigue lifeimes of the LSMSSP gears are grain
impact force, which lead to formation of failures, such agyeiermined by the retained austenite and surfacghrass
tooth. flank .pitting, spalling, wear, scor_ing, and .tooth[5]_ Shi et al. studied the influence of manganese
bending fatigue [23]. Among these failures, fatigue ppogphate coating on the heat scuffing property of a worm
pitting and scuffing are typical gear damage patterng,ng gear system and found that the manganese phosphate
which affect transmission and the lifetime and reliability °fcoating can improve the arttuffing ability of worm
other dr_iveline systems [4]_. Friction aqd wear occur i”gearing [14]. With the developent of transmission
mechanical components with contact interfacesriiu  systems featuring high strength, high speed, long lifetime,
high-speed rotation movement, high contact stress anghnt weight, and downsizing directions, traditional single
meshing speed under repeat forces lead to a certain ext@fitface modification becomes unsuitable and insufficient
of friction on the gear spr_face up to the matrix, resulting |r[4]_ Shot peening is an effective method used to improve
gear surface fatigue pitting and scuffing. To solve thesg,q antibending fatigue property of gear surface but
limitations, schéars primarily use surface modification for stfacts the contact fatigue damage on the gear suifaée.
improving the gear anfat_lgue damage capal.)!hty.. study aims to investigate the mechanism of the high
Studies on gear anfitigue surface modification have contact fatigue lifetime of gears and bears with
focused on surface coating and shot peeffigl3]. Shot  graphite/MoS spray and chemically deposit manganese
peening is a new technology that is categoriredt laser  pnosphate coatingGraphite/Mo$ spray and manganese
shock peening [8], ultrasonic shot pegg [9], fine particle  yhogphate coating were prepared on a standardaolhon
peening [10], and water cavitation peening [11]. Gearyoy steel. The test rig was comprehensively evaluated and
surface coating modification commonly utilizes TiN compared. The interface microstructure and  friction
property of the modiéd layers were analyzed by SEM,
XRD, and tribological properties test. The interface
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mechanism sunder lying the reduction of datigue and steel specimens were cleandke substratesvere firstly

friction were revealed. subjected to degreiag treatment at 70C ~95°C for
5 min. The degreasing agent was a kind of weak alkaline
2. MATERIALS AND EXPERIMENTAL degreasing agent, whose composition was;Pidg
NaCO;s, etc. These samples were segily sonicated in
2.1 Substrate acetone, ethanol and deionized water fonis, and dried

The material components of the test specisnane in N'zlatmosphereAfter water cleaning, the surface' was
shown in Tablel, the material is a standard specimenmodified at 40 to 80°C and underwentphosphating
provided by OPTIMOL, and basic information, such agréatmen@at80~100°C for 10 to 15min while controlling
size and surface treatment of the specimens, are illustratif acid rab between 5.6 and 6.2The phosphating
in Table2. The substrate is a bearing steel (AlSI52100$0lution mainly contained of Mha Fe*, Ni**, PQ?,
American Standard), whiclvas smelted by vacuum arc D NOs etc.
method. The bearing steel is classified as Type A, has _
severity level number of @ (according to Test Methods 2.3 Characteristics
E45 and Specification A295), and an inclusion sum valu@.3.1 Microstructure characteristics
of K1010 (according to DIN EN ISO 6887). The Morphology and composition were investigated
bearing teel was spheroidized and annealed to Obtai’t'hrough scanning electron microscopy (SEM, JBMOF,
globu!ar carbide (62 1 HRC hardness). _The surfaces 'Of‘]apan) ancnergy dispersive spectroscagyalyse$EDS)
the disk were lapped and had no lapping raw materialgyface roughness was calculated using a 3D measurement
The topography of the disk was determined by four valueszser microscope (CLSM, OLYMPUS LEXT OLS4000,
0.5 pm < Rz < 0.650 pm 0.035um < Ra < 0050 pm,  japan). The phase composition of the modified layer was
0.020 um< Rpk < 0.035 um, and 0.050 pm <Rw¥k0.075  jhvestigatedby X-ray diffraction (XRD, D8 FocusBruker
pm. AXS, Germany).

Table 1. Composition of the tested materiait.% 2.3.2 Friction coefficient experiment

C|Mn| S P | Cr|Mo| Ni | Cu Fe The tribological properties of PC/MoSand MriP
01]018) 002] 0017] 1.5] 0.08) 0.25] 0.02] Balance] (patings were tested on an SRV multifunctional friction
Table 2. Specimen materialsnd their treatment conditions test machine (SRW, OPTIMOL, Germany). The
: : equipment and test principle asbown in Figl The SRV
SpteC|men Specimer| i erial Treatment Haécg{ncess friction test equipment can simulate movement,
ype Size _ displacement, and direction of friction contact, including
2Quenct1|ng i spot contact, linear contact, and face contact; the
. n24x7.9 (820~860°C, oi movement pattern can simulate reciprocal movement and
disc GCrl5 quenching) 61~63 . . . L
mm rotation movement ral can be applied in lubrication,

Temperin . . - . .
(60 + 1oopc 2 94 h) material, and coating friction analysis. This work used spot

contact and the reciprocal movement pattern to measure
the sliding friction coefficient of the coatings.

Multi-pass reciprocating sliding tests were carried out
2.2.1 Graphite/MoS2 modification in a translator oscillation tribometer (F@b), which
simulates well the reciprocating movement. The
experiment standards according to AS#isindards D7421
and experimenparametersire shown in Tabl8. Each test
was performed under the same conditifmrsthree times
for statistical evaluatianNew surfacewas selected for
eatHlbst The property parameters of lubrication oil are
shown in Tablel. Before the experiment, to make the

60%h§tZrOg<t70%, 28%(; SiOzI_Z 3|3;/° t.MOSZ tand| surface clean and avoid surface impurities affecting the
graphite. mixturewere usedas sofid ubftation material, accuracy of masurement of friction coefficients, all the

and the mass ratio of ceramic balls and solid lubrication '§amples were subjected to ultrasonic cleaning for 15 min
20:1 The second type dPGMoS, was preparedheaing with n-heptanebefore each test and therefore, the tests

the mixture n the ejector to 308C, using inert (N, 0°C) lubricati f ; le titrati
gasunder thepressureof 0.4MPato push hard particles \(/)ve3rr$]dec))fnﬁlt:lrri\g;irorlljt‘;ri:catlng of adopts disposable fitration
and solid lubricant onto the surface of the specimen. '

Hereafter, the surface modification layexample of  Table 3. Thefriction and wear test parameters

2.2 Sample preparation

A graphite/MoS (PCMoS,) layer was pepared as
follows. The first type ofPCMoS; was preparedmixing
the hard ceramic beads with the solid lubricant in the
ejector device.This study selected hard ceramic rolling
ball s with diwhosentie comporfentssodD
hard ceramic balls areZrO, and SiQ, where

PCOMoS was obtalned'Fo alter the ph_ase striwge of th_e Parametors Value
metal surface at 20 min depth [4] Finally, the ceramic <

ball led by th lina devi Temperaturg°C 80
allswererecycled by the recycling device. FrequencyHz 0
2.2.2 Manganese phosphate coating Stroke sliding speed average value cugraris 0.1

_ - Load, N 50/200
Electrochemical deposition was employed to prepdi&troke mm 1

manganese phosphate coating ([rcoating) Briefly, the | Time, s 6000
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the maximum load range should be set to a maximum of
2000N with a frequencyof 50Hz for a stroke length of
50 mm. The test temperaturef 80°C and aload of 50N
was applied for 38, followed by a load increment of
100N for 15min. A load increment of 108 was then
applied every 2nin.

Load carrying capacity can be reported as geometric
contact pressurePgeom at test end according to the
following equation:

P FN (2)
BEORL g

where Fy is normal force (test loadPgeom iS geometric

contact pressure, ank is the wear scar diameter.

2.3.4 Observation of morphology after friction

After thefriction test, the test partwere ultrasonically

a cleaned. The surface morphology and element composition
of the friction test parts were studied through SEM and
Reciprocating motion EDS.
Applied Load 3.RESULTS AND DISCUSSION

In the present study, Fig a and b show the results of
applying hard micro particles, gphite, and Mog solid
lubrication mixture to the coating on the bearing outer ring;
this method reduced the pressure marks in the transmission

Lubricating needle bearing and the surface friction [4].

Oll

Fig. 1. SRV measurement equipmemtdameasurement principle
ai SRV measurement equipment; i measurement
principle diagram

Table 4. Combination of the oil specifications of an experiment

Factor DCTF
Density gOmM 3 @15 0.867
Dynamic viscositycSt @100°C 7.55
Mean dynamic frictiorcoefficient 0.128
Lubricating oil volume 0.3 mL

In tribology, t he(f), o asetfef €

dimensionless ratio of the friction forc&s| between two
bodies to the normal forceF{) pressing these bodies

together. c d
Fr Fig. 2. Examples of spray and manganese phatgplcoating
f==. Q) modification ai nedlebearing outer ring prior to
E, treatment macroscopic morphology;i graphite/MoS
after treatment macroscopic morphology;gear surface
2.3.3 Extreme pressure (EP) before treatment through testing for %20 cycles;

di manganese phosphateeaftreatment through 1210

The SRV test equipment was used to measure two
cycles

kinds of surface modification EP properties to evaluate the
effect of surface modification methods on the EP property Fig. 2 ¢ and d show the prepared manganese phosphate
of lubrication oil. In the test procedure according to ABT coating after carburizing and quenching heat treatment.
D4172, a dynamic test program with the following test The fatigue experiment results indicated that gear contact
parameters was generated. In this dynamic test prografatigue lifetime was enhanced by two to three tnadter
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treatment of the manganese phosphate coatinglf]5, graphite.

However, the principles of the two surface treatments an
interface analysis remain unclear.

3.1 Surface microstructure
3.1.1 Macroscopic morphology

The matrix samples were treated by two face
modification methods using PC/M@&nd Mri P coating to
obtain the surface modification layer. F& shovs the
macroscopic morphologies of manganese phospha
coatings. Evidently, the PC/MeSand Mri P coatings
completely mask the metallic luster oftimatrix, and the
surface of the manganese phosphate coating is mo
uniform and denser than that of the PC/Me&face.

b

c

Fig. 3. Specimens before and aftdreatment; & untreated;
b1 modified with PC/Mo$;, ci modified with Pi Mn coding

3.1.2 Structural examinations

The phase structure on the surface of the coatin

specimen was analyzedith X-ray diffraction (XRD)

Fig. 4 a shows that the main phaeé the film obtained
after manganese phosphate conversion treatment
manganese phosphate §PQy).-3H.0. Small amounts of

The XRD patterns show the successful
dreparation ofwo modified layers on the substrate surface.
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Fig. 4. Surface XRD pattern of MniP coating and PC/MaS
ai phase structure of the MrP coating; b phase
structure of PC/MoS

3.1.3 Surface morphology

Fig. 5 shows the SEM image (JSFKLOOF) hdicating
the surface morphologies of the surface modified by
PC/MoS and Mn-P coatings. The PC/MagSnodified
layer form sadense solid lubricant and binder, and the
coating surface is smootlFig. 5a). The formation of
manganese phosphate conversion ogais a chemical
conversion process between the steel surface and
hosphate solution, and the coating is formed after the
eaction between the solution and the substrdle The
coating is irregularly arranged with a small amount of
ygids on the surfac&.he size othe phosphating grain can
be regulated by controlling the reaction process. The grain

Mn2PsO12- 10H,0 and (Fe, Mny(PQy)(OH), and iron oxide size of the phosphating film prepared in this experiment is

were formed on the contact surface between the film a

mell 7 kM. Based on the equation Fe+2H&?*+H,, iron is

the substrate. The retion principle of manganese oxidized by hydrogen ions in acidic solutiorend the

phosphate coating is as follows:

Mn(H2PQOs)2t MNHPOy + HsP Oy

Fe(bPQy)t FeHPQ + HPQy

3(Mn, Fe) (HPQu)z4 (Mn, Fel(PQs)2 + 4HsPOy

As shown in Fig4 b, the PC/Mogmodified surface
mainly consists of solid lubricants, such as Mathd

neutralization reaction leads to the deposition of small
amounts of soluble phosphate. During the reaction, a
mixed phosphate is formed due to the substitution éf Fe

with Mn?*.The deposited oxide layer is discontinuous, as

verified by the surface micromorphology of the coating.

3.1.4 Surface roughness

The tribological properties of the contact surfaces are
directly affected by the surface morphology.
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lubricant layer thickness isi82um, and the coating is
loosely organized from the cross section (Fig).
Fig.7b, ¢, and d show the EDS maps of the following
elements on the surface%dMo and 11% C. Mo, S, and

C are present on the interface between the coating and the
substrate.

Fig.8 shows the crossection topography and
distribution of element of the MinP coating. As shown in
Fig.8 a, the thickness of the lubricant layer is- 3 um.
Based on analysis of the cross section, the coating is
compact in structure and bonds well to the substrate. The
element matrices of Mn and P diffuse at the interface of the
coating and matrix, and the contents of P and Mn af% 11
and 6%, respectiely (Fig.8b, ¢, and d).

3.3 Tribological properties
3.3.1 Friction coefficient

Friction caused by the sliding movement of two gear
surfaces leads to fatigue pitting friction and adhesion
friction. The sliding friction coefficient is the key
tribologicd property of the surface modification layer [17].
Sliding friction coefficient can be measured to evaluate the
tribological performance of the two kinds of surface layers.
According to the friction coefficieintime curve, the status
and mechanism of the adified surface during friction
were further analyzed.

Fig. 9 shows the sliding friction coefficient test curves
of the two surfacenodified layers, as measured by the
SRV friction tester. During the period with a load of!$0
Fig. 5. Surface topograpy: ai PC/MoS, b7 Mni P coating the specimen friction coeéffient decreased after treatment
é/ith PC/MoS and Mni P coating, and the average sliding

Roughness is the most commonly used surfac f'ction coefficient of the untreated substrate is between
topograph arameter that describes the geometric ; L .
pograpny  p 9 .150 and 0.155 (Fi@). The friction coefficient decreased

characteristics of a surface [18]. The effect of the initia‘io 0.05 t0 0.1 after the two surface modifioatprocesses
friction surface topography on the characteristics of wear” 7 . . o
1o . pography ISt W nd the friction coefficients of PC/Me@&nd Mri P coating

erformance occurs in two aspects: surface morpholo . o
b P P %gre basically the same. In the 200oad grinding stage,

affects the working performance of friction pairs in stead fricti fficient d d d the frict
wear stage after running and wear rate affects the workin?oe ﬁ_r'q |otn ?ﬁ 'iﬁnp curv:_a edcrease ! dag o (IGT orglac 1on
life of friction pairs during the runnintn process. Surface etmcient or the coatng decreased by DILOY,

or abaut 7%, compared with that of the untreated sample.

roughness significantly nfluences the lubrication . . o .
conditions of gears and other contact pairs. The rougﬁcwIOS exhibited improved  friction  reduction

surface can reduce the lubricant film thickness between trPee”O”'?ance’ and the fnctlon coeff!ment decreased by
gears and deteriorate the lubrication conditions. Thgpprommately 0.2, showing B4 reduction.

surface topography of PC/Me@nd Mni P coatings were 3.3.2 Extreme pressure characteristics

analyzd using a laser microscof€ig. 6). The surface I
roughness of the coatings was then measured three times, G000 €xtreme pressuproperty affects gear lifetime.

and the average value was determined. The line roughnes§iréme pressure determines the loading capability of
and surface roughness of the PC/MoSurface are transmission components and lubrication conditions under

Ra=0.101um and Sa 0.329um, respectivly, whereas large alternating loading forces [19]. Extreme pressure
those of the MNP coating are Ra0.515um and property test is used to investigate gear lubricatidn o

Sa=0.501um, respectively. Compared with that of the 02ding and anifriction capability.

substrate, the surface roughness after surface modification Fig. 10 shows the extreme pressure charagterlstlc
is slightly improved due to the formation of iron oxidesCUrve of the untreated substrate, PC/Mo&nd Mri P

(XRD results). However the two surfacenodified coating. The extreme pressure load of the untreated

coatings belong to the soft layer, which can reduce thgpecimen iS900N, and the friction curve is relatively

surface roughness after the initial sim This finding can SM®th (Fig 11a). The extreme pressure load of the
be proven by the following friction test. Mni P coating is1000N, the friction curve jumps with a

) ) load of 600N (Fig. 10b). The phosphate coating possibly
3.2 Microstructure of section formed flakes, with the low friction coefficient and good

Fig.7 shows the surface topography aedergy Selflubricating properties makehe two coatings have
spectra of the PC/MoSsurfacemodified specimen. The better extreme pressure characteristics.
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c d
Fig. 6. Threedimensional topography observation and roughness measuren€itSM picture of PC/Mog bi CLSM picture of the
Mni P coatingci CLSM threedimensionatopography of PC/Maog&di CLSM topography of the MhP coating

E-Um

B 11%ck
4% 0K

B 1% MoL

B 1% sk
4% CrK
79% FeK

c d
Fig. 7. Crosssection morphology andEDS of PC/MoS: ai crosssectional morphology; belemenal mapping distribution;
¢ mappingdistributionof Mo elementdi mappingdistributionof C element
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B 6% MnkK

66% FeK

c d

Fig. 8. Crosssection morphology andEDS of Mn-P coating ai crosssectional morphology; belemenal mappingdistribution;
¢ mappingdistributionof Mo elementdi mappingdistributionof C element
0.16 (Fig. 11a). However, the base material of the specimen is
A —— Mn-P coating protected by the lubrication layer and there is no obvious
0.15 Untreated wear mark. t is assumed that the adhesive weaes not
4 Bid {d — PC/Mos: happen on thesubstrate surface. But the lubricaaitscolor
% came black, it is inferred that graphite and M&Slid
E 013} coatings dissolved into lubricating oils. Moreover, the
B original trace of friction pairs islearly visible on the
-l § N surface, showing markedly improved abrasion resistance of
2 o1k 200N the matrix.
3 SON Given that the manganese phosphate modified coating
© o10F T is classified as a chemical combination, the coating shows
0109 . . ) ) ) good bonding property, the surface does not show the
=0 1000 2000 3000 4000 5000 6000 peeling phenomenon, and abrasion occurs in the coating.
Time, s As can be seen from Fifjl b, the sliding at a contact load
of 200N after 6000s produced a smooth wear track with
Fig. 9. Friction coefficients of untreated specimens, PC/MoS the phosphate coating still present on the substrate.

and Mni P coatng 3.4.2.EDS analysis
Fig. 10c shows that PC/MaSears a high extreme . :

X Fig. 12 $ows the results of the EDS element analysis
pressure load of 14(N.Hence, PC/ MO.S Improves the of the wear surface after wear testing on the two kinds of
extreme pressure performance of lubricating oils, and ths?urfacemodified specimens. Fid2a andc show that the
modified surface exhibits good abrasion resistance. S and Mo contents in the i:’C/ng)ﬁear surface account
3.4. Observation of morphology after friction for 2%, and the surface of the coatimgmains to be

lubricated by the selubricating material. Figl2b and d
3.4.1. SEM show the wear marks of NIR, and the coating wear
Fig. 11 shows the SEM image indicating the surfacesurfaces possess high amounts of Mn and P.
topography of PC/MoSand MnP coating specimens after g : .
the friction test. After wear test, thBeC/MoS surface 3.5. Friction mechanism analysis
lubrication bonding coating is damaged and some of Fig.12a and ¢ show the element content of a point
abrasive marksThere's a partial spalling of the coating. (EDS) on the PC/Mofgcoating.
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Fig. 10. Extreme pressure characteristics of untreated specirfmsP coatingand PC/MoS: ai untreated specimens;itMni P
coating; @ PC/MoS

a b
Fig. 11. SEM morphology of PC/Mofand Mni P coaingafter the friction testai PC/MoS; bi Mni P coating

The wear surface contains high amounts of Mo, S, angraphite particles fall off, and the transfer of film
C. Mo at the interface between the coating and substrabebrication occurs. The possible antifriction and antiwear
diffuses into the matrix, and a large amount of Mo, S, Cmechanisms are as follows: the solid lubricant, such as
and other elements are afréd at the parent material near MoS,; and graphite, enters tm the friction pair surface,
the interface. This elemental distribution not only remains in the rough trough or grinding mark of the
strengthens the matrix but also play the role of antifrictiorfriction pair surface, and increases the actual contact area
solid lubricant and extreme pressure additive. As seen froof the friction pair surface; the abrasiganerated grinding
the wear morphology, the furrow effect and adbeswvear marks are filled at any time by the MoSolid lubiicant.
on the surface become abrasive wear owing to JMoS
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