Accepted Manuscript %

TRIBOLOGY
INTERNATIONAL

Ediors: ichelFilon, Hong Liang and Weimin L

Transfer film formation mechanism and tribochemistry evolution of a low-wear
polyimide/mesoporous silica nanocomposite in dry sliding against bearing steel

Jian Ma, Xiaowen Qi, Yu Dong, Yuanliang Zhao, Qinglong Zhang, Bingli Fan, Yulin !
Yang

PII: S0301-679X(17)30584-4
DOI: 10.1016/j.triboint.2017.12.026
Reference: JTRI 5010

To appearin:  Tribology International

Received Date: 17 August 2017
Revised Date: 31 October 2017
Accepted Date: 17 December 2017

Please cite this article as: Ma J, Qi X, Dong Y, Zhao Y, Zhang Q, Fan B, Yang Y, Transfer film formation
mechanism and tribochemistry evolution of a low-wear polyimide/mesoporous silica nanocomposite in
dry sliding against bearing steel, Tribology International (2018), doi: 10.1016/j.triboint.2017.12.026.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.triboint.2017.12.026

Transfer film formation mechanism and tribochemistry evolution of a low-wear

polyimide/mesopor ous silica nanocompositein dry dliding against bearing steel

Jian Ma&' 2 Xiaowen Qt 2, Yu Dong, Yuanliang Zhab? Qinglong Zhany? Bingli Fart? Yulin Yang" 2"
!School of Mechanical Engineering, Yanshan Univgr€inhuangdao 066004, P. R. China
“Aviation Key Laboratory of Science and Technology@eneric Technology of Self-Lubricating Spheriekin
Bearing, Yanshan University, Qinhuangdao 06600R. Ehina
3Department of Mechanical Engineering; School ofilGiad Mechanical Engineering, Curtin Universitgre,
WA 6845, Australia

Abstract: The addition of a kind of mesoporous silica (MP@h csignificantly reduce the wear rate of a
thermoplastic polyimide (P1) by more than 90%, whis ascribed to the quick formation of high-quatitansfer
films induced by unique tribochemical reactions [h}situ observation illustrated the morphologyletion of the
transfer films. Further X-ray photoelectron spestapy on these transfer films revealed the vanatid
tribochemical reactions intensity while significarnibochemically induced polymer decomposition aadctions
was detected by infrared spectroscopy. Intact amhist transfer films were formed by initial trib@chical
adhesion of wear debris and its subsequent acctiotuknd expansion on the steel surface, whichagasgbed to
the combined effects of tribochemistry and redwsied and varied morphology of the wear debris.
Keywords: polymer matrix composites (PMCs); friction andangetransfer film formation; tribochemistry; XPS;
ATR-IR
1. Introduction

Polyimide (PI) is a very popular and widely usedjiaaering plastic owing to its excellent thermodigh
mechanical and chemical properties in industrigdliaptions such as relative-movement devices [2ibla dry
sliding process against a metal, large Pl wearislevrplates are easily sheared off because thdityigof main
chains and some are transferred on surfaces of omtaterpart, causing high friction and wear ofepRI1. Such
triobofilms are generally thick, lumpy and weakignided with metal pieces [1, 6]. The incorporatidrdifferent
micro/nanofillers such as carbon fibers, glassriibaramid fibers, ceramics and solid lubricants lbeen reported
to contribute to over 50% increase in the wearstasce of Pl [7-9]. Pozdnyakov et al. [10, 11] eded that G
materials could significantly reduce the specifieaw rate of Pl/gg composite coating. Nanofillers like carbon
nanohorns [12], carbon nanotubes [13], nanosilid$ improve tribological properties of Pl nanocorsipes with
good reinforcing effect. Wang et al. [15-17] evadghsynergistic effects of organic fibers, solithrioants and
nanoparticles on tribological properties of cormging Pl composites. By this means, differentdthposites can
be designed by altering related specification, amsitipn and contents of fillers to adapt variousrkimg
conditions. Samyn et al. [18-20] worked on tribaoieal variations of Pl and Pl composites at roor elevated
temperatures to understand the relationship betassociated tribochemical variations and tribolabgproperties
of Pl composites. In-situ polymerization method veasployed initially to enhance tribological propestof Pl
composites, but with contrary outcomes obtainedsity induced by combined effects of approachesfarcing
agents and interfacial design [21, 22]. Many reicifty mechanisms [2, 6-13] were proposed to explaéreason
for enhancing tribological properties of Pl compesj consisting of the formation of high-qualityofiims,
lubricity and preferential load bearing of filleras well as enhanced mechanical properties. Widnerse
mechanisms, the improved quality of transfer filomnsistently gives rise to the improvement of tidigical
properties of PI composites.

It is well recognized by the research communityt thiafilms can make great contributions to conttioé
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friction and wear of polymer matrix composites (P81G23-25], making the investigation of the forroati
mechanism and morphology evolution of transfer diloritical in the intensive study of polymer-metabbing
systems. Ye et al. [26] carried out an in-situ oson of transfer film evolution based on an adiow wear
polytetrafluoroethylene (PTFE)/ADs; composite system, which indicated a complex intéva involving transfer
film adhesion, tribochemistry, wear debris morplggiland mechanical responses of polymer matricdssetuent
studies on this ultra-low wear system further rée@adominant role of mechanochemistry and nanoscale
functionality from microscale AD:; fillers on the formation of robust transfer filmdathe ultra-low wear of this
material system [27-28]. Bahadur and Sunkara [2%4ntjtatively measured the bonding strengths betwee
polyphenylene sulfide (PPS) nanocomposite tranfilier and steel substrate. A proportional relatidpstvas
determined between such bonding strengths and resmmtance of nanocomposites. Chang et al. [30klzted
layer thickness of transfer films with tribologigadoperties of polymer composites as a functiotrarfisfer film
efficiency factor so that the friction and weartloé¢ sliding system could be analyzed, resulting Btribeck type
diagram. Nevertheless, while improved transfer fijumality has been explained as one major reasorthtor
enhancement of triobological properties of Pl-nxattomposites [1, 2, 6-10], the transfer film forioat
mechanism of Pl-matrix composites still remains leetgd. In most cases, transfer films are regamed
consequence of tribological behavior and studiesidering the formation and evolution of the trandfim as a
process of tribological behavior are rarely found.

Our previous work [1, 31] demonstrated excellentamweesistance of PI/MPS nanocomposites and the
reinforcing mechanism arose from improved-qualignsfer films induced by tribochemical reactiondween
mesoporous silica (MPS) and Pl molecules. Howdgemation mechanism of such critical transfer famwell as
accompanying tribochemistry evolution remain myistes. In this paper, we tried to shed light andrtake a
conceptual framework on this issue. An in-situ obaton approach was applied to observe the moaqgyol
evolution of the transfer films. X-ray photoelectrepectroscopy (XPS) and Attenuated total refledanfrared
spectroscopy (ATR-IR) analysis were employed tothferr explore the tribochemically induced polymer
decomposition and reaction. Moreover, the key domtion from tribochemical reactions during thetiadi run-in
stage as to the formation of high quality tranfifers was revealed.

2. Experimental
2.1. Materials

Pl was synthesized using tetracarboxydiphthalierettianhydride (ODPA) and 4;diaminodiphenyl ether
(ODA) as monomers via chemical imidization [1, 2dPS was synthesized using tetraethoxysilane (TEQ3He
silica source along with octylamine (OA) as templat weak acid deionized water [1]. PI/MPS nanocositps
containing 1.5 wt.% MPS were prepared using a vachot press with the molding pressure of 20 MP#hat
heating temperature of 370°C for the dwelling tiofel h. GCrl5 steel plates (AISI 52100) with theface
roughness of 0.km were used as metal counterparts.

2.2. Tribological experiments

Linearly reciprocating pin-on-flat sliding wear tesvere conducted using an Anton Paar Tribometén wi
reciprocating friction stroke of 8 mm and reciprirg frequency of 3 Hz under normal load of 10 Nden
room-temperature environment, which followed theoramendations of ASTM G133-05 with slightly varied
parameters to match the tribometer. The lineadjprecating wear schematic diagram was presenigniF The
transfer film would be formed on the steel surfafter wear test, which is convenient for subseqoéstrvation
and analysis. PI/MPS nanocomposites was cut ime pith a diameter of ~1 mm, which produces a a@inta
pressure of 12.8 MPa. Pin surface was prepolissady 2000 grit silicon carbide sandpapers. Priov¢ar tests, a
sliding distance of 0.5 m under a normal load &f for the PI/MPS nanocomposites pins was set w@geideve an
even pressure distribution in wear tests. GCrlé&l gtlates were used as metal sliding counterpBd#h pins and



steel plates were cleaned with acetone prior tor iests. The morphology evolution of transfer filwere
analyzed by periodically interrupting the wear $egthe coefficient of friction (COF) and associa@QF curves
were recorded by the tribometer.

It is noted that the wear loss of the PI/MPS nangmusites was so little that it cannot be accuratedasured
using a balance with a resolution of 0.00001 gl @&@tim of sliding. This is unacceptable in ordedtmonstrate
the wear feature of the composites. Consequen#gr wharacteristics of PI/MPS nanocomposites instiding
against bearing steel was inspected by means ofpbeetration depth” which was online-recorded by t
tribometer equiped with a high accuracy angulasserPenetration depth indicates the vertical disginent of
PI/MPS nanocomposites pin and can act as goodaitudiof wear characteristics of the PI/MPS nanoausites.
Similar parameter, vertical displacement, was fezqly used in polymer tribology [20, 32]. It is vilemoting that
the penetration depth is not equal with the aceunagar loss of the PI/MPS nanocomposites, butatsfiine wear
characteristics of the nanocomposites. Repeated testa results were presented in Section 3.1 tovstie
consistency and reliability of the penetration defach test was repeated by at least three timesdure test
reproducibility.

Fn

PI/MPS composite
Fr

————»
/%

| Bearing steel

Fig. 1 Linearly reciprocating wear schematic diagram.

2.3. Characterization

Optical images of the transfer films were captutesihg the optical microscope within an Anton Paar
Indepention. Transfer films of PI/MPS nanocompogitened at sliding distances of 10, 41, 100, 340 650 m
(625, 2563, 6250, 21250 and 40625 cycles) were ts@uvestigate the evolution of tribochemical téaTs via
XPS analysis and XPS analysis on transfer filmpradtine P1 formed at sliding distances of 41, 1&0d 650 m
(2563, 6250 and 40625 cycles) was also performed¢dmparison purpose. XPS spectra on transfer filrase
detected using a PHI-5400 system (Perkin Elmer,A).She C1s binding energy was set to be 285 a\the
initial calibration purpose. A Phenom scanning etetmicroscope (SEM) device was used to captuceaimnages
of wear debris and a Zeiss EVO18 was used to ol@renergy dispersive spectrometer (EDS) anabfsthe
transfer films. ATR-IR spectra on pristine PI/MP&ncomposite and its transfer films correspondindifferent
sliding distances were obtained using Nicolet iNX in the wavenumber rage of 4000-500 tmith resolution
of 0.4 cm'. A 100pm? area within the central region of the transfenéildefines the analysis area.
3. Reaults and discussion

3.1. Friction and wear characteristics of PI/MPS nanocomposites

COF variation and wear volume in terms of slidirgtahces are illustrated in Fig. 2 to demonstrate t
friction and wear characteristics of the PI/MPS awmposites. From the primary COF curve in Fig.),2(a
frictional fluctuation and re-running in were obga after frequent interruption of wear tests, whie repeated
tests yielded COF curves exhibiting general frictieatures of this rubbing system such as stabiizaand short
running-in time, signifying that such an interrupti affected the friction features of PI/MPS nanoposites.
Besides, lower COF values of the interruptted wieacomparison to the repeated ones was also olikerve
indicating friction reduction effect of the frequéanterruption. This finding coincided with the pt@menon shown
in PTFE/ALO; composite systems [26]. Fig. 2(b) revealed theepration depth variation in friction tests as foati



of sliding distance. As shown by the primary cufjrst 50 m of sliding, slope of the penetrataepth following
each interruption decreased in a monotonic mai$wah feature was also observed in the repeate@s;uwhich
coincided with the frequently-referred “running-ip&riod also presented in the COF curves in Fig). Zfter this,
a linear curve of the penetration depth was redlineboth the primary and repeated curves, imphgteady wear
of the friction pair.
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Fig. 2 COF variation (a) and penetration depth (b) ofRN&PS nanocomposite with sliding distance.

3.2. Transfer film formation

In-situ optical images of transfer films at a sengpcation with different sliding distances werendastrated
to reveal their morphology evolution and formatimechanism, as shown in Fig. 3. Bare steel surfea® also
presented in Fig. 3 for comparison purpose. Ibigle that the dark area within these images atelgcthe transfer
film. The formation of transfer film, from initialandom attachments of wear debris to their furttmumulation,
extending and formation of an apparent layer ohdfer film was clearly observed in Fig. 3. To obsethe
morphology evolution more intuitively, transfemfis within the square area in Fig. 3 were extraatetipresented
in Fig. 4. The brightness and contrast of theseaetdd images were increased by -40% and 80% tmifgabe
difference between the transferred material andotiggnal steel surface. In Fig. 4, the dark argaresented the
transfer film while the bright area indicated thee$ surface. It can be seen that the transfer diltkened as
sliding distance increased, indicating the gradaahation of the transfer film. At the sliding distce of 10 m,
scattered but distinguishable wear debris was feaes to the steel surface, suggesting that thiemmahtransfer
was initiated immediately after the start of thiisg. Subsequent scrutiny revealed that surfacewgs resulting
from the mechanical processing or surface poliskege the prior depositing area of wear debris.[33fer the
sliding for 41 m, much more wear debris was tramsteto the steel surface with the formation ohen tbut
distinct layer of transfer film, causing variatiohwear characteristics of the PI/MPS nanocompssit®wn in Fig.
2(b). When the sliding distance increased up tortiD¢the transfer film became more continuous. AdHe sliding
distance of 233 m, the accumulation of transfemadierials yielded a continuous transfer film covgnmost steel
surface, which was indicative of the initial fornoat of an intact transfer film. This phenomenon eqmed to be
more pronounced when the sliding distance incre&ised 340 to 650 m. Additionally, beyond the sligidistance
of 500 m, transfer film morphology was evidentlglstized to form an intact transfer film. It is dexbd that the
formation mechanism of the transfer film is weabrikeaccumulation after its initial attachment.



Bare steel surface

7 oF |

Fig. 3 Transfer film morphologies at a single locatiorcehter area of the transfer film with differentlsiig
distances at applied laod of 10 N (12.8 MPa). Rdingnthat the dark area indicates the transfersfilm
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Fig. 4 Extracted transfer film morphologies revealing therphology evolution and transfer films formation.
3.3. Tribochemistry evolution
3.3.1. XPSanalysis

Our previous study demonstrates that tribochemézadtions between MPS and Pl molecules play cruaiel

in the quick formation of uniform transfer filmss &pically evidenced by the presence of Ni-Si bontils XPS
spectrum [1]. The tribochemical reactions by exangiXPS spectra of transfer films at different slgldistances
help to identify unique tribochemical features &mdher understand its role in the transfer filmnfiation and low
wear of PI/MPS nanocomposites. XPS survey spestreetl as C1s, N1s and Si2p spectra of transfesfiand the
pristine composite are depicted in Fig. 5. Pardidy) intensity ratio of N-Si bond to C-N bond asétion of
sliding distance calculated by the area ratio eséhtwo bonds could be used as indicator of themsgity of the
tribochemical reactions, as shown in Fig. 6. Fangarison, XPS spectra of transfer films of pristiieas function
of sliding distance were presented in Fig. 7. Chd &1s peak intensities varied in Fig. 5(a) alonighw
corresponding relative atomic contents in Tablg/hich is indicative of the evolved tribochemicahctons as a
function of sliding distance. More specifically, ihe C1s spectra shown in Fig. 5(b), more pronodipesaks of
C=C bond (284.8 eV) and C=0 bond (288.4 eV) in camnspn to the pristine composite were observedimitie
XPS spectra of the transfer films, regardless efdliding distance. Similar variation was also obse in the case
of pristine PI, as shown in Fig. 7b. Our previoasdg [1] and some other literatures [19, 20] sutgpesuch
variation was correlated with the structural vaoiatof the PI molecules in friction, irrelevant tvitillers. For the
N1s spectra of transfer films of pristine Pl shawrkig. 7c, only C-N bond (398.4 eV) with varieddnsity was
detected in spectra of pristine and transfer fitogesponding different sliding distances. In tasecof PI/MPS
nanocomposite, as shown in Fig. 5(c), only C-N b(8#B.4 eV) was observed in the N1s spectra optiwine



composite. Comparatively, both C-N bond and N-Sidh(897.4 eV) [34] were detected in the N1s XPSspef
the transfer fiims formed at different sliding distes. Surprisingly, prominent N-Si bond was detkct
immediately after the sliding distance of 10 m ig.F5(c), which was intuitively proved in Fig. 6 be the most
intense tribochemical reaction. Similar variatioasnalso detected in the Si2p spectra shown in5td), where
only Si-O bond (103 eV) in the pristine compositel gpronounced N-Si bond (102.1 eV) [34] was detketithin
the spectra of the transfer film at different siglidistances. Such unexpected results is conteagitd our original
assumption that tribochemical reactions are a #yestiengthened process to be maximized and &ebilas soon
as the friction turn into steady wear stage. Howedteeemed that the tribochemical reactions betwdPS and Pl
molecules were intensively stimulated during thiéighrun-in friction, as observed in Fig. 5. Sinckemically
attached wear debris strongly adhered to the sibsiteel surface and was not easily removed bgubhsequent
rubbing, it is thus fated that the transfer filnrf@tion mechanism lied in the tribochemical adhesib wear
debris and its subsequent accumulation as showtheim-situ observation of transfer film morphojog
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Fig. 6 Variation of intensity ratio of N-Si bond to C-Mibd in N1s spectra as function of sliding distance.
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Table 1 Element atomic percentage (at. %) of the trarféfes at different sliding distances
Atomic percentage at different sliding distancet f4)

Elements
10m 41m 100 m 340 m 650 m
Cls 40.6 53.82 35.34 54.84 65.64
Fe2p 17.14 10.33 19.42 10.78 6.72
N1ls 3.78 4.03 3.68 3.24 2.5
Ols 33.89 24.98 35.5 25.95 20.94
Si2p 458 6.84 6.05 5.19 4.2

3.3.2. ATR-IR analysis

ATR-IR spectra of pristine PI/MPS nanocomposited @ansfer film corresponding to sliding distané¢&®83
m were shown in Fig. 8(a) to identify the variagdoetween the two spectra. Typical characterigizkp of PI,
including 1238 crif (C-O-C), 1373 ¢ (C-N-C), 1500 crit (C=C), 1720 cit (C=0) and 1776 cth(C=0), were
observed in both spectra. Interestingly, pronounegthtion was noticed in the ATR-IR spectra of ttemsfer film:
amounts of new vibrations emerged in the wavenumrdrege of 3700-2000 cfras well as in wavenumbers of 587,
1200, 1440, 1610-1620, 1659 and 1957'crsuggesting tribochemically induced polymer decosition and
reactions. Vibrations corresponding to these wandars were listed in Table 2, according to whiclsside
tribochemical reaction paths and products wereepttesl in Fig. 9. The distinct detection of amideuyr, aromatic
nitrile (C=N), carboxylate anion (COQ, C=C and carbodiimide (N=C=N) structures strongly destated the
decomposition of Pl molecules which was attributeghe cleavage of the imide structure during thiebing
process. The appearance of Si-H bond (21508)chowever, indicated that the MPS was not onlylwed into



tribochemical reactions with the Pl matrix, butoajzarticipated in other more complex tribochemieslctions.
ATR-IR spectra of transfer films as function ofdgtig distance were separately presented in Figpd.a8(d 8(c). At
sliding distance of 10 m, despite the blurry spectlistinguishable characteristic vibrations ofifPl1373 cni
(-C-N-C-), 2861 cnt (C-H2) and 2927 cth (C-H3) were detected, suggesting that compositar wiebris has
already been transferred to the steel surfacelsasravealed in Figs. 3 and 4. Moreover, vibratiorb87 cnt
corresponding to Fe-O bond indicated the formatibiton oxide. Strong vibration in 2150 &ntorresponding to
Si-H bond implieded the deep involvement of the MR® the tribochemical process, coincident wite XPS
results (Fig. 5). Besides, the observation of vibres in 2240 and 3185/3357 ¢mespectively corresponding to
C=N and amide group indicated the decomposition ah&trix and the generation of new activated polyofein
ends. As sliding distance increased to 41 m, ndwmatibn around wavenumber of 1440-1460crapresenting
carboxylate anion group chelating to the steelamaffirstly emerged, as circled in Fig. 8(b). Whikea sliding
distance exceeded 100 m, as shown in Fig. 8(c)chlaeacteristic vibrations of newly created cheingraups
became more pronounced and the spectra becameatlyagtabilized with increasing sliding distancedlicating
fully developed tribochemical reactions at longlisig distances.
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Fig. 8 ATR-FTIR spectra of a) pristine PI/MPS nanocompssdnd its transfer film at sliding distance of 233
and transfer films at sliding distances of b) 18 44 m and c) 100, 340 and 650 m.

Table 2 Newly created characteristic vibrations of the AIRRspectra of the transfer films

Vibration Wavenumber/cth
Fe-O 576 [35]
Si-N 1200

COO 1659/1440 [36]
COOFe

Cc=C

1610-1620 [37]




e 1957
N=C=N 2004 [38]
Si-H 2150 [39]
C=N 2240 [40]
N-H 2375 [37]
H
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Fig. 9 Possible tribochemical reaction paths and prodiwting rubbing process between PI/MPS nanocomggosite
and bearing steel.



3.4. Discussion

Wear results (Fig. 2b) suggested high initial weathe PI/MPS nanocomposites. Wear during thisoleri
mainly resulted from the mechanical plough by ig&lrasperities of the steel surface. The MPS adtditwere not
expected to be influencial on the wear featureRlafmatrix at this stage. As sliding continued, ansgition from
high wear to low wear was manifested at ~50 midfrg} distance, which coincided with the formatifrtransfer
films (Figs. 3 and 4). The gradually formed trangilen protected the nanocomposites from the meidadplough
of the rigid asperities of the steel counterpad #us lower wear rate could be achieved.

Tribochemical reactions between Pl and MPS haveg loeen revealed by our previous study [1], while
ATR-IR analysis on the transfer films in this papather demonstrated the generation of numerousynereated
chemical groups (Fig. 8 and Table 2), deliveringaclmessage on the complexity of the tribochenmEattions.
Free radicals of N and H were generated sinceetijoinds of -EN, cumulated double bonds of -N=C=N- and
Si-H bond were detected in the ATR-IR spectra.alm &ir, these free radicals reacted with free onyaysd water
vapor to form new chemical groups as shown in $ignriching the chemical bonds within the weargelwhich
can be beneficial to the cohesion of the formedstier films. Furthermore, vibrations correspondittg
wavenumbers of 1620, 1659 and 1440“crepresented COOFe [37], asymmetric stretchingatitms in
carboxylate anion (-COQ group in bridging and bidentate forms and symimestretching vibrations in
carboxylate anion (-COQ group in bridging form respectively [36]. Possildarboxylate configurations were
shown in Fig. 10, which might be formed followirtgetreaction paths 1, 2 and 4 shown in Fig. 9. dhirvation
was coincident with the detection of metal chekalts of carboxylic acids in the case of PTFEDAlcomposites
sliding against steel [27, 28]. The detection ofboaylate anion group demonstrated chemical meshani
responsible for the formation of robust transfémgi, resulting in enhanced adhesion of the trarfdfes to the
steel counterpart and the variation of sliding esthfrom polymer vs steel to polymer vs polymere Tormation of
high-quality transfer films was reported in almesery Pl-matrix composites showing good wear rass in dry
sliding against metal counterpart [2-3, 6-17]. Fameéntal causes resulting in this frequently obskared reported
phenomenon were never fully revealed, although dderatures reported that simple cleavage of ingideip [42]
or re-orientation of chemical groups of surfacecRains [20] occurred during dry sliding againsektaffecting
tribological properties of Pl. Research resultgshi$ paper revealed that extremely complex decoitipof Pl
and chemical reactions between PI, MPS and beastegl counterpart can be triggered just by simple
friction-induced shear in lab air. And this tribechically induced decomposition of Pl and the coeatof
numerous new polymer chain ends play vital rolesha formation of robust transfer films and domingtthe
friction and wear behavior of the PI/MPS nanocontpss An interesting topic regarding the univetyilaf
tribochemistry in dry sliding of high wear-resistaRl-matrix composites against metal counterparivgth
investigating in the future.

(a) (b)
Fig. 10 Possible carboxylate configurations chelatingheogteel surface: a) bridging form and b) bideri@t®
[41].
XPS analysis on the tribochemistry evolution (Figsand 6) revealed that the most intense triboctemi
reactions between the Pl and MPS were detecte@ taken place at very early running-in stage. Goeistly,



obvious Si-H, -&N and amide group detected in the ATR-IR spectith®transfer film at 10 m of sliding distance
indicated the complete decomposition of Pl andvatgd tribochemical reactions of the PI/MPS nanquusites
and bearing steel rubbing system in initial weagst The evident detection of carboxylate anioi©EC) group in
ATR-IR spectra at sliding distance of 41 m implidgte established tribochemical bonding betweenaihyti
transferred wear debris and the steel surface,hwhias coincident with the initial formation of istaransfer films
(Fig. 4) and the variation of friction and wearrfraunning-in to steady stage (Fig. 2). This findsupported the
assumption that the transfer film formation wasedlasn the immediate tribochemical attachments efvtlear
debris to the steel surface, based on which irgadtrobust transfer films can be rapidly formedshipsequent
wear debris accumulation and expansion, as obsdryebe morphology evolution of the transfer filifi§gs. 3
and 4). At sliding distance longer than 100 m, wasris rapidly accumulated on the steel surfadertm intact
transfer films at only 650 m of sliding (Fig. 4).i¢ assumed that the fully developed tribochemieattions at this
period (Fig. 8c) provided chemical mechanism resiida for the rapid formation of transfer films.rkher EDS
analysis on the transfer films generated at slidiisgpnces of 10 m to 1000 m revealed a nearlytaohSi content,
as shonw in Fig. 11. This implied that MPS addgiwgas not accumulated on the counterpart surfatle wi
increasing sliding distance, resulting in the casidn that filler accumulation and preferentialddzearing of the
MPS additives may be not responsible for the weduction of the nanocomposites. Another importapeat
impacting the formation of transfer film lied inethwear debris size and morphology produced by tie Pl and
PI/MPS nanocomposites, as presented in Fig. 12vatation of wear debris from micron scale sq@ladticles to
nanoscale lamellas made them more easily attatbitige counterface, which in turn helped the easmétion of
transfer film. Such point of view was early propddsy Bahadur and Tabor in the study of filled PTEB] and
also agreed by later studies [44, 45]. The grasifljuced wear debris size was also an indicatorarhdstically
decreased wear rate of the nanocomposites. leis rivealed that the formation of high-quality sfen film by
bearing steel-PI/MPS nanocomposites rubbing systsulted from a combined effects of tribochemisand
reduced size and varied morphology of the wearislebr
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Fig. 11 Weight percentage (wt. %) of Si element Fig. 12 Wear debris morphology and size produced by a)
within the transfer films at different sliding pure Pl (magnification: 5000x) and b) PI/MPS
distances. nanocomposites (magnification: 20000x). ApplieditoED
N and reciprocation frequency: 3 Hz.
4.Conclusions

XPS and ATR-IR analysis carried out along with itnaitu observation of transfer film formation oflPS
nanocomposites revealed the complexity of the thleanical process as well as the closely connedcifotine
tribochemical process and the transfer film fororatnechanism. Research results of this paper prandwers to
the formation of intact and robust transfer filmike following are results obtained for the summary:

1) XPS analysis on the transfer films formed at défersliding distances suggested that the mostsaten



tribochemical reactions occurred during the initiah-in wear stage, which was also supported by the
ATR-IR analysis.

2) A vast number of new chemical groups were detebiedTR-IR analysis on transfer films of PI/MPS
nanocomposites, revealing a meaningful fact thaisPdble to be decomposed and reacted with other
agents by simple friction shear in lab air. Moranagkably, such tribologically induced polymer
decomposition can be realized in a very shortrgjdlistance (10 m).

3) Tribochemically created new polymer chain ends iwitthe transfer films were able to enhance the
cohesion of the transfer film. The formation oflmatylate anion (-COQ chelating to the steel surface in
bridging form and bidentate form, which emergedttes friction and wear of PI/MPS nanocomposites
transitted from running-in to steady stage, buile trobustly chemical bonding responsible for the
formation of intact transfer films. After 100 m gifding, the tribochemical reactions were fully dped,
providing chemical mechanism responsible for thedréormation of intact and robust transfer films.

4) The formation mechanism of transfer film in drydslig of PI/MPS nanocomposites against bearing steel
was the tribochemical adhesion of the wear debikis subsequent accumulation, which resulted faom
combined effects of tribochemistry and reduced aimd varied morphology of the wear debris.
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Resear ch highlights

Formation mechanism of tribofilm is tribochemical adhesion and subsequent accumulation.
The most intense tribochemical reactions occur during very initial run-in stage.

Complex polymer decomposition produces numerous polymer chain ends.

Carboxylate anion chelating to the stedl surface increases adhension of transfer films.

Fully developed tribochemical process contributes to the quick formation of transfer films.
Formation of high-quality tribofilm results from tribochemistry, reduced size and varied
morphology of wear debris.



