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ABSTRACT

The powder metallurgy molybdenum-rich steels, used in anew friction sys-
tem, were prepared. Effect of carbidetypes on wear-resisting property of the
steelswas studied. The wear behavior of the steels and the couple part were
aso studied. M, C carbidesand M C carbides exit in the steels. The friction
pair materials enter steady working condition within 50 seconds and have
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good match capability. On dry frication test, crisp M,C carbides, which are
distributed along crystal border, dissever the matrix and decrease wear-
resisting property of the steels obviously. Gobbet carbides consist of many
finegrainy M C carbides. Thiskind of carbide has high bond strength with
the matrix and is useful to good wear-resisting property of the steels.
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INTRODUCTION

Wear occursinawidevariety of itemsand results
in severe economic loss. On the other hand, with the
rapid devel opment of the society, therequestsfor more
excellent property materids, for usein demanding en-
vironments(e.g. hightemperature, badly lubricant con-
dition), areever increasing!*2. Therefore attention to
high wear resistant materialsis oneimportant aim of
materiasdesigners®4. The powder metallurgy (PM)
manufacturing process, whichisexperiencing growth
becauseof itshighmateria utilization and designed flex-
ibility, isoneway to obtain the PM multi-components
steelswith both high wear resistance and good me-
chanica properties®d. Addition of strong carbide-form-
ingeement, eg. molybdenum, chromium, vanadiumand

titanium by powder metdlurgy (P/M) processtechniques
isoneway to obtai n the multi-componentsiron-based
materia swith both high wear resistanceand good me-
chanical properties®4. Theseelementshaveagreat af -
finity for carbon and form very hard wear-resistant
metd lic carbides. Thenthe microstructureinthese ma-
terialsisvery complex>7. It consists of atempered
martensitic matrix and varioustypes of hard carbides,
including block (primary) carbidesand fine secondary
carbides. Thehardnessand strength of thecarbidesare
higher than those of the matrix. In cases of wear the
carbides protrude above the nominal surface of the
material sto support mostly loading, and thereby pro-
tect thematrix from further wear, whichisbeneficid for
thewear resistance of thematerid. Ontheother hand,
the matrix absorbsthe energy, which fixsthe carbides
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and preventsthem from breaking or detaching fromthe
matrix, thereby eliminating the presence of abrasive
particlesdetrimental to thewear rate. Although the ex-
istenceof thehard carbidesisbeneficid to theimprove-
ment of thematerialsproperties, it isreported that the
nucleation, propagation and interaction of micro cracks
inmulti-componentsiron-based material s occur pref-
erentialy inthe grain boundaries of coarse and hard
carbides®19. In this sense, carbide volumefraction,
type, morphology and distribution of primary and eu-
tectic carbidesplay animportant roleon the properties
and, asaconsequence, in thetribological behavior of
these material g1+,

It isworth mentioning that wear resistance, which
isjustasingleparameter inaspecificfrictiona system,
isnot aninherent property of thematerids. A P/IM stedl
with high molybdenum el ement content (8.0~10.0%Mo)
isexamined inthispaper. Thesetypesof sted sareused
as spacing adjustment piecesinanew friction system
with ahigh power engine. The couple part inthisfric-
tionsystemisacastiron (internationa standards). The
high degree of match of thesefriction part materidscan
prolong the servicelife of thematerials, and thereby
increasesthe engineefficiency. Theam of thispaper is
to evduatethe effect of themolybdenum-rich carbides
type, morphol ogy and distribution on thewear behav-
ior of the P/M steels. Special emphasisisgiventothe
wear mechanismsof thefriction pair materiasinthe
frictionsystem.

EXPERIMENTAL PROCEDURE

Thestudied materiasinthis paper conssted of two
series of the P/M steels (8.0~10.0wt% Mo,
1.3~1.4wt% C and balance Fe) and thecast irons (in-
ternational standard, 0.90~1.20wt% Cr,
0.15~0.25wt% Mo, 0.17~0.37wt% Si,
0.50~0.80wt% Mn). TheP/M steelscontained astrong
carbide-forming e ement, which alowed themtoform
the molybdenum-rich carbidesfor agood wear-resist-
ing property. Natural graphitewas aso present inthe
P/M stedls. The mixed powderswere cold pressed at
600M Pawithasingleaction dieand sintered at 1270°C
for 120 minutesand annedled at 1100°C for 6 hoursin
a vacuum atmosphere. Then the P/IM steels were
guenched at 900°C for 30 minutes and tempered at

280°C for 60 minutes. The cast ironswere quenched
at 880°C for 30 minutes and tempered at 180°C for
60 minutes. The properties of two series of materials
wereshowninTABLE 1.

TABLE 1: Propertiesof thefrication pair materials

Properties P/M steel  Cagtiron
Hardness (HRC) 50~54 59~61
Flextural Strength (MPa) 692~745  910~950
Impact Toughness (J-cm’?) 2.0~2.8 8.0~10.0

TheP/M stedl swereground, polished and etched
with the 2% nitric acid solution. Thewear testswere
carried out on astandard ball-on-flat diding wear test
machine (UMT-3). Thefriction systemincludesasta-
tionary cylindrical materials (the cast irons) and to-
and-fro movement flat materials (the P/IM stedls). All
tests were carried out at a constant load of 4 N, a
diding speed of 1000 revolutions per minute without
alubricant. Thetestswereinterrupted after running
for different diding time (30 minutes, 60 minutesand
120 minutes).

Themicrogtructuresof the P/M sted sand thewear
surfacemicrostructuresof al thematerialswereexam-
ined by optical microscopy (F1-M3), scanning el ec-
tron microscopy (SEM, SIRION 200) and energy dis-
persive spectroscopy (EDS). The phaseidentification
and the phase composition of the P/M steelswerede-
termined by X-ray diffraction and energy dispersive
spectroscopy (EDS) analysisrespectively.

Wear ratio (Ws) of each seriesmaterialswascal -
culated, usng Eq.(1).

\%
Ws= ﬁ (@)
Wherev isthewear volumelossof thematerid; pis
the constant load; | isthe movement distance of the
meaterid.

RESULTSAND DISCUSSION

Wear curvegraph

Figure 1 presentsthewear curve graph of the P/M
sted sfromthebdl-on-flat diding wear test.

Theabrasion factor of the P/M steelschangesdis-
tinctly intheinitial wear stage. At the beginning of the
wear test, therearealot of protruding partsintherough
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origina surfacesof thefriction pair materias. Thepro-
truding parts squeeze each other and result in an abra-
sionfactor that islow, but changesdistinctly. After the
protruding partsarerubbed out, the contact areaof the
friction pair material sremains constant, and therefore
theabrasionfactor becomesroughly constant. Thefric-
tion system enters steady working condition. In this
paper, thetimeto reach the teady-stateregimeisshorter
than 50 seconds.
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Figure 1: Wear curve graph expressing therelation be-
tween wear coefficient and time

Wear resistance

TABLE 2 showsthewear ratio with the different
wear test time. The wear ratio islow and increases
very dowly within the steady-state regime. M oreove,
thetwo friction pair materialsin thefriction system
haveaquitesimilar wear ratio, showing that thesetwo
materials have high wear-resi stance and good match-
ing &bility.

TABLE 2: Wear ratio of thematerials

wear ratio (10°kg - m™- N7
P/M steel cast iron

Wear test time (minutes)

30 -
60 1.996 1.988
120 2.0132.009

Microstructureof theoriginal surfaces

Figure 2 and Figure 3 are the XRD patterns and
themicrostructure of the P/M stedl before wear test.

Two carbide types, i.e. M,C carbidesand M C
carbides are present in the material, Figure 2. This
multi-componentsiron-based P/IM materia, Figure 3,
indicatesamicrostructuretypical of tempered mar-
tensite and different carbide types. These carbides,

the shapes of which are needle, block and fine granu-
lar, are dispersed heterogeneoudly in the microstruc-
ture. Noteworthy isthat the all oying elements pro-
mote adecreaseof density, which resultsinanumber
of near round pores.
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Figure2: XRD patternsof theP/M steel beforewear test

70

X1@@) 163 parn

Figure3: SEM imageof the P/M steel beforeear test

Figure4 displaysthe microstructure of thecast iron
beforewear test. Thismateria hasvery high density
and auniform, even microstructure.
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Microstructur esof theworn surfaces

Figure 5 denotestypical aspectsof theworn sur-
facemicrostructuresandillustrateswear mechanisms
of thetwofriction pair materid swith thedifferent wear
test time, respectively.

The dominant wear mechanism actinginthetwo
friction pair materia sisabrasionwith thewear test of
30 minutes and of 60 minutes. But the morphol ogy of
theworn surfacesisdigtinctly different betweenthetwo

(e) P/IM steel, wear test of 120 minutes

> Fggtuyre Artiecle

friction pair materials. Thedimensionsof thegrooves
present inthe P/M stedls, Figure 5(a) and Figure 5(c),
seem to bewider and deeper than those present inthe
castirons, Figure5(b) and Figure 5(d). In addition, the
grooves present in the P/M steels, which are often
stopped and deviated by the carbides, Figure5(a) and
Figure5(c), areirregular. However, thegrooves present
inthecastirons, Figure5(b) and Figure5(d), areclearly
homogeneousand unidirectiond.

=

(f) cast iron, wear test of 120 minutes

Figure5: Worn surfacesof thetwofriction pair materials
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The dominant wear mechanism actinginthetwo
friction pair materiaschangeswith thewear test of 120
minutes. Thedominant wear mechanismactingintheP/
M stedschangesfrom abrasionto adhesion, Figure5(e),
whereasthat actinginthecastironsisstill abrasion,
Figure5(f). Thehardnessof thecast ironsis higher than
that of the P/M steels, which resultsinthe cast irons
having alower wear degree.

Figure 6 indicates SEM images of theworn sur-
facesinthe P/M sted swith thewear test of 60 minutes,
respectively.

Thedegree of poresintheworn surfaceishigher
than that of the surface beforewear test. Moreover, a
lot of white needl e carbides and whiteblock carbides
arepresentintheworn surfaces, Figure6(a). Itisworth
noting that the carbides protrude abovetheworn sur-
facedueto preferentia wear of the matrix, and support

mostly loading. Under these circumstancesthe carbides
wear behavior markedly influencesthe materia swear-
resistance. Inthis paper, different carbidestypesare
shown to possessdiffering wear behaviors.

AsshowninFigure 6(b), ahigher-magnification
SEM imageof theareaA of Figure6(a), thewhiteblock
carbidesare surrounded by alot of finegranular car-
bides. These carbides are neither cracked nor broken
up evenintheexposed part, so thereisahigh bonding
srength between the carbidesand thematrix. Thistype
of carbide protectsthematrix from further wear, andis
useful to the wear-resistance of thematerials. Onthe
other hand, because of the high bonding strength, the
matrix firmly fixesthe carbidesand preventsthem from
breaking or detaching from the matrix. Otherwisethe
separated carbideswill form abrasive particleand de-
creasethewear rate.

Area A of Fig.6(a)

Figure6: SEM imagesof theP/M steelswor n surfaceswith thewear test of 60 minutes

Asshownin Figure 6(c), ahigher-magnification
SEM image of the area B of Figure 6(a). The white
needle carbidesdistributeaong crystal borders. These
carbidesare easy to separate from thematrix, thuslose
thelr protectiveeffect and leave many cracksintheworn
surfaces. Therefore, the matrix, whichisisolated by the
needle carbides, peelsoff from theworn surfacesand

Woteriolsy Scicnce  mmm—

leavesabig pore. Inthiswear process, large poreswill
resultin higher plagtic srainsinthematrix, whichinturn
lead to ahigher probability of crack formation, and
consequently a higher tendency of wear. The white
needle carbides, which distributea ong crysta borders,
decreasethe wear-resistance of thematerials.
TABLE 3indicates EDS results of theworn sur-
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facesinthe PIM sted swiththewear test of 60 minutes,
respectively.

TABLE 3: EDSresultsof the PIM steelswor n surfaces
with thewear test of 60 minutes

Element content (at %)

Point Type Mo Fe C
Figure6(b),a MeC 5369 3584 1047
Figure 6(c), b M,C 77.52 13.65 8.83
Figure 6(c), ¢ Matrix 4.09 88.57 7.34

According to EDSresults, high molybdenum con-
tents of whiteblock carbides, point aof Figure6(b),
and of white needle carbides, point b of Figure 6(c),
areobserved at 53.69at% and 77.52at% respectively.
However, iron content (35.84at%) of whiteblock car-
bidesareobvioudy different from thoseof whiteneedle
carbides (13.65at%). According to the XRD pattern
and EDSresults, the carbide types can beidentified
that white needle carbidesareM,C carbidesand white
block carbides are M ,C carbides. Molybdenum ele-
ment diffusesinthematrix, point c of Figure6(c).

— Fggture Artiecle

Figure7 and TABLE 4 indicate SEM imagesand
EDSresultsof theworn surfacesin the P/M stedswith
thewear test of 120 minutes, respectively.

Thedegreeof poresintheworn surfaceisnot Sig-
nificantly changed withtheprolonging wear test time. But,
somebig poresappear intheworn surfaces, Figure 7(a).
Fgure7(b) isahigher-magnification SEM imageof the
areaA of Figure 7(a). With alonger wear time, alot of
fine granular M C carbides (point a of Figure 7(b),
TABLE 4 4ill remaininthematrix. However, asshown
inFgure7(c), ahigher-magnification SEM imageof the
areaB of Figure7(a), dmost dl of thewhiteneedleM ,C
carbides (point b of Figure 7(c), TABLE 4) have sepa-
rated from thematrix. Therefore, the matrix (point c of
Figure7(c), TABLE 4, whichisisolated by theneedle
carbides, pedsoff of theworn surfacesand leavespore.
In thistype of wear process, large poreswill result in
higher plagticgrainsinthematrix, whichinturnleadtoa
higher probability of crack formation, and consequently
to ahigher tendency of wear.

Area B of Fig.7(a)

Figure7: SEM imagesof the P/M steelswor n surfaceswith thewear test of 120 minutes

TABLE 4: EDSresultsof the PIM steelswor n surfaces
with thewear test of 120 minutes

Element content (at %)

Point Type Mo Ee C
Figure 7(b), a MeC 54.28 36.55 9.17
Figure 7(c), b M,C 73.92 16.33 9.75
Figure 7(c), c Matrix 251 91.89 5.60

Figure 8 displays SEM images of the worn sur-
facesinthecast ironswith thedifferent wear test time,
respectively.

There are clearly homogeneousand unidirectional
grooves, parallel appearing inthe surface. Themicro-
structureisuniform and even, so no phase makesmajor
influenceonthewear behavior of thecast irons. Withthe
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prolonging wear test time, the dimensionsof thegrooves
present in the cast irons seem to bewider and deeper.

Hiesa  SEkm

(a) wear test of 30 minutes

(c) wear test of 120 minutes
Figure8: SEM imagesof thecast ironswor n surfaces

CONCLUSION

(1) Thetimeto reach the steady-state regimein the
friction systemisshorter than 50 seconds.

(2) Thetwofrictionpar materidsinthefriction sysem
havelow and quite smilar weer ratio, showing that
thesetwo materia shave high wear-resistanceand
good matching ability.

(3) Thedominant wear mechanism actinginthetwo

friction pair materialschangesasafunction of in-
creasingwear test time. The dominant wear mecha
nismactingintheP/M sted changesfrom abrason
to adhesion whereasthat actinginthecastironis
awaysdbrasion.

(4) Thedifferenttypesof carbidesplay significant vari-
ousroleson thewear-resisting property of the P/
M steels. Thewhiteblock carbides (M C) areuseful
to thewear-resistance of thematerias. Thewhite
needle carbides (M,C) decrease the wear-resis-
tanceof thematerials.

(5) Themicrostructureof thecastironisuniformand
even, so no phase makes major influence on the
wear behavior of thematerial.
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