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MODIFICATION OF SURFACE MECHANICAL PROPERTIES

OF HIGH-CHROMIUM ‘K)OL STEEL

BY CARBON—NPMNTED Commsrr’m Fe-m FILMS

J-P. Hirvoncn, M. Nastasi, T. R, Jcmis, and T. Zocco

b Alma National Labmtmy, Materialsscience and Technology Division

P.O. BOX 1663, MS K765

Lus AIamos, NM 8754S

ABsImcr

An *-titanium fdm 300 nm thick was &positd cma tool skcl

(1.S5% C, 0.3% Si, 0.3% Mn, 12%C?, 0.8% Mo. and 0.8% V) by

cocvqxxatkm of PCand Ti. Subsequently this surface fti was implanted

with carbon at energies of 5S, 120, and 2W)keV to a total flucncc of

1.24 x 1019C+/cmZ This treatmentproduced a surface hardness of

15 GPa.

7hc effect of this coating on unlubricatalwear and friction was ksfed

in air at a relative humidity of 10%in a pin-ondisc testerusing a 44(K pin as

a counfcrke. The sliding mechanism of the un@catcdsubstratewas found to

be based on the transferof pin materialand subsequent growth of uneven

oxide hillocks on the wear track Oxick scales were obscwcd also on a wear

scar of the pin, presumably ●s a result of backdeposition. In contrast, the

sliding mechanism on the coated sample was dmstically differcn~ A mom

uniformtransferfilm originating in the coating was found on the pin,



resulting in sliding kmvccn identical materials. No wcarthrough of the

coating occurred during the usc of 50(XIcycles at a Hertxianpessurc of 835

MPa, and the surface of the wear trackshowed extreme smoothness to the

very end of the test. The fkiction~fficicnt was demased fi9m 0.7 for the

uncoated to 0.2 for the coated surface. The wear trackon the -td surface

wcs also found to bc slightly oxidizui, as dctcrminal by a nuclear reaction

[lqd,p)170]. The reductionof fiction was mainly attributedto the
.
mcmascd hanincss of the countcrfaccs and an iukquatc butcontrolled

oxidation.

INTRODUCTION

Beam-modMicdsurfaces based on a Fe-Ti-C system have been shown to possess

suprior ~hanical ~cs [1-3]. Wccr rcsistmwcis increase! d fricticn rduced, A

complete Undustandirtg of the dominating n’EChanismshas not k’11 achievd &spite

extensive studies in the past few years. It is reasonable to assunMthatboth Hhanical

chemical propenies of a modifd surfaoc cattibutc to analtucd tribdogical bhavior,

general, an increased surface hardnessand an amorphousor a very fmly dispersed

and

Ill

precipitate strucnm in an ammphous structurewere found to Ix corxclatcdwith the enhanced

slidin8 pcrfbmanc e [43]. Oxidation during slidin8 has also been shown to reduce adhesion

between sliding surkcs [6], while pcoxidation has been fad to &gra& the tribologica!

pmpcrticc of a titanium-impktntd steel surface [7].

So far, gas carburizationof a titanium-imphntd steel [8], dual implantationof

titaniumand carbon [3], carbon implantationinto an ion-beam-mixed sufiace [1], and ion-or

laser-beam mixing of a multihyer Fe-Ti-C stnmurc [3] have all shown good results. A

limiting ftwtor of all these tdmiqucs is the maximum thlckncss obtainablein h modifd

layer. Inadlition, themaximum titaniumconccnmtion is limited by sputteringIn thecase of

ion implanta~oni However, hxrdncsswas found to b increased by the incrcascd tifdnium
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conccntriition[9]; this, in addition to th: increased thickness of the Fc-Ti-C layer,

presumably has a beneficial effect on tribological performance. In thit work we implanted

carbon into an amorphous FeTi surface film deposited on a tool steel by codcposition of Fe

and Ti. Because the range of carbon at energies commonly obtainable in implanters (~00

keV) is of the order of 3CK)nm, thick codepositcd layers can be &cated with C implantations,

In contrast, surface modification by Ti implantation, carburization, and ion-beam mixing is

limited to layers approximately 100 nm thick.

PREPAMTION OF SAMPLES AND MEAWREMENTS

Samples 3 mm thick were cut fium a 10-x 4&nm flat perpendicular to a rolling

di,m:tiom Austenizing annealing was carried out at 1040 ‘C for ..9 min and the s@rnens

were subsequently quenched in 10% aqueous NaCl solution. The samples were then

tempered twice at 2(X)W for 1 h. The microstructure after this treatment consisted of

temp’ed rnartcnsitc,carbides, and retainedaustenite. The hardnesswas 7 GPa.

After the heat trcatmcn~ the samples wem m~han.ically polished, finishing with 0.25-

ym diamond paste, The fmsd surface roughness was 0.G3 pm (c.1.a.). A FeTi layer was

deposited in a vacuum better than 10 @a by evaporating iron and titanium simultaneously

tim different crucibles qui~ withelectronbeam guns.13qmsitionmtcsiwere eomrolled

with quartz thickness monitors.The fdm was also deposited on a Si@ substrate for pmcisc

detcnn.ination of thickness and composition by Rutherford backscattcri.ng spectroscopy.

These measurements showed a thickness of 300 nm and a composition of 45 at, % Fe and

55 at. % Ti,

As the final trcatmcng fhe samples were ion-implanted with Ik isotopes, which

allows utilization of nuckar-reaction analysis. Because of tie thickness of the evapmatcd

layer, three different energies were used, The energies, flucnccs, and calculated ranges are

given in Table 1. During implantations the specimens were mounted onto a sample holder
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which had been cooled down to -150 W. All implantations were cmicd in a vacuum of 10

@a with an ion cumnt of 320 PA.

The microstructure of the FcTi fdms after carbon implantation was examined with a

transmission cle.ctmn microscope (TEM).

Investigations of the surface hardness were pcrfomned using a commercially available

nanoindcntcr that directly measures the load on a Vickcm-type diamond indenter tip as a

function of displacement fmm the surface. We chose to eliminate the cff=t of tip shape by

normalizing the data to measurements of the as-deposited FeTi fh faken under identical

conditions. Mcasummenk wem made under a constant bad rate of 250 mN/s to a depth of

800 nm. Twelve indents were made on each sample and the &ta were averaged in l(hm

i.ncrcmcnts. As discussed by Docmer and Nix [10], the actual depth of the indent must take

into account the elastic recovery of the matetial as the indenter is removed. Elastic recovery

was appmximatdy ]3% in these sampks. Since the indents were made wc~ through the

modif’cd surf~, the effect of M recovery on the measurements was small.

Wear and fiction tests were carki out using a pinavdisc tester. A 440 C steel ball

6 mm in dianw&r was used as the pin. Before tie tests the pins were polished with 0.25-gm

diamond paste and ultrasonically cleaned The load of 0.23 kg used in all measurements

cormponds to a maximum Hctian surface pressure of 835 MPa. The diameter of the wear

track was 3.5 mm and the sliding speed was 10 mmh. The friction force was monitored

continuously with a calibrated force sensor. A maximum of 5(XXIcycles was used,

corresponding to a total sliding distance of 55 m. All tests were ctied out without

lubrication in air at a relative humidity of 10%.

In two cases the sample in the wear and friction test was moved back and forth in

order to obtain a 5-mm-wide, donut-shaped wear track for ion-beam analysis. The wear

trackri were obtained under conditions similar to those described above, except for the

average sliding speeds, which were 15 and 75 mtis, rcspectivel y, and the total number of

revolutions, which was 8500.
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Following the tribological tests, both samples and pins were ultmsonically cleaned

and examined in a scanning electron microscop (SEM). Material transfer was studied with

energy dispersive spectroscopy (EDS).

OXygen and carbon contamination was determined with the nuclear rcaclions

1Q4P)1?0 ~d l~(d,p)l~, ms~tively, Implanted 1% distributions were detemined

with the reaction l%(d,p)lw. Although this reaction dtXS not have very good depth

resolution, it was used here because 13Cdistrilwticm was obtained simultanaxIsly with lb

and Iq. In all measurements a &uterium energy of 925 keV was used Identical

measurements were performed on the unworn surface as well as on two wide wear tracks.

Because this paper contrasts the tribological behavior of the mmiified surface with that

of untreated steel, it also includes comprehensive studies of the untreated steel.

RESULTS

The microstructure of carbon-implanted FeTi fdms consists of very fmcly dispersed

carbides. The TEM micrograph is shown in Fig. 1, In contrast to the microstructure of ion-

beam-mix~ carbon-implanted FeTi layers an amorphous phase was not &tccted [5]. The

detailed desaiption of the microstructure will be given in an outcoming paper.

The surface hardness of the carbon-implanted FeTi film is 15 GPa. This is more than

twice the value for the untreated substrate (about 7 GPa), and significantly higher than that of

an ion-beam-mixal and carbon-implanted FeTi [5], On the other hand, the hardness of the

asdeposited FeTi fdm was about the same as that of the untmatcd substrate. This value is

also higher than that of an ion-beam-mixed FeTi tilm [5]. The hardness as normalized to the

unimplanted layer is plotted as a function of depth in Fig, 2. Although the implanted layer

was 350 nm thick, the hardness begins to decrease at a depth of 100 nm.

Wear and friction measurements revealed remarkable differences betwam the

uncoated and coated samples. Pigum 3 shows friction coefficients for these two cases. lle

uncoated steel rapidly approached the steady-state value of 0,7, which remained unchanged
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throughout the tCSLIn the case of the coated sample there was a run-in period of abou! 1000

revolutions, after which the fiction coefficient was constant at 0.2.

Mom information about the sliding mechanisms was provided by SEM and EDS

studies. In the case of the untreated steel surface, sign~lcant transfer of pin matcrid onto the

wear track occurs Fig. 4(A)]. The transferred material is then oxidized, as can be seen in

Fig. 5, where both secondary and backscattered clcctmn i.magcsof the wear track are shown.

At the higher magnification the transferred matmial shows a submicron-si~ layered structure,

such as reported by Rigney et al [11]. In contrast to the uneven wax track of the untreated

sample, the wear uack on the carbon-implanted FeTi film is extremely smooth, showing no

traces of transfer ~ig, 4(B)]. Never during the test of 5(XI0cycles did the implanted fdm

wear through. Although some pits and scratches are visible on the wear track they have not

caused brittle fracture or peeling of the surface layer. This indicates that the carbon-implanted

FeTi film has considerable durability in addition to V- high hardness.

SEM examination of the pins showed further differences in the sliding mdumisms of

these two systems. Signi.fhnt wear can be found on the pin slid cmthe untreated steel

surface pig. 7(A)]. A greatdeal of the surfhcc of the wear scar is covered by oxide. This

can be seen in Fig. 7(B), where the corresponding image of backscattcredelectrons is

shown. On the pin slid against the carbon-implantedFcTi fti a more continuous metallic

transfer fdm is observed Fig. 7(C)] and the pin surface is undamaged ‘l’hecomposition of

the transferred material was verifkd with EDS and conf’ to have originated in the

carbon-implanted FeTi fdn

The results of ion-beam analysis of the as-deposited and carbon-implanted fdms and

the wide wear tracks arc given in Table 2. ‘1’lMcarbon contiation increased during

implantation but remained unchanged in the wear tests, In contrasg the oxygen

contamination decreased during carbon implantation but increased slightly in the wear tests.

There is also a small but significant increase in the oxygen concentration as a function of a

sliding s~, The implanted 13Cdistribution showed a narrow peak at the surface, but
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othcnuise was relatively uniformly distributed. (My minor changes were &tccted in

implanted distributions on the wear backs. The measured 13C mncenuation was 1.12 x

1018 at./cm2, which is in good agreement witi the nominal implanted fluence.

DISCUSSION

‘Ihc wear mechanism for untma.ted steel under conditions used in this study is

evidently based on the transfer of pin material onto the wear track and subsequent oxidation.

Wear debris is formed as a result of this oxidation. It is clear from Fig. 7 that remarkable

wear of the pin has occurred. Profilometer measurements showed also that the steel surface

had worn. For example, the nwdmum depth of the wear track in Fig. 4(A) was 8CXInm.

Wear of the s-1 surface pobably occumed rhrough mechanical alloying and back-

deposition, as explained in Ref. 11.

Although a simple adhesion umcept claims that the transfer occurs from a material of

lower shear strength to one with higher strength, exceptions have hen repmted [12,13]. In

our study the transfer czcurred fivm the harder, carbon-implanted FcTi film to the softer pin

matmial. Similar rransfcr was obsemd by Pope et al. [14] in the case of titanium- and

carbon-implanted steel. In our case the transfer did not result fim a rupture at the surface

fil.mhiubsmstcinterface, becmme the wear tmck was still emi.dy covered by the ~wface fdm

even after SW)(Icycles. Instead, we can assume that the m.nsfer layer grew as a result of

smearing and flattening of transfcrrd particles during prolonged sliding. It is evident that

this materiadtransferis one of M key factors in sliding of the 440C pin on the carbon-

implantcd FeTi fdm

In general, a tmnsfer layer has a very fine, nanoc~stalline @ size [ 10]. It is also

very hard, Because the hadncss of the carbon-implanted FeTi film is also very high, sliding

in this sysmm after development of the uansfer layer CKcursbetween two hard surfaces. This

can reduce friction by decreasing the ml area of contact.
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Normally a fine grain smctum is associated witi increased hardness. On the other

hand nanocrystallim grain structure requires an additional phase to stabilize it and maintain

the high ha.nhcss. in a transfer layer this can be offered by the counterf= material through

mechanical alloying, or by the envimment-through oxidation, for ex~ple. It is

interesting to notice fhat in our case the bansfer occurs from a material with a vay fine

microstructure. It is possible that the transfer layer from the carbon-implanted FeTi fdm is

stabilized by itself. This may make this system less &pcndent on reactions induced by the

environnmt or by mechanical alloying.

Oxidation has been repmtod to play an important role in dry sliding of titanium-and

carbon-implanted AISI 304 stainless steel [14]. In air, a total oxygen concentration of 1018

aL /cm2 in a wear track has been de~ and even in vacuum w;th an oxygen partial

~surc as low as 2.1 x 10+ Pa a total oxygen concentration of 1-2 x 1017at./cm2 was

observed. Consequently, a reduced friction coefllcient was found. In contras~ a much

lower oxygen conccnhation level, 5 x 1016aL/cm2, was cktennined after sliding in C&y

nitrogen, resulting in nearly no reduction in the friction coefficient In our case the oxygen

accumulation in W= tracks was also low, about 5 x 1016ai./cm2, yet significantly reduced

fiction and wear was obsemed. ~s indicates essential difkrenccs in sliding mechanisms

between titanium- and carbon-implanted steel and a carbcm-implantd eoevaporatcd FeTi

fti It is importat to notice that these two materials arc different: the maximum titanium

concentration in the ion-implantal AISI 304 case was 30 aL %,whereas in our case it was 55

at. %. In the implanted AISI 304 surface them were also other alloying elements, notably

chromium. Consequently, the metallic ccmtent of the oxide on the implanted AISI 304 case

was determined to be Fe73Cr21Ni4Ti2[i4]. The limited supply of iron and the absence of

chromium in carbon-implanted FcTi fh may change the oxidation kinetics, adhesion, and

mechanical propcties of oxides and thus alter the tm.nsfer and retransfer behavior.

Nevertheless it seems evident that oxygen also plays an irqmrtant role in the tribology of our

carbon-implanted FeTi system,
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A pin slid on the carbon-implanted FcTi fdm did not wear regardless of the transfer

layer, although pofi.lometer measurements showed rhat material was removed horn the fdtn

This was obsenm.d as loose wear debris. The vcv smooth wear track rules out back-

deposition of the transferred material. TIms loose wear debris could have been formed either

after material transfer to the pin or directly fi-omthe FeTi fti Because the wsfer layer on

the pin was ~ntinuous and smooth. the latter possibility is more likely. The fi,uther transfer

finm the fti after a run-in period is reduced by the high hardness of the transfer layer on the

pin.

CONCLUSIONS

Implantation of carbm into a ccdeposited FcTi fti produces a modified layer of

increased thicbss and a flexibility to adjust the composition. It has been shown in this

wmk that even under very severe test conditions this type of coating smruarkablyimproves the

tribological behavior of the harcknd tool steel.

The enhanced tribological ~rfonnance of carbon-implanted codeposited FeTi fdms is

based on many unique propenies of this material. During a run-in @od at the cmsetof

sliding, rnatcxial is tm.nsfcrrcd fimm the harder carbon-implanted FeTi fti onto the pin and a

smooth, continuous dqmsit is formed. Mtcr this run-in pried, sliding occurs between t!$is

hansfcr film and the carbon-implantedFeTi fdm. At this stage, in addition to the hardness of

the counterfaccs, an adquate but controlled oxidation plays the dominant role in reducing

fiction. Retransfer is also completely inhibit~ leaving the surface of the wear track smooth

and even. The intrinsic mechanical properties of the carbon-implanted codeposited FcTi film,

such as hardness and toughness, arc of great significance in suppmting a thin oxide layer and

maintainingthe smoothness of the wear hack.
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FIGURE CAFI’IONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Transmission electron microgmph of the rnicrostructm of a carbon

i.mplanta$ cackpositc.d FeTi fdm.

Hardness of a carbon irnplanti codeposited FeTi film normalized to an as-

depositd, codeposited FeTi film.

Friction coefficient of an untreated SW1and carbon implan~

codeposited FeTi fdm

Scanning el=tron micrograp of a wear track on an untreated steel (A) and

carbon implanted, codeposited FeTi film (B) after 4000 wear cycles.

Wondary (,4) and backscattcring cl~tron (B) image of a transfer layer on an

untreated std after 4000 wear cycles.

High magnification scanning electron mimograph of a wear trackon an

unucatd std showing an oxide hillczks and layered structure of the aansfer

layer.

Scanning electron rn.icrographs of pins after ~ wear cycles. *onda.ry (A)

and backscattering (B) image of the pin slid against an untreated steel.

Secondary electron image of the pin slid against a carbon implanted FeTi

film (CJ
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a

asdepositcd 4.3X1OI6 3.5X1OI6

carbon implanted 3.OX1O16 1.5X1017

wear tmck 1b 5.2x1016 1.2X1017

wear back 2C 6,OX1OI4 1.5X1017

%Xcludingimplanted1%

bglidng speed 151111’ds

%liding speed 75 mm/s
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