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MEASUREMENT OF FRICTION AND WEAR ON MODIFIED SURFACES

Dry sliding friction and wear measurements were used to

evaluate two implantation processes which increase the C concen-

tration in Ti-implanted steels. In one process, C is implanted

into a Ti-implanted steel; in the second Ti is implanted at a

lower energy to enhance the efficiency of the vacuum carburization

process. Auger spectroscopy and energy-dispersive X-ray analyses

were used to analyze the compositions produced by the implantation

processes. The low energy (50 keV/ion) Ti-implantation process

produced a low friction (v=0.3), wear resistant surface at a lower

fluence (2xl017/cm 2 ) than the dual (C+Ti) implantation process at

50 keV/C ion and 190 keV/Ti ion, respectively. The 50 keV Ti-

implantation produced more carburization than the 190 keV Ti-

implantation itself; but the dual implant had more Ti, more C, and

a greater C/Ti ratio than the low energy Ti implant. We concluded

that the improved tribological surface of Ti-implanted steel

results from vacuum carburization and not just the presence of

excess C.

Ion implantation of metals is moving out of the laboratory

and into practice as a surface processing technique for improving

the wear life of engineering components. While much emphasis has

been placed on N-implantation for improving knives, dies and

punches subjected to mild abrasive and adhesive wear environments

(1-3), Ti-implantation is receiving considerable attention in the

bearing and tool steel community (4,5) because of its ability to

reduce friction and wear on hardenable steels subjected to severe

wear conditions (6-9).
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The improved tribological properties of Ti-implanted steels

have been attributed to a unique surface alloy produced by high

fluence Ti implantation. The alloy is a mixture of Fe-Ti-C (6-10)

with a microstructure shown to be amorphous (8,10). The carbon

(C), found in excessively high concentrations near the surface,

enters the solid from the vacuum chamber, by a process which can

be described as implant-assisted vacuum carburization (8,11).

During implantation, sputtering erodes tht surface and uncovers

implanted Ti, which reacts with residual gases in the vacuum

chamber, producing surface carbide species. These carbon atoms

then migrate inwards, producing the Fe-Ti-C surface alloy. It is

not known, however, whether it is the presence of C itself or the

process by which C enters the surface that is responsible for

creating this remarkable tribological surface. Dual implants of C

and Ti have also produced low wear and low friction surfaces

(6,12,13).

The purpose of this study is to investigate two different ion

implantation processes which increase the carbon concentration in

Ti-implanted steels. Dry sliding friction and wear measurements

were used to evaluate the processes and compare them to the

original high fluence (50xl16 /cm2 )high energy (190 keV) process.

In one process, separate implantations of Ti and C were performed

at energies resulting in similar depth distribution for Ti (190

keY) and C (50 keV) atoms. In the second, Ti was implanted at an

energy considerably lower (50 keV) than used previously (190 keY).

A recent s tudy of the energy dependence of the Ti implantation

process (11) has shown that at lower energies, vacuum carburiza-

tion is initiated sooner and a more fully carburized layer is

produced at a lower fluence. Compositions of surfaces implanted

with Ti ions to a fluence of'2xl17 /cm 2 will be presented in order

to illustrate the effects of the processing methods on the Ti and

C distributions.

2
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Steel disks were metallographically polished, then implanted

with Ti, Ti and C, or C ions. The disks were carefully heat sunk

to prevent heating by the ion beam during implantation (T.Pax <

50°C). Ti ions were implanted to fluences from 5 to 50xl01 /cm

at 50 keV or 190 keV, and C ions to 20xl16 /cm 2 at 50 keV.

Kinetic friction coefficients (P k) were measured under rather

severe sliding conditions: low speed (0.1 mm/sec), dry sliding

contact in air. The geometry was a 1.27 mm diameter ball sliding

against an implanted disk flat (both AISI 52100 steel of hardness

R u 60). The ball was loaded to 9.8 N (1 kgf), and up to 20 uni-

directional passes were made over the same track. The severity of

wear produced during sliding was evaluated by optical (differen-

tial interference contrast and interferometry) and electron

microscopies.

Table 1 summarizes the friction and wear results for the

three implantation processing treatments. Low friction (w t 0.3)
16 2values required fluences of 50x10 /cm , except for the low energy

(50 keV) implantation process, which gave w k=0.3 for a fluence of
16 220xl0 /cm 2 . In each of these four low friction surfaces, damage

to the "wear" track was negligible. Debris and/or severe wear

(>50 nm) was observed on all other tracks (14) except for the Ti+C
16 2

implant at 20xl01/cm , whose track had a smeared layer but only

mild (%20 nm) wear. This dual implanted surface displayed stick-

slip in its friction (A k 0.1); moreover, similar friction and

wear behavior resulted when the order of implantation was reversed

(i.e. C first, then Ti). By way of comparison, nonimplanted and C

(alone) implanted disks had high P k max values, 0.6 and 0.7,

respectively, and severely damaged wear tracks. Thus, while C

implantation somewhat improved the friction and wear behavior of

the Ti implanted to 20xl/16!cm 2 at 190 keY, the low energy implant

at the same fluence produced a surface as good as the 190 keV Ti

implant (with or without C) at 50xl01 6 /cm2

3
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The effects of the three processing treatments on the

composition of the implanted surface are revealed in composition

vs. depth profiles of the three disks implanted with Ti to

20xl016/cm 2 (i.e. those of column 2 of Table 1). Composition vs.

depth profiles were obtained by Auger spectroscopy with ion

milling and interferometry; quantitative analysis of Auger data is

based on reference compounds (6,8). Figure 1 presents profiles of

Ti and excess C (the 4 at.% of C found in the bulk alloy has been

subtracted c< t). The high-energy implant (disk 1) in Figure l(a)

shows a Ti profile which peaks at about 60 nm and a vacuum

carburized layer about 50 nm deep. The non-Gaussian shape of the

Ti profile indicates that the surface was sputtered during

implantation (15). The dual implant (disk 2) in Figure l(b) shows

a similar Ti profile with implanted C and Ti overlapping one-

to-one. (The concentration of Ti in disk 2 is about 20% less than

in disk I because implanted C dilutes the Fe-Ti alloy.) The low-

energy implant (disk 3) in Figure l(c) also shows a sputtered Ti

profile, peaked nearer the surface, and a more fully carburized

layer than the high-energy implant, disk 1.

The composition profiles shown in Figure 1 are readily

explained in terms of implanted ion ranges (16), sputtering (15)

and vacuum carburization (1I) effects. At low energies, the Ti

range profile is shallower and the peak concentration is larger

than at high energies. At a fluence of 20x016 /cm 2 , more of the

shallow, low-energy Ti implants were removed than the more deeply

penetrating high-energy Ti implants by sputtering during the

implantation process. (The sputtering rate of steel should be

nearly the same at energies of 50 keV and 190 keV (17).) However,

carburization occurred sooner with the 50 keV Ti implantation

because the Ti atoms reached the surface sooner. Thus, in the

low-energy Ti implant, we observed less Ti, a shallower Ti

distribution with a higher peak concentration, and a more con-

centrated carburized layer.

4

GEO-CENTERS, INC,

l w mm • m • m -- |



Energy dispersive X-ray analysis (EDX) of Ti in the three

disks, presented in Table 2, confirmed that a smaller percentage

of Ti was retained by the low-energy implant (disk 3) than in the

high-energy implants, disks 2 and 1. Retained Ti doses were also

determined by graphical integration of Figure 1 and agree to 15%

with the EDX values in Table 2. Doses of incorporated C were also

obtained by graphical integration. The C to Ti dose ratios for

the three disks are listed in Table 2. It is clear from Figure 1

and Table 2 that the low-energy implant (disk 3) was more carbu-

rized than the high-energy implant (disk 1), but had less C, less

Ti and smaller C/Ti ratio than the dual implant (disk 2). The

low-energy implant also had a larger peak concentration than the

high-energy implant (32 at.% vs. 22 at.%); however, previous

studies have indicated that Ti without sufficient C has a delete-

rious effect on friction and wear (8,14). We therefore believe

that the larger peak Ti concentration obtained by low energy

implantation did not play a significant role in the friction

behavior; this, however, needs further investigation.

In summary we have evaluated two ion implantation processes

which increase the C concentration in Ti-implanted layers above

that of the original treatment. Dry sliding friction and wear

studies have demonstrated that a low-energy (50 keV) Ti implant

can produce a superior tribological surface than a dual implant

(Ti at 190 keV plus C at 50 keV) at a lower fluence. A comparison

of the compositions of the implanted layers showed that a 50 keV-

implanted surface had a more fully carburized layer than a 190

keV-Ti implanted surface, but less C, less retained Ti, and a

smaller C to Ti ratio. It thus appears that the C concentration

alone is not a controlling factor in the tribological behavior of

the Fe-Ti-C layer. More likely, it is the Fe-Ti-C layer produced

during the vacuum carburization process which imparts the tribo-

logical improvement.

5
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In conclusion, we have found that a vacuum carburized layer
is more effective than implanted carbon in forming a superior

tribological surface Ti-implanted steel. The fluence required to

produce a fully carburized layer decreases as the energy of the

implanted Ti decreases. This result is of great practical

importance for the ion implantation processing of materials:

lower fluences reduce production time and lower energies cut down

beam heating problems. It also suggests that if sequential

implants are to be performed at several energies (13), e.g. to

produce more uniform composition vs. depth profile, that the

lowest energy implants should be done first. Dual implants of C

and Ti had a somewhat beneficial effect in a bearing steel. We

suggest they may prove even more valuable in softer steels where

friction reduction by the Ti-induced carburized layer and solid

solution strengthening by the C might combine to improve tribo-

logical behavior.

6
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Table 1. Maximum Friction Coefficients and Wear Track Damage

(n-none; m-mild; s-severe) for Three Ti-Implantation

Processes as a Function of Ion Energy and Fluence.

Process Energy Fluence (xlo 16/cm 2

(key) 5 20

Low-Energy Ti 50 0.6/s 0.3/n O../n

High-Energy Ti 190 0.8/s 0.8/s 0.3/n

Dual Implant: Ti 190 0.7/s 0.5/m 0.3/n

C 50

7
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Table 2. Retained Ti Dose and C/Ti Ratio for Three Disks
17 2

Implanted to 2xlO1 /cm

High-Energy Ti Dual Implant Low-Energy Ti

Disk 1 Disk 2 Disk 3

Retained Ti 13 13 9
(+xl0160/cm2)a

C/Ti Ratio 0.060 1.0 0.23

a. By EDX, calibrated against a Ti-implanted s.teel (5x1016 Ti/cm 2

at 190 keV) for which the retention wac observed to be almost

100%.

8
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CONCENTRATION PROFILES OF
STEEL IMPLANTED TO 2 x 10 17/cm 2

TiV (190 keV) Ti" (190 keV) Ti' (50 keV)
+ C+ (50 keV)

32, (a) (b) (c 32
30K 30

20 20

- /\
= '!/ \Ti

I.- ,z\
K 10 -10

Z k i \
o 'Ic,

C

0 1
0 50 100 150 200 0 50 100 150 200 0 50 100

DEPTH (nm)

Figure 1. Auger composition vs. depth profiles of Ti and excess C

(i.e. above bulk 4 at.%) in 52100 steel implanted to a

fluence of 2xl17 /cm with (a) disk 1: Ti (190 keV);

(b) disk 2: Ti+ (190 keV) + C+(50 keV); (c) disk 3:

Ti +(50 keV).
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