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4. Conclusions

We have constructed a 10 cm diameter by 9 cm long
RE discharge multicusp ion source operating at
13.56 MHz. Test runs with nitrogen, oxygen, hehum and
argon gases indicate that the use of a multicusp field
makes it possible to attain a higher discharge efficiency
at low RF power [8], which should be adequate to
operate an ion source for secondary-ion mass spectrome-
try applications using argon and oxygen gases. Also,
the utilization of a high-frequency field makes it possible
lo operate the source al low pressure. We plan lo

continue performing experiments with higher RF power
impuis up to 3 kW using oxygen and nitrogen for
applications in SIMOX (separation by implanted
oxygen) and surface modifications of materials.
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Abstract

The influence of nitrogen won implantation on the hardness. tribological behaviour and corrosion performance at the very near
surface of polished X3CrNi18.10 steel was studied. The specimens were implanted with 120 keV N * ions to four different fuences
ranging from 10" o 0% onsem 2 [t was found that hardness, tribological behaviour in terms of wear and friction, and
corresion resistance of the specimens strongly depend on the implantation conditions. The greatest improvement 1n the surface
propertics of the steel was achieved at doses between 1 x 10'7 and 5% 10" ions cm ™% Although hardness, wear resistance and
friction behaviour were improved noticeably by the impiantation, N ion implantation tended to reduce the corrosion resistance

of the specimens in KNO;. ¢

1998 Published by Elsevier Science S A.

Keywards: Nitrogen ion implantation; X3CrNil8.10 steel; Hardness: Tribological behaviour; Corresion perlormance

1. Introduction

Stainless steels have been widely used in situations
where corrosion resistance is required; however, their
hardness, wear and friction properties are not pariicu-
larly good. fon implantation is an attractive technique
for the improvement of metal surfaces, particularly in
the small areas, without altering the bulk properties.
Near-surface properties in metal surfaces such as hard-
ness, [riction and resistance to wear and corrosion are
affected by ion implantation. In addition. the surface
composition can be altered, leading to the formation of
stable or metastuble alloys or compounds which cannot
oflten be formed by conventional methods.

Nitrogen is one of the most promising ion species
used in ion implantation to improve the surface mechan-
ical and chemical properties of various steels. With
normal energies. c.g. 100 keV. implanted N ions penet-
rate into steels at a depth of about 100 nm and bring
about changes in the relevant properties. However,
based on conventional testing technigues, as well as

= Correspending author. Telr +66 33 943379, Fax: +06 33 222776.
E-mail: saweat@istrd.omu ac th.

considering practical applications, most ol the previous
work investigated the hardness and wear behaviour of
the N ion-implanted steels in depth ranges far beyond
the 1on-implanted layers. This was due to employing
either relatively high loads or long testing periods (e.g.
[1,2]). The results are certainly useful and beneficial,
but lack detail en the behaviour in the implanted-ion
layer region. To provide data to fill the gap in the
previously obtamed results, this experiment attempted
to study the hardness, tribological behaviour and corro-
ston performance of a N 1on-implanted stainless steel,
X5CrNil18.10. in the depth region within the implanted-
ion Jayer, using newly developed testing methods,

2. Experimental

The samples were mechanically punched out of a
X5CrNil18.10 steel shcet (see Table 1 for composition)
into rectangular pieces of dimension 15x 10 %3 mm?,
Before the implantation. the samples were electrochemi-
cally polished to a roughness value (Ra) below 30 nm.

A Danfysik ion implanter version 101 wuas used for
the ion implantation. The samples were impluanted with

0257-8972 98 R19.00 ¢ 1998 Published by Elsevier Science B.V. All rights reserved.
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Table 1
Chemical cempaositions of X3CrNii8.10 steel {3]

Fe C Si Mn P 5 Cy Ni

Balance < (.07 1.00 2.00 0.4 0.030 I 10

Vilues arc shown as percentages.

N7* ions at 120keV to doses of 5x10'™ 1x10"7,
5% 10" and 1x10%ionsem™® in a vacuum of
6% 107" Pa. The target temperature measured by a
Ni-Cr=Ni thermocouple during the unplantation was
kept at 130 C. The ilon beam was electrostatically
scanned over the entire surface of the samples with a
bearn current density of about 180- 200 pA cm ™.

After implantation. the surface of the samples was
observed by a scanning electron microscope. The nitro-
gen depth distribultion was determined using Auger
electron spectroscopy (AES) combined with argon sput-
tering. The Ar™ ion beam energy was kept constant at
3kV with sputtering time-steps of 305 on a scanned
area of 2mm?2 The elements monitored during the
profiling were Fe. Ni, Cr and G. The data for N are in
the form of relutive atomic concentrations estimated
from the Auger peak areas.

The hardness measurements of the unimplanted and
implanted samples were carried out using an ultrami-
crohardness tester DUH-202 (Shimadzu) and a Vickers
indenter with a tip angle of 136°. The load depth
functions obtained by the tester were analysed by the
HAERTE program developed by Chudoba [4], which
separates plastic and elastic deformation and includes a
tip shape correction of the indenter. The program allows
the calculation of a depth-dependent ratio of hardness
between the implanted and unimplanted sample. In this
way the influence of the ions on the hardness can be
observed down to a depth of 20 nm. At the maximum
load of 10 mN a penetration depth of about 0.3 pm was
reached. The loading speed was 0.095 mNs ' At the
peuak load the load was held constantly for 10s.

The friction coefficient measurements against a vibrat-
g diamand stylus were pecformed by a SST-101 scan-
ning scratch tester (Shimudzu). For the measurements a
diamond stylus with a tip radius of 10 pm, an amplitude
of 100 pum, a down speed of Tums ' and a seratch
speed of 2 um s ! (slage movement perpendicular to {he
vibration) were used. The maximum load was 100 mN.

The wear performance of the samples wis evaluated
using an alcohol-lubricated sliding wear tester. The tests
were carried out using polished ball-bearings of 3 mm
diameter made of 1.3505 (100Cr6) steel which was
hardened 1o 64 HRC (800 HV ). The sliding speed was
17 mm 37" and the normal load 1000 mN.

The ceorrosion of the samples was investigated
using electrochemical impedance spectroscopy (EIS).
Impedance data were obtained at the open circuit poten-

tial with an IM35d impedance measurement system
(Zahner-MeBtechnik), The experiments were performed
in 0.3M KNO, (pH6-7) with an arca of 0.2 cm?
exposed to the solution. The lrequency range analysed
was 50 kHz to 0.1 Hz and the amplitude of the superim-
posed a.c. signal was 10 mV.

3. Results

Fig. I shows scanning clectron micrographs of the
surfaces of the umimplanted and implanted samples.
There were no evident surface changes at doses
of 3% 10"ionsem ? (Fig. la), 1x10"7ionscm
(Fig. 1b) or 3 x 107 jons cm ™ ? (Fig. ¢}, but at the dose
of 1% 10" ionsem * {Fig. 1d) large blisters associaled
with the formation of nitrogen bubbles were observed.

Fig. 2 shows the atomic concentration of mtrogen in
the 1mplanted layer of polished X3CrNil8.10 steel,
meastred by AES. combined with Ar ion spulter etching.
Al the dose of 5x10"™ionscm * the nitrogen peak
concentration in the implanted sample was about 2 at.%
at 100 nm depth (Fig. 2a). The peak concentration
imcreased 1o 4 at.% at a depth of 115 nm (Fig. 2b) and
a dose of 1 x 10 jons em ™ Fig, 2¢ shows that at a
dose of 3% 10" jonsem ? the nitrogen peak concen-
tration was 14 at.% uat a depth of 80 nm. At the dose
of 1 x10"™ jonsem -~ two peaks appeared at a depth of
70nm and 110 nm, respectively. with peak concen-
trations of 17 and 14 at.% {Fig. 2d).

The effect of the nitrogen ion implantation on the
surface hardness of the samples 1s shown in Fig. 3. in
which the depth-dependent rutio of hardness between
the implanted samples and the unimplanted sampie is
given. Nitrogen lon implantation incrcased the near-
surface hardness of the sample up to a depth of about
100 nm by 90% at the dosc of 5% (0" ionsem 2. 309
at 1x 10" jonsem . 20% at 1 x10™® tonsem 2 and
10% at S» 10" jons em .

The effect of nitrogen 1on implantation on the friction
coefficient aguinst a vibrating diamand tip is shown In
Fig. 4. The higher the load the deeper the tip penetrated
into the sample surface. but up to the maximum load
of 100 mN the tp stayed in the implanied layer. The
nitrogen 1on unplantation was able to halve the friction
coefficient at the doses of 1x10"ionscm ? and
Sx 10 ens ¢m % in comparison with the unimplanted
sample. There was no evidence of a difference in the
friction coeflicient of the sample implanted with
5x10%ionsem * and 1x10™ionsem * compared
with the unimplanted sample.

The effect of nitrogen ion implantation on the wear
behaviour in the implanted-ion-layer region (Fig. 3
demonstrates the wear-tested depth) is shown in Fig. 6.
which displays the volume loss as a function of the
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Fig. |. Scanning clectron micrographs of the surface of N -implanted X5CrNil8.10 steel at o dose of (a) $x10"™ionsem = (h)
P I domsem ™7 fe) 32160 jonsem ™3 und (dy 1= 107 jons em L For camparison. the scanning electron micrograph of the surfice of unim-
planted X3CrNils 14 steel 1s shown in {e}

siiding distunce. At the doses of 5x 10" ionscm 2. w1 the volume loss for the implanted surface in compari-
1310 ions cm ™% and 5% 10Y jons ¢m 2, the nitrogen son with the unimplanted surface, caused by jarpe
ion implantation reduccd the volume loss of the blisters associated with the formation of nitrogen
implanted surface, but at the dose of |x 10" bubbjes.

jons cm~ ? al the starting dislance, there was an increase The efect of the nitrogen jon implantation on the
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corrosion behaviour of the sumple surfaces is shown in

Table 2. which compares the clectrical properties of the

unimplanted and implanted samples. The corrosion

parameters were obtained from the impedance spectra Table 2

plotied as Bode diagrams [5] in Fig. 7. The umpedance Electrical properties of the surfuce of the sumples

spectra can be described by an equivalent circuit for '

solid metal electrodes, where R, is the corrosion resis- Dose {v if’“*f CJE!: K“&
lanee, (4, the double layer capacity and Ky the diffu- Gonsem ) (mv) (kW) e (kWD
sion resistance [S]. Ry, s inversely proportional to the L nimytlanted —35 887 356

corrosion rate. e the lower the vilue of R, the higher S lot - 192 39% 183

the corrosion rate. As predicted by the corrosion polen- ML —2i2 AT 303 o
tial (Ueop), the nitrogen-implanted samples had lower ?: :8,3 ::if ?‘: :'{I‘t: 2;?

corrosion resistance than the unimplanted sample. With
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doses of Sx 10" and 1% 10"% ions cm ™2 the corrosion
rate was very high and diffusion processes occurred
additionally in the impedance spectra, indicating that
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Fig. 7. Bode diagram of N " -implanted XSCrNi{8.10 stec).

corrosion products must be transported from the sample
surface. The drastic decrease in Ry, correlated with the
increasing roughness of the surface in the cases of
5% 107 and 1% 10% ions em ™ 2.

4, Discussion

From the experimental results, it can be seen that N
ion implantation is certainly beneficial for the improve-
ment of mechanical properties of X5CrNil8.10 sweel,
even from the very near surface where the implanted N
ions remain. The dose dependence of the hardness, wear
and friction of the steel indicates that the greatest
improvement in the surface properties of the steel
could be obtained at doses between 1x10'7 and
5% 10'7 ions cm ™ ? for normal nitrogen ion implantation.
Although theve were no differences in the influence on
friction and wear properties between the (wo doses, the
dose of 5% 10" ions em ™ ? produced a higher hardness
than did the dose of 1 =107 ionscm 2. The surface
hardening due (o N jon implantation is mainly contrib-
uted by the ton-irradiated very-near-surface region,
which 1s slightly shallower than the N ion projectile
range, as shown in Fig. 3. It could be supposed that,
besides the contribution [rom the implanted N ions,
which form either interstitial decorating dislocations [6]
or hard nitride {e.g. [7]}. to strengthen the steel. implant-
ation-induced surface oxide (the oxygen distributed in
the very-near-surface region is shown in Fig. 2) may
also strongly participate in the hardening. as well as
decreasing the friction coefficient by weakening the
adhesion between two relatively sliding surfaces [8], us
demonstrated in Fig. 4. However, as seen in the figures,
this effect is not linearly preportional to the 1on dose.
For the case of the high-dose N ion-implanted sample,
it 15 believed that because of heavy irradiation damage
and nitrogen precipitate bubbles on the top surface,
mechanical properties including hardness and tribology
were not improved as much as for the medium-dose N
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ion-implanted samples. From the comparison shown in
Fig. 6. wear of the unimplanted surface initially behaved
by breaking through step-by-step, while that of the
implanted surface showed a stable evolution. These
phenomena indicate and also demonstrate that N jon
implantation hardens the steel, beginning from the top
surface.

However. the corrosion resistivity decreases with the
increasing dose of nitrogen ion implantation, especially
if’ the surfacc becomes rougher. The lact that the corro-
sion rate at the very-near-surface region of the steel is
increased by the N lon implantation apparently disagrees
with some previous published results, which showed a
positive effect of N ion implantation on reducing the
corrosion speed of iron [9]. However, a universal conclu-
sion cannot simply be drawn withoul noting the detailed
experimental conditions. A chemically inert surface layer
formed on the substrate is gencrally responsible for
corroston protection. In cases where N ion implantation
can improve corrosion resistance, this is attributed to
the formation of metal nitride (e.g. [10]), but ion
implantation also causes icradiation damage on the near-
surface regions of the substrate, enhancing the corrosion
rate {e.g. [11]). Therefore, the compromise between the
formation of the corrosion-resistant compound and the
production of ion-beam irradiation damage determines
the ion implantation effect on modification of the corro-
sion property. The present implantaton was performed
using the higher beam current density, about one order
of magnitude higher than the conventional values, and
basically at room temperature. Consequently, heavier
irradiation damage and less nitride sre supposedly
induced [12]. A synthesized result from these factors is
then a reduction in corrosion protection. Furthermore,
because the testing acid is KNO,, the implanted nitrogen
is seemingly inert to the acid as, for example, implanted
argon in stainless steel behaving in normal acid solution
[13], so that it cannot have much effect on the activity
of the acid.

5. Conclusions

The hardness, tribological behaviour and corrosion
performance of N ion-implanted X3CrNil8.10 steel were
studied at the depths of the implanted ion layers using
specially designed methods for testing the very-near-
surface region. The dose dependence of the property
modification was investigated. The noticeable improve-
ment in hardness and tribology, beginning from the top

surface, benefited most from the medium-dose
(1 3% 107 Nionscm’ ) N ion implantation. The effect
of N ion implantation on the corrosion protection of
the steel in the acid KNO; was found to be negative,
proportional to the dose, and supposedly attributed to
surface trradiation damage and less nitride formation.
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Abstract

High and low Cr-content tool stecls. SKDIUL and SKS3. are implanted successively with 30 keV Cr-ions und 30 keV N,-ions 10
fluences of 4x 107" Cr™ em ™~ and 4x'""N* cm ™% Microhardness and wear tests. in aither dry aiv or diluted NaCl=11.S0,
salution environments, are used 1o investigate the effects of the multiply jon-implanied steel surface modification: these vesults are
compared with singly Cr- and N-ion-implanted surlaces. The role of Cr-ion implantation in improving hardness and wear
resstanee of the ~steels i a dry-air environmment is nlerior 1o that of N-jon implantation. even aflecting the co-implantation
eiflectiveness on increasing hardness and wear resistance. However, combined Cr- and N-ion implantation can more positvely
enhance weur resistance in the salt-acid solution envirenment for the low-Cr steel thun the hugh-Cr sicel. XRD analysis supplies
evidence for an explanation of the results. « 1998 Elscvier Science S.A. :

Kerwaords: Cr+ N-ien co-implantation: Microhardness: Tribology: Diluted salt-acid solution: Tool steels

I. Introduction

The elfects of adding nitrogen and chromium into
steels on the modifcation of mechanical and chemical
preperties ure well known: N plavs a role in improving
hardness and tribological behavior and Cr contributes
to raising corrosion resistance. N- ol Cr-en implant-
ation of steels for materiais modification has been widely
and intensively investigated. and resulls have confirmed
the modtfication effects [1]. It was proposed that by
combining Cr- and N-ien implantations in steels one
might obrain dual benefits in both mechanical and
chemical property improvements, probably due to the
formation of Cr-N. Results from previous work {e.g.
sce Refs. [2,3]) demonstrated some of the merits of the
co-implantation, but sull some ambiguities remained.
particularly the eflect on the modification ot tnibelogy.
The experiment reported 1 this paper was designed to
investigate Cr+ N-ion co-tmplantation and its effect on
hardness and wear behavior in dry air or salt—acud
solution environments tor ool steels in different condi-
tuons, such as high und low chromium contents and
whether heat-treated or not.

* Corresponding wuthor,

(257-8972 98 519.01() 190 Flarvier Scence SoAL Al richis reserved,

PIESO257-8972(98)100404-5

2. Experimental

Samples ol heat-treated and untreated high-Cr (ool
steel, SKDIIL, and low-Cr toal sieel. SKS3, were pre-
pared into @20 mm = 3 mm disks with @ mirror-surface
finish. (See Table | for chemical compositons und
Table 2 for the heat treatment processes.) The sample
surfaces were implanted with 30 keV Cr-ions 1o
4x 107 Croem™ followed by 90keV N.-ions fo
4x 10V N~ cm ™% as shown in Table 3. Microhardness
and tnbology tests were then perfermed on the samples.
A digital microhardness tester {MXT-%, Matsuzawa)
was used for bardness testing with normal loading of
5 gf and varying loads from | io 30 gf for some tests.
Average Kneop hardness numbers (kilograms per
square mullimeter) with deviations were automaucally
output by the fester software after testing points ran-
domly distributed on the sample surface. A pin-on-disk-
type tribometer (ISC-200. implant Sciences) was applied
for wear testing. The tesung environment was cither dry
air or diluted NaCli3 wi%)+ .80, {pH =3.00) solu-
tien. Testing parameters were chosen 1w ber 5 or
Scms ™! sliding speed. WC or 32100-steel ball. 300 ¢f
Joad and a towal of {1-2) % 10" rotations. X-ray diffrac-
tion { XRD) was used to analyze for the formation of
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Table |
Chemical compesitions and application examples ol Ihe 100l stecls B i
Sl;i, 1S (AE] Chemicil composition (’7) Typeal apphications

C_ Si . Mn 3 7Cr 71\10 W v Ni_
SKDI1) ¢D2) B I‘S— u 3_ 14 _IZ’,U TU o 0.4 0 0.5 —dlc. risller. shear blade, plustic mold. gaue, et
SKS3 (0N 1.0 0.3 1.0 0.8 0.8 die, gage, tap. roll. shear blade, cuiler. plastic meld
Tahle2

Hent freatment processes of the steel saniples

Steel Preheating Hardening Quenching media Tempering

Temp. 1°C) Time (mm) Temp. 'C) Thime (min) Temip. ( Ch time i h)
SKIDI %30 5 1050 15 oi) 150 1+1
SKS3 St s 850 15 il 150 141
Table 3

lon implantation daty of the steel samples, microhardness and pm-on-disk wear testing resulls

Stecl (118) Heat treantment fon implantation species jenergy) HK (kzmm - Wenr rate (10 " mm)
SKDI1 treated — 320 025 0.200ac!
N, (90 keV } 818 0. 10/0 24 (acl )
CrishkeV) Y
Cri{sllkeV )+ N, (90 keV) SOE [IRERTN P ATH DRSS TRTOM
untreaivd — 250 *.50
N. (90 keV ) KFh| .20
Cr {5 keY) 280
Cri30keV )+ N; (90 keV)) 4] 0.25
SKS3 treated - S5H) 0.12
N A0 keV ) n20 W0 S
Cr i keVy 577
Cr30keV )+ N, (90 keV ) 595 0.14/0.200ac2)
untreated — Rl 0.23
NP9 keV) 5 o
Cr (30 keV) 270
Cr (30 keV) =N, (90 keV ) 286 u.10
The Knoop hardness number (HK Y date weee obilained wnder o testing load of 5 gl The wear rate data without any notes werre ander 1esting

conditions of dry-air environments, WC ball. Sems * sliding speed. 300 gl load and total 107 cycles: Une with (ael ) were under the diluted
salt acid solution. 32100-stee! ball, 4cms ! sliding speed, 300 of load and 1otal 2% 10 cycles: those with (ac2) were under the diluled sall acid
solution. 52100-stee] ball. 8 em « 7' sliding xpeed. >0t of load and o1zl 107 cycles.

compeunds or phases und an image microscope was 31 Microfardness
used to observe the sample surfacces.
3000 Huardness changes due 1o different ion-species

implantation
3. Results and discussion Either N-_ or Cr-. or Cr ! Naon implantation can
increase the hardness, but the single Cr-ion implantation
Data for microhardness and wear testing are shown makes less improvement than the single N-ion implant-
im Table 3. and conclusive results with reJevant discus- ation. Even the e¢ffect on hardening from the Cr+ N-ion

sion are described below. co-implantation is lower than that from the single N-ion
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implantation in most cases. This agrees with the result
of Ref [27, indicating that Cr-ion implantation in tool
slecls does not produce a significant hardening effect
compared with N-ion implantation. The reason may
depend on the hardening mechanisms. N-ions strengthen
the implanted steels by either interstitial hardening [4]
or nitride precipitate hardening [5], whercas Cr-ion
implantation ol steels relies on  forming hard
Cr-compounds. This can be demonstrated by the fact
that Cr-ion-implanted heat-trested steels show a greater
hardness increase than untreated steels, as shown in
Table 3. This is becituse the heat-treated steels. which
arc quenched in oil, contain a high carbon content in
the near-surface repion, so that the implanted Cr, as a
carbide-forming clement [6], can form Cr-C (o harden
the steel surface. This contrasis with the untreated steels
which, having less surface carbon, cannot provide the
high probabilities for forming Cr -C.

312 Hardness compurison of high- and low-Cr sieels
As shown in Fig. ] and Table 4. 1t is found that the
high-Cr steel, SKDI11, gains in surface hardness more

1100 - ———
° ® SKD11 hardened
1000 - 1 8SKD11, unhardened
‘ 4  SKS3, haidened
a00 ‘ * r A SKS3, unhardened
800 | h L
700 L |

wl|l

400 { &

360 -|

=
s
»—

Knoop Hardness (kg/mm?)

=

1 10 100
Load {gram}

Fig 1. Knoop hardnesy of Cr & N-don co-implanted stecls tested with

variows [eads: 1,305, 10 and 30 2.

from the co-implantation than the low-Cr steel. SKS3.
This is probably duc to the formation of chromium-
nitride in the implanted high-Cr steel contributing (o
the hardening.

3030 Havdness comparison of heat-treated and
untreated sreels

Fig. I and Table 4 also show (hat the hardness of the
heat-treated steel samples is increased due to the
co-implantation more than that of the untreated steel
samples. This is also bhelieved 1o be related {o the
formation of large levels of chromium-carbide in the
heat-treated steels.

3.2, Weur behavior

3.2.1. Wear rates undcr drv-air environmeni

From Table 3. it 1s scen that. in most cases, partcu-
larly for the heat-treated steels. the effect on improving
wear resistance of the steels from the co-implantation s
less than that from single N-ion implantation. A careful
observation of the data for unhardened steels shows
that for high-Cr steel the co-implantation results in a
wear rate which 1s shghtly higher than with the single
N-ion implantation; however, for the low-Cr steel the
co-implantation leads to a wear rate lower than for
N-ion impluntation. XRD patterns displayed in 1ig. 2
show that ¢-(Fe,UriN forms in non-heat-treated steels
but not in heat-treated steels. This may explain why the
heat-treated steels produce a negutive result. A greater
number of precipitates in the wear track on the low-Cr
steel samples than on the high-Cr sicel sample. as shown
in the photomicrographs in Fig. 3. may better protect
the iow-Cr steel surface from weur.

3.2.20 Bear rates inder sali—acid solution envivonment
Asseenin Table 3 and Fig. 4, however, co-implantatic
shows a greater effect on reducing wear under the festing
condition of diluted salt—acid solution than the single
N-ion implantation, which produces even higher wear
rates than no implantation. It is indicated thal nitroge
interstitials decorating defects [7] only mechanically

co-implunted hiph-Cr steel and low-Cr stec!

HK( =) HK (3¢

AHK HK3g) 19)

Table 4

Camparisons Tor hirdness between the Cr-+ D

Sweel Heut trestmient

SKDIL (high-Cr) Ireated
untreated

SKS2 (low-Cr) ireated
untreated

65 1.2}
36 1.47
17 .11
10 110

AHK 1K - HK,. where HK s 1the hardness of the implanted samples, and HK, that of unimplanted samples. tested with a load of 5 gl (dul.l
from Table 3). HK(1g) is under o lowd of 1 gf, and 1K (5g) under 5 gl (date from g, 1)
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i, 2, XRD patterns of Ci ¢+ N-jon co-implanted steed sumples.
strengthen the substrate, but have limited ability to as shown in Table 3 and Fig. 4. For the high-Cr steel,
protect the subsirate from chemical affinity attacks. because of the rich Cr content, which will trap N-ions
1o form Cr—N due te chromium also being a nitride-
323 Comparison of weur rates of high- and low-Cr forming element [6], N-ions cannot penetrate decper
steels nnder sall—acid solution enviromnent inside the substrate. Bul lor the low-Cr steel, saturation
The low-Cr steel, SKS3, receives more of a benefit by the trapping ol Cr with N-ions forming Cr N will

frem the co-implantation than the high-Cr steel, SKD1I, not impede more N-jons Irom travelling to deeper
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1h

F'ig. 3. Photomicrographs ol wear trucks on the non-heal-treat=d steel
samples lested in a dry-air environment. A greater number of nitride
precipitaies are seen on the SKS3 {low Cr) sample (a) than on the
SKDII thigh Cry sample (b}

regions in the substrate subsurluce [8]. XRD analysis
found Fe-™ formed in SKS3 steel but no miteide in
SKD11. as shown in Fig. 2. Now that both steels have
Cr N. the one having Fe ™ certainly has higher wear
resistance.

4. Conclusions

The effects of Cr- and N-ien implantation in tool
steels on the modification ol hardness and wear behavior
have been studied. Comparisons have been made
between single Cr-ton and N-ion implantation and
Cr =+ N-ion co-implantation, under the wear conditions
of either dry air or a diluted salt acid solution environ-
ment, using high- and low-Cr steels in the heat-treated
and untreated states. From the study, it is concluded
that although implanting Cr-ions in various ways ¢an

tig 4 Pholomicrogruphs of wear tracks on the hemt-apemted wieel
sumples tested in the salt achl solutn covironment, The tack on he
Cr-+ N-lon co-implanted SKS3 samypile (@) is nareower than that on
cither the singly N-on-implanted SKS3 sample (b) or the Cr - N-won
co-implanted SKD11 <ample {v).
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truly help the steel hardness enhancement. its rolke in
improving mechanical and chemical properties of the
steels 15 still debatable. Detailed conclusions are listed
below.

[mplanting Cr-ions, whether singly or in combination
with N-ions. in tool steels is generally not significantly
helpful (and sometimes even deleterious) to hardening
and unprovement of wear protection in a dry-air envi-
ronment compared with implanting N-ions alone,
However, Cr- and N-ion co~implantation has a positive
effect on reducing wear of steels in a diluted salt—acid
solution environment compared with single N-jon
implantation.

High-Cr steel has a greater hardness improvement
from the co-implantatien than low-Cr sieel. whereas the
fow-Cr stee] receives greater ymprovement in wear resis-
tance in the diluted salt-acid solution environment than
the high-Cr steel.

The weuar behavior of the co-implanted steels in a
dry-air environment depends on the Cr content and heat
treatment. Co-implantation provides the heat-treated
steels with less improvement in wear resistance than
single N-ion implantation. For untreated steels, low-Cr
steel has better weur protection alter co-implantation
than the high-Cr steel.
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Abstract

The study aims at investigating the effect of auxiliary preparative and closing implantations in hardened tool sieels
on surface inbology modification. Samples of & mariensitic tool steel, SKD11, are triply implanted with 1ons of N or Ar
al hgher energies, N ut the normal energy. and N, BF and CO- at lower energies. The ion implantations result in
dramatic increases of hardness and wear resistance to the samples in comparison with single N-ion implantation und
double ion implantation. Analysis of ion depth profiles and surface compositions and microstructures is performed (o
reveal the mechanisms. It can be concluded that the improvement of the mechanical properties can be attributed 10 the
degpening in the ion penetration and the forming of compound covers at the near surface region. © 1999 Elsevier

Science B.V. All rights reserved.

PACS: 62.20.Qp; 68.55.Ln: 81.05.Bx; §1.40.—z

Keywords: Preparative implantation: Closing implantation: Hardened tool steel: Tribology; Microbardness: Wear rate

1. Introduction

N-ion implantation has long been investigated
for modifying mechanical properties, such as
hardness and wear rate, of steels. N-ion implan-
tation of hardened steels has commanded great
mterest [1] not only because of its practical appli-
cation but also its different characteristics from
implantation of unhardened steels [2]. The im-
planted N-ion depth profiles indicate that the

" Corresponding author. Tel.: +66 33 943379; fux. +66 33
2227760 e-manls s uld@ostrd.omuac.th

NIAES-S83IX/98/S — wsee front matter
PIESOUI68-583X(98)00882-9

hardened steels have a lower ability in retaining N-
ions than the unhardened steels [3]. so that Lhey
normally exhibit difficulties in gaining comparable
improvement in (ribology from N-ion implanta-
tion. Preparative surface treatment and implanta-
tion have been applied prior to normal N-ion
implantation to improve the ablity of the hard-
ened steels to retain more nitrogen wns [4]. Aux-
iliary closing implantation is now added to the
implantation procedure in an alttempt te form a
compound cover al the near surface region to close
any paths for the normal implanting ions to es-
caping (diffusing) out, as well as to construct a
hard [ayer which strengthens the normally im-
planted area.

1999 Elevier Science BV Al rights reserved.
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Table 1
The chemical compasitions of the SKD11 (D-2) 100l steel

C Si Mn Cr Mo A% Ni

1.5 0.3 0.4 12.0 1.0 4 0.5

2. Experiment

Well-surface-fiushed (0.3 pm) samples of
hardened SKDI11 (AISI D-2} steel (the chemical
compesitions are shown in Table | and the heat
treatment process 18 displayed in Table 2) were
preparalively implanted with higher-energy N-ions
or Ar-ions, then normaily implanted with 120 keV
Ny-ions. and finally implanted with lower-energy
BF, or Na, or CO; tons (the triple ion umplantation
will sometimes be referred to as preparative-plus-
closing 1on implantation), as summarized in Table
3. Theion implantations were carried out using the
150 kV, mass-anaiyzed heavy ion implantation
facility at Chiang May University [3]. The im-
plantation temperatures at the target did not ex-
ceed 100°C.

The implanted samples together with unim-
planted ounes underwent mechanical property
testing. A digital microhardness tester (MXT-z,
Matzuzawa) using the Knoop scale tested surface
hardness by applying a load varying from 1| to 50
g. A pin-on-disk wear tester (ISC-200 Tribometer.
Implant Sciences) using WC balls tested wear be-
havior under the following conditions, 500 g load,
4.8 cm/s sliding speed, and 10 000 total-rotations.
The wear rates were evaluated based on the rele-
vanl international standard [6].

The 1on depth profiles were analyzed using ei-
ther Auger electron speciroscopy (AES){mostly)
or secondary ion mass spectrometry (SIMS) (only
for the samples implanted with Ar-ions). The
surface microstructure was characterized and ob-
served using X-ray diffraction {(XRD) (Cu, K.)
and Scanning ¢lectron microscopy (SEM).

3. Results and discussion

Table 3 shows the measured microhardness
{under the load of 1 g) and the derived wear rate of
the lon-implanted samples compared with the data
of the unimplanted sample.

As can be seen from the table, as well as Fig. 1,
which shows microhardness tested with varying
load. the preparative-plus-closing ion implantation
increases the hardness drastically in comparison
with the single and double 10n implantations. The
effect of the preparative implantation depends on
the ion species. Nitrogen performs better than ar-
gon owing to the fact that the N-ions are able to
cause both radiation damage and struclural
strengthening whereas the Ar-ions create only
damage. The effect from the closing implantation
seems to be more pronounced than the preparative
implantation. Proper selection ol the closing im-
planted ion species, such as boron, carbon or ox-
ygen ions, can result In a larger enhancement of
hardness than nitrogen. 1t is inleresting to note
that at the lowest load (i.e. al the nearest surlace
region) all the preparative-plus-closing ion im-
plantations increase the hardness relatively higher
than other implantations do, as shown by the
steeper slopes between the hardnesses with loads
of I and 3 g for the triply implanted samples (Fig.
). This fact indicates that the triple ion implan-
tatien is more effective in improving nearest-sur-
face-hardness. This 1s supposedly contribuled
mainly by the closing implanted ions, which lead
to forming hard compounds with either metal el-
ements or even previeusly implanted nitrogen, as
demonstrated by XRD analysis (Fig. 2}).

Also, it can be seen from Lhe wear testing results
that. similar to the hardness modifications. the
triple ion implantation generally reduces wear re-
markably. while the wear on either the unim-
planted sample or the single and the double N-ion
implanted ones is comparatively high. In due

Table 2

Heat treatment procedure of the steel samples
Preheating Hardenng Quenching Tempering
850-C/3 min 1050-C/15 min il 150 CA+1 h
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lon implantation and mechanical testing results of the SKDI1 steel sumiples

Sample lon Fuergy Current Dose HK Weur rate
(ke (wAfem™) (I em oy (kg/mm-) 67 mm”
S0 - 0 4] 0 470 1.30"
Sl N+N+N. 120-120-90 100-200-200 2+4+2(N) 1040 011
S2-1 N-+N;+BF 12(3-120-90 100-200-30 24028 1410 0.10
52-2 N+N.«BF 120-90-75 100-200-30 244+ N1 B) 1046 0.11
S3 N+N+CO- 120-120-118 1 (3)-2003- 100 204 2C 1420 0.14
S4 Ar+N.+BE 140-120-90 200-2010- 50 2+4-+2(B) 1120 0.26
S5 N, 120 200 4 795 1.30-
56 N+N, 120-120 100-200 244 8U3 1.269
§7 N.+BF 120-90 200-50) 4+ 2(B) 1200 019

*lon implantations in samples 83, 86 and 87 are for comparison. For the last implantation of multiple ion implantation, when a

compound ion species was used, the last dose indicates the atom dose of the element in the (). The microhardness testing condition: | ¢
loadl: the wear testing conditions: WC ball, 300 g load. 4.8 cmis sliding speed, 10 000 wolal-rotstions,

" Obrained only Tor 700 total-rotations when the triction limit of 1he tester was reached.

* Obtained for 18 total-rotations when the friction limit was reached.

¢ Obtained for 1900 lotal-rotations when the limit was reached.

NepeN

Knoop Hardness | I-:glmm?‘)
rd
= 1Y

Load (gram)

Fig. ). Microhardness in the Knoop scale as a function of the
testing load (1. 3, 5. 10 and 50 g).

succession, the ion species for the preparative im-
plantation being eflective on the wear reduction
are nitrogen and argon. and the species for the
closing implantation are boron. nifrogen, and
carbonfoxvgen. A close SEM-observation on the
surface microstructure of the samples. as shown in
Fig. 3. provides some hints. On the surface of the
N+N-+N. and N+N-+BF ion implanted samples
we can observe an extended large-grained or tex-
tured structure whercas on the N+N-+CQO» and
Ar+N.+BF ion implanted samples we see a much

5 l
@ I 2
St | E=3
. 1V 3
) 53 7 ?i‘l\ s
o o Py A
5 NGO & “"l' =
bl cmitnstpa o o LML\M—AMWA ey p e \_Jﬁ.',-.v._
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InensBE L f ] g
2 T by f

IMI“»;WW\« ' Wﬁ
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40 50 60

26{degree)

30 70 80 93

Fig. 2. XRD anaiyzed results from the N+N,+BF-ion im-
planted sample and N+N-+CO.-1on implanted sample. The
peaks are only designated once if they have the same positions
in both palierns.

finer and smoother structure. The former micro-
struciure 1s thought to be related to mitride or
beride (as shown in Fig. 2) exlubiting high weu -
resistance. while the latter 15 less helpful to wear
resistance due to either brittle oxide for the case of
the N+N-+COs-ion nnplanted surface or heavv
radiation damage created by Ar-ions for the cauc
of the Ar+N-+BF-ion implanted surface.

The ion-depth-profile analysis, as shown in Fia.
4, leads to a further understanding of the wear
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Fig. 3. SEM pholographs ol ihe preparative-plus-closing ion-implanited sample surfaces. (a) N+N>+N2 ion implanted, (b) N+N-.+BF
ion implanied. (¢) N+N.+COs ion implanted, and (d} At+N.+BF ion implanted. The width of the SEM image 15 12 pm.

testing results. The preparative-plus-closing ion
implantation generally tends to broaden and
deepen the nitrogen distributions. A comparisen
between the PROFILE-simulated [7] and the
measured N+N.+Ns-1on implanted profiles shows
that the simulated one (Fig. 4a), which is a sum of
three consecutively implanted ion-profiles, ranges
only up te a depth of 200 nm while the measured
one (Fig. 4b) becomes fiat and extends to a depth of
more than 600 nm (the depth scale is already con-
verted from the sputtering time). Other profiles
display similar behavior. The effect of broadening
and deepening ion profiles seems very beneficial in
achieving the lasting low wear rates by means of
triple ion implantation. It can be seen that the
closing B-ion implantation leads partly to the mi-
gration of normally implanted N-ions te the B-ion

region, as shown in Fig. 4c and e, while the closing
COs-ion implantation causes the normally 1m-
planted N-ions to be pushed further inte the sub-
strate (Fig. 4d). This fact implies that the implanted
boron has a stronger affinity of bonding with the
formerly tmplanted nitrogen [8] than the carbon
and oxygen have (correlated with the XRD result,
as shown 1n Fig. 2). Therefore, the N+N,;+BF ion
implantation produces a lower wear rate than the
N+N.+CO, ion implantation. For the case ol
Ar+N,+BF ion implantation, it is considered that
radiation damage induced by the preparative Ar-
ion implantation makes the N-ions migrate more
easily to the near surface region, so that the N-ion
distribution is shallower (Fig. 4e) than those in
other cases. Therefore the low wear rate cannot last
and the average wear rate becomes high.
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4. Conclusion

The preparative-plus-closing ion implantations
result i dramatic increases in surface hardness
and wear resistance of the hardened tool steel in
comparison with single N-ion implantation and
double 1on implantation. The degree of improve-
ment depends on the preparative and closing im-
planting ion species. Nitrogen is better than argon
as the preparative implanting species while boron
1s the best of the closing implanting species. The
broadened and deepened N-ion distribution and
the formed lhigh-wear-resistant near-surface
structure or compound by the preparative-plus-
closing ion implantation are constdered to be the
contributors 1o this improvement.
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Abstract

The formation of sub-surface oxide layers by hybrid metal-gas co-implantation into steel and
other metals can improve their tribological properties. In this report, we compare the wear and
friction performance of previously studied Al+O hybrid implants with that produced by single
species oxygen ion (O) implantation under similar conditions. The substrates were AISI 304L
stainless steel disks polished to a final mirror finish using 1 micron diamond paste, and the ton
implantation was done using a conventional swept-beam technique at ion energies of 70 or 140
keV and doses of up to 1x10” cm”. The wear and friction behaviour of the implanted and
unimplanted material was measured with a pin-on-disc tribometer. Here we describe the
experimental procedure and results, and discuss the improvement relative to that achieved with
surface layers modified by metal-gas co-implantation.
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INTRODUCTION

lon implantation has become an accepted method of modifying the tribological properties of
metal surfaces. Initial work focused primarily on the use of ions of gaseous elements such as
nitrogen and oxygen with significant improvements being observed in many systems. The
success of these early studies stimulated research into the effects of other ion species particularly
metal ions. While studies on single ion implants have predominated, there has been increasing
iterest in recent years on the use of dual ion implants [1-4] which have yielded greater
enhancements in wear performance. For example, recent studies by Sasaki and co-workers have
shown the beneficial effects of Ti+C dual ion implantation into hardened steel (0.95wt%C-
3.2wt%Cr)[2,3]. Usually, such dual implants are carrnied out sequentially, though less frequently

simultaneous operation of two ion sources has been used.

Since their tnception [5], 1on sources based on metal vapour vacuum arcs (MEVVA) [6] have
been used extensively for surface modification research. These sources offer a convenient means
of generating pulsed, high current ion beams of most elemental and alloyed metals, and some
non-metallic species (eg. St and LaB,). An intrinsic feature of such sources is the solid
conducting

cathode, which provides the source of ions for extraction, and this precludes their use for
producing ion beams of purely gaseous (or liquid) species. However, a recent innovation in
MEVVA source technology has succeeded in adapting them for hybrid metal-gas operation [4, 7-
9]. This mode permits the simultaneous implantation of gas and metal ions into a target. A
description of the modifications to the source at Lawrence Berkeley National Laboratory together
with some early tribological results for various combinations of ions have been presented
previously [4,9]. It was found that both wear and friction were reduced in most of the systems
studied [4]. Despite these promising early results, some uncertainty remains over the relative

concentrations of metal and gaseous ions retained during the implantation process. For



instance, ion beam analysis of the dual implanted surfaces revealed some discrepancies between
the measured and expected concentrations of the two ions with the effect being most pronounced
for the metal species [4,10]. Possible explanations for this finding were proposed and discussed.
Consequently, further investigations were undertaken to provide a better understanding of factors
contributing to the observed results. While these investigations have focused on characterisation
of the implanted surfaces, we have also performed a number of single ion implants for
comparison with the dual implanted materials. This report presents the first results obtained for
comparison. In particular, samples of AISI 304L stainless steel have been implanted with
oxygen ions under similar conditions to those used for the dual implants. Subsequent pin-on-
disc wear testing of these oxygen implants yielded wear and friction data which were then

compared with the corresponding results from Al+O dual implants into the same material.

The tribological properties of oxygen implanted steels have been the subject of several previous
investigations.  Langguth and co-workers [11-13] studied a number of steels, though not AISI
304, implanted with oxygen ions at energies of 50, 100 or 200 keV and doses of 5 or 10x10"
jons cm™®.  They reported substantial reductions in wear for many of the implant conditions and
steels tested with the best results observed for AISI 52100 at the lowest implant energy of 50 keV
[12]. More recently, Rej et al [14] have compared conventional and plasma source ion
implantation of stainless steel (comparable to AISI 321) with several ion species including
oxygen. These authors found no improvement in surface hardness following oxygen
implantation to a dose of 1x10" ions cm™. Possibly on account of this result, Rej er af [14] did
not perform wear tests on their oxygen implanted samples. The tribology and microstructure of
oxygen implanted AISI 304 stainless steel has been studied by Wei ef al [15]. Doses in the
range 1-10x10"" O, em™ and an energy of 60 keV were used in their work, which also examined
the effect of varying implantation temperatures from 100 - S00°C. For a dose of 4x10'7 O, cm?,
they found the critical load increased with temperature to a maximum of 28 N at 400°C, after

which it decreased.



EXPERIMENTAL

As in our previous study [4], the test pieces were disks of type AIS1 304L stainless steel (30 mm
diameter x 3 mm thick) diamond polished to a mirror finish. These were implanted with 70 or
140 keV oxygen ions (O") using a mass-analysed oxygen ion beam. Applied doses were in the
range 1x10” - 1x10" ions cm” with ion beam currents of 10-12 and 30-35 pA at 70 and 140 keV
respectively. The beam was scanned over the target to achieve a uniform implant dose. With
all samples, an annular region on the periphery (width ~ 6 mm) was masked to provide a
reference area for wear testing. During implantation, target temperatures were monitored with a
thermocouple and found to be less than 100 °C. Friction and wear testing was performed on a
pin-on-disc tribometer (CSEM) using a 6 mm diameter ruby ball, a load of 2 N and a velocity of
0.2 ms". No lubrication was used for the friction measurements while ethanol was flowed over
the test surface during the wear tests. Wear tracks after 1000 revolutions from both the
implanted and masked regions of each test sample were analysed with a profilometer (Tencor
Instruments). The oxygen concentrations in the steel test pieces were not determined directly.
Rather, small pieces of beryllium were mounted at the centre of each sample during implantation.
The oxygen doses in these Be reference samples were then measured by RBS analysis using a

1.95 MeV He"™ beam.

RESULTS AND DISCUSSION

The RBS spectra of two Be samples implanted to a dose of 1x10” ions cm™ at energies of 70 and
140 keV are shown in Fig.1. The oxygen doses determined from these and similar spectra for
the other implant conditions are tabulated in Table 1. Agreement between the nominal and

measured doses is reasonable. The implant doses for the steel substrates can be assumed equal



to those determined for the Be samples provided little or no sputtering occurs with the former.
This would appear to be a reasonable assumption under the present implant conditions since
previous studies [11-15] on a range of steels, including AISI 304, have reported much higher
retained doses at similar energies; results which would only have been possible in the absence of

significant sputtering.

Since the implant depth profiles in the steel specimens were not measured directly, T-DYN [16]
simulations were performed to estimate the oxygen distributions under present conditions.
Initially, such calculations were applied to the implanted Be reference samples in order to permit
comparison with the oxygen profiles determined from RBS analysis. The resulting profiles are
displayed in Fig. 2. For the highest doses at 70 and 140 keV, these are in fair agreement with
the measured profiles of Fig. 1. Applying T-DYN to the implanted steel specimens yielded the
distributions in Fig. 3. As found previously with the oxygen implanted Be, the calculated
profiles for steel may differ somewhat from the actual ones. However, these differences
notwithstanding, simulations of the type presented in Figs. 2 and 3 do provide a qualitative
indication of changes in implant distributions resulting from different processing conditions.
Thus, the profiles in Fig. 3 clearly show the effect of ion energy on the concentration of oxygen

at the surface of the steel specimens for the two energies used in the present study.

Friction measurements were performed on all samples.  The largest decrease in friction was
observed for the oxygen dose of 1 x 10" ions cm” implanted at 70 keV. The friction trace for
these conditions and the corresponding trace from the masked region on the same sample are
plotted in Fig. 4. At the same energy, the medium dose of 6.5 x 10" ions cm” showed less
improvement while the Jowest dose sample yielded a trace similar to that of the unimplanted
material. A similar trend was observed in the friction traces for the low and medium dose

implants at the higher ion energy of 140 keV. However, the highest dose at this energy yielded



a result which was little different from that obtained at the medium dose, suggesting deeper

implants are not as effective in improving the properties of the layer closest to the surface.

The profilometer traces of wear tracks on the as-polished and implanted (O' dose = 6.5 x 10"
ions cm” at 70 keV) regions of the same specimen are shown in Fig. 5. The large change
produced by oxygen implantation is clearly evident in this data.  Similar measurements were
performed on all samples wear tested for the present study and the results are plotted in Fig. 6.
The ordinate in this figure is the ratio of the wear track cross-sectional area on the as-polished
steel to that on the implanted region of the same sample. The values used for determining these
ratios were the cross-sectional areas below the baseline defined by the original surface of the
sample.  The ratios plotted in Fig. 6 are the averages of multiple measurements on each sample

at different positions on each wear track.

The present results are in general agreement with those of previous studies which reported
improvement in the tribological properties of steels following oxygen implantation under a
variety of conditions [11-13, 15].  Of particular note is the work of Langguth et af [11, 12] who
implanted AISI 52100 steel at energies of 50, 100 and 200 keV and found the largest reduction in
wear occurred at 50 keV.  This trend is similar to that found herein for AISI 304L steel where

samples implanted with O ions at 70 keV exhibited less wear than those at 140 keV for all doses

studied.

The aim of the present study was to compare the effect of dual metal + oxygen implants to those
of oxygen-only on type AISI 304L stainless steel. Previously, we reported the results of wear
and friction measurements on a nominal 50:50 Al+O implant into this material [4]. While the
oxygen-only implants of the present study produced an improvement in wear performance, the
magnitude of the effect was greater for the Al+O implants. For example, the wear track cross-

sectional area ratio for the Al+O case was ~10 whereas the best value obtained for oxygen only



was 3.6. Thus, selected metal + gas hybrid implantation is capable of producing superior wear
resistance relative to single species oxygen implantation. ~ Similarly, the duration of reduced
friction was greater for the dual implant. For the 50:50 Al+O implant, a lower coefficient of
friction was maintained for a running distance in excess of 6 m. This is significantly longer than
the total running distance to breakthrough of 3.5 m recorded for the sample of Fig. 4, which
represented the best result of the oxygen only implants studied. The better friction performance
achieved with the Al+O implant showed a similar trend to that of the wear data discussed
previously. Together, these findings indicate greater improvements in tribological properties are

possible with the hybrid treatment.

CONCLUSIONS

The implantation of oxygen into AISI 304L stainless steel resulted in reduced wear and a lower
coefficient of friction. This behaviour was most pronounced at highest oxygen dose and lowest
ion energy of the ranges studied. = Comparison of the present data with previously reported
results for dual Al+O implants into the same steel indicated the presence of Al leads to a further
improvement in tribological performance. This finding is in accordance with earlier studies in
which surface properties, enhanced by implantation of a single ion type, were further improved
following implantation of a second ion species. Therefore, the implantation of selected
combinations of ions appears to offer an attractive alternative to the more conventional single
implant method. While a vanety of approaches have been used for dual ion implantation, the
recently developed hybrid MEVVA ion source provides a convenient means of performing such
implantations. Future studies will examine the application of this hybrid source in more detail
with particular emphasis on the benefits to be derived from the use of dual ions and the

operational conditions producing optimum surface properties.
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FIGURE CAPTIONS

Figure 1 -

Figure 2 -

Figure 3 -

Figure 4 -

Figure 5 -

Figure 6 -

RBS spectra of Be reference samples implanted with a dose of [ x 10" ions cm” at

ion energies of 70 keV (0) and 140 keV (e).

T-DYN profiles for Be implanted with O at ion energies of 70 keV (upper) and 140

keV (lower). The relevant doses are as indicated on the plots.

T-DYN profiles for 304L stainless steel implanted with O™ at ion energies of 70

keV (upper) and 140 keV (lower). The relevant doses are as indicated on the plots.

Friction coefficient as a function of distance travelled for as-polished (upper plot,
night axis) and implanted (lower plot, left axis) regions of a type 304L stainless

steel specimen. In this case, the O dose was | x 10" ions cm™ at 70 ke V.

Cross-sectional profiles of wear tracks on implanted (—) and as-polished (- - -)
regions of type 3041 stainless steel implanted with an O° dose of 6.5 x 10" jons

cm” at 70 keV.

Plot of ratios of wear track cross-sectional areas as a function of implant dose at 70

keV (#)and 140 keV (m).



Table 1 - Summary of Implantation Conditions

Sample No. | [on Energy (keV) | Ion Current (uA) | Nominal Dose | Measured Dose

(O'/em™) (O’fem’)

1 140 30-35 1x10" 1.0x10"

2 140 30-35 5x10" 6.0x10"

3 140 30-35 Laa0r -

4 70 10-12 1x10" 1x10"

5 70 10-12 B 10" 6.5x10'

6 70 10-12 1x10" 1.0x10"

12
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Abstract

N-ion implantation in Ti-17Al-2ND-2Cr intermetallic allov has been investigated for surface
mtriding treatment to modify tribology and high-temperature oxidation properties of the
material, The allov samples were implanted using either normal({medinm}-current or high-
current Na-ion beams at an enerey of 140 keV' to doses of 4 x 101" — 4 x 10'%ons/cm?.
Post-annealing was performed to the ion-beam-treated samples at temperatures of 200°C
and 300°C for ditferent periads (2} - 240 hours). The treated samples underwent 1ests
of microhardness. tribology and high-temperature oxidation. The results show that N-ion
implantation and post-anunealiug improve surface hardness in all cases. wear resistance in
the case of high-current and high-dose ion implantation. and high-temperature oxidation
behavior in the early testing stage. N-ion implantation particularly with high beam-current
and high ion-dose without post-annealing results in the hest modification of tribology. XRD
analvses indicate that the formation of metal nitride and oxide is supposed to be responsible
for the modification of the relevant properties. The ion implantation compared with the

gas-nitriding technique has some advantages and shortcomings.

"Acceptled for publication in Surface and Coatings Technology



1 Introduction

Ti-Al intermetallic alloys have long attracted materials engineers’ interests for their special
mechanical and chemical properties [1,2] and their potential tribology and high-temperature
applications such as engine valves [3,4]. Among the various Al-contents of the alloys, an
alloy possessing an intermetallic phase with a narrow Al-content range around 47 at.% has
emerged and beer intensively studied [3,6]. A traditional technique of modifying the Ti-Al
alloy is gas-nitriding [4]. Since ion implantation technique was developed ion beam nitriding
has been attempted to improve the physical and chemical properties of the alloys [3]. We
describe here our work employing N-ion implantation under proper implantation and post-
annealing conditions as a nitriding means for medification of tribology and high-temperature

oxidation of the specific intermetallic alloy.

2 Experimental

2.1 Processing

Samples of HIPed (Hot Isostatic Pressed) Ti-47Al-2Nb-2Cr intermetallic alloy named MJ12
(Howmet, MI, USA) were cut by a diamond saw from a raw bar into 20 mm diameter and
2 mm thick disks. The sample surfaces were polished by alumina powder to a final finish of
0.3-pm.

N-ion implantation irnto the alloy samples consisting of two groups were carried out at low
current and dose using an analyzed heavy ion implantation facility and at high current and
dose using a non-analyzed high-current N-ion implanter in the Ion Beam Technology Center,
Chiaﬁg Mai University [7]. Table I lists the ion implantation conditions. During implantation,
we deliber.a,tely ‘employed no target cooling, and the temperatures of the target surface were
estimated to be about 100°C for the lower-current implantation and a few hundred °C for
the higher-current implantation. The working pressures inside the target chambers were kept
in the range between 10™% —~ 107° Pa.

After ion implantation the samples were annealed step by step in fowing air at tempera-

tures of 200°C to 300°C for various periods as shown in Table 2.



2.2 Testing

Hardness testing was performed using an advanced Digital Microhardness Tester on the
samples after each step of annealing. A Knoop hardness testing indenter with a load of 5
g was applied to various positions at random on each sample surface. Average values and
standard deviations of the Knoop hardness number HK (in kg/mm?) for each sample were
automatically calculated and printed out by the tester software.

Tribology testing was performed on the samples after the annealing was completed in
a laboratory air atmospheric environment using a pin-on-disk tribometer where the sample
was the rotating disk and a ball with a proper load was fixed to slide on the disk. The ball
material was WC (r = 3.175mm). The load was 250 g or 50 g, the sliding speed was 4.8 cm/s
and the total rotations were 10000.

Oxidation test was performed using a high-temperature gas flow testing system [8]. The
samples were hung in a refractory tube, where normal air at 1200 K flowed through at a rate
of 8 cm®/s. The test lasted for a total of 10 hours. The samples were regularly taken out

during the testing period for measuring the mass change by a sensitive digital balance.

2.3 Analysis

XRD, using a Cu target (K,) at 30 kV with a current of 30 nA, was performed on the
samples for identification of compound formation. An image microscope was used to observe

the sample surface microstructure.

3 Results

Microhardness: Figure 1 shows changes in the surface microhardness owing to ion im-
plantation and post-annealing. It is clear that surface hardness has been improved by the
treatments. However, the change in the hardness with annealing step for the low-current

ion-beam implanted alloy is much different from that for the high-current beam implanted

one.

Tribology: Table 3 lists the tribology testing results. The data from either the higher-load

or the lower-load tested samples behave similatly, For low-current and low-dose ion implanted



samples the wear rates and friction coeflicients do not have significant changes whereas the
as-implanted data show better improvements than the annealed one for the high-current and

high-dose ion implanted samples.

High-temperature oxidation: The rate of mass change at the high temperature as a
function of the testing time for differently processed samples is shown in Figure 2. It is seen
that in the first 2-hour period of the total testing time the mass-increase rates of all the
ion-implanted samples are lower than that of the unimplanted one. Then after, the oxidation

rate of the unimplanted one becomes saturated.

XRD: Figure 3 shows the XRD patterns from the ion-implanted and annealed samples
cornpared with the pattern from the virgin sample. Some nitride and oxide such as Ti;AlN,
NbasAlsN, TiO and TizO0s formed after ion implantation, especially, after further annealing.
A comparison between the high-current and low-current ion implanted results indicates that
the Ti; AIN and TiO peaks of the former case are more pronounced than those of the latter

case.

4 Discussion

Hardness: For the case of the low-current ion beam implanted samples, the decrease in
hardness in the preliminary annealing stage is thought to be caused by annealing-relaxation
of the ion-implantation-induced surface compression tension, which originally contributes
to the surface hardness increase [9]. With an increase in nitride and oxide formation by
the annealing process, the surface becomes harder and harder up to an almost constant
level, For the high-current and high-dose ion implanted alloy, rich nitrogen as well as the
higher annealing temperature makes the nitriding dominant in the process [10,11], so that

the hardness increases with the annealing almost linearly.

Tribology: Surface microstructure analysis by image microscopy indicates different struc-
tures formed in the as-implanted surface and the post-annealed surface as shown in Figure 4.
The martensite-like structure of the as-implanted surface may play a resistive role to wear.

Although the nitride and oxide formed due to annealing results in a high hardness, the hard



debrises falling off from the nitrided surface during wear might severely abrade and harm
the alloy surface. Therefore, the annealed surface was worn much more. This interpretation
is supported by the microscopic surface observation on the wear tracks of the wear-tested
samples as shown in Figure 5, where more abrasive wearing grooves are seen in the track
of the annealed surface than the unannealed one. In fact, modification of wear resistance is
affected by factors involving both surface structure and composition [12] such as nitride and

oxide formation which compromise for an optimum improvement in the resistance.

High-temperature oxidation: The result indicates ;Lhat the nitride formed due to ion
implantation does reduce oxidation. If the oxidation behavior of two different surfaces is
simplified as shown by an insert on the top-left hand corner of Figure 2, in which one char-
acterized by a typical parabolic curve and the other by a straight line with a lower slope at
the primary stage, a conclusion obviously drawn from such behavior is that the latter has
an intrinsic oxidation rate lower than the former does. Because the well-known parabolic
oxidation behavior [13] is caused by intense oxidation in the first stage then followed by pro-
tection owing to an increasingly accumulated oxide. The oxidation tending to moderation
in the parabolic behavior is simply due to the oxide and not the material itself. Therefore,
it is said that the oxidation of the ion-implanted samples is intrinsically reduced. Because
of lower oxidation rates the ion-implanted samples were oxidized slowly and could not ac-
cumulate sufficient oxide to protect their surfaces from being further oxidized, and hence,
their oxidation behaves nearly linearly with time. The phenomenon exhibited at the later
testing stage is consistent with the result reported in [3] which, however, did not notice some
details occurring in the early testing stage. The oxide protection role can be understood by
the fact that only the unimplanted data obey the parabolic oxidation law quite well. The
formed oxide virtually protected the surface in any case so that the implanted data still show
the parabolic behavior, but very obtusely. The protective role of the oxide can be further
demonstrated by the fact that the data from the annealed samples are generally lower than
the data from the unannealed ones in the case of high-current and high-dose implantation,
as shown in the figure, because the annealing already easily created oxide on the heavily
ion-irradiated surface [14] before the oxidation test. For the low-current ion implantation the

wear rate data from both unannealed and annealed samples are not noticeably different as



the ion-irradiation damage on the surface are not heavy.

5 Conclusion

The Ti-47Al intermetallic alloy nitrided by N-ion implantation and post-annealing increases
its surface microhardness under various ion implantation conditions particularly with in-
creasing of the beam current, ion dose and annealing time. The high-current, high-dose ion
implantation without post-annealing is found to be most beneficial in improving tribological
properties. The high-temperature oxidation rates are reduced in the early testing stage for
the alloy in all cases of N-ion implantation. The alloy is indeed nitrided by the ion beam
processing assisted by the annealing, and the formed metal nitride and oxide are shown to
be responsible for the modification of the relevant properties.

Compared with gas-nitriding {4], the high-current and high-dose N-ion implantation with-
out post-annealing to achieve the similar modification of the alloy has the advantages of
having much short proc-essing time, being “cold” treatment and preserving original surface
morphology. The shortcomings of having thin modified layers and lower improvement in_

tribology.
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Table 1. Ion implantation conditions. During implantation the analyzed beam (I-c: low

current) was swept on the target while the non-analyzed beam (h-c: high current) was fixed.

Ion beam type lon Energy = Beam current Dose
(keV) (nA) (N-atoms/cm?)
analyzed beam (I-c) N7 140 60 4 x 1017
non-analyzed beam (h-c) | Nt + NI | 140 500 4 x 1018




Table 2. Annealing steps of the samples implanted by the low-current ion beam or the

high-current ion bearmn.

Ion beam type Low current High current

\
Annealing step i 2 3 4 5 i T 40 2

Temperature (°C) | 200 | 200 | 200 | 200 | 200 | 300 | 300 | 300 | 300

Time (hours) 24 | 24 | 24 | 48 | 48 | 24 | 24 | 24 24

Total time (hours) | 24 | 48 | 72 | 120 | 168 | 192 | 216 | 24 48

10



Table 3. Microhardness and tribology testing results. HK: Knoop hardness number; “an-
nealed”: after the total annealing steps were completed (the annealing steps refer to Table

2). The numbers (1) and (2) represent the load conditions under 250 g and 50 g respectively.

The friction coefficients are the mean values for the total tested sliding distance.

Sample Hardness Wear rate Friction
type HK(kg/mm?) (10~°mm?) coefficient
virgin 330 (1) 2.15; (2) 0.80 | (1) 0.7; (2) 1.2
low-current as-implanted 656 (1) 2.14; (2) 0.77 | (1) 0.7; (2) 1.2
low-current implanted & annealed 841 (1) 1.59; (2) 0.80 | (1) 0.7; (2) 1.0
high-current as-implanted 806 (1) 0.36; (2) 0.22 | (1) 0.7; (2) 0.6
high-current implanted & annealed 1291 (1) 1.39; (2) 0.70 | (1) 0.8; (2) 0.9

11




Figure Captions

Figure 1. Microhardness of the N-jon implanted samples compared with that of the unim-
planted. The testing load is 5 g. The Annealing Step refers to Table 2; the data for Step 0

are from the as-implanted samples.

Figure 2. High-temperature oxidation rate as a function of the testing time. The oxidation
rate is defined as the ratio of the mass change of the sample during a given test period aand

the processed surface arez on the sample. The insert shows a simplified oxidation hehavior.
Figure 3. XRD patterns of the processed samples compared with the unprocessed one.

Figure 4. Image microscopic photographs of (a) the as-implanted surfaces and (b) the
post-annealed surfaces. The upper ones are treated by the low-current ion beams and the

lower ones by the high-current ion beams.

Figure 5. Wear tracks of (a} the as-implanted surface and {b) the post-annealed surface

‘imp[a,nted with high-current and high-dose N-ions.

12
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