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Abstract

Conventional elevated-temperature plasma immersion-ion implantation (PIII) is usually conducted at 3508C, or above, to achieve a thick

modi®ed layer for practical engineering applications. In this paper, we focus on medium-temperature PIII treatment of SS304 stainless steel.

Two experimental protocols: high frequency, low voltage (LV); and high voltage (HV), low frequency are evaluated. The samples are

characterized by Auger electron spectroscopy, glancing angle X-ray diffraction (XRD), corrosion test, pin-on-disk friction and wear test, and

so on, to determine the composition, phase structure, as well as the tribological properties of the modi®ed layer. Our results indicate that PIII

at 3008C not only improves the mechanical properties, but also the corrosion resistance. Comparison of the wear tracks shows that 3008C-PIII

results in an 11-fold improvement in the surface-wear resistance. A procedure involving high implantation ¯ux at LV is more favorable to the

formation of a thick modi®ed layer with a higher nitrogen concentration. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Plasma immersion-ion implantation (PIII) has recently

emerged as a powerful surface-engineering technique to

enhance the surface properties of materials and industrial

components [1±5]. In order to achieve a thicker nitrided

layer in metals, treatment at elevated temperature is usually

preferred [6±10]. The targets are directly heated by the high-

incident ion-¯ux during PIII, and the target temperature can

be controlled by regulating the frequency and duration of

the high-voltage pulses applied to the samples. The process

combines conventional ion implantation and diffusion, and

effectively produces the desirable near-surface microstruc-

ture which typically consists of an outer non-equilibrium

layer, typical of nitrogen implantation, and a substantial

diffusion zone of high nitrogen content.

Austenitic stainless steels, such as SS304 and SS316,

possess relatively low hardness in the order of 200±300

kg/cm2, and the large wear in abrasively-stressed parts

leads to a short working lifetime. There are several

processes to increase the surface hardness and reduce the

wear, e.g. plasma nitriding and carburizing. However, due

to slow diffusion and the existence of a surface chromium-

rich barrier, these processes are usually operated at a high

temperature in order to attain a treatment-depth of several

micrometers in a reasonable time. In stainless steels, the

high temperature (above 4508C) leads to the formation of

chromium nitride, which binds chromium from the solid

solution, thereby lowering the corrosion resistance of the

materials. Recent work has shown that if nitriding is

performed at or below 4008C, it is possible to obtain better

surface properties. At this temperature, diffusion of intersti-

tial nitrogen is still quite substantial, while the diffusion of

substitutional chromium is prohibited, leading to a meta-

stable supersaturated `expanded austenite' phase. This has

high hardness and good wear resistance on account of the

compressive stress induced by the high nitrogen concentra-

tion. The chromium content does not precipitate as nitrides

and remains in the solid solution allowing the formation of a

protective oxide. PIII at or above 3508C and at a lower

temperature [11,12] has been investigated, but very little

work has been done at medium temperatures. In this

paper, we focus on medium-temperature PIII at around

3008C. We also compare the effectiveness of two biasing

voltages, 15 and 2 kV.

2. Experimental

A schematic of the PIII system [13] is shown in Fig. 1. A
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nitrogen plasma is ignited by four sets of hot ®laments to

achieve a uniform plasma in the vacuum chamber. The

sample is heated by the incident ion-¯ux from the plasma

when negative voltage pulses are applied. The heating rate

depends on the bias voltage, plasma density, exposed

surface area, pulse frequency, pulse duration, and heat

removal or transfer rate. The sample temperature can thus

be controlled by varying the pulsing frequency, or the ®la-

ment current, to change the plasma density. The target

temperature is monitored in-situ with an electrically-¯oat-

ing thermocouple connected directly to the target [14]. This

temperature-measurement system has been shown to oper-

ate reliably, even in the presence of electrical arcing during

the PIII process.

A SS304 stainless-steel bar, 25 mm in diameter, was cut

into discs with a thickness of 4 mm. One surface of each

sample was grounded and polished to a mirror ®nish, using

standard metallographic techniques. The medium-tempera-

ture PIII experiments were conducted at two ion energies

using two separate power modulators. For the 15-kV work, a

conventional modulator was employed [13], whereas a

newly-developed high frequency, low-voltage power modu-

lator [15,16] was employed for the 2-kV process. The latter

modulator can produce 35 kHz-square wave pulses, with a

maximum voltage of 5 kV. Before each treatment process, 2

kV Ar plasma pre-cleaning was performed, and this step

also raised the sample temperature to about 3008C. This

provided a constant starting-temperature for each experi-

ment to facilitate data comparison. The nitrogen working

pressure was 2.0 £ 1022 Pa, and the plasma density was

adjusted between 1.0 and 4.0 £ 109 ions/cm3 to maintain a

constant sample temperature. The other PIII instrumental

parameters are shown in Table 1.

3. Results and discussion

The Auger nitrogen-depth pro®les for a high voltage

(HV) sample and a 2.5-h low voltage (LV) sample are

shown in Fig. 2. The sputtering rate was 30 nm/min. For

the LV sample, the nitrogen pro®le reaches a plateau region,

with a concentration of about 20% at a depth of 0.2 mm,

followed by a diffusion tail. The phenomenon is similar to

that observed in elevated-temperature PIII experiments or

high-current density-ion implantation [17±21]. In contrast,

the nitrogen concentration in the HV sample is lower, and

the thickness of the nitrided zone is also much smaller. We

speculate that it may be caused by nitrogen out-diffusion or

sputtering, in spite of a lower total-incident ion dose

compared to the LV sample, and more work must be done

to identify the mechanism.

The X-ray diffraction (XRD) spectra (Cu Ka) at an inci-

dent angle of 58 are displayed in Fig. 3. The diffraction

spectra acquired from the samples treated at LV reveal the

formation of new phases. The broad peak near 418 is thought

to be the diffraction pattern of a mixture of the expanded

austenite gN and g 0-(Fe,Cr,Ni)2N [11]. However, the gN

peak has a low intensity compared to the austenite peak.

This indicates that the gN phase is relatively sparse, or

forms at a shallow depth. In comparison, for the 4508C
sample, the primary austenite phase-diffraction pattern has

almost disappeared, and only the signal corresponding to the

expanded gN phase exists. Thus, our data show that the

formation of the gN phase is more dependent on the implan-

tation temperature. For the sample treated at HV, no new
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Fig. 1. Schematic of the PIII apparatus and the in-situ temperature-

measurement set-up.

Fig. 2. Auger depth pro®les of the LV and HV 2.5-h samples.

Table 1

PIII-treatment parameters

Sample Voltage

(kV)

Pulse duration

(ms)

Pulse

frequency

(Hz)

Treatment

time (h)

1 2.0 20 8000 2.5

2 2.0 20 8000 5

3 15 30 350±400 2.5



phase can be detected because of the thinner modi®ed layer

and lower implant dose, as shown in Fig. 2. For the LV, 5-h

sample, the gN(220) (the peak near 708) appears in the XRD

pattern, besides the gN(111) peak. Hence, our X-ray data

illustrate that for our experimental conditions, the sample

temperature is the primary factor in¯uencing the formation

of the new phase, including gN, followed by the implanted

dose. It is mainly due to the higher incident ion-¯ux, facil-

itating rapid nitrogen diffusion to form in a thicker modi®ed

layer.

Microhardness measurements were conducted on a HX-

1000 microhardness instrument, and the relationship with

the applied load is demonstrated in Fig. 4. It was found that

the surface microhardness of all the treated samples was

enhanced signi®cantly, especially for the LV samples. The

implanted dose and diffusion time evidently in¯uence the

hardening effects. For the HV sample, the microhardness

decreased quite quickly with increased applied load, and

reached the same value as the untreated sample at a lower

applied load, compared to the LV samples. On the other

hand, the LV samples demonstrated a higher surface hard-

ness up to a load of 500 g, indicating the formation of a

thicker modi®ed layer.

The friction and wear behavior of all the treated samples

based on pin-on-disk tests were also improved as illustrated

in Figs. 5 and 6. The applied load was 100 g, using a 3-mm

radius silicon nitride ball. All the friction coef®cient curves

show a monotonic tendency, indicating a smooth modi®ed

layer produced at an elevated temperature. This is unlike the

results obtained under low-temperature PIII, when a sudden

`breakthrough' was observed in the pin-on-disk test [22].

Comparing the two LV samples, the longer treatment time

gave rise to a better friction behavior. The friction property

of the HV sample is more superior. This can perhaps be

attributed to nitrogen solution-strengthening and a greater

compressive stress induced by the higher bombardment

energy. Similar to the friction characteristics, the wear resis-

tance of all the treated samples was also substantially

improved, as shown in Fig. 6. However, in contrast with
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Fig. 3. Glancing XRD patterns acquired from the four samples: (A), LV, 3008C, 2.5 h; (B), LV, 3008C, 5 h; (C), LV, 4508C, 40 min; (D), HV, 3008C, 2.5 h.

Fig. 4. Microhardness versus applied load for the four samples.



the friction results, the HV sample demonstrated a higher

wear-rate than the LV samples. Among the two LV samples,

a longer treatment time led to better wear resistance. In fact,

the wear track-size of the 5-h sample is hardly visible and on

the order of the surface roughness. Comparison of the cross-

sectional area of the wear tracks shows that medium-

temperature PIII gives rise to a wear-resistance enhance-

ment of a maximum of 11.25 times in our experiments.

The potentiodynamical polarization test was performed

using the Model 342 softcorrve corrosion-measurement

system. The 2% NaCl solution was made from analytical-

grade reagent and distilled water. The scanning rate was 0.5

mV/s. The measured results for the untreated, as well as

treated samples, are shown in Fig. 7. After plasma treat-

ment, the corrosion potential was unequivocally increased,

and the polarization curves shifted to the left compared to

that of the untreated sample, implying an improvement in

the corrosion resistance. The corrosion potential of the

untreated sample was about 2400 mV, whereas that of all

the treated samples was higher at 2200 mV. This can be

explained by the formation of the gN-phase in the LV

samples, and the HV treatment helps to stabilize the protec-

tive oxide layer on the surface [23]. The polarization curves

show that a LV process yields better corrosion resistance.

Our data unequivocally demonstrate that medium-

temperature PIII leads to a considerable improvement in

both the wear and corrosion resistance of SS304 stainless

steels. New phases, consisting of a mixture of expanded

austenite and g 0-(Fe,Cr,Ni)2N, were formed in the modi®ed

layer of the LV samples. This structure is quite different

from that obtained using low-pressure ion nitriding [24].

In previously reported results, the main components of the

nitrided layer were 1-Fe3N and (Fe,Cr)2N, and the primary

austenite peak was absent. We suspect that it was due to

hydrogen as a carrier gas and the higher working pressure of

10±15 mTorr. In our experiments, no new phase was

observed in the HV sample. Nonetheless, regardless of the

operating mode, the corrosion resistance of all of the treated

samples was improved, as demonstrated in Fig. 7.

The LV sample with a longer implantation time has the

best wear-resistance property, which can be ascribed to

deeper diffusion of implanted nitrogen. Our AES data

show that the retained dose of the LV sample is considerably

more than that of the HV sample. In situations when no

external heating is supplied and the sample is only heated

by the incident ion-¯ux, the LV mode is better due to its

higher incident ¯ux. In contrast, in the HV process, the

implantation rate must be reduced to maintain the pre-deter-

mined treatment temperature [25,26], thereby leading to

thinner layers, and hence, lower microhardness and higher

wear-rate.

4. Conclusion

PIII of SS304 austenitic stainless steel was conducted at a

medium temperature of 3008C, using both high and LV

modes. Our data show that medium-temperature PIII treat-

ment results in an improvement in both the wear and corro-

sion resistance, and the LV process yields more superior

tribological and corrosion-resistance properties. The differ-

ence between the two modes may be due to the ion-¯ux and

the retained dose. Thus, our data show that a higher implan-

tation ¯ux (that is, a higher implanted dose for the same

treatment time) is more crucial than a high implantation

voltage.
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Fig. 5. Coef®cients of friction versus turns in pin-on-disk tests for the four

samples.

Fig. 6. Wear track cross-sectional areas obtained after 900 turns at a

loading of 100 g.

Fig. 7. Potentiodynamic polarization curves obtained in a solution of 2

wt.% NaCl.
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