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Abstract: In this work, commercial stainless steel AISI 316 substrates were plasma
carbonitrided using a microwave-plasma-enhanced chemical vapour deposition
(MPECVD) system. The substrates were subjected to four different methane, nitrogen and
hydrogen ratios while other deposition parameters, such as microwave power, chamber
pressure and substrate temperature were held constant throughout the study. The
hardness and the friction coefficient of the treated layers were measured using a Micro
Vicker hardness tester and a pin-on-disc tribometer, respectively. The morphology and
elemental analysis of the carbonitrided layers were observed using a field-emission
scanning electron microscope (FESEM) and energy dispersive X-ray (EDX)
spectroscopy, respectively. The test results show the following phenomena: (a) the
hardness of the plasma carbonitrided layer increases with increasing methane gas
content in the methane, nitrogen and hydrogen mixtures, (b) the friction coefficient
decreases with increasing methane gas content; and (c) the surface roughness increases
with increasing methane gas content in the methane, nitrogen and hydrogen mixtures.
These phenomena could be due to the diffusion of N and C atoms into the substrate,
which resulted in the formation of carbonitrides and nitrides of iron and chromiumin the
stainless steel substrate. The test results also show that a nitrogen-methane-hydrogen
ratio of 87:3:10 gives the best mechanical and tribological characteristics in
carbonitrided specimens.
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1 INTRODUCTION

Stainless steel is widely used in the food, chelninadical and vacuum-
moulding tool industries due to its excellent cerom and oxidation resistance at
high temperature. However, stainless steel hasiear resistance and hardness,
and poor tribological characteristics, which liriig usage in some engineering
component applications. Plasma nitriding and cathdimg processes are used
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to improve mechanical and chemical properties sschardness, wear resistance
and anti-scuffing characteristitsPlasma carbonitriding is a thermochemical
processes in which methane and nitrogen are intemtiunto the deposition
chamber under vacuum to generate a gradient otiQ\an the surface region of
metallic samples. Plasma nitriding and carbonitigdprocesses introduce more
and faster nitrogen and carbon diffusion into suaites$, thus allowing for shorter
diffusion times and lower processing temperatures.

Carbonitriding at temperatures above 456an result in the formation of
CrN or CrC on the substrate surface, which bind®mium from the solid
solution and thus lowers the corrosion resistarfcth® samplé. Introducing a
large amount of hydrogen or a small amount of deegy during the plasma
process can reduce chromium precipitation, thusramipg the corrosion
resistancé. Carbonitride processing is more useful than cashtion for steel
subject to wedrand also exhibits a better corrosion resistanaa that of pure
nitrided and carburised layet&lawert and his co-workers found that the carbide
phases are responsible for the significant incréasaicrohardness as well as
carbon-expanded austenite through plasma cartioriSaThe objective of this
study was to investigate and disctiss effect of the methane and nitrogen ratios
on the mechanical and tribological properties ofboaitrided stainless steel
samples.

2. EXPERIMENTAL

In this work, carbonitrided samples were prepémgadnicrowave-plasma-
enhanced chemical vapour deposition (MPECVD). A mential stainless steel
sample with the following composition (wt%) was disa this study: C, 0.7; P,
0.03; S, 0.05; Mn, 1.38; Cr, 15.48; Mo, 1.79; \WQ9.Si, 0.39; Ni, 9.68; and the
remainder was Fe. Samples were marked A, B, C acdrtesponding to different
methane and nitrogen contents. Other process ptgemeere held constant as
shown in Table 1. A coin-shaped sample with a dtam& 30 mm and thickness
of 5 mm was polished to a surface finish ofué using SIC emery paper and
emery cloth with diamond paste. Prior to the dapmsiprocess, the substrate was
ultrasonically cleaned with acetone for 30 mintitesemove any contaminations on
the substrate surfaces. The samples were therdptatee deposition chamber of a
MPECVD system for carbonitriding.
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Table 1: Plasma carbonitriding process parameters.

Deposition parameters A B C D
CH4:N2:H, (%) 1:89:10 2:88:10 3:87:10 4:86:10
Microwave power (kW) 15 15 15 15
Frequency (GHz) 2.45 2.45 2.45 2.45
Substrate temperature (°C) 450 450 450 450
Chamber pressure (torr) 1 x10 1x10* 1x10* 1x10*

After the carbonitriding process, the sample wagested to microhardness
measurement, friction tests, AFM observations amlastructural examinations. A
Vickers microhardness tester model AKASHI MVK-E wased to measure the
hardness of the sample. The measurement was ceddusing a 25-g load with a
diamond tip. Theribological characteristics of the sample wereleated using a
pin-on-disc tribometer model CSEM at a sliding sped# 3.50 cm/s over a
distance of 300 m with a load of 10 N under drgtfan conditions. An alumina
ball 6 mm in diameter was used as a static patimehis test. The friction
coefficient versus sliding distance was recordedl then examined to determine
the frictional characteristics of the sample.

The carbonitrided samples were subjected to frictists, microhardness
tests, AFM observations and microstructural exationa. The tribological
properties of the treated samples were evaluated @spin-on-disc tribometer
model CSEM at a sliding speed of 3.50 cm/s ovestawce of 300 m with a load
of 10 N under dry conditions. An alumina ball 6 nimdiameter was used as a
static partner in this test. The friction coeffitieversus sliding distance was
recorded and then examined to determine the frniaticharacteristics of the
samples. A Vickers microhardness tester model AKABWK-E was used to
measure the hardness of the samples. The measuremerconducted using a
25-g load with a diamond tip and Knoop indenter.

Samples for AFM measurement were cut to a siz&dahi x 10 mm x

5 mm and then ultrasonically cleaned using ethdool15 minutes. AFM
measurement analysis was performed using AFM Stamaduipment. Samples
for surface examination were ultrasonically cleafied30 minutes using ethanol.
Samples for subsurface examination were cut, seafiomounted and polished
to a surface finish of 1 um and finally etched wiffdler etchant. The
microstructure of the carbonitrided layer was asedly by field-emission
scanning electron microscopy (FESEM, LEO 1525) sithenergy dispersive X-
ray analyser attachment.
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3. RESULTSAND DISCUSSION
31 Microstructure

Microstructural examination revealed that N and @rev mainly
incorporated into the existing iron lattice as istitial atoms or as a finely
dispersed alloy precipitate in the diffusion layas, shown in Figure 1t was
observed that smaller nitride and carbide grairtipiates were deposited onto
the substrate surface when a methane and nitragienaf 1:89 was introduced
into the chamber (Figure 18)s the methane gas content increased to 2%, the
agglomerated nitride and carbide precipitates foromethe substrate surface.
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Figure 1. SEM surface morphology of the carbonitddsamples: (a) sample A,
(b) Sample B, (c) Sample C, (d) Sample D.
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Subsequently, when the methane content was inctetse3%, the
solubility limit of nitrogen and carbon in the f#ic matrix was reached. Finally,
coherent nitride and carbide precipitates were &atron the carbonitrided layer,
covering the substrate surface with pores, as shiovirigure 1c. At a methane
content of 4%, the formation of nitride and carbidkes saturated, resulting in the
formation of a smooth carbonitrided layer (Figudy.1

Figure 2 shows that the carbonitrided layer wasséeand uniformly
diffused into the substrate material. The diffusedbonitrided layers increased
with increasing methane percentage up to 3% anddbereased as the methane
content increased to 4%. The decrease in the ciiided layer thickness is
thought to be a result of the saturated formatibmetal nitride and carbide as
the methane content increased to 4% (Figure 1d).
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Figure 2: SEM cross-section morphology: (a) san@léx1k), (b) close-up view at the
interface (x5k).

Figure 3 shows the energy dispersive spectrostiopyprofiles of the
carbonitriding layer. It can be seen that carbod aitrogen were observed to
have diffused into the subsurface of the staindtssl substrate. This resulted in
the formation of nitrides and carbides of iron @hdomium in the stainless steel
substrate, leading to the higher hardness and mgeitance of the carbonitrided
samples.
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Figure 3: EDS analysis on the carbonitiriding lapérsample D: (a) cross-section line
scan, (b) EDS Spectrum of carbon, (c) EDS Spectrunitrogen.
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3.2 Microhardness

Figure 4 shows the microhardness of a carbonitrgdadple at a load of
25 g. The test results show that the plasma cariging process increased the
microhardness of the sample depending on the eitrogethane-hydrogen ratio.
The hardness of the untreated commercial stairde=ss substrate was 207.9
HVo.05 Sample C, which featured 3% methane gas, waddngest, with a
reading of 752.2 HV, whereas Sample A, which us#dmethane gas, showed
the lowest hardness value of 600.4 HV. The micrdhess increased with
increasing methane gas content up to 3%, reachmgx@mum hardness of 752.2
HV, which was then reduced to 642.8 HV when the hawe¢ gas content
increased to 4%. In this process, the carbonigideaction not only occurs at the
surface but also in the subsurface region of tleeispen owing to the diffusion
of N and C atoms into the substrate. This phenomeesulted in the formation
of carbonitrides and nitrides of iron, chromiumg.etin the stainless steel
substrate, thus greatly enhancing the surface basdof the treated sample.
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Figure 4: Hardness of untreated and carbonitridizidiess steel coupon.

Knoop indentation produces a smaller indentati@m tiickers hardness
testing; thus, the hardness profile of a crossi@gectf the carbonitrided layer can
be observed. The load used for this measuremenS@ag and measurements
were taken at intervals of 10 microns. It can bensfom Figure 5 that the
hardness of the near-surface region, about 10 medrom the surface, recorded
the highest reading, which subsequently decreasetha distance from the
surface increased. This hardness profile can bd tsemonitor the depth of
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carbon and nitrogen diffusion into the titanium swate. For the sample
carbonitrided with 2 and 3% methane, the diffusiayer was estimated to be
about 150 microns from the surface (Figure 9).tRersample carbonitrided with
1% methane, the diffusion layer was estimated takmait 100 microns from the
surface. This shows that the diffusion depth of flanA is lower compared to
the sample carbonitrided at a higher methane gagcD
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Figure 5. Knoop microhardness: (a) microhardnes®filer (b) microhardness
indentation on sample C.

3.3 Surface Roughness

Figure 6 shows a 3D surface model of the carbaleitfisurface obtained
by atomic force microscopy under different nitrogeathane-hydrogen ratios.
When a methane-nitrogen-hydrogen ratio of 1:89:H% wntroduced into the
chamber (Figure 6a), nitrogen aocdrbon atoms condensed into suitable nuclei
sites. A strong substrate/coating atom interaatésulted in low adatom mobility
and a high density of nuclei, producing smallerirgisazes in the carbonitrided
layer and a smoother surface. As the methane domeneased up to 3%, high
adatom mobility and the ease with which nuclei agréaterally increased the
formation of pores at the interface (Figure 6¢)isTphenomenon resulted in an
increase in the surface roughness of the carbdedtrlayer, as shown Figure 7.
At a methane content of 4%, the carbonitrided ldygrame smoother as a result
of the saturation of nitride and carbide formation.
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Figure 6: Surface roughness of the carbonitridethea.
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Figure 7: Surface roughness of the carbonitridethsa.

34 Friction and Wear

Figure 8 shows that all carbonitrided samples dtddb lower
coefficients of friction (COF) compared with thetrgated sample; in addition,
the COF was observed to depend on the methanentdnteoduced into the
deposition chamber. It was observed that the dserisathe COF with increasing
methane content may be due to the diffusion of>aess amount of carbon as
shown in Figure 8. The higher the methane gas nothat was introduced into
the chamber, the higher the amount of carbon tlatsdd into the substrate
became, which eventually reduced the friction doefiit due to the formation of
graphite as a solid lubricant.
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Figure 8: Graph of Friction Coefficient againstdslg Distance.

In the early stage of sliding, a static alumind bals observed to slide
along the carbonitrided layer with a COF of 0.2. the sliding progressed, the
carbonitrided layer started to deteriorate, thugeiasing the friction coefficient
value depending on the methane and nitrogen caent&éhe higher the methane
content that was introduced into the chamber,dhveill the COF became. Figure 8
also shows that the COF of the carbonitrided sasnpée still lower than the COF
of the uncoated sample, even after a distance @M3€tres. This shows that the
carbonitrided layer of the carbonitrided samplesyaieed undamaged. If the
carbonitrided layer had been damaged and exposedirtreated surface, the
friction coefficient reading would have been apjrately 0.8, which was the COF
reading of the untreated sample. This indicates tha carbonitrided layer
supported good adhesion between the carbonitridiestisite interface and, at the
same time, reduced the friction coefficient.

Figure 9 shows that the wear track of Sample C thadshortest wear
track width, compared to the other samples. Thesvstthat Sample C is superior
in terms of wear resistance. This can be attribtieitt higher surface hardness
(Figure 4) and lower friction coefficient (Figurd. 8hen the methane content
was increased to 4%, the wear track width was obsgeio become larger, which
was thought to be due to the saturation of nitadd carbide formation on the
surface (Figure 1d and 6d); this subsequently redluthe surface hardness
(Figure 7). Based on the above observations, itdcbe concluded that Sample
C, with a methane-nitrogen-hydrogen ratio of 3:87:frovided the optimum
results.
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Figure 9: Optical micrographs of worn surfaces (§;4a) untreated, (b) sample A, (c)
sample C, (d) sample D.

4, CONCLUSION

A carbonitriding layer was successfully depositetbaa stainless steel substrate
using MPECVD system. Test results show that théasarhardness and wear
resistance of the carbonitriding layer increases wicreasing methane content
up to 3% and then is slightly reduced when the arelcontent increases to 4%.
A methane content of 4% results in the saturatibmetal carbide and nitride
formation. It was also observed that the formatadna carbonitriding layer
reduces the COF, though the rate of reduction digpen the gas mixture ratio.
The higher the methane gas content introducedtireadeposition chamber is,
the lower the COF will become. Based on the optimomachanical and
tribological results, it could be postulated thia¢ toptimum methane-nitrogen-
hydrogen ratio is 3:87:10.
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