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ABSTRACT

The low-temperature thermochemical hybrid process below 450°C will result
in the formation of a thin layer of supersaturated nitrogen/carbon interstitial
solid solution known as the S phase layer. This work focuses on development
and characteristics analysis of the S phase layer on AISI 316LVM (ASTM
F138) stainless steel using hybrid gas diffusion techniques. The hybrid heat
treatment process performed at 425°C for 6 hours of treatment time with the
hybrid gas composition of NHi, CHs and N: at 80%, 5%, and 15%,

respectively. Based on the XRD analysis and optical microscope micrograph,

the gas diffusion techniques are capable of forming the S phase layer on the
stainless steel. However, the thickness is not as significant as plasma
techniques. The hardness of the material is increased by about 52% compared
to the untreated material, and the unavailability of the chromium nitride
precipitates to ensure that the corrosion resistivity of AISI 316LVM does not
deteriorate. In conclusion, the hybrid gas diffusion process capable of
improving the stainless-steel properties by the formation of the S phase layer.

Keywords: Hybrid S phase, gas diffusion, low-temperature heat treatment,
316LVM.

Introduction

Stainless steel type 316L is most widely used for implant material due to its
low cost compared to titanium and cobalt alloy (Galvan et al., 2016). The use
of 316L stainless steel as a temporary implant also is approved by the Food
and Drug Association of the United States (US FDA) (Ibrahim et al., 2017).
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Austenitic stainless steel type 316L is utilized in orthopedic implants
departments such as bone fracture plates and screws, intramedullary nail, and
total hip replacements (Chen & Thouas, 2015). However, the critical problem
confronted by the clinician on a 316L stainless steel implant is the failure of
the implant due to the corrosion in adverse human body conditions (Manam et
al., 2017). To resolve the problem, low-temperature nitriding or carburizing
could be considered as an appropriate method as nitriding process below
500°C will result in an interstitial-saturated thin layer that is saturated with
nitrogen/carbon atoms (Lo et al., 2009). The thin layer called the S phase layer
or expanded austenite. The interstitial layer improves the 316L stainless
corrosion resistance, enhanced hardness, and wears resistance (Menthe & Rie,
1999).

S phase formed when austenitic stainless steel or other S phase forming
materials exposed to a large amount of nitrogen, carbon, or combination of
both carbon and nitrogen at low-temperature heat treatment in the absence of
chromium nitrides or carbides precipitation (Gontijo et al., 2006). The
formation of the S phase can be obtained from nitriding (Leyland et al., 1993),
carburizing (Rotundo et al., 2014), and the hybrid process of nitrocarburizing
(M.S. Adenan et al., 2013). There are four different techniques used to develop
the S phase, which is plasma diffusion process (Sun, 2005), ion implantation
process (Williamson et al., 1994), physical vapor deposition (PVD) process
(Parsapour et al., 2012) and gas and liquid diffusion process (Haruman et al.,
2006). The targeted surface of austenitic stainless steel should be activated by
removing the oxide layer to permit the diffusion process (Shih et al., 2004).
There are a few techniques used by the previous authors to remove the oxide
layer such as cathodic sputtering (Baranowska, 2004), using fluoride solution
(T. L. Christiansen & Somers, 2013) and using hydrochloric acid (Paijan et al.,
2012). The removal of the oxide layer denied the claim of the inefficiency of
gas diffusion techniques and proved to successfully develop the S phase layer
via low-temperature gas nitriding and carburising process.

Christiansen (T. Christiansen & Somers, 2005) use a custom built
furnace with ammonia (NHs) as nitriding gas and hydrogen (Hz) as the carrier
gas. Meanwhile, for the carburising process, carbon monoxide (CO) and Ha
was used as carburising and gas carrier respectively. The S phase was
effectively developed without the existence of carbides or nitrides. Another
study by Adenan (Mohd Shahriman Adenan et al., 2014) successfully
developed S phase layer on 2205 Duplex stainless steel. The low temperature
thermochemical hybrid heat treatment performed at 450°C for 30 hours.
During the heat treatment process, nitrogen and carbon elements were
simultaneously introduced to the furnace. The process successfully produced
a high hardness S phase layer; however, the result also found the presence of
chromium precipitation, which may affect the corrosion resistance of the
treated steel.
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According to a study by Cheng, the hybrid S phase is a superposition of
nitrogen and carbon S phase profile (Cheng et al., 2005). Thus, the hybrid S
phase receives the same benefits as both nitrogen and carbon S phase (T. L.
Christiansen & Somers, 2009).

This research focuses based on fundamental investigations on the
development and characteristics of the S phase layer on AISI 316LVM
stainless steel using hybrid gas diffusion techniques. The investigation helps
to prove the formation of the S phase layer on AISI 316LVM to obtain
improved hardness without the presence of precipitation of CrN using a low-
cost horizontal tube furnace.

Experimental procedure

Medical grade AISI 316LVM stainless steel was selected as the specimen due
to it complies with the standard EN1811 to be used for prolonged and direct
contact bio-implant. Table 1 shows the material and its alloying composition
of AISI 316LVM used in this study in weight percent. The preparation process
includes sectioning, grinding, polishing, and drying. The sectioning process of
the hot-rolled bar of 316LVM into 6mm x 10mm (length x diameter). The
specimen surface then ground using SiC paper grit size of 240, 320, 600, 800,
1000, and 1200 respectively. To achieve the mirror finish surface of the
specimen, it was polished using 3um and 1um of alumina oxide, Al.O3 powder
in water solution using a cloth-covered rotating wheel. The specimen is then
washed and cleaned using an ultrasonic cleaner where it is immersed in acetone
for 15 minutes and rinsed with distilled water. The specimen is dried using a
dryer and stored in a closed dry cabinet to avoid environmental contamination.

Table 1. Composition of AISI 316LVM

316LVM Composition (Wt%)

C Si Mn P S Cr Ni Mo Cu N Fe

0.021 | 0.49 | 1.68 | 0.018 | 0.001 | 17.43 | 14.22 | 2.77 | 0.082 | 0.055 | Bal.

The hybrid treatment was performed using a conventional tube furnace
involving a simultaneous hybrid introduction of ammonia (NH3) for nitriding,
methane (CHa4) for carburizing process and nitrogen (N2) as a gas carrier. The
flow of the gases was controlled by the flow meter and went to the mixing
chamber for the blending process before entering the furnace. The specimen is
placed on a porcelain boat positioned in the centre of the horizontal tube
furnace to ensure the optimum diffusion during the heat treatment process. The
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gases then flowed out through the outlet and channeled into the water for the
scrubbing process before released into the atmosphere. This process is
precisely monitored and controlled to obtain an accurate experimental result.
The gas diffusion hybrid heat treatment performed at 425°C at 6 hours of
treatment time. The composition of NH3, CH4, and N2 during the process is
80%, 5%, and 15%, respectively. After the treatment, the specimen then cooled
to room temperature

X-Ray Diffraction (XRD) method is utilized to analyze and examine the
crystalline structure of the material. The phase constituent of the hybrid treated
specimen analyzed using the Geiger Diffractogram of Rigaku brand. During
the analysis, Cu-Ka radiation was used with applied voltage and current at
45kV and 40mA, respectively. The data obtained from XRD was analyzed
using PXRD software provided by Rigaku. Microhardness test was employed
to measure the hardness of heat-treated specimens by using the indentation
method. For this study, the Vickers hardness test machine of model MVK-H,
Mitutoyo, is used for the hardness test. The cross-sectional of the heat-treated
specimen is prepared by bake lite hot mounting, grinding up to 1200 grit paper,
and polished up to Ipum.

Before the specimen placed on the Vickers hardness test machine, the
specimen placed under an optical microscope to ensure the quality of the
surface. When the specimen is fixed on the machine, the 10g load is applied to
the specimen for 10 seconds at ten different depth point (Naragino et al., 2016).
Hardness measurement was conducted according to ASTM E384 (Standard
Test Method for Vickers Micro-Hardness of Metallic Material) (ASTM E384-
17, Standard Test Method for Microindentation Hardness of Materials, 2017).

Results and Discussion

Phase Analysis

The phase composition of untreated and hybrid treated specimens determined
by X-ray diffractogram analysis are plotted as in Figure 1. The diffraction
pattern comparison between the samples shows that the peaks of the hybrid
treated specimens are shifting towards the lower 26 angles compared to the
untreated material. The peak shift indicates the formation of expanded
austenite or the S phase (Sun et al., 1999). The peak shifting and broadening
of the XRD pattern are insignificant due to the low amount of nitrogen and
carbon-containing solid solution as the S phase layer is very thin. The
diffraction results also show there is no formation of chromium nitride (CrN)
precipitation in the hybrid S phase layer. The formation of CrN precipitation
on top of the featureless bright white S phase layer will deteriorate the
specimen’s corrosion resistivity.
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Figure 1: XRD of Untreated and Hybrid Treated Specimen

Morphology Analysis

Based on the visual observation using an optical microscope on the specimen
cross-sectional microstructure (Figure 2), it was found that a layer is formed
uniformly on the surface of the host material. The surface layer appears to be
in bright white without any dark area on the top of the layer. The presence of
the featureless bright white layer indicates the formation of the S phase layer
(expanded austenite) (Sun, 2010).

The average layer thickness for the specimen was taken at three
different locations. For the specimen with the lowest parameter setting, the
layer thickness obtained is 1.2um. The layer thickness obtained is not as thick
as recorded by the plasma nitrocarburizing process, which about 10um at
430°C (Cheng et al., 2005) and up to 40pm (Buhagiar & Dong, 2012) as the
temperature increased. The difference in layer thickness between gas diffusion
and plasma process is related to the oxide film of stainless steel. During plasma
nitrocarburizing, the oxide film of stainless steel is eliminated by the sputtering
of the plasma gas towards the oxide film. This action activates the stainless-
steel surface for the diffusion process. Thus, the formation of the S phase on
stainless steel by plasma nitriding becomes more efficient.

59



J. Saedon et al.

Bakelite

S phase
layer

Substrate

» % s > va a '¥ﬁ |oy_r:\ 1
Figure 2: Optical micrograph of S phase layer
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Hardness

The heat-treated samples show the improvement on the hardness in
comparison with untreated AISI 316LVM SS. The ammonia and methane
introduction during the heat treatment process has formed a thin hardened
hybrid S phase layer on the host material. According to the microhardness
result obtained as in Figure 3, it is evidence that the hardness of the treated
specimen has improved. The maximum hardness of the hybrid treated
specimen obtained is 442Hvo.001. The recorded 52% increment of hardness
proved that the hybrid heat treatment enhanced the hardness of the material.

Hardness Value vs Distance from Top Surface
500.0
450.0
400.0
350.0
HVCCCl
300.0
250.0
200.0
150.0

2.5 12.5 22.5 325 42,5 52.5 62.5 72.5 82.5 92.5
Hv 4420 252.0 @ 2458 @ 2472 2458 @ 2384 2201 @ 2038 2121 2147

Distance (um)

Figure 3: Micro-hardness test of the hybrid treated specimen

The graph trends for the specimen show a steep reduction of hardness
between 5 to 10um and gradually reduced to substrate hardness at about 210
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HVo.001. The variance graph trends are due to the S phase layer thickness and
nitrogen/carbon diffusivity. The hybrid S phase layer contains a very high
amount of nitrogen, and its concentration is gradually reducing from the
surface. Thus, the thicker layer gives more advantages to the material hardness
due to the hard nitrogen-rich layer on the material surface.

Conclusion

In conclusion, it is possible to develop the S phase layer using gas diffusion
hybrid low-temperature heat treatment via a horizontal tube furnace. The
hardness increments up to 52% show the S phase layer can be beneficial in
aggressive condition application such as a biomedical implant. The S phase
layer thickness obtained is not significant (1.2 um) due to low parameter heat
treatment of temperature and holding time. The formation of the S phase is
confirmed by the XRD pattern, where the peak is slightly shifted to the left.
The peak shift is not significant due to the low amount of carbon and nitrogen-
containing solid solution as the S phase layer is very thin. The XRD analysis
also shows the absence of chromium nitride precipitates on the saturated
interstitial solid solution of the S phase layer. It is a requirement to ensure the
unavailability of the chromium nitride precipitate on the S phase layer to
preserve the corrosion resistivity of the hybrid treated material.
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