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Abstract

AISI 316 LM samples were plasma nitrided at a temperature of 380°C for different times between 0.5 and 8 hin a 85%N ,-
15% H, gas mixture. Different experimental techniques such as: optical microscopy (OM), X- ray diffraction (XRD ) and
glow discharge optical emission spectroscopy (GDOES) were used to characterize the expanded austenite layer formed at
the surface of AISI 316 LM stainless steel. The microscopical observations revealed the presence of the expanded austenite
with a mean layer thickness between 1.90 and 4.31 um. The growth kinetics of expanded austenite was also investigated.
In addition, both the compressive stresses in the expanded austenite layer and the compositional strains were estimated by
means of a simple mechanical model based on the XRD results.
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1. Introduction

Plasma Nitriding is one of the widely used
surface treatments methods to improve the surface
hardness and wear resistance of various
engineering materials such as austenitic stainless
steels. These materials are widely employed in
many  industrial  areas such as offshore
installations, construction industry and chemical
tankers due to their very high general corrosion
resistance [1-3]. Unfortunately, their low
hardness and poor wear resistance seriously
limit these applications [4-8].

Austenitic stainless steels can also be employed
in orthopedics since they have good mechanical
properties and they are biocompatible [9]. The
plasma nitriding techniques are known to improve
both surface hardness and corrosion resistance of
austenitic stainless steels at low temperatures. As a
consequence, a modified surface layer essentially
composed of a metastable phase, known as
supersaturated or expanded austenite [10-17] or S-
phase [18-21] is formed without loosing the
resistance to corrosion.

The expanded austenite, which is the nitrogen-
rich phase, is the result of nitrogen atoms
occupying the fcc octahedral sites until the
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saturation level is reached [22]. This diffusion of
nitrogen atoms leads to the distortion of crystalline
structure by inducing a high density of stacking
faults.

It is known that the properties of expanded
austenite depend on the used gas mixture. For
indication, Negm [23] investigated the effect of
(H,/N,) pressure ratios on the plasma nitriding of
AISI 304 steel. He said that the addition of
hydrogen up to 50%, might improve the efficiency
of plasma nitriding. Hudis [24] also concluded that
the addition of hydrogen gas to nitrogen gas
provides more effective cleaning of treated
samples. Furthermore, it is reported that the
growth kinetics of compound layers on AISI 316
steel is increased with increasing N, content in the
gas mixture up to approximatively 80% [25].

The present work focuses on the experimental
study of the expanded austenite formed on AISI
316LM steel after plasma nitriding at 380°C in a
85%N,-15% H, gas mixture for different treatment
times (from 0.5 to 8 h). The growth kinetics of
expanded austenite was also studied. In addition, a
mechanical model was used to estimate the
compressive stresses and compositional strains
induced by nitrogen diffusion.
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2. Experimental details

The material used in the present investigation is
AISI 316 LM austenitic stainless steel having a
chemical composition given in Table 1. AISI 316 LM
means a medical grade stainless steel. The material
was received in the form of a cylindrical rod and was
machined into test samples of 20 mm diameter and 5
mm thick.

Table 1. Chemical composition of AISI 316 LM austenitic
stainless steel (given in weight percent)

Fe | C |[Mn| Si| S P | Cr |Ni|Mo|Cu| N
62.72(0.017/1.79/0.38/<0.0020.019/17.4314.72.74/0.16| 0,04

Before plasma nitriding, the samples wet
grounded using a series of emery papers down to 1200
grade, followed by fine polishing using 3 pm diamond
paste. Afterwards, they were ultrasonically cleaned
with alcohol and rinsed with distilled water in
succession before being placed into the reactor
chamber.

Plasma nitriding was carried out using a 800 Hz
pulsed d.c. discharge, with a 0.8 duty cycle ratio (ratio
of the pulse duration to the pulse period). The
nitriding treatments were performed under a working
pressure of 3 mbar in a mixture of (85%N,-15% H,).
The voltage applied between cathode and anode was
between 490 and 500 V with a current intensity of
0.20 A. The sample temperature was controlled during
the treatment using a thermocouple embedded in the
substrate holder. At the end of the treatment, the
samples were slow cooled down under vacuum.

The microstructure and morphology of the
nitrided samples were examined under an optical
microscope (OLYMPUS VANOX AHMT?3). Before
microscopic examination, the polished cross-sections
of the samples were etched for 2 min in the Curran
reagent (FeCl, 30 g + HCI1 30 ml + H,0 120 ml ). The
thicknesses of the nitrided layer were measured by
cross-sectional micrographs at several different zones.

In order to identify the phases present in the
nitrided layer, the XRD analysis was carried out using

a Philips X-ray diffractometer with a Co-Ka radiation
(A, =0.178889 nm) in a conventional 6-20 Bragg-
Brentano symmetric geometry.

Composition depth-profile analysis was carried
out by means of Glow Discharge Optical Emission
Spectrometry (GDOES) using JOBIN YVON 1000
RF PROFILER analyzer. This equipment was
calibrated for all the alloying elements found in
stainless steel with special attention to nitrogen
element.

3. Experimental results and discussion
3.1 Microscopic observations of the expanded
austenite

Figure 1 shows the optical micrographs of the
cross-sections of the plasma nitrided samples at 380°
C for increasing times (from 0.5 to 8 h). It reveals the
formation of nitrogen—rich phase called expanded
austenite after etching with the Curran reagent.

The nitrided layer looks very dense and
continuous with a difference in thickness depending
on the treatment time. This thickness reached a value
of 4.31 um after 8 h of treatment while it was only of
1.90 um for 0.5 h of treatment. In comparison, Wang
et al.[26] have obtained a layer thickness close to 2.3
pm for the expanded austenite layer when plasma
nitriding the AISI 304L steel at 420 °C for 0.5 h.
Keddam et al. [17] have obtained a thickness of 9.7
pm during 8 h at 420 °C for the expanded austenite
formed in AISI 316 L steel when using a 90%N,-10%
H, gas mixture. In addition, Nosei et al. [27] have
plasma nitrided the AISI 316 L steel using a gas
mixture of (25%N,+75%H,) and obtained an
expanded austenite layer of approximatively 5 um in
thickness for 0.5 h of treatment at 400 °C. It puts in
evidence that the gas composition exerts an influence
on the growth kinetics of expanded austenite.

3.2 The growth kinetics of expanded austenite

Figure 2 describes the time dependence for the
thickness of expanded austenite. The growth law of
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Figure 1. Optical micrographs of the cross-sections of the nitrided samples at 380°C for different times: (a) 0.5 h, (b) 1 h,

(c)2h, (d) 4K and (e) 8 h
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this layer can be given by Equation (1):
(1

where the variable u denotes the layer thickness of
expanded austenite in (um) and t the treatment time in
hour. Assuming a semi infinite medium [28], in which
the nitrogen diffusion proceeds through the layer of
expanded austenite, the effective diffusion coefficient
of nitrogen in the expanded austenite can de obtained
by identifying Equation (1) to Equation (2).
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Figure 2. The time dependence for the layer thickness of
expanded austenite

The value of 1.95x10™* cm?s! was determined as
the effective nitrogen diffusion coefficient in the
expanded austenite at 380°C. By this way, Keddam et
al. [17] have obtained a value of 11.1x10™" cm?s™ at
420°C when using a gas mixture of (90%N, + 10%H,)
for AISI 316 L steel. In addition, Moskalioviene et al.
[29] have evaluated the nitrogen diffusion coefficient
in AISI 316 L stainless steel at 400°C treated by
plasma nitriding process using a gas mixture of
(60%N, + 40%H,). Using the kinetic data reported by
these authors [29], the diffusion coefficient of
nitrogen in the expanded austenite was estimated as
4.8x107"? cm?s! at 400°C from Equation (2).

3.3 XRD analysis

Figure 3 gives the XRD patterns of the samples
plasma nitrided at 380°C for different times (from 0.5
to 8 h). In the plasma nitrided samples, the y(111) and
7(200) peaks were shifted towards lower angles,

suggesting the expansion of the fcc lattices by
dissolved nitrogen atoms. So, the presence of
expanded austenite was evidenced by the diffracting
peaks with a shift of 20 angles towards lower values
compared to the diffracting peaks of austenite phase.
This behaviour can be explained by a high distortion
of the austenite lattice due to the incorporation of a
large amount of nitrogen concentration [30-32]. In
addition, the shift of the austenite peaks to lower
angles indicates compressive residual stresses in the
nitrided layer. The broad diffraction peaks
corresponding to the expanded austenite can be
observed in addition to austenite reflections from the
substrate material. This broadening is probably due to
the gradient of nitrogen concentration through the
nitrided layer.

Based on XRD results, there is only a single phase
(expanded austenite) at the surfaces of AISI 316 LM
steel nitrided at 380°C with a gas mixture of (85%N,
+15% H,).
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Figure 3. XRD patterns of the samples nitrided at 380°C
for different treatment times

3.4 GDOES profiles

Figure 4 displays the nitrogen profiles obtained by
GDOES analysis on the surfaces of the samples
nitrided at 380°C for increasing treatment times.

It is seen that the layer thickness of expanded
austenite linearly varies with the square root of
treatment time. This result is compatible with the
microscopic observations (see Figure 1) where the
layer thickness of expanded austenite is increased as
the time duration changes from 0.5 to 8 h.
Furthermore, the nitrogen concentration at the
material surface rises with the treatment time due to
the dissolution of a large amount of nitrogen atoms in
the lattice of expanded austenite (see Figure 4).
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Figure 4. The nitrogen profiles obtained by GDOES
analysis on the surfaces of the samples nitrided at
380°C for increasing treatment times

4 The mechanical model

To evaluate the compressive stress and the
compositional strain induced by the nitrogen diffusion
in the layer of expanded austenite, a mechanical
model recently developed by Czerwiec et al. [33] was
used for this purpose. This model, based on the
Hooke’s law, considers a planar stress state in the
layer of expanded austenite. In the X-ray diffraction
reference frame and a 6-20 configuration with non
zero y angle, the mean elastic diffraction strain is
given by Equation (3) in case of the quasi-isotropic
samples [34]:

<elfl >=28" <o > +%S§”" <o >sin’(¥) (3)

Slhkl =(Sp, +So4u) 4)
The A,,, parameter given by Equation (5) depends

on the Miller indexes of the [h k 1] crystallographic
direction as follows:

(hk)2 + (hl)2 + (kl)2
Ay = (h2 e +12)2 ®)
S:H = (Sn - S12 _3S0Ahk1) (6)
So=(8,,=5,-0.5S8,) 7

The numerical values of mechanical constants
[35, 36] involved in equations (6) and (7) are listed in
Table 2.

Table 2. Constants used in the mechanical model taken
from references [35] and [36]

Constants S, S, S, S

Unit (Pa™) 1.065x10™"| 10.7x 1072| —4.25x 10™%| 8.6x 1072

The mean elastic diffraction strain is the difference
between the mean total strain in the [h k 1] direction
and the dilatational or compositional strain given by
Equation (8):

<gy! >=< gy, >—<e > (8)

The mean lattice parameter, determined by X—Ray
diffraction, is related to the mean total strain in the
[h k 1] direction by Equation (9):

<a™ >=a[l+ <&l >] )

By the same way, the isotropic stress free lattice
parameter of the expanded austenite related to the
compositional strain, can be obtained from Equation
(10) as follows:

<a(Cy,0 =0)>=q[l+<e >]

(10)

where a, is the lattice parameter of the substrate
(a,= 0.359 nm for AISI 316 LM steel).

For an angle of y= 0 in a 6-26 configuration for the
X-ray diffraction reference. The expression of the
mean lattice parameter can be expressed by Equation

(11):

<a™ >=q[1+2S,<0 >+<e>]+25, <0 >a,4,, (11)

A linear relation was observed experimentally
between the mean lattice parameter and the
orientation factor given by Equation (12):

(12)

By identifying Equation (11) to Equation (12), it is
possible to deduce the values of the compressive
stress and the compositional strain as follows:

<d" >=a+B4,,

B
< >=
AT (13)
and
cese[L 5Py (14)
a, Sy,

In addition, a linear relation exists also between
the mean nitrogen concentration C, (at.%) in the
expanded austenite and its lattice parameter (in nm)
according to Picard’s relation [37] :

(15)

By identifying < a(C,, 6=0) > from Equation (10))
to the lattice parameter of expanded austenite from
Equation (15), the mean nitrogen concentration in the
expanded austenite can be readily determined.

a, =(0.3587+9x107Cy)
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4.1 Determination of the compressive stresses
and the compositional strains in the expanded
austenite

The expanded austenite once formed on the
surface substrate exerts a compressive state on the non
nitrided core. The nitrogen diffusion significantly
affects the stress state of the modified surface via the
plasma nitriding treatment. The resultant misfit must
be elastically accommodated to maintain the layer of
expanded austenite attached to the rest of substrate.
The mechanical model presented here constitutes a
simple tool for studying the mechanical properties of
the expanded austenite. The present model was then
used to estimate the compressive stresses in the
expanded austenite and the compositional strains.
Table 3 lists the calculated values of compressive
stresses along with the induced compositional strains
obtained by the mechanical model for the samples
nitrided at 380°C for different times (from 0.5 to 8 h).

Table 3. Estimation of the compressive stresses, the
compositional strains in the expanded austenite
and its nitrogen concentration as a function of the
treatment time at 380°C

Time
<o= | o % (200) a, (1D C, (at.%)
(h) (GPa) (nm) (nm) | Equation
(15)
0.5 -3.79 0.0395 | 0.3848 | 0.3751 16.1
1 -2.13 0.0365 | 0.3786 | 0.3732 14.8
2 -4.18 0.0424 | 0.387 | 0.3763 17.2
4 -3.12 0.0593 | 0.3898 | 0.3818 24
8 -3.51 0.0606 | 0.3915 | 0.3826 24.5

The calculated values of compressive stresses in
the expanded austenite are ranging from 2.13 to 4.18
GPa while the values of compositional strains are
between 3.65 and 6.06 %. In Table 3, the calculated
values of mean nitrogen concentration in the
expanded austenite were determined using Equation
(15).

From Table 3, it is noted that the calculated values
of compressive stresses are depending on the
treatment time. However, a lower value of the
compressive stress (=2.13 GPa) was obtained for a
treatment time of 1 h. This fact can be ascribed to the
stress relaxation induced by plastic deformation of the
expanded austenite layer. In this sense, Borgioli et al.
[15] showed that the presence of slip lines observed
by optical micrographs in a plasma nitrided of
austenitic stainless steel is the consequence of the
development of compressive stresses in the expanded
austenite.

When the residual stress, induced by the formation
of expanded austenite, exceeds the maximum yield

stress, a plastic deformation occurs giving rise to slip
lines and stacking faults. In fact, these stacking faults
can be considered as partly responsible for the X-ray
diffraction peaks shifting from the free stress lattices.
This effect can be observed by the set of slip bands
developed within the grains of treated sample [38].

Keddam et al. [17] have plasma nitrided the AISI
316 L steel using a gas mixture of (90%N,+ 10% H,)
and they have estimated the values of compressive
stresses for the expanded austenite. The authors have
noticed that the values of compressive stresses in the
expanded austenite are influenced by the gas
composition. The estimated values of compressive
stresses obtained by Keddam et al. [17] are slightly
different from the results displayed in Table 3 for the
plasma nitrided AISI 316 LM steel. For indication, the
maximum value of estimated compressive stress was
3.7 GPa for 2 h of treatment with a gas mixture of
(90%N,+ 10% H, gas) for AISI 316 L steel [17].

In the present work, the maximum value of
estimated compressive stress is 4.18 GPa for 2 h at
380°C with a gas mixture of (85%N,+ 15% H,) for
AISI 316 LM steel.

It is clearly seen that the proportion of H, in the
gas mixture exerts an influence on the dissolution rate
of nitrogen at the surface of treated material. The
values of mean nitrogen concentrations calculated
from Equation (15) are influenced by the time
duration.

Table 4 shows a comparison between the mean
values of nitrogen concentrations in the expanded
austenite taken from the GDOES curves and those
estimated from the XRD results

A discrepancy was then observed between the
results from the GDOES analysis and those obtained
by the XRD analysis. In fact, the XRD results did not
take into account the averaged values resulting from
the penetration of Co-Ka radiation in the material.
Table 4. Estimation of the mean values of nitrogen

concentrations for the expanded austenite by two
methods at different times

0
Tine () | from (G‘lgé’gs fmmC)N(%Z?alysis

analysis

0.5 23 16.1

1 26 14.8

2 27 17.2

4 30 24
3 30 24.5

4. Conclusions
In the present investigation, the AISI 316 LM steel

was plasma nitrided at 380°C between 0.5 and 8 h in
a 85%N,-15% H, gas mixture. Based on the XRD
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studies, the expanded austenite was formed on the
surfaces of AISI 316 LM steel having a mean
thickness between 1.90 and 4.31 um. It is found that
expanded austenite layer obeyed the parabolic growth
law.

The GDOES analyses showed an increase in the
layer thickness with the treatment time.

A mechanical model was used to determine both
the compressive stresses, induced by the nitrogen
diffusion, and the compositional strains in the
expanded austenite. As a result, the estimated
compressive stresses inside the expanded austenite
layer (in absolute values) are between 2.13 and 4.18
GPa, while the values of compositional strains are
ranging from 3.65 to 6.06 %.
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