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ABSTRACT

The current work aimed to analyze the impact of salt bath nitriding on the behavior of the tribological characteristics and surface
microstructures of AISI 316L stainless steels. Nitriding was carried out at 580 °C for 10 h. The tribological, structural behavior of
the AISI 316L before and after salt bath nitriding was compared. The surface microstructures, tribological characteristics, as well as
its surface hardness, were investigated using optical microscopy (OM), X-ray diffractometer (XRD), surface profilometer, pin-on-
disk wear tester, and microhardness tester. In the current work, the experimental results showed that a great surface hardness could
be achievable through the salt bath nitriding technique because of the formation of the so-called expanded Austenite (S-phase), the
nitrogen diffusion region. The surface hardness of AISI 316 stainless steel after the nitriding process reached 1100 HV0.025 which
was six times the untreated sample hardness. The S-phase is additionally expected to the improvement of wear resistance and

decrease the friction coefficient.
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INTRODUCTION

Austenitic stainless steel is one of the four categories of
stainless steel alloy: austenitic [1], ferritic [2], martensitic and
duplex [3, 4]. The austenitic group of stainless steel has a
major composition of chromium, nickel, manganese steel, and
minor amounts of other additional alloy elements [5, 6].
Because of their exceptionally high toughness [7], good
ductility [8,9], formability [10], thermal conductivity [11],
good welding properties [12], nonmagnetic properties [13],
high impact energy, and great corrosion resistance [14-16] they
are widely used in applications of low-temperature technology
[17] such as orthopedic [18] industries, ocean technology [19],
aerospace [20], food processing equipment [21], nuclear
reactors [22, 23], manufacturing of several parts of automotive
[24], petrochemical processing [25], etc.

Austenitic stainless steels, which incorporate the AISI 316L
stainless steel, have many applications in the industry due to
their good mechanical characteristics and their exceptional
corrosion resistance [26], especially in certain environments.
Low hardness and poor wear resistance [27] are some of the
main drawbacks of austenitic stainless steels and are therefore
subject to various types of surface characteristics failure [28].
Because of the limited tribological properties of these alloys
(poor wear resistance), their scope of industrial applications
was limited [29]. Several studies have shown that nitriding
treatment has produced a hard surface layer resulting in im-
proved wear resistance. Thus, the nitriding treatment is a
perfect alternative for raising the surface hardness, This
ensures the efficacy of the wear resistance characteristic when
this is required in service [30]. Nitriding is one of the forms of
surface treatments used to improve the surface properties of

materials [31]. This technique also improves the hardness,
mechanical properties, and fatigue strength, and wear and
corrosion resistance of various tools [32]. According to [33],
nitriding is a thermochemical process through which nitrogen
atoms are diffused and dispersed at the surface level of the
materials at a proper temperature, which leads to an increase in
the surface hardness and as a result increases the performance
and the life span of the industrial parts. There are different
methods of nitriding operations such as salt bath nitriding
(SBN) [34-36], gas nitriding (GN) [37, 38], and plasma nitrid-
ing (PN) [39, 40]. A literature survey can easily find several
hundred papers published over the last few years on the topic
of nitriding of austenitic stainless steel [41-43]. The most
common nitriding techniques are a salt bath with a nitrogen
concentration-rich medium. This thermochemical process has
been used to creating the required properties on the surface of
stainless steels as such wear [44], fatigue [45], corrosion [46],
and friction properties [47]. The medium used in salt bath
nitriding is a salt that contains nitrogen, such as cyanide salt, or
potassium nitrate. Salt baths with cyanide have the same, or
even greater, nitrogen potential than ammonia. The nitriding
behavior can be defined fairly through the diffusion of nitrogen
into the parts. Most nitrogen is interstitially absorbed during
nitriding. Minor oxidation was observed following nitriding. It
can be considered a nitrocarburizing treatment since the salts
used often typically contribute carbon to the surface of the
workpiece, and the two elements generally permeate into the
surface of the industrial parts [48]. There have been researched
studies of the effects of nitriding treatments on the behavior of
surface microstructure and characteristics of austenitic stainless
steel such as AlISI 304 [49,50], AISI 304L [51], AISI 321 [52],
AISI 201 [53], AISI 316 [54], AISI 316L [55,56], AISI 202
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[57], AISI 316LN [58] and AISI 316LVM [59], AISI 310[60],
AISI 303[61], AISI 204[62]. However, there is a lack of
research about the surface microstructural and tribological
behavior of AISI 316L stainless steel during salt bath nitriding
by the Tenifer process (TF1) at 580 °C. Therefore, in the
present work, the structural and tribological behavior of AISI
316L stainless steel before and after salt bath nitriding (Tenif-
er) was investigated. The tribological properties and surface
structures formed during nitriding were investigated using X-
ray diffraction (XRD), microhardness tester, pin-on-disk wear
test, surface profilometer, and optical microscopy (OM). The
primary objective of the present study is to investigate the
effect of salt bath nitriding by the Tenifer process (TF1) at 580
°C on tribological properties and surface microstructure of
AISI 316L stainless steel.

MATERIALS AND METHODS

Material and salt bath nitriding processes

The material used in the present research was AISI 316L
austenitic stainless steel with the chemical composition shown

in Table 1. The specimens for the experiment were machined
into dimensions of 30 mm x 10 mm X 5 mm.

Table 1 The chemical compositions of the AISI 316L used in

this study (wt %)
[c] si [mnJ] P s [ M [cr[ N [Fel]
[ 0.02] 052 | 152 [ 0.029] 0.024] 209 | 16.76] 10.14 | bal |

The salt bath nitriding by Tenifer treatments was performed in
a DEGUSSA furnace. A small gap was made in each sample
with a diameter of about 2 mm, which could be attached to the
end of a metal wire for easier get her out of the furnace. As
usual, when processing required parts in the industry by salt
bath nitriding (Tenifer TF1), The AISI 316L stainless steel
samples were preheated to 350 °C for 30 min in preheating
tank oven, after that nitriding process was performed at 580 °C
for 10 h in the salt bath comprising of cyanates (36 + 2 %),
carbonates (19 + 2 %) and cyanides (0.8 %). There is a reaction
between the molten salt and the AISI 316L stainless steel
specimens being processed during the salt bath nitriding
process so that nitrogen and carbon are absorbed and diffused
through the surfaces of the specimen.

Tenifer TF1
(580 °C/ 10h)

Pre-heated Air
(350 °C/ 0.5h)

Time (h)

Fig. 1 Temperature - time plot for salt bath nitriding treatment

Temperature (°C)

The emerging nitrogen used for the reaction of nitriding
treatment coming out of the dissociation of Cyanate: 4CNO™—
CO3%+ 2CN™ + CO + 2[N]. The gradual change in the concen-
tration between the surface of the specimen and the nitriding

salt bath turns out to be the main thrust for the effective
nitrogen atom to penetrate an austenite structure, which leads
to the formation of a surface nitride layer. At the same time, a
few emerging carbons, which come out during the dissociation
of Carbon monoxide: 2CO — CO; + [C], also penetrates
austenite structure along with nitrogen. The parameters and
processing of nitriding treatment are illustrated in Fig. 1.

Characterizations of the surface treatments

The samples treated with salt bath nitriding were analyzed
using optical microscopy examination, microhardness meas-
urements, X-ray diffraction analysis, surface profilometer, and
wear tests under dry conditions. The microstructure on the
cross-section of nitrided samples was analyzed after metallo-
graphic preparation and etching with 2% NITAL (2% HNOg in
ethanol). The surface microstructure analysis was investigated
by optical microscopy (GA-120). Measurements of microhard-
ness profiles were obtained before nitriding using a microhard-
ness tester fitted with a Vickers indentation with a load of 25
gf. This was also used for surface hardness measurements of
the specimens treated. Averaging at least 3 measurements was
used to determine the hardness value of samples. The surface
profilometer was used for measuring and analyzing the surface
roughness of treated and untreated specimens of AISI 316L
stainless steel. According to ISO 4287:1997 standard, surface
roughness was defined by measuring the parameters of surface
roughness (Ra, Rg, and Rz). The tribological behaviors (fric-
tion and wear) of untreated and treated specimens of 316L
stainless steel were evaluated under unlubricated condition by a
pin-on-disk tribometer, in which the sample (disc) was rotated
against a stationary steel ball as the pin of 5 mm diameter with
a speed of 60 revs/min at a load of 5 N. The weight loss of the
sample was evaluated using an electronic balance accurate to
0.1 mg.

RESULTS AND DISCUSSION
Surface microstructure analyses

Fig. 2 displays the cross-section microstructure of the sample
of AISI 316L stainless steel, which was treated at the salt bath
nitriding temperature of 580 °C for 10 h. As shown in the
figure, the Tenifer nitrided surface (Researchers call it the
“expanded austenite" or " S-phase) appears to have a multi-
phase structure judged from the variations in layer composi-
tion. The average thickness of this layer was about 72 um. A
clear boundary existed between the top layer and the inner
layer, the upper layer made up of a hardened layer of around 6
pum depth, accompanied by a slightly etched layer of around 66
um depth. Further, the topmost layer (Rich in nitrogen) was
bright, while the inner layer was completely darkened due to
the Nital etching. Possibly the dark zone in the inner layer is
caused by precipitation from CrN. This result ties well with
previous studies wherein Gui et al. [63] detailed the nitrided
morphology of AISI 316LSS using the optical microscope at
580 °C for 2h under salt bath nitrocarburizing. It was shown
that the surface layer consists of Cr2N/ y’-FesN and CrN/ y -Fe.
In another study, Jiang et al. [64] detailed the surface micro-
structure of AISI 316 produced during salt bath nitrocarburiz-
ing but at low temperature (480 °C) for 6 h. They observed that
the S-phase was formed and this nitrocarburized matrix zone
was darkened after Nital etching.
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Fig. 2 Typicl optical microgrphs of the cross-section of AlSI
316L after nitriding at 580 °C for 10h

Fig. 3 below illustrates a comparison of the XRD diffraction
pattern of AISI 316 stainless steel between the sample that was
treated by salt bath nitriding and the untreated sample. It has
been shown to the untreated sample has a Face Centred Cubic
crystal structure (y-Fe) which was expected because the
Austenitic stainless steels possess austenite as their primary
crystalline structure (face-centered cubic). The nitrided sample
at 580 °C has been characterized by the appearance of other
phases, where a set of peaks, which do not match any existing
ASTM X-ray diffraction index was distinguished. These peaks
in this figure correspond to the S-phase (yN), chromium nitride
phase (CrN), and formation of FesN compound.

A ¥ y-Fe
Avn
= CrN

===316L Untreated
=316 Nitriding

Intensity

20 30 40 50 60 70 80 20
2Theta (%)

Fig. 3 Typical X-ray diffraction patterns of AISI 316 L SS
before and after salt bath nitriding at 580 °C for 10h

It can be seen that the corresponding peaks of the expanded
austenite phase are broadened and turned to lessen angles
compared to peaks of untreated austenitic stainless steel. The
crystal structure of the S-phase also has a face-centered cubic
structure, the S-phase was formed due to the incorporation of
the nitrogen atoms in the interstitial positions and gaps of the
austenite structure. Overall these findings are following results
reported by many studies [55, 56].

In addition, the appearance of CrN nitride at 580 °C. It was
consistent with the conclusions stated in [53], which noted that
at relatively high temperatures CrN nitride is favorably precipi-
tated. The formation of CrN could be explained in the follow-
ing form: Chromium appears as a solid solution in austenite
steel, which emerges as the temperature increases of solid
solution due to the contrast between the thermal properties of
iron and chromium [65]. Furthermore, the comparatively low
concentration of CNO™ (approximately 36%) in the cyanide-

cyanate during the Tenifer (TF1) process is likely that the
cause for the formation of the y’-FesN compound rather than
the e-Fez2 (N, C).

Surface hardness profile

Fig. 4 shows the microhardness profiles presented as a function
of the depth of AISI 316L stainless steel after the salt bath
nitriding process by the Tenifer method (at 580 °C for 10h). As
can see, the maximum microhardness obtained is up to 1100
HV0.025, while the substrate possesses a microhardness of
approximately 200 HV0.025. Besides that, according to the
graph, it can be seen that the hardness decreases progressively
as the depth increases until it approaches hardness values to
those of the untreated sample. The increase in hardness as a
result of the gas nitriding process has been reported previously
by Mahmoud et al. [66], where they found that the AISI 316L
after the nitriding process have greater microhardness than
compared to the untreated sample. A value surface hardness of
about 1400 HV0.025 of the AISI 316L during nitrocarburizing
has also been reported by Pinedo et al. [67].
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Fig. 4 Hardness profiles in the surface layer of the specimen
after salt bath nitriding for 10h at 580 °C

Diffuse nitrogen has strong properties to improve material
hardness. Both the hardness values and the nitrogen concentra-
tion decreased monotonously with increasing depth of the
treated sample surface [68]. The high content of nitrogen is
dissolved in austenite (S-phase), in which intensive precipita-
tion of chromium nitride subsists, which significantly improves
the hardness property. According to Fader et al. [69], the
increase in nitride layer hardness is attributable to the higher
nitrogen concentration, larger grain structure, and the appear-
ance of expanded austenite in those regions. The core hardness
values of the specimen nitrided before treated by salt bath
nitriding were 200 HV0.025. It is noteworthy that the core
hardness of the nitrided specimen was measured at the same
level as for the specimen nitrided before nitriding in the salt
bath (200 HV0.025). This confirms that during nitriding
treatment the core of AISI 316Ldoes not soften by nitriding
parameters (treatment time and temperature), i.e. microstruc-
ture of the core remains unchanged after nitriding of the salt
bath.

Surface roughness measurement
Fig. 5 summarizes the average values of surface roughness

parameters characterizing the surface topography (Ra, Rq, and
Rz) of the untreated and treated samples, it can be observed an
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important increase in the surface roughness values of the 316L
stainless steel sample during the salt bath nitriding.

The average roughness value of arithmetic mean deviation of
the roughness profile (Ra) of the sample nitrided was 0.366
um, were higher almost 6 times than the average roughness of
the sample before treatment. On the other hand, for the square
mean deviation of the roughness profile (Rq), the roughness
value was 0.574 um, which was about 6.5 times higher than
that of the untreated one. In addition to this, the roughness
value of the maximum distance between the lowest and the
highest points of the roughness profile (Rz) of the sample
nitrided was 5.32 um, which was about 3 times larger than the
of the untreated sample. The increased surface roughness
during salt bath nitriding can be attributed to the formation of
the sliding bands on the nitrided sample due to the formation of
the expanded austenite (S-phase). This result ties well with the
previous study reported by Gajendra et al. [70] explained that
the increased surface roughness of austenitic stainless steel
during plasma nitriding could be due to the high chemical
propagation average of hydrogen atoms by plasma in the
nitrided layers especially the expanded austenite.

7

6 |-/ I R before nitriding

5 EER_after nitriding

I R_before nitriding

4[| R after nitriding

3|| EEER before nitriding

2 IR _after nitriding 1.77
0.574

A
A

Surface roughness (um)

Sample

Fig. 5 Surface roughness parameters ( Ra, Rq and Rz) before
and after salt bath nitriding at 580 °C for 10h

Tribological characteristics

In this work, the friction behavior on the non-nitrided sample
surface has been compared with those on the treated sample
surface. The variation of friction coefficient measured against a
steel ball is illustrated in Fig. 6 for the specimens of AISI 316L
before and after salt bath nitriding in terms of rolling distance.
At the beginning of the experiment, the coefficient of friction
in both salt bath nitrided and untreated samples had a relatively
high value, where the values of friction coefficients were 0.45
pm and 0.47 um, respectively. This is due to the presence of
initial static friction. After that, it was found in each sample
that the coefficient of friction increased when the test time
increases to a relatively constant value (by neglecting minor
changes). The average friction coefficient values for the salt
bath nitrided sample are approximately 0.486 um while its
value is approximately 0.528 um for the untreated one.

From the results obtained, it can be said that the friction
coefficient of the AISI 316L stainless steel sample was reduced
utilizing surface hardening during salt bath nitriding as much
as possible. In addition, the behavior of untreated material
friction coefficient can be ascribed to adhesion wear that
occurred as the result of increased contact temperature and
welding points on the surface.

According to Zhang et al. [71], the low friction coefficient
measured for the nitrided specimen can be credited to the

increase of the surface hardness. Also, Yetim et al. [72] indi-
cated that there in an S-phase with perfect friction-resistant
properties in the surface microstructure of AISI 316L stainless
steel after nitriding treatment which significantly reduces the
values of the coefficient of friction.

0.60

058 4 =—de— 316L before nitriding
0.56 =——de—316L after nitriding

0.54 -
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0.40

30 3:) 1 .’;0 150 23“0 28‘0 350
Sliding distance (m)

Fig. 6 Variations of friction coefficient of untreated and

nitrided specimens of AISI 316L

Fig. 7 illustrates the results of the wear behavior of the nitrid-
ing treatment specimen of the AISI 316L compared with the
untreated sample under the various dry sliding conditions were
measured using a tribometer. It can be observed that, as
predicted, the nitrided specimen had the highest wear re-
sistance compared to the untreated one. for example, before
salt bath nitriding the loss in weight increased 30 mg for 300 m
of the sliding distance, while after salt bath nitriding the loss in
weight increased 20 mg for 300 m of the sliding distance. This
result ties well with previous studies wherein were confirmed
that the resistance of wear resistance was attributable to the
surface hardness of materials. Higher-hardness materials
usually displayed greater wear resistance. According to Fig. 4,
we know that the hardness of alloying elements nitride phase’s
fine particles (S-phase, CrN and y’ -FesN ) in the surface of
nitrided sample during salt bath nitriding is more than 1100
HV0.025, that is about six times harder than that of the untreat-
ed one. Thus, the nitrided sample was expected to have better
resistance to wear [73-76].
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Fig. 7 Variation of weight loss against the sliding distance of

AISI 316L SS before and after nitriding at 580 °C for 10h
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CONCLUSION

The main goal of this work is to study the surface microstruc-
ture, tribological and mechanical behavior of AISI 316L
austenite stainless steel at 580 °C during salt bath treatment by
Tenifer processing (TF1). The results of this study can be
summarized as:

The salt bath nitrided layer was composed of three sublayers,
namely the CrN layer, the y’-FesN layer, and yn layer (S-
phase).

The salt bath nitriding can very efficiently increase the hard-
ness of the surface of AISI 316L. Maximum values obtained of
the nitrided surface approximately 1100 HV0.025 for 10 h,
which is around 6 times as hard as the untreated sample (200
HV0.025).

The surface roughness (Ra, Rq and Rz) is increased when
compared with the "base material™ condition after the salt bath
nitriding by Tenifer processing.

The Tenifer process (TF1) can progress the resistance of wear
and reduces the friction coefficient of the material under study.
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