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Abstract: Plasma immersion ion implantation (PIII) of nitrogen has been performed on three austenitic stainless steels
namely, Type 304L SS, MnSS-1 (16%Cr-6%Mn-4Ni) and MnSS-2 (16%Cr-9%Mn) with at three different temperatures
namely, 250, 380 and 500°C for 3 h. The GXRD studies shows that mixed iron nitride phases were formed along with
expanded austenitic, when sample implanted at 250°C and 380°C. These nitrides are with different stoichiometry along the
thickness and their formation is less favorable in nickel free Mn alloy at lower implantation temperature and timing (250°C for
3 h). On higher implantation condition (500°C, 6 h), Ni promotes the o’ formation and Mn suppress the a’ formation.
Microhardness measurements revealed a significant increase in hardness after PIII treatment for all the alloys under
investigation, but it is more effective in Ni free Mn containing SS.
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1. Introduction

Most of research in austenitic stainless steel continues to
generate new ideas for improving mechanical and corrosion
properties of this important class of engineering materials.
The addition of nitrogen to these steels was made to improve
corrosion resistance and wear properties [1-4]. Since
corrosion and wear properties primarily concerns with its
surface, surface modification has become viable route to
improve this properties [5].

Out of most surface modification technique Plasma
immersion ion implantation (PIII) developed by Conard et
al.[6]which involves both the implantation and diffusion of
nitrogen, seems toin the temperature range 250 — 500°C for
stainless steels [1, 2, 4, 7-13]. This improvement was brought
out by the phases formed on the surface the alloys as a result
of PIII.The phases formed by PIII are called as expansion in
austenite [1, 14]. While few others reported that it can lead to
some iron nitrides like Fe,N, Fe,N, FeN etc., [15]. The phase
formation in austenitic stainless steels due to N implantation
is still unclear. It is well known fact that nitride formation
mainly depends on the solubility of nitrogen in the metal
matrix. It is known that the solubility of N in austenitic

stainless steel, in general, depends on its alloying elements as
well [16, 17]. Since it is known that the solubility of N in
austenitic stainless steels can be increased by addition Mn in
stainless steels in comparison with Ni, here we have
undertaken a systematic study on the effect of Mn, and Ni on
the phase formation on austenitic stainless steels under
various N implanted conditions.

2. Experimental Work
2.1. Materials

Table 1. Composition (Wt%) of the austenitic stainless steels alloys.

Elements
Mn S P Si Ni N Cr Mo Cu

Material

Type 304L 0.03 2.0 0.03 0.045 0.75 82 0.01 180 -- -
MnSS-1 0.06 6.15 0.009 0.05 036 4.17 0.08 16.45 0.07 1.0
MnSS-2 0.01 9.15 0.009 0.062 0.34 1.04 0.16 16.07 0.09 1-2

The effect of Ni and Mn on PIII treatment was studied by
comparing three austenitic stainless steels namely, Type 304L
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SS (18%Cr-8%Ni SS), MnSS-1(16%Cr-6%Mn-4%Ni SS)
and MnSS-2 (16%Cr-9%Mn SS) their chemical composition
are show in Table-1

2.2. Plasma Immersion Ion Implantation (PIII) Procedures

For plasma immersion ion implantation the samples were
polished systematically using silicon carbide emery papers
starting from 120 to 4/0 grade and finally using alumina
powder of 0.25 pm. The plasma was produced by impact
ionization of the operating gas by energetic electrons. These
electrons are produced by thermoionic emission from hot
tungsten filaments. The experimental set-up for PIII
comprises a vacuum chamber and associated pumping
systems, a substrate holder and heater, a plasma source and a
high-voltage pulsed power supply. At the center of the
vacuum chamber was kept a substrate holder usually in forms
a disc. Below the substrate holder, a heater was kept
connected to a 1:1 ratio transformer. The system was pumped
to a base pressure of 7.0x10° Torr. From this the operating
pressure of 10 Torr was achieved by introducing nitrogen in
to the system. An electrically isolated thermocouple was used
for measuring substrate temperature. Before the start of
implantation, the surface oxide layer was removed by
sputtering with argon gas for 30min.The substrate was
negatively biased to a voltage of 1keV, and the implantation
was done at 100 mA current with the dosage of 1.8 X 10"
ions/cm” for 3 h. The implantation was carried out for the
same current density with the dose 3.6 x 10"’/cm? for 6h. The
nitrogen implantation was also carried out at three different
temperatures such as 250°C, 380°C and 500°C.

2.3. X-ray Diffraction

The phases formed on the surface of implanted samples
were characterized by X-ray diffraction using an Expertpro
diffractometer with CuKoa radiation (A = 1.54 A°) as a
source. The diffractorgrams were scanned from 30 to 100°.

In order to know the phase change only at the surface due
to PIII, implanted samples was examined using Glancing
angle X-ray diffraction with a glancing angle of 2° The
diffractorgrams were scanned from 30 to 100° using
Expertpro diffractometer with CuKa radiation (A = 1.54 A°)
as a source. The possible changes occurring in the phases
formed at the surface of the alloys due to nitrogen
implantation treatment were investigated by comparing
diffractograms of the implanted samples with those of the
untreated samples.

2.4. Surface Hardness

Load dependent surface microhardness testing was carried
out on both the untreated and nitrogen implanted samples
using Leica Vickers indentor (VMHT 10) microhardness
tester with the load ranging from 15 to 300g.The hardness of
the implanted alloys was compared with that of the untreated
alloys to examine the effect of the implantation process on
the microhardness characteristics of the alloys.
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3. Results and Discussion
3.1. Phase Analysis

The XRD and GXRD pattern of the nitrogen implanted
specimen surface appears to be different from that of the
untreated Type 304L SS specimen Figure 1(a and b). The
specimen on implantation displays a multiphase structure in
the surface layer depending wupon the implantation
temperature. It is observed that the transformed
ferrite/martensite peak O’y disappears at 250°C and 380°C.
The formation of o' might be due to mechanical strain
occurred during standard metallographic sample preparation
prior to GXRD analysis [15, 18]. The a' disappears with
nitrogen ion implantation at 250°C and 380°C, stabilizing the
fcc phase [19]. It is clearly seen in GXRD (Figure 1b) that
nitrogen when implanted at 250°C suppresses the
transformed ferrite/martensite and stabilises austenite phase,
which is consistent with the results reported earlier [6].
Similar behavior of disappearance and reappearance of
transformed ferrite/martensite peak o’ were seen for
MnSS-1 and MnSS-2 alloys (Figs.2 and 3).

3.1.1. Effect of Implantation Temperatures

XRD and GXRD patterns (Figure 1) of the nitrogen
implanted specimens (250°C) showed two new broad peaks
just ahead of (111), and (200), planes of the austenite, which
may indicate the formation of a new phase. It was observed
that the new phase peaks appear at lower angles as compared
with those of (111), and (200), planes of austenite phase.
Similar peaks were observed by other investigators
previously and were considered to be due to interaction of
nitrogen with the alloy matrix [20- 24]. Several possibilities
have been suggested for nitrogen interaction with the alloy
Dearnley et al., [25] in Plasma glow discharge, Ichii et al.,
[26], in Ion nitriding and Menthe et al, [27] in plasma
nitriding). Some authors have indicated expansion of
austenite lattice [20, 23, 24], while Haen et al., [28] reported
the formation of different types of nitrides such as FeN, y-
FeyN, FesNiN in Type 304L SS due to Nitriding.
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Figure 1. Phase analysis of Type 304L SS after 3h PIII treated at 250°C,
380°C and 500°C a) XRD b) GXRD.

I | 500°C 3h |
[N MmN MmN
4_,4%.,.,__«.*.———‘«M14//| \»—‘\“—‘/ B e e et -
MN \ 380°C 3h
M.N R
xy  MN
AWARLL
J\M)_u

| 0
‘\IY 250°C 3h

Intensity (arb. units)

Il"" ‘ Untreated

¥

A
o e peeeps? b
30 40 50 60
26 (Cu ka)

Intensity (arb.Units)
=

v | Untreated
o ¥
[ WMM/WW
- . . : }
30 40 20 (Cu K(I,) 50 60

Figure 2. Phase analysis of MnSS-1 after 3h PIII treated at 250°C, 380°C
and 500°C a) XRD b) GXRD.
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Figure 3. Phase analysis of MnSS-2 after 3h PIII treated at 250°C, 380°C
and 500°C a) XRD b) GXRD.

It is difficult to distinguish nitrides from an expanded
austenite lattice, as both of them are reported to exhibit similar
crystal structure [28]. Further, the low scattering of N atom
inhibits measurable intensities for the reflections of planes
even if the crystal symmetry is changed. Hence in order to
make it simple, the shift in the peak position is considered to
be due to various metal-nitrogen stoichiometry of the phase,
whether or not N addition leads to nitride formation or just an
expanded austenite. Following this argument it is hypothesized
that nitrogen implantation results in M,N, phase where M is a
metal component of the alloy, x is the number of metal atoms,
N is the nitrogen and y is the number of nitrogen atoms. The
x/y ratio defines the number of metal atoms associated with
each nitrogen atom (or stoichiometry of metal to nitrogen) and
is reflected in the subsequent changes in lattice parameters or
the peak positions in the XRD pattern. The advantage of such a
method of analysis is that it enables suggesting the formation
of nonstoichiometric phases. On examining the formula it can
be said that x/y ratio can influence the lattice parameters in an
inverse manner i.e. a decrease in the x/y ratio would increase
the “a” value and hence the “d” value. This is primarily



Colloid and Surface Science 2017; 2(1): 26-36 29

because of the fact that any decrease in the x/y ratio is
expected to cause an increase in the stoichiometry/
concentration of nitrogen per metal atom in M,N,. The
increase in the nitrogen uptake results in increase in nitrogen
concentration, which ultimately results in either expansion of
existing austenite phase or formation of a new nitride phase.
While such an analysis is made of the XRD patterns, where
ever possible, attempt is made to relate the XRD data (lattice
parameter) to known stiochiometry of the nitride phases
reported in the literature.

As discussed earlier M represents the metal component of the
alloy, here M may correspond to Fe or Mn or Ni or Cr or of
combination of all [(FeNiMnCr)N]. But have been mostly
reported as either mixed metal nitrides for the plane such as,
(FesNi)N or FeyN (x/y = 4) with d value 0.220 nm (JCPDS file
no. 090318 for (Fe;Ni)N and JCPDS file no. 830875), (FeNi)N
(x/y = 2) with d value 0.226 nm (JCPDS file no 140129) Fe,N
(x/y = 2) with ‘d’ values 0.210 nm(JCPDS file no 722126), and
FeN (x/y = 1) with ‘d’ values 0.218 nm(JCPDS file no 031197)
respectively. The above values are now compared with the‘d’
values of (111) of Type 304L SS specimen implanted at various
temperatures for 3h to examine the type of nitrides formed.
Thus, the d value of (111) at 250°C is 0.219 nm, and may
corresponds to (Fe;Ni) N of (111). Further increase in
temperature to 380°C results in different d values for (111) plane
i.e. d value 0.227 nm may correspond to (FeNi)N of (101) (d as
per JCPDS file no 140129 is 0.225 nm) and the plane with d
value 0.212 nm may correspond to Fe,N. The GXRD of 250°C
implanted sample doesn’t show a well defined peak for nitrides
as compared to that of the 380°C, but broadened peak near (111)
plane shows the average d value near to 0.219 nm. Hence, the
corresponding nitride peak (with d = 0.219 nm) was indexed as
(FesNi)N. Accordingly it can be said that the phase structure
changes from (Fe;Ni)N (at 250°C) to (FeNi)N plus and Fe,N
with increase in the temperature to 380°C.Finally at 500°C of
implantation it forms (FeNi)N and/or FeN and a’. From the
above discussion it can be said that nitrogen concentration in the
“nitride phase” increases with increase in temperature. At low
temperature (250°C) where diffusion of nitrogen is very low,
hence nitride (Fe;NiN) of less stoichiometry/concentration of N
was formed with one nitrogen atom for each 4 metal atoms. At
higher temperature for example 500°C, nitrides [(FeNi)N or
FeN] of large stoichiometry/concentration of N was formed with
one nitrogen atom for 2 metal atoms. This occurs mainly
because of variation in the nitrogen diffusivity and reactivity at

different temperatures. Possible compositions of nitrides in the
specimens treated at various temperatures for 3h are
summarized in Table 2. It is also to be noted that at higher
implantation temperature, say 500°C,a’ is formed along with the
nitrides, which was reported earlier as nitrogen induced bct
phase [29, 30].

As regards to the amount of phases present on the surface, it
was observed that on increasing the implantation temperature
from 250°C to 500°C, there was a gradual increase in the
relative intensity (I/I,) of the (111) and (200) peaks in the
conventional XRD patterns suggesting increase in the fraction
of MN, phase with temperature. This increase was
accompanied by diminishing of the intensity of the original
austenite peaks (111)y and (200)y. The increase in percentage
of I/, with temperature, suggest that there is probably an
increase in the thickness of the nitrogen enriched layer with
increase in the temperature. Confirming the above discussion it
is clear that at lower implantation temperature, say 250°C the
nitride peaks is not clearly seen in XRD pattern, but it is
clearly visible in GXRD spectra. At higher implantation
temperature say 500°C nitride peaks were observed in both the
spectra, suggesting thickness of the modified layer increases
with increase in implantation temperature.

XRD and GXRD spectrum of untreated and 3h PIII treated
MnSS-1 and MnSS-2 is also shown in Fig 2 and 3 respectively.
It is clearly seen from the results that nitrogen when implanted
at 250°C suppresses the ferrite peak and stabilizes the austenite
phase. X-ray diffraction patterns obtained from the nitrogen
implanted surfaces of both MnSS-1 and MnSS-2 alloys
specimens show similar patterns, which are consistent with the
one displayed by Type 304L SS. This indicates that identical
M,N, phases where M may be Fe or Mn or Ni or Cr of
combination of all [(FeNiMnCr) N].As discussed above in
Type 304L SS, since only FeNi and Fe combination are seen in
JCPDS files, so these peaks are indexed as (Fe;Ni)N, Fe,N,
(FeNi)N.As seen in Type 304L SS, the transformed ferrite (O”)
also formed along with the M,N, phases. In MnSS-2 alloy,
where there is no Ni, so MiNy phases can be combination of
Fe, Mn and Cr. Hence MN, phases were indexed as FesN,
Fe,N and FeN. The main consideration is that the stiociometry
of phases changes along with increase in treatment time and
temperature. Possible phases present in the surface layers of
the all the alloys treated at various temperatures for 3h are
summarized in Table 2.

Table 2. Possible phases predicted for 3h PIII treated alloys at different temperatures.

Implantation _ Identified phases
temperatures  Type 304L SS MnSS-1 MnSS-2
Y Y Y
250°C M;Ny (where M = FeNi or Feand x =4,y  MN, (where M = FeNi or Feand x=4,y=1) MN, (where M =Feandx=4,y=1)
=1) (FesNi)N, Fey (FesNi)N, or FesN FesN
M,Ny (where M =FeNior Feandx =2,y MNy (where M = FeNi or Feand x=2,y=1) MN,(where M =Feandx=1,y=1)
380°C =1) Fe;N (FeNi)N FeN
M,Ny (where M =FeNior Feandx =2,y MN, (where M = Fe or Niand x =2,y =1) MN,(where M =Feandx=2,y=1)
=1) (FeNi)N Fe,N Fe,N
M;Ny (where M = FeNi or Fe) (FeNi)N (x ~ MN, (where M = FeNi or Fe) (FeNi)N (x =2,y MNy (where M =Feandx=1,y=1)
500°C =2,y=1) =1)orFeN (x=1,y=1), FeN

a’ o

s

o
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3.1.2. Effect of Implantation Duration

XRD and GXRD patterns of 6h PIII treated Type 304L SS
is shown in Figure 4(a and b) the possible phases present in
the surface layers are summarized in Table 3. On increasing
time of nitrogen implantation from 3h to 6h for Type 304L
SS, an undifferentiated broad peak was observed in the
GXRD (Figure 4b) at 250°C near to (111) plane. This may
again indicate high nitrogen activity at the surface and a steep
nitrogen concentration profile from the surface of the alloy at
longer interval of implantation because of slow diffusion of
nitrogen at 250°C. With increase in implantation these peaks

Table 3. Possible phases predicted for 6h

becomes sharper due to higher diffusion of nitrogen at higher
temperatures. The existence of austenitic peaks in the XRD
pattern at lower implantation temperatures (250°C and
380°C) for both 3h and 6h, indicate that increasing
implantation time is not effective at these temperatures.
Whereas, at higher implantation temperature (500°C) the
increase in implantation time is more effective as it decreases
the intensity (I/Iy) of o’ peak. At this implantation condition
(500°C, 6h) the diffusion of N is more and hence more stable
nitride ((FeNi)N).

PIII treated alloys at different temperatures.

Implantation Identified phases
temperatures Type 304L SS MnSS-1 MnSS-2
Ys Y Y
250°C M,Ny (where M = FeNi or Feand x =4,y  MN (where M =FeNior Feandx=4,y=1) M;Ny (where M = Fe and x =4,
=1) (FesNi)N, FesN (FesNi)N, or FesN y=1) FesN
M;Ny (where M = FeNi or Feandx =2,y =1) MNy (where M = Fe and x =
380°C M,Ny (where M =FeNior Feandx =2,y  (FeNi)N 1,y=1)FeN
=1) (FeNi)N M,Ny (where M =Feor Niand x=2,y=1) M;Ny (where M = Fe and x = 2,
FeoN y=1) Fe;N
M,Ny (where M = FeNi or Fe) (FeNi)N(x =2,y
500°C M,Ny (where M = FeNi or Fe) =1)orFeN (x=1,y=1), M;Ny (where M =Fe and x =1,

(FeNi)N(x=2,y=1)

M;Ny (where M = Fe or Niand x =4,y =1)

y=1) FeN

FC3N

The XRD and GXRD patterns for Mn containing alloys
(MnSS-1and MnSS-2) implanted for 6h (Fig 5 and 6) were
consistent with those observed at 3h. As like Type 304L SS,
the increase in implantation time is more effective only in

implantation conditions (500°C, 6h), the diffusion of N is
more and hence A’ is completely eliminated by stabilizing the
respective phases ie (FeNi)N for MnSS-1 and FeN for
MnSS-2.
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Figure 5. Phase analysis of MnSS-1 after 6h PIII treated at 250°C, 380°Cand 500°Ca) XRD b) GXRD.
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3.2. Surface Hardness

Load dependent micro hardness measurements have been
carried out on both untreated and the nitrogen ion implanted
specimens of the three grades of austenitic stainless steels.
Figure 7 shows the microhardness comparison of untreated
and 3 h PIII treated alloys and Figure 8 for 6 h. The figure

shows that the microhardness of the untreated alloy
specimens varies in the range of 235-275 HV. It was also
observed that under the given experimental range the effect
of applied load on the microhardness of the untreated base
alloy is insignificant, as almost constant values were obtained
for hardness on increasing the applied load from 50 to 300 g.

800
—HE— Untreated Type 304L SS—@— Untreated MnSS-1
—A— Untreated MnSS-2 —— Type304LSS 250°C
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Figure 7. Comparison of microhardness of untreated and 3h PIII treated Type 304L SS MnSS-1and MnSS-2.
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3.2.1. Effect of Implantation Temperature

Disparate the unimplanted specimens, the implanted ones
were found to significantly on their hardness value with the
applied load and temperature. Hence, hardness values are
plotted in logarithmic scale to better represent a wide range
of hardness variation exhibited by the specimens. From
Figure 7it is clear that the implanted alloys exhibit
significantly higher microhardness than that of the respective
untreated condition. The graphs show that the implanted
alloys exhibit a steep decrease in the hardness value at lower
loads (25 to 100 g), and at higher loads hardness reduces
gradually and attains the hardness closer to their respective
substrate. It is to be pointed out that microhardness increases
with increase in implantation temperature for all under
investigation. It may be noted that the difference in the
microhardness values obtained at 250°C and 380°C
implantation temperatures was not significant and was very
close to that of the substrate hardness (especially at higher
loads),whereas, hardness increases substantially at 500°C.

The increase in hardness with increase in implantation
temperature can be explained on the basis of the thickness of
the surface implanted layers or the nitrogen concentration in

the nitrogen inward diffusion. At low temperature the
diffusion is much slower hence a higher surface
concentration is built up and a thin expanded austenite layer
is obtained; this results in a low hardness value. At higher
temperatures, the diffusion of nitrogen more and hence
resulting a higher nitrogen concentration in austenite matrix
leading to increase nitride layer (MyNy) thickness, which in
turn resulting in higher hardness. These are consistent with
the earlier studies [1, 20, 23] and also by above GXRD
results, where I/I, increases with increase in implantation
temperatures.

3.2.2. Effect of Implantation Duration

Variation of microhardness of the alloys with applied load
for different implantation temperature at 6h implantation
(Figure 8) was similar to that of 3h implanted conditions.
However, alloys implanted at 6h shows higher microhardness
than that of 3h implantation. The increase in the duration of
implantation from 3h to 6h, increases diffusion of nitrogen in
the austenite matrix. This leads to the increase in thickness of
the nitride layer which ultimately results in a higher
microhardness [1, 23]. These results are again consistent with

the alloy matrix. During the implantation process there is a Fhe earli'er GXR_D studies, where I/lo increase with
competition between the nitrogen build up at the surface and implantation duration.
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Figure 8. Comparison of microhardness of untreated and 6h PIII treated Type 304L SS MnSS-1and MnSS-2.

3.3. Effect of Alloying Element on Phase Formation and
Surface Hardness

It is interesting study the effect of Mn on phase formation
and surface hardness of the nitrogen implantation. If we
compare the diffractrograms of all the alloys at 250°C 3h
implanted condition, it is clear that there is no distinct nitride
peak was observed in Ni free high Mn containing SS (MnSS-

2), as compared to other Ni containing SS (Type 304L SS and
Mn SS-1). On closer examination, it is clear that the relative
intensity of the nitride peak is very low for lower Ni
containing SS (MnSS-1) than that of higher Ni containing SS
(Type 304L SS).This was confirmed by comparing the
GXRD spectra (Figure 9b) of same treatment condition
(250°C) for longer duration (6h), where y and nitride peak
was observed for MnSS-2 SS and only nitride peak was
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observed in other two SS (304L SS and MnSS-1). Hence it
can be said that nitrides are less favorable in Mn containing
SS and more favourable in Ni containing SS. The nitrides are
formed, when it exceeds the solubility of nitrogen in the
matrix, this solubility limit in turn depends on the alloy
composition [19]. Pehlke and co-workers [17] have given a
relation for solubility limit of SS versus their alloying
element in liquid steel (liquid solubility). They reported that
Mn has positive effect in solubility of nitrogen, where as
nickel has the negative effect, this was confirmed later by
many researchers [31, 32]. The higher solubility of Mn
containing steel can be confirmed by comparing the GXRD
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spectra of all the alloys at higher implantation temperatures,
where Ni promotes the o' formation and Mn suppress the o’
formation. Also from hardness studies it is evident that Ni
free Mn containing steel (MnSS-2) showed higher hardness
profile for all treatment conditions. This increase in hardness
was mainly due to higher diffusion of nitrogen in Ni free Mn
containing alloy matrix compared to that of Ni containing
alloy (Type 304L and MnSS-1 SS). Hence it can be
concluded that PIII treatment is more effective in Ni-free Mn
containing SS (MnSS-2) with higher solubility of nitrogen
increasing surface hardness than that of other two SS (Type
304L and MnSS-1).
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Figure 9. Comparison of GXRD pattern of PIII treated alloys at 250°C for (a) 3h (b) 6h.

4. Conclusion

The phase analysis carried out using XRD and GXRD
techniques suggests that nitrogen ion implantation of various
austenitic stainless steels, in general, results in the formation
of either a solid solution of nitrogen or nitrides of different
stoichiometry. Nitrogen concentration increases with increase
in the treatment temperature (from 250 to 500°C).Surface
hardness of both alloys has been found to increase with
increasing treatment temperature and time. Ni-free Mn
containing SS (MnSS-2) has higher solubility of nitrogen and
higher surface hardness than that of other two SS (Type 304L
and MnSS-1).
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