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In this study, an FeCrNi alloy (316L stainless steel disc) was nitrided in a low-pressure R.F. plasma at
430 �C for 72 min under a gas mixture of 60% N2–40% H2. Structural, compositional and magnetic prop-
erties of the plasma nitrided layer was investigated by X-ray diffraction (XRD), scanning electron micros-
copy (SEM), atomic force microscopy (AFM) and magnetic force microscopy (MFM). The magnetic
behaviour of the nitrided layer was also investigated with a vibrating sample magnetometer (VSM). Com-
bined X-ray diffraction, cross-sectional SEM, AFM and MFM, as well as VSM analyses provide strong evi-
dence for the formation of the cN phase, [cN-(Fe,Cr,Ni)], with mainly ferromagnetic characteristics. The
uniform nature of the cN layer is clearly demonstrated by the XRD, cross-sectional SEM and AFM analy-
ses. Based on the AFM and SEM data, the thickness of the cN layer is found to be �6 lm. According to the
MFM and VSM analyses, ferromagnetism in the cN layer is revealed by the observation of stripe domain
structures and the hysteresis loops. The cross-sectional MFM results demonstrate the ferromagnetic cN

phase distributed across the plasma nitrided layer. The MFM images show variation in the size and form
of the magnetic domains from one grain to another.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction behaviour for the cN phase was a nitriding study of 304 SS at 400 �C
It is well-established that nitrogen incorporation into the sur-
face of austenitic stainless steel alloys (304,310,316 SS) by a wide
variety of surface modification techniques at a relatively low sur-
face treatment temperature of �400 �C leads to a high-N phase,
cN, in the treated layers [1–8]. High strength (hardness values as
high as 20 GPa), good corrosion resistance and dramatically im-
proved wear resistance under high loads are a few of the techno-
logically important properties reported in the literature for the
cN phase [3]. Another unusual property of the cN phase is related
to its magnetic nature. Depending on its N contents and associated
lattice expansions, this phase is found to have ferromagnetic as
well as paramagnetic characteristics [3,9]. Clearly, having a mag-
netic layer (cN) on non-magnetic substrate (underlying fcc c phase
of austenitic stainless steel has paramagnetic characteristics) in
addition to its high strength and good corrosion resistance may
have industrial applications similar to those of iron nitrides which
are potential candidates in high density magnetic recording
applications.

Although the cN phase has been extensively investigated by
various research groups, studies related to its magnetic character
have been lacking. One of the first studies reporting ferromagnetic
All rights reserved.
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k).
[1]. A much later study [9] involving low-energy, high-flux N
implantation of 304 SS at 400 �C revealed many more details about
the magnetic nature of the cN phase. This study (via Mössbauer
spectroscopy) found that the cN phase had the magnetic properties
of a soft magnetic material and was distributed in the highest N
concentration (and associated lattice expansion) region of the im-
planted layer. Furthermore, this study revealed that the cN phase
transformed to the paramagnetic state deeper into the layer as
the N content and lattice expansion decreased. More recently,
the magnetic nature of the cN phase has been investigated by mag-
netic force microscopy (MFM) analyses [10,11]. The MFM analysis
of a low-energy (700 eV), high-flux (2.0 mA/cm2) nitrogen im-
planted 316 SS sample at a substrate temperature of 410 �C
showed ferromagnetic maze-like, thin-film domain structures. This
study [10] also found out that the magnetic behaviour varied sig-
nificantly from one grain to another. This variation was explained
by the non-uniform N contents and different amounts of lattice
expansion in the different grains. Another MFM study [11] per-
formed on a cross-section of a 316 SS sample treated by plasma-
immersion ion implantation at a substrate temperature of 400 �C
showed that the magnetic domains extend for only approximately
80% of the thickness of the nitrogen-rich layer (the deepest 20%
of the cN layer was assumed to be paramagnetic). Mössbauer
analyses in [9,10] suggest that volume dependence of the magnetic
properties of fcc-Fe is behind the ferromagnetic behaviour for the
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Fig. 1. XRD data for the plasma nitrided 316L specimen (PN26 is sample name).
Also presented in this figure are the XRD data for the 316L SS substrate alloy.

Table 1
Lattice parameters, d and a, in Å for the 316L SS fcc c substrate phase and the fcc cN

phase. Da/a refers to the relative difference in lattice spacing and is given by Da/
a = [{a(cN)�a(c)}/a(c)]. Based on the values in this table and [9], an average N content
for the cN layer is found be �42 at.%. In estimating an average N content for the
nitrided layer, Vegard’s law is used (see [9] and references therein). The use of
Vegard’s law in estimating an average N content for the nitrided layer based on the
XRD data may be questionable, since it is probably not appropriate to extrapolate to
high concentration based on a linear correlation between lattice parameter and
atomic concentration.

(hkl) 316L substrate Plasma nitrided Da/a (%)
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cN and that the magnetism of cN phase is likely related to the fer-
romagnetic state of c0-Fe4N.

The focus of this study is to investigate the structural and mag-
netic properties of the cN phase in much more detail. The forma-
tion of the cN layer is accomplished through low-pressure R.F.
plasma nitriding of 316L stainless steel at a substrate temperature
of 430 �C. Structural and compositional properties of the cN layer
will be analysed by XRD, cross-sectional SEM, EDX and AFM. The
magnetic behaviour of the cN layer will be mainly investigated
by magnetic force microscopy (MFM) and vibrating sample magne-
tometry (VSM).

2. Experimental details

Austenitic fcc 316L stainless steel with elemental compositions
of 19% Cr, 14% Ni, 2% Mo, 2% Mn, 1% Si, 0.1% C and balance Fe (all in
at.%), was the base material to which plasma nitriding was applied.
The 316L SS specimen had a disc-like geometry with a diameter of
1.0 cm and a thickness of 0.30 cm. Before nitriding, the specimen
was polished to mirror-like quality with a mean surface roughness
of about �0.01 lm (based on surface profilometry), and then was
degreased with acetone, rinsed with alcohol in an ultrasonic bath,
and finally dried. The nitriding was carried out in a specific plasma
reactor allowing high rate nitriding at low temperature without
any sputtering of the sample surface. The plasma in this reactor
is generated in a quartz tube by R.F. excitation (13.56 MHz) of a
low-pressure gas mixture. The RF excitation of the plasma pro-
duces a surface wave to maintain the plasma properties constant
along the tube. The details about the plasma reactor used in this
study can be found elsewhere [12]. In this study, the 316L SS sam-
ple was exposed to the following plasma nitriding conditions: (1)
gas composition of 60% N2 + 40% H2, (2) working pressure of
7.5 Pa, (3) RF power of 700 W, (4) the substrate temperature of
430 �C and (5) nitriding duration of 72 min. In the plasma method
applied here, the mean energy of the accelerated ions is 15 eV,
which is lower than the sputtering threshold for the majority of
materials. The nitriding conditions implemented in this study were
determined from previous research on 304 SS [13].

Near-surface crystal structures of the plasma nitrided 316L SS
specimen were analysed by symmetric h/2h (Bragg-Brentano) dif-
fractometer (Philips X’pert) with Cu-Ka radiation. The XRD data
for the nitrided sample were analysed to estimate an average nitro-
gen concentration for the nitrided layer. The N content for the ni-
trided layer was also determined by energy dispersive X-rays
(EDX). The nitrided layer thickness was determined by cross-sec-
tional scanning electron microscopy and atomic force microscopy.
For the thickness analysis, a cross-section of the nitrided specimen
was prepared by means of polishing and chemical etching (Mar-
ble’s solution). The magnetic behaviour of the plasma nitrided sur-
face was investigated with a scanning probe microscope in
magnetic force mode (MFM). In the MFM technique, a probe tip
coated with a magnetic material gives an image showing the vari-
ation in the magnetic force between the magnetized probe and
remnant magnetic domains in the sample surface [14]. The MFM
analysis was also carried out on the cross-section of the nitrided
sample to determine the magnetic phase distribution across the ni-
trided layer. Hysteresis loops were obtained by a vibrating sample
magnetometer (VSM) to probe further the magnetic characteristics
of the nitrided layer.
d(c) a(c) d(cN) a(cN)

(111) 2.057 3.563 2.253 3.902 9.5
(200) 1.783 3.565 1.981 3.962 11.1
(220) 1.264 3.575 – – –
(311) 1.080 3.582 1.185 3.930 9.7
(222) 1.034 3.582 1.133 3.925 9.6
Average – 3.573 – 3.929 �10
3. Results and discussion

The XRD results for the as-polished substrate and RF plasma ni-
trided 316L SS specimens are shown in Fig. 1. In this figure, the fcc
substrate peaks are labeled as c(hkl) and the plasma nitriding in-
duced ones as cN(hkl). The results clearly indicate that the plasma
nitrided layer is composed of the high-N content phase cN. The cN

formation is consistent with previous studies, where it was almost
always observed when the substrate temperature was held near
400 �C [3,9,10]. The XRD results for the nitrided sample are consis-
tent with those of other low-pressure plasma nitrided and low-en-
ergy, high-flux N implanted SS samples, in that the cN(200) peak is
shifted more than the cN(111) relative to the substrate peaks
[15,16]. Based on Vegard’s law, these results suggest larger N con-
tents in the (200) oriented grains (see Table 1 for details). The ab-
sence of the substrate peaks in the XRD data of the nitrided
specimen suggests quite a thick nitrided layer. The narrow and
symmetric nature of the cN peaks in Fig. 1 suggest a uniform nitro-
gen distribution in the nitrided layer.

The XRD data in Fig. 1 were analysed quantitatively to extract
lattice constant values for the nitrided as well as the substrate
specimens. The results are presented in Table 1. From the values
in Table 1, and based on the quantitative XRD analysis method
and Vegard’s law (see [9] and references therein), an average N
content for the plasma nitrided layer was estimated and found to
be about 42 at.%. However, this value is believed to be overesti-
mated since the quantitative analysis method did not take into ac-
count the compressive residual stresses that may be present in the
cN layer. As can be seen from Table 1, the cN lattice expansion com-
pared to the substrate fcc c-(Fe,Cr,Ni) phase is about 10% and such
values are quite likely to induce compressive stresses in the ni-
trided layer [9]. Also, the use of Vegard’s law in estimating an aver-



Fig. 2. (a) Cross-sectional SEM data for the plasma nitrided specimen. (b) SEM
topographical image of the surface of the plasma nitrided specimen.
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age N content for the nitrided layer based on the XRD data may be
questionable, since it is probably not appropriate to extrapolate to
high concentration based on a linear correlation between lattice
parameter and atomic concentration.

The nitrogen concentration for the plasma nitrided layer was
also determined by energy dispersive X-rays (EDX). The experi-
mental results indicate that the N content of the cN layer is about
35 at.%. The EDX data were analysed through a modern ‘Quantita-
tive Standardless Analysis’ Package. Although the analysis through
this package offers an accurate representation of the composition
of the material, the guidelines provided suggest, for example, an
error of up to 10% for the concentration range of 5–20 wt.% (the er-
ror increases as the range decreases). So, the average N content
based on the EDX analysis in this study is �35 at.% (�12 wt.%),
and this is accurate within ± 10%. We think that this EDX value
may also be overestimated and believe that the average N content
for the nitrided layer is actually lower. In an earlier study of a low-
energy (700 eV), high-flux N implantation of 316 SS at about 410 �C
for 1 h, composition of the near surface region was measured by
glow discharge optical emission spectroscopy (GDOES). This study
[10] found that the maximum N content near the surface obtained
from the GDOES profile for the N implanted sample was �32 at.%.
The XRD data for the N implanted sample in Williamson et al. [10]
looks quite similar to the nitrided sample in our study in that the
substrate peaks are also absent in the XRD data (indicating a thick
N implanted layer, about 6 lm according to the GDOES results).
Also, the lattice constants associated with the (111) and (200)
cN reflections for the N implanted sample are nearly identical to
the ones in this study suggesting similar lattice expansions for
the N implanted and nitrided samples. A much earlier concentra-
tion analysis study [9] based on electron probe microanalysis
(EPMA) of another low-energy (1 keV), high-flux N implanted
304 SS (similar in composition to 316 SS) found that the average
N content in the top 1 lm of the N implanted layer (the approxi-
mate EPMA probe depth) was �27 at.%. In this study [9], the cN lat-
tice expansion compared to the 304 SS substrate fcc c-(Fe,Cr,Ni)
phase was about 9%, which is quite close to the value (�10%) in
our study.

Fig. 2 shows the topographical and cross-sectional SEM results
for the plasma nitrided 316L SS specimen. The SEM image in
Fig. 2(a) illustrates the uniform nature of the cN layer. Based on
the analysis of several SEM pictures, the nitrided layer thickness
is found to be �6 lm. This value correlates quite well with that ob-
tained from the AFM analysis (to be discussed below). The SEM im-
age in Fig. 2(b) shows the change in surface morphology induced
by the plasma nitriding. Careful analysis of these and many other
images clearly reveal periodic arrays of lines on the nitrided sur-
face indicating the presence of slip bands inside the grains. The
strain resulting from high nitrogen contents is believed to respon-
sible for the formation of the slip bands in the cN layer. This finding
agrees quite well with an earlier study, in which 304 SS was plas-
ma nitrided at 400 �C by a low-pressure plasma arc-source ion
nitriding method [17]. This study concluded that a high slip band
density can be observed on the nitrided surface when the strain
resulting from nitrogen supersaturation is great enough to activate
the primary {111} slip system. Similar slip line patterns were also
observed by an ion implantation study of 316 SS at 400 �C with
treatment conditions similar to those for low-energy, high-flux
ones [18]. The formation of slip bands suggest plastic deformation
of the grains, and this, in turn, implies important compressive
stresses operating in the cN layer. Thus, lattice expansion (nearly
10%) of a surface layer in coherence (lattice registry) with a sub-
strate of the same fcc structure must provide a strong driving force
for the plasticity observed in the cN layer.

The magnetic character of the cN layer on 316L SS specimen was
investigated by magnetic force microscopy and vibrating sample
magnetometry. Figs. 3 and 4 display a series of MFM images taken
both on the nitrided surface and on the nitrided cross-section. The
dark and light bands in these images are characteristic signatures
of the remnant magnetic domains present. The appearance of such
stripe domain patterns is a clear indication of ferromagnetism in
the cN layer. Also, a stripe domain structure is clear evidence for
a significant out-of-plane magnetization component. The MFM
images in Fig. 3 also indicate that the magnetic behaviour changes
from one grain to another. The variation in the size and form of the
magnetic domains from grain to grain may be attributed to the ori-
entation of the individual grains and to different N contents and
different amounts of lattice expansions in the different grains as
indicated from the quantitative XRD data in Table 1. The very fine
nature of the domains is revealed by the MFM image in Fig. 3(b).
According to this image, the domain size is estimated to be less
than half a micron.

The topographical AFM image in Fig. 3(c) shows relatively rough
surfaces with relief at grain boundaries and evidence of slippage
within individual grains. The rough nature of the surface is also re-
vealed by the observation of the grains in the SEM images
(Fig. 2(b)). These effects can be attributed to the stresses induced
in the cN layer due to larger lattice expansions evidenced by
XRD. Roughening due to the nitriding on the substrate material
based on the AFM image in Fig. 3(c) and a few others is found be
�73 nm. Note that the source of roughness here is not due to the
sputtering of the surface since the nitriding process implemented
here is basically a sputterless process.

Fig. 4 shows cross-sectional AFM and MFM images of the same
regions along the cN layer. The AFM images indicate the extremely



Fig. 3. A series of AFM and MFM images of the same regions on the plasma nitrided surface. (a) Atomic force image and (b) magnetic force image of the same area of the
surface of the nitrided specimen. This is also the case for the images in (c) and (d).

Fig. 4. Cross-sectional AFM and MFM images of the same regions. (a) Atomic force image and (b) magnetic force image of the same region as in (a).
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uniform nature of the cN layer in a given grain. The average cN

layer thickness, based on careful examination of several cross-sec-
tional AFM images, is found to be �5.73 lm, which agrees reason-
ably well with that obtained from the cross-sectional SEM analysis.
Note also that the AFM images suggest a high acid etch resistance
for the cN layer (nitrogen-rich region) compared to the 316L SS
substrate. The cross-sectional MFM images in Fig. 4 illustrate the
distribution of the magnetic domains throughout the nitrided
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layer. These images suggest that almost the entire cN layer is of fer-
romagnetic nature. The observation of the ferromagnetic region
through almost the entire cN layer in this study is in contrast with
previous research (via Mössbauer spectroscopy) related to the cN

layer [9]. The MFM studies [11] of a plasma-immersion ion im-
planted 316 SS at 400 �C show that only the outer 80% of the cN

layer is of ferromagnetic nature. According to this MFM study, no
visible magnetic domains were present in the deepest 20% of the
layer (i.e. this region is paramagnetic). This research suggested that
the treated layer stops being ferromagnetic at a depth where the
nitrogen concentration is approximately two thirds of its value at
the surface. Furthermore, this study indicated that the high dislo-
cation density observed in the interface region by TEM may be
responsible for the change in magnetic properties. The Mössbauer
study of low-energy, high-flux N implanted 304 SS at 400 �C, on the
other hand, showed that the ferromagnetic region extends over
less than half of the thickness of the cN layer. The differences ob-
served between the studies in [9,11] and the one in this study
may be due to the incorporation of nitrogen into the materials by
different processes. Fewell et al. [11] attributes this difference to
the differently-shaped nitrogen concentration profiles.

Additional data related to the magnetic behaviour of the cN

layer on the 316L SS substrate material was obtained by vibrating
sample magnetometry. The VSM measurements were performed to
determine both the in-plane and out-of-plane hysteresis loops.
Fig. 5 shows the experimental VSM results from the plasma ni-
trided 316L SS sample and an unnitrided 316L SS specimen with
a similar geometry to that of the nitrided specimen. The hysteresis
loops for the plasma nitrided sample demonstrate ferromagnetic
type behaviour and suggest both out-of-plane and in-plane magne-
tization of the domain structure. The lack of saturation for the ni-
trided sample is due to the contribution of the non-magnetic
(paramagnetic) signal to its VSM data. The substrate material has
neither a loop structure nor saturation behaviour. The VSM data
for the substrate material is consistent with its being paramagnetic
at room temperature. Although the MFM images of the stripe do-
mains suggest mainly out-of-plane magnetization for the cN layer,
the VSM analysis results imply both out-of-plane and in-plane
magnetization of the domain structure. From the VSM data, the
coercive field is estimated to be �85 Gauss. The characteristic
shown by the hysteresis loop for the plasma nitrided specimen is
similar to that of a softer ferromagnet such as soft iron.

The ferromagnetic ordering for the fcc high-N phase (cN phase)
observed in this and earlier studies is supported by other studies in
Fig. 5. VSM data for the plasma nitrided specimen as well as a 316L SS substrate
alloy material.
which hydrogen and carbon atoms are incorporated into the fcc
lattice by different methods [19,20]. A high-pressure hydrogen
incorporation study of 304 and 310 SS (using a SQUID technique)
shows that both steels become ferromagnetic at high hydrogen
concentrations. This study [19], in which hydrogenation of 304
and 310 samples were performed in a high-pressure cell at
350 �C for 24 h under pressures of up to 7 GPa, showed that the
hydrogenation of both 304 and 310 SS steels resulted in a pure ex-
panded fcc lattice. The conclusion of this study was that hydroge-
nation leads to lattice expansion i.e. the Fe–Fe distance is
increased, which strongly influences the magnetic interactions. A
quite recent study related to Fe nanoparticles trapped inside car-
bon nanotube films show that the fcc-Fe particles grown within
graphitic nanotubes remain structurally stable and appear ferro-
magnetic at room temperature [20]. This study suggested that
the ferromagnetism observed in the fcc-Fe is related to both lattice
expansion (due to carbon incorporation) and charge transfer be-
tween iron and carbon. This study indicated less than 10 at.% of
carbon atoms are interstitially inside the Fe unit cells.

The results on the magnetic nature of cN (and cH and cC as just
discussed) are consistent with the well-known concept that fcc-Fe
can exist in two distinct magnetic states depending on the lattice
constant (or atomic volume) of the Fe: a low moment, antiferro-
magnetic state at low volumes and a high moment, ferromagnetic
state at high volumes [21]. The ferromagnetic nature of cN (cH and
cC) can be attributed to the high volume, high moment, ferromag-
netic, fcc-Fe state.

4. Conclusions

In this study, structural and magnetic behaviour of the cN layer
formed on 316L SS substrate by a low-pressure RF plasma method
was investigated. Combined X-ray diffraction, cross-sectional SEM,
AFM and MFM, as well as VSM analyses provide strong evidence
for the formation of the cN phase, [cN-(Fe,Cr,Ni)], with mainly fer-
romagnetic characteristics. The uniform nature of the cN layer is
clearly demonstrated by the XRD, cross-sectional SEM and AFM
analyses. Based on the AFM and SEM data, the thickness of the
cN layer is found to be �6 lm. According to the MFM and VSM
analyses, ferromagnetism in the cN layer is revealed by the obser-
vation of stripe domain structures and the hysteresis loops. The
cross-sectional MFM results demonstrate the ferromagnetic cN

phase distributed across the plasma nitrided layer. The MFM
images show variation in the size and form of the magnetic do-
mains from one grain to another. This is attributed mainly to the
orientation of the individual grains and different amounts of the
lattice expansion in the different grains as indicated from the
XRD data.
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