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ARTICLE INFO ABSTRACT

Available online 1 December 2013 New data related to the magnetic nature of the expanded austenite layers on CoCrMo and austenitic stainless
steel by nitrogen plasma immersion ion implantation (PIII) are presented. Implantations were performed in
the temperature range between 300 and 550 °C for a fixed processing time of 1 h. Magnetic properties, nitrogen
distribution, implanted layer phases, and surface topography were studied with a combination of experimental
techniques involving magnetic force microscopy, SIMS, XRD, SEM and AFM. As a function of the processing tem-
P perature, phase evolution stage for both alloys follows the same trend: (1) initial stage of the expanded phase for-
Ferromagnetism mation, yn; (2) its full development; and (3) its decomposition into CrN precipitates and the Cr-depleted matrix,
MEM fcc y-(Co, Mo) for CoCrMo and bec at-(Fe, Ni) for 304 SS. MFM imaging reveals distinct, stripe-like ferromagnetic

domains for the fully developed expanded austenite layers both on CoCrMo and 304 SS alloys. Weak domain

structures are observed for the CoCrMo samples treated at low and high processing temperatures. The images

also provide strong evidence for grain orientation dependence of magnetic properties. The ferromagnetic state
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for the ~yy phase observed here is mainly linked to large lattice expansions due to high N content.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Ion beam surface modification methods can be used to create hard
and wear resistant surface layers with enhanced corrosion resistance
on austenitic stainless steels (SS) and CoCr base alloys using nitrogen
ions [1-18]. This is mainly due to the formation of a metastable, high
N content phase, yy, at relatively low substrate temperatures from
about 350 to 450 °C. This surface layer is known as an expanded austen-
ite layer. Different N contents and diffusion rates depending on grain
orientation as well as anisotropic lattice expansion and high residual
stresses are some peculiar properties associated with the formation of
this phase [3,4]. Another peculiar feature of the expanded austenite
phase is related to its magnetic character: the expanded phase/layer is
found to have ferromagnetic as well as paramagnetic characteristics de-
pending on its N contents (20-30 at.%) and associated lattice expan-
sions (as high as 10%).

The magnetic nature of the expanded phase was first reported by
Ichii et al. in 1986. This study [2], involving low temperature nitriding
of 304 SS at 400 °C, found that the nitrided layer was composed of the
Y~ phase (the term they used was S-Phase) and was of ferromagnetic
nature. A much later study [4] involving low-energy, high-flux N im-
plantation of 304 SS at 400 °C revealed more details about the magnetic
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nature of the yy phase. Through Mossbauer spectroscopy and MOKE
this investigation found the expanded phase to be ferromagnetically
soft in nature, and to be distributed in the highest concentration region
of the implanted layer. The yy phase transforms to the paramagnetic
state deeper into the layer as the N content and associated lattice expan-
sion decreased. That study [4] suggested that the ferromagnetic yy
phase is achieved above a certain threshold of N content (above about
20 at.%). Two recent studies, involving ion and gas-phase nitrided 316
stainless steels [19,20], however, find a lower threshold N content
value, about 14 at.%, for the ferromagnetic expanded phase. After the
detailed study [4], a number of publications reported observations relat-
ed to the magnetic character of the yy phase formed on austenitic SSs
[21-25]. More recently, the ferromagnetic nature of the yy phase in aus-
tenitic SS alloys was revealed through the observation of stripe-like do-
mains via magnetic force microscopy (MFM) imaging and through the
observation of hysteresis loops via magneto-optic Kerr effect (MOKE)
[23,24]. In these studies, the origin of the ferromagnetism in the yy
phase is mainly explained by large lattice expansions (due to high N
content), and should eventually be related to the underlying origins of
magnetic effect in fcc-Fe and related alloys. Other researchers link the
ferromagnetism of the <y phase to various defects (stacking faults,
twins, etc.) observed in the expanded phase layers [26].

While, according to the literature of the last twenty years, there has
been considerable research related to the expanded austenite phase in
CoCr based alloys (the expanded phase in CoCrMo alloy was first report-
ed by Weietal.in 2004 [11]), there is only one study related to the mag-
netic nature of the yy phase in this alloy system [27]. This study
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involving low temperature nitriding of CoCrMo alloy at 400 °C provided
strong evidence for the ferromagnetic nature of the <y phase in this
alloy through MFM observation of stripe domain structures as well as
the hysteresis loops obtained through MOKE analysis.

Although the expanded phase itself has now been studied in detail
by various research groups, its magnetic nature has been relegated to
a minor role. Instead, the focus rather has been on mechanical, tribolog-
ical, corrosion, and biocompatibility of expanded layers. However, there
may be possible applications for magnetic <y layers on non-magnetic
substrates, underlying fcc -y phases of austenitic SS and CoCrMo alloys
have paramagnetic properties at room temperature. Two possible appli-
cation areas that may utilize the magnetism of the expanded phase may
be magnetic recording [28] and magnetic separation (very localized
zone for trapping magnetic particles) [25]. On the other hand, the ferro-
magnetism of the expanded phase is probably unwelcome for biomed-
ical SSs and CoCr based alloys, particularly from the view point of
magnetic resonance imaging (i.e.,, MR compatibility).

The objective of this research is to present new data related to the
magnetic nature of the expanded austenite layer/phase formed on
CoCrMo and 304 SS alloys by nitrogen plasma immersion ion implanta-
tion (PIII). In this study, the magnetic behavior of the expanded phase
layers will be mainly probed by magnetic force microscopy and supple-
mental data will be obtained by XRD, SEM, AFM, and SIMS.

2. Experimental procedure

Investigated materials were medical grade wrought low carbon
CoCrMo (ISO 5832-12) and austenitic 304 SS alloys with base chemical
compositions of 26% Cr, 6% Mo, balance Co, and 18% Cr, 8% Ni, balance Fe
(all in mass %), respectively. The specimens, with a disk-like geometry
(diameter = 15 mm, thickness = 3 mm), were mechanically polished
to mirror-like finish with an RMS roughness less than 5 nm for both ma-
terial surfaces. The polycrystalline grain size for 304 SS and CoCrMo al-
loys ranged from ~25 to 50 um and ~5 to 15 pum, respectively. Nitrogen
PIIl experiments were carried out in the temperature range between
300 and 550 °C for a fixed processing time of 1 h. The PIII experiments
were performed in a cylindrical vacuum chamber with a 2.45 GHz ECR
plasma source operating at 150 W and a base pressure lower than 10
~6 Pa. 10 kV high voltage pulses with a pulse length of 15 ms were ap-
plied to the samples. The temperature variation was achieved by
adjusting the pulse repetition rates.

Phase analysis was investigated with X-ray diffraction in both 6/26
geometry and grazing incident (GIXRD) mode using Philips X'Pert
XRD system with Cu-Ka in the angular range from 30° to 100°. Topog-
raphy was studied by scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The N implanted layer thicknesses were mea-
sured by SEM on the polished sample cross-sections. Nitrogen distribu-
tion was measured by secondary ion mass spectroscopy (SIMS). Cross-
sectional SEM images and SIMS profiles are not presented in this
study. Energy dispersive X-ray (EDX) analysis was also used to obtain
supplemental nitrogen concentration data for the implanted layers.
During EDX analysis, SEM was operated at primary electron beam ener-
gy of 20 keV (accelerating voltage), with probing depth of the order
of approximately 1 pm in layers with predominantly Fe/Cr/Ni
composition.

The magnetic structures of the sample surfaces were imaged with a
scanning probe microscope (Veeco, Dimension 3100) in magnetic force
mode (MFM). In this mode, the probe tip coated with a ferromagnetic
film gives an image showing the variation in the magnetic force be-
tween the magnetized probe and magnetic stray field originating from
the sample surface. MFM imaging was carried out on all N implanted
CoCrMo samples except on the sample implanted at 300 °C. In the
case of 304 SS specimens, the imaging was performed only on the sam-
ple that was N implanted at 350 °C. MFM imaging was also carried out
on polished 304 SS and CoCrMo alloys.

3. Results
3.1. XRD analysis

Fig. 1 presents the XRD results for the substrate alloys for this inves-
tigation. The polished CoCrMo alloy structure consists of a mixture of
predominant fcc lattice structure [i.e., fcc y-(Co, Cr, Mo)] and weak
hcp crystal structure [hep €-(Co, Cr, Mo)]. Ref. [23] indicates that the
hcp € phase is located, as thin bands, within the fcc vy matrix. The
polished 304 SS alloy has mainly fcc lattice structure [i.e., fcc y-(Fe, Cr,
Ni) phase]. The XRD data for the SS substrate indicates a weak shoulder
peak just to the right of fcc y(111) peak. This peak (labeled as o) is
attributed to strain-induced martensite phase due to mechanical
polishing. GIXRD analysis of this sample (inset in Fig. 1) clearly confirms
this finding, and suggests that this phase is formed on the top surface
layer (~50-100 nm).

Fig. 2 shows the XRD patterns of 304 SS alloy specimens that were N
implanted at temperatures ranging from 300 °C to 550 °C for a fixed
processing time of 1 h. The lowest temperature (300 °C) treated SS
sample clearly shows the formation of the expanded austenite phase,
Yn- The lack of the substrate peaks in the XRD data for the sample im-
planted at 350 °C suggests a much thicker expanded layer (at least
4 pm) with higher N content compared to the sample implanted at
300 °C. At the treatment temperature of 400 °C, the expanded phase de-
composition starts, and the XRD data indicates the formation of CrN
(weak peaks at 2 theta positions of about 37.5°, 43.6° and 62.6°). This
sample also has the expanded phase but its peaks are weaker and
shifted to higher angles compared to the samples prepared at 300 and
350 °C. As the treatment temperature exceeds 450 °C, the expanded
phase peak intensities decrease, CrN peaks become much more appar-
ent, and the data clearly shows the presence of bcc a-phase [o-(Fe,
Ni)]. At the highest processing temperature (550 °C), the XRD pattern
is mainly composed of fcc y-CrN and bcc o-(Fe, Ni) phase structures.

Fig. 3 shows X-ray diffraction patterns of N implanted CoCrMo alloy
samples for various processing temperatures. The XRD data looks iden-
tical for specimens processed at low temperatures (300, 350 °C). The
peaks to the left of the substrate y(111) and y(200) peaks suggest for-
mation of the expanded phase in this alloy system. The vy layers on
CoCrMo samples at these processing temperatures are found to be sig-
nificantly thinner compared to the yy layers on 304 SS. At the treatment
temperature of 400 °C, the expanded layer formation is complete and a
much thicker layer is developed (no substrate peaks are visible, similar
to 304 SS at 350 °C). At processing temperatures 450 °C and above, the
expanded austenite is decomposing into CrN precipitates. The precipita-
tion of CrN depletes the expanded austenite of chromium resulting in
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Fig. 1. XRD data for untreated 304 SS and CoCrMo substrate alloys. The inset is the GIXRD
data for the 304 SS substrate alloy specimen.
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Table 1

Experimental results of nitrogen PIIl into CoCrMo alloy samples. Predominant phases were
determined from XRD. Magnetic structures were obtained via MFM imaging. The lattice
expansion, Aa/a = [{a(yn) — a(7y)} / a(y)], refers to the relative difference in lattice
spacing between fcc y substrate phase and fcc yy phase and it is an average value between
(111) and (200) 'y-yn pair peaks. The root-mean-square roughness, RMS, was measured
by AFM. The N implanted layer thicknesses were measured by SEM on the polished sample
cross-sections and SIMS (values in parentheses). The N content values measured by EDX
are listed in this table for completeness.

L T % T T T T 4 T
7000 |- b c/d -
. b oid o =0
6000 = reld A o
¢ |/ \ cid c/d 500 ¢
by WER— T Mol s
€ 5000 [ o/d o
E c 8 e od 450 °C|
2 3 i . Frds i
S
& 1000 a 400 °C]
£ a
=
£ 3000 .
=
= 4
350°C
2000 sttt
300 °(]
1000 b b b o
C i L L n 1 Au-‘ 1 L W
30 40 50 60 70 80 90 100
20 (degrees)

Fig. 2. XRD patterns for the 304 SS specimens nitrogen PIII processed between 300 °C and
550 °C for a fixed time of 1 h: b — fcc substrate <y phase, a — expanded phase yy, ¢ — CtN
precipitates, and d — bcc o phase, o-(Fe, Ni).

the formation of a mixture of fcc y-CrN and the substrate phase [i.e., fcc
v-Co(Mo)]. At the highest processing temperature of 550 °C, this fcc
phase is quite visible, albeit with a very low intensity and much broader
than the original substrate peaks. The expanded layer peaks exist up to
temperatures of 450 °C, suggesting that at higher temperatures, the ni-
trogen containing layer is actually a mixture of CrN, Cr,N and the Cr-
depleted fcc phase. Tables 1 and 2 summarize the phase evolution
stages (the expanded phase formation/development, its decomposi-
tion) as a function of processing temperature for both CoCrMo and
304 SS alloys. Formation of expanded austenite in austenitic stainless
steels and CoCr alloys is already reported in scientific literature and
not the primary focus of this study. Hence, effect of time and tempera-
ture on the expanded phase evolution can be found in Ref. [29]. Addi-
tionally, nitrogen content, diffusion and stress relaxation are also
known to influence the results [15].

3.2. Magnetic force microscopy imaging

Magnetic force microscopy analysis was carried out on the surfaces
of the polished and N implanted 304 SS and CoCrMo alloys. Figs. 4 and
5 show MFM imaging analysis results for all the N implanted CoCrMo
samples except the sample implanted at 300 °C. The MFM results for
the 304 SS sample that was N implanted at 350 °C are shown in Fig. 6.
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Fig. 3. XRD patterns for the CoCrMo alloy specimens nitrogen PIII processed between
300 °C and 550 °C for a fixed time of 1 h: b — fcc substrate vy phase, a — expanded
phase yn, ¢ — CrN precipitates, and d — Cr,N.

Temperature Phases Magnetic Aaja  Layer N content RMS
(°C) structure (%)  Thickness (at.%) (nm)
(um)
Substrate v, € Nonmagnetic® - - - 15
300 Y YN Weak 9.8 0.24 (0.4) 36 23
domains
350 Y, YN Weak 9.8 0.48 (0.8) 38 36
domains
400 YN Distinct 9.9 2.55(3.0) 34 75
domains®
450 Ys YNo Distinct 70 270(3.1) 36 78
CrN domains
500 %, CrN, Weak 3.1 2.36(2.5) 33 79
CroN domains
550 v, CrN, Strong 2.5 2.10(24) 31 78
Cr,N domains

2+ phase at 500 and 550 °C refers to fcc y-(Co, Mo) and is different than the substrate
fcc y-(Co, Cr, Mo) phase.

b CoCrMo substrate alloy is paramagnetic at room temperature.

¢ The ferromagnetism of the expanded phase layers is revealed through MFM imaging
of stripe domains.

In these figures, the MFM images for the polished alloy surfaces are
also presented. Distinct magnetic patterns are easily identified in certain
regions of the MFM image taken on the surface of the polished SS alloy
(Fig. 6). These are magnetic domains of the martensite that is the result
of surface polishing process, as confirmed by both XRD and GIXRD. Parts
of the image with no magnetic contrast probably belong to the untrans-
formed paramagnetic austenite. On the other hand, it seems the
polishing process does not modify the magnetic structure of the CoCrMo
alloy since no magnetic contrast is observed in the MFM image of the
polished surface of CoCrMo alloy (Fig. 4).

Figs. 4 and 5 display a series of MFM images clearly showing the evo-
lution of the magnetic structure of the surface of N implanted CoCrMo

Table 2

Experimental results of nitrogen PIII into 304 SS alloy samples. Predominant phases were
determined from XRD. Magnetic structures were obtained via MFM imaging. The lattice
expansion, Aa/a, refers to the relative difference in lattice spacing between fcc vy substrate
phase and fcc yy phase and is given by Aa/a = [{a(yn) — a(vy)} / a(7y)]. The root-
mean-square roughness, RMS, was measured by AFM. The N implanted layer thick-
nesses were measured by SEM on the polished sample cross-sections and SIMS
profiles (values in parentheses). The N content values measured by EDX are listed
in this table for completeness.

Temperature Phases Magnetic Aaja  layer N content RMS
(°C) structure (%) thickness (at.%) (nm)
(um)
Substrate v, %’ Distinct - - - 5
domains
300 YN - 75 1.1 (1.0) 35 24
350 YN Distinct 114 32(4.0) 39 63
domains
400 Y YN 6.2 10.1 (9.0) 36 52
CrN
450 Yo - 11.5(12) 29 54
CrN, o
500 CrN, - 14.9¢ 25 41
o
550 v, CrN, 25 15.1¢ 25 59
a

a

o’ is known as the martensite phase with bcc (or bet) lattice and is due to polishing;

MEFM image shows distinct ferromagnetic domains.
b o phase has bec structure and refers to bee a-(Fe, Ni).
¢ For these samples, SIMS has not been performed.


image of Fig.�2
image of Fig.�3

18 0. Oztiirk et al. / Surface & Coatings Technology 256 (2014) 15-22

AFM

Substrate

MFM

Fig. 4. MFM data showing the magnetic structure development of the surface of the CoCrMo samples at PIII processing temperatures of 350 °C and 400 °C. MFM image of the substrate
CoCrMo alloy is also provided. The appearance of the striped domain patterns is an indication of ferromagnetism in the N PIII processed surfaces. Corresponding AFM images are on

the left hand panel.

samples with increasing processing temperatures. The ferromagnetism
for the N implanted CoCrMo surfaces becomes quite obvious through
the observation of the striped domains, particularly for the samples
treated at 400 and 450 °C. The dark (light) stripe domain patterns ob-
served in the MFM images are up (down) modulation of out-of-plane
magnetization component, and they are often observed in a number
of materials in thin film form. The magnetic domains in the MFM images

exhibit different patterns from one grain to another. The domain mor-
phology (i.e., size and shape) and the periodicity of domains even
changes within a given grain.

Different domain patterns suggest different magnetic behaviors
from grain-to-grain. For the surfaces treated at 400 and 450 °C, this is
probably attributed to different amounts of lattice expansion (due to
different N contents) in the different grains as evidenced in the XRD
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Fig. 5. MFM data showing the magnetic structure development of the surface of the CoCrMo samples at PIII processing temperatures between 450 °C and 550 °C. The appearance of the
striped domain patterns is an indication of ferromagnetism in the N PIII processed surfaces. Corresponding AFM images are on the left hand panel.

results. According to the XRD data, the expanded phase is the dominant
crystal structure in these surfaces, and the (200) yy peak is shifted more
than the (111) yn peak. The domain size/shape variations observed on
the different grains may be due to the different intrinsic magnetic prop-
erties of the expanded phase in those grains. Although not carried out in
this study, published papers [19,24] have already established correla-
tions between the domain structure and crystal orientation.

Although not as distinct and striped as those seen on the images of
the surfaces at 400 and 450 °C, the MFM images of the sample surfaces
treated at 500 and 550 °C show domain patterns/structures. The do-
mains are much more apparent for the sample surface treated at
550 °C compared to that at 500 °C although their XRD patterns are
nearly identical. It is also clear from the MFM images that some grains
show no magnetic contrast. This may be due to either an in-plane
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Substrate

Fig. 6. MFM data showing the magnetic structure of the surface of the 304 SS sample processed at a temperature of 350 °C for 1 h. Ferromagnetic domains on the PIII processed 304 SS
surface are due to the expanded layer/phase formed on this alloy. Distinct domains can be seen on the substrate surface due to polishing induced martensite phase («’). Corresponding

AFM images are on the left hand panel.

magnetization component or the expanded phase with less lattice ex-
pansion (lower N contents) (i.e., the paramagnetic yy phase). The latter
seems more plausible since the XRD data for these samples show the ex-
panded phase decomposing into CrN precipitates and the Cr-depleted
matrix, fcc y-Co(Mo).

As mentioned above, MFM analysis was also carried out on the N im-
planted surfaces of 304 SS. Fig. 6 shows an MFM image taken on the

surface of the sample implanted at 350 °C. Stripe-like domains are
quite visible in parts of the image suggestive of ferromagnetism for
the N implanted layer. This is consistent with the XRD results which
only show the expanded phase layer on this alloy at this temperature.
For parts of the image in Fig. 6, there is no magnetic contrast, and this
may be due to the paramagnetic yy or the magnetization lies in plane
(stripe domains are typical of mostly out-of-plane magnetization).
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Imaging by MFM for the 304 surfaces treated at other tempera-
tures was not performed in this study. However, it would be impor-
tant to distinguish the ferromagnetism of the expanded phase/layer
from those layers processed at higher temperatures. The XRD data
for the 304 SS sample treated at 550 °C shows CrN precipitates and
the Cr-depleted matrix of bcc a-(Fe, Ni) as a consequence of the
expanded phase layer decomposition. It would be interesting to
investigate the surface of this sample using MFM since bcc o phase
is known to be ferromagnetic.

4. Discussion

The application of nitrogen PIII to austenitic 304 SS and CoCr base al-
loys in the temperature range from 300 to 550 °C clearly demonstrates
first the formation of an expanded austenite phase and then its decom-
position in these materials. For both alloys, the phase evolution is as
follows: (1) at low temperatures there is the expanded phase develop-
ment stage; (2) at intermediate temperatures there is the completion of
the expanded layer with a much thicker layer compared to the stage 1;
and (3) at higher temperatures there is the decomposition of the ex-
panded phase into a mixture of CrN + bcc o-(Fe, Ni) matrix and
CrN + fcc y-(Co, Mo) for 304 SS and CoCrMo alloys, respectfully. How-
ever, in each stage, the onset temperature (transition temperature) is
higher (about 50 °C) for CoCrMo alloy compared to 304 SS. The new
data presented here agrees quite well with previous N PIII studies of
similar alloys [15,30,31] These investigations show that austenitic SS
and CoCr alloys can be efficiently nitrided using PIII at temperatures
ranging from 300 to 600 °C within a few hours. Further investigations
show that for both alloys thermally activated diffusion (interstitial in
nature) is observed but a much faster diffusion of nitrogen in SS com-
pared to CoCr is obtained. This is also consistent with the layer thick-
nesses measured in this study (Table 1).

The most important finding in this study is related to the magnetic
nature of the expanded austenite layer on CoCrMo alloy. The yN
phase/layer on CoCrMo is found to be ferromagnetic. The ferromagne-
tism is revealed through the observation of the stripe-like domains.
The result is quite new and significant since, to the authors' knowledge,
this is the second study to date reporting ferromagnetism for the ex-
panded phase in this alloy system. The original study [27], which
explored plasma nitriding of medical grade CoCrMo alloy with compo-
sitions similar to that used in the present work, found that the expanded
phase/layer formed at 400 °C on this alloy has ferromagnetic properties
as evidenced through the observation of stripe domains via MFM imag-
ing and through hysteresis curves via MOKE. In comparison, there are
quite a few studies reporting ferromagnetism for the yy phase/layer
formed on austenitic stainless steels by various ion beam as well as
gas nitriding processes [19].

In this and many other investigations, the ferromagnetism of
the +yy layers in austenitic SS and CoCrMo has been made clear
through the stripe domain mapping by MFM imaging analysis
[19-24]. MFM imaging is also carried out successfully on alloyed
and unalloyed ferritic and/or dual phase stainless steels (DSS) as an
alternative technique compared to destructive techniques such as
chemical etching [32-34].

A careful investigation of MFM images and comparison with the XRD
data suggest a good correlation between the magnetic structure devel-
opment of the surfaces of the N implanted CoCrMo samples and the de-
velopment and decomposition of the expanded phase/layers on them.
For example, the MFM image of the surface of the CoCrMo sample im-
planted at 350 °C is composed of indistinct magnetic domains with
weak magnetic contrast, while the imaging of the sample surface im-
planted at 400 °C reveals distinct, stripe domains with strong magnetic
contrast. The XRD results show that at the treatment temperature of
400 °C, the expanded layer formation is complete with much thicker
layer in comparison to the less developed yy layer on the sample proc-
essed at 350 °C. This correlation also holds true for the 304 SS specimen

that was N implanted at 350 °C (MFM image containing stripe domains
and XRD data indicating fully developed -y layer). The MEM image of
the surface of the CoCrMo sample treated at 450 °C also shows distinct
stripe domain structures. The XRD results for this sample suggest CtN
precipitates within the expanded phase matrix. Apparently, the
decomposed phase with precipitates in the sub-micrometer range still
retains a memory of the original magnetic structure.

The MFM images in Figs. 4, 5 and 6 show that domain morphology
(size and shape) changes from grain-to-grain and even within a grain.
This is attributed to N content and lattice expansion variations in
these grains as evidenced from the XRD data. Also, it is likely that the
Y~ has different intrinsic magnetic properties in differently oriented
grains. In this study, the relationship between crystal orientation and
the domain structure (for example, through both MFM and EBSD) has
not been carried out, but few such studies do exist in literature, par-
ticularly for the expanded phase layer on SS alloy [19,24,25]. There
is no such study for the expanded phase layer on CoCrMo alloy.
However, an alternative explanation involves plastic mechanical
deformation due to the high stress values present in the expanded
austenite layers. As dislocation lines are appearing at the surface
within grains, exhibiting a regular, parallel spacing, an association
of the domain boundaries within grains with these dislocation lines
may be possible.

The ferromagnetic state for the yy phase/layers observed in this
study is mainly linked to large lattice expansions (~9%) due to high N
contents (~35 at.%) [27]. As an interstitial impurity, nitrogen expands
the host lattices of the stainless steel and CoCrMo alloy. At a more fun-
damental level, the origin of ferromagnetism in the yy phases comes
from electronic structure of Fe (for stainless steel) or Co (for CoCrMo
alloy) and more precisely from 3d orbitals. Expanding the lattice re-
duces the 3d-3d overlap enhancing Fe or Co magnetic moments. A plau-
sible explanation related to the ferromagnetism observed in the
expanded austenite layer in 316 SS was recently given by Basso et al.
[20]. The authors claimed that the most important effect governing
the ferromagnetism is the N-Cr interaction, which removes Cr 3d elec-
trons from the metal alloy valence band promoting ferromagnetism. An
earlier study [26] suggested that both the lattice expansion and the de-
fect density might be important for the magnetic properties of the ex-
panded phase. This study indicated that fine changes in the atomic
distances due to the stacking faults can induce paramagnetic to ferro-
magnetic transformation (the expanded phase normally contains a
high density of dislocations, slip lines, deformation twins, and stacking
faults).

5. Conclusions and outlook

In this research, new data related to magnetic nature of the expand-
ed austenite layer/phase formed on austenitic stainless steel and
CoCrMo alloys by nitrogen plasma immersion ion implantation is pre-
sented. The ferromagnetism of the expanded phase layers is revealed
through MFM imaging analysis of stripe-like domain structures. Com-
bined MFM imaging analysis and XRD data suggest a correlation exists
between the magnetic structure development and the expanded
phase development and decomposition stages. While distinct stripe do-
mains with strong magnetic contrast are observed for the fully devel-
oped expanded phase layers on CoCrMo (also on 304 SS), indistinct
domains with weak magnetic contrast are found for the expanded
phase layer at earlier stages of its development (i.e. processing temper-
atures of 300, 350 °C) and at the stage where the expanded phase ma-
trix is decomposing into CrN precipitates and the Cr-depleted matrix,
fcc y-(Co, Mo) for CoCrMo alloy and CrN precipitates plus bcc a-(Fe,
Ni). The MFM data presented suggests that the expanded phase mag-
netic behavior is changing with crystallographic orientation and this is
consistent with lattice expansion and N content variations as evidenced
from the XRD.
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