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Phase transformations in a super ferritic stainless
steel containing 28% Cr after nitrogen ion
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A super ferritic stainless steel with 28.12% Cr; 3.91% Ni; 2.44% Mo; 0.22% Mn; 0.35% Si;
0.01% C; 0.01% N was implanted with nitrogen ions at 60 and 100 keV with different
implantation doses. The nitrogen distribution and the microstructure of the implanted
layers were analysed by means of nuclear reaction analysis (NRA), Mössbauer
spectroscopy (CEMS) and transmission electron microscopy (TEM). A nitrogen saturated
austenite was formed at a lower implantation dose, this austenite led to the precipitation of
α′′-Fe16N2 nitrides and chromium nitrides by increasing the implantation dose and the
implantation energy. C© 1999 Kluwer Academic Publishers

1. Introduction
Nitrogen ion implantation in stainless steels changes
their surface properties purposefully, comprising their
tribological, mechanical and corrosion behavior, due to
the change of the chemical composition and the mi-
crostructure as for example the increase of dislocations
and vacancy densities, the introduction of interstitial
atoms and the precipitation of nitrides. The range of
distribution of the implanted atoms and the distribution
of radiation induced defects is influenced by the implan-
tation parameters, as temperature, energy, implantation
dose and the current density. The mobility of the atoms
in the implanted target is the limiting factor to the final
microstructure at the modified surface.

The ion implantation of austenitic stainless steels has
been studied extensively [1–5], and the efforts focus on
the formation of a nitrogen super saturated austenite,
calledγN or S-Phase, which improves the wear [6] and
the corrosion resistance [7] of the nitrided surface. This
metastable phase can be obtained below 400◦C, pro-
vided that the mobility of the chromium atoms is low
enough to avoid the formation of CrN andγ ′-Fe4N
nitride [8]. Nitriding at low temperatures has been a
successful way to obtain a harder nitrogen rich layer
without the formation of chromium nitrides, which are
known to induce pitting corrosion.

There is a lack of information about the nitriding
of ferritic stainless steels at low temperatures. In this
paper, we investigate the microstructure of a nitro-
gen, ion implanted 28% chromium ferritic stainless
steel using nuclear reaction analysis (NRA) to quan-
tify the distribution of the implanted nitrogen and57Co
Mössbauer spectroscopy (CEMS) and transmission

electron microscopy (TEM) to identify the type of ni-
trides formed during the implantation.

2. Experiment
The ferritic stainless steel used had 28.12% Cr; 3.91%
Ni; 2.44% Mo; 0.22% Mn; 0.35% Si; 0.01% C; 0.01%
N (wt %). The specimen was a square plate having an
edge length of 120 mm and a thickness of 5 mm. The
average polycrystalline grain size was 130µm. Before
implanting the samples their surface was ground with
emery paper to 1000 grid and electrolytically polished.

The ion implantation was performed under 60 keV
with an implantation dose of 3× 1016 and 1× 1017

N+/cm2 at a beam current of 1.5µA/cm2 (samples
IF-6-0.3 and IF-6-1) and under 100 keV with an im-
plantation dose of 4× 1017 and 1× 1018 N+/cm2 at
a beam current of 3.5µA/cm2 (samples IF-10-4 and
IF-10-10). The temperature was kept close to 100◦C.
Table I gives an overview of the samples.

The nitrogen profiles were performed by means of
nuclear reaction analysis using the reaction
14N(p, γ )15O and a characteristic energy of 278.1±
1.06 keV.

The internal conversion electrons in the CEMS tech-
nique were detected by means of a 96% He-4% CH4
gas flow proportional counter. The M¨ossbauer source
was57Co in a rhodium matrix. Spectra recorded at room
temperature were fitted according to a least squares pro-
cedure with a Lorenzian shape of M¨ossbauer lines. The
velocity was calibrated by reference to an iron absorber.

Samples for TEM analysis were prepared by grinding
and jet polishing on the target side with an electrolyte
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TABLE I Implantation parameters of the sample: current density
(µA/cm2), energy (keV) and implantation dose (N+/cm2)

Current density Energy Implantation dose
Sample (µA/cm2) (keV) (N+/cm2)

IF-6-0.3 1.5 60 3×1016

IF-6-1 1.5 60 1×1017

IF-10-4 3.5 100 4×1017

IF-10-10 3.5 100 1×1018

containing 100 ml perchloric acid, 200 ml glycerol and
700 ml methanol at−16◦C and 30 V.

3. Results and discussion
3.1. Nuclear reaction analysis
In a bcc iron structure the diffusion is faster than in a
fcc iron structure, and the nitrogen solubility is lower.
On the other hand, the high chromium content of the
alloy should increase the nitrogen solubility, or better
the affinity of the alloy to nitrogen, so that a greater
amount of nitrogen could be absorbed and chromium
nitrides could form as long as the chromium mobility
was ensured [9, 10]. It is also known that chromium
lowers the diffusivity of nitrogen [11].

The nuclear reaction analysis results are shown in
Fig. 1. The implanted profiles indicate that the diffusion
of nitrogen into the interior of the targets—which would
cause a wider nitrogen distribution—occurred only at
high dose, high energy ion implantation (100 keV; 1×
1018 N+/cm2) and in a small scale. These profiles were
close to the ones predicted by TRIM simulation [12].
Table II shows the predicted and measured values for
the projected rangeRP, its deviation1RP and the calcu-
lated maximal nitrogen concentration, considering the
nominal implantation dose.

During the ion implantation the implanted atoms col-
lide with the target atoms and induce the formation
of vacancies and dislocations. The collision cascade
is transmitted in the closely packed directions in the
crystal structure—for the bcc crystal this is the <111>
direction. The generated dislocations are similar to dis-
location structures of slightly deformed metals [13].
The extent of the defects in the case of nitrogen im-
planted in iron-chromium where the atomic mass re-
lation is 1 : 4 can be considered as well distributed
along the depth. Didenkoet al. [14] measured the dis-
cordance density inα-iron after the ion implantation
with C, Fe, W and Hf and Ar. They observed a shal-
low dislocation distribution after the implantation of C
atoms whereas heavier atoms as W introduced a higher

TABLE I I Implantation range values of the TRIM calculations and
the obtained implantation ranges by means of NRA

RP 1RP Nmax

(nm) (nm) (at %)

TRIM-calculations 60 keV 64.6 35.9 —
100 keV 106.3 50.4 —

Samples IF-6-0.3 45 35 4
IF-6-1 60 36 12.6
IF-10-4 95 60 27
IF10-10 110 90 42

dislocation density with a major concentration close to
the surface. The energy dissipated in those collisions
led to a thermal spike that provides a local rearrange-
ment of the defected structure. A redistribution of the
implanted atoms to the region of major concentration
of defects may occur [15] as well as the precipitation of
nitrides. These processes are similar to the ones taking
place during the deformation and recovering of metals.

Recovering in bcc structures, in which the substi-
tutional and interstitial atoms are more mobile, occurs
easily and faster so that a more extensive distribution of
the nitrogen atoms and/or the precipitation of nitrides
could be expected. An increase in implantation energy
and implantation dose increases the number of subcas-
cades, whose size (and the number of free defects and
interstitial atoms produced in each of them) remains
almost unchanged [16]. Thus the influence of the de-
fect concentration on the nitrogen distribution should
be higher at 100 keV and at higher implantation dose. In
the case of the studied alloy, with approximately 29 at %
Cr, the strong Cr-N interaction should influence the ni-
trogen distribution so that a nitrogen diffusion into the
target was not accentuated.

3.2. Mössbauer spectroscopy
Fig. 2 compares the evolution of the M¨ossbauer spectra
before and after the nitrogen ion implantation; the hy-
perfine parameters of the unimplanted and implanted
ferritic stainless steel at room temperature are given in
Table III. The untreated steel has a ferromagnetic en-
vironment with a magnetic splitting between 22.3 and
26 T. Earlier studies by Vincze and Campbell [17] de-
scribed a reduction of the magnetic hyperfine field (H )
in 2.6 T per chromium atom as first or second neighbour
of an iron atom. Considering a random distribution of

TABLE I I I M össbauer parameters of the unimplanted and implanted
samples

Envi- IS H QS
Sample ronment (mm/s) (T) (mm/s) %A Phase

Unimplanted 1 −0.02 26 0 40 α[Cr]

2 −0.05 22 0 36 α[Cr]

3 −0.02 19 0.04 18 α[Cr]

IF-6-0.3 E0 −0.07 — 0 26 γ

EI −0.04 — 0.39 18 γ[N]

1 −0.03 25.8 0 14 α[Cr]

2 −0.09 22.5 0 42 α[Cr]

IF-10-4 E0 −0.02 — 0 8 γ

E′0 −0.005 — 0.16 29 γ

EI +0.07 — 0.42 44 γN

EII +0.1 — 0.67 19 γN

1 −0.05 28 0 21 α[Cr]

2 −0.01 23 0 32 α[Cr]

IF-10-10 1 0.005 33.98 0 34 α

2 −0.006 31.6 0 18 α′/α′′
3 −0.017 29.7 0 20 ε-Fe2−3N
4 −0.004 23 0 11 ε-Fe2−3N
5 +0.28 0.8 17 (Fe,Cr)N

Isomer shiftIS(mm/s); magnetic hyperfine fieldH (T); quadrupole split-
ting QS(mm/s). Present phases in the analysed samples: chromium al-
loyed ferrite (α[Cr] ); iron ferrite (α); nitrogen martensite (α′);α′′-Fe16N2

nitride; austeniteγ ; austenite with nitrogen in solid solution (γ[N] ), nitro-
gen super saturated austenite (γN), ε-Fe2−3N nitride; (Fe, Cr)N nitride.

4066



Figure 1 Nitrogen profiles of the implanted samples (—) measured (normalized yield) and (¤) calculated values (at %): (a) 60 keV/3×1016 N+/cm2;
(b) 60 keV/1×1017 N+/cm2, (c) 100 keV/ 4×1017 N+/cm2, (d) 100 keV/1×1018 N+/cm2.
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Figure 2 Mössbauer spectra of the unimplanted (a) and implanted samples: 60 keV, 3×1016 N+/cm2 (b); 100 keV, 4×1017 N+/cm2 (c) and 100
keV, 1×1018 N+/cm2 (d).
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c at % Cr in the alloy (c = 29) the probability to haven
chromium atoms in the first or second neighbourhood
can be described as follows:

P(c,n) =
[

14

n

]
· cn · (1− c)14−n (1)

Comparing the random distribution and the fitting of the
Mössbauer spectrum of the untreated sample (Fig. 3)
it is possible to assume a nearly random distribution of
chromium atoms in the alloy.

After the nitrogen implantation a paramagnetic envi-
ronment appeared with typical values of nitrogen sat-
urated austenite [2, 18] and quadrupole splitting val-
ues increasing from 0.39 mm/s at 60 keV and 3× 1016

N+/cm2 to 0.67 mm/s at 100 keV and 4× 1017 N+/cm2.
The formation of austenite after a nitrogen implan-

tation in bcc iron with low chromium contents is not
expected. Kopcewiczet al. [19] and Vredenberget al.
[20] determined the following nitride formation sequ-
ence during an ion implantation at temperatures around
150◦C: α→α′ – martensite→a′′ −Fe16N2 →
ε − Fe2−3N. Doping with chromium atoms may de-
lay the formation of nitrides [21]. Nitriding of high

Figure 3 Probabilistic distribution of the M¨ossbauer environments of the unimplanted sample: (¤) assuming a random distribution of chromium
atoms according to Equation 1,P(c,n) with c = 29, and (—) a fitted distribution of the magnetic hyperfine field environment.

Figure 4 Detailed Mössbauer spectrum between−2 and 2 mm/s of sample IF-10-4.

chromium ferrite at temperatures around 500◦C usu-
ally leads to the precipitation of chromium nitrides fol-
lowed by the precipitation of iron nitrides [22]. This last
transformation can be followed up through a successive
increase in the magnetic hyperfine field, showing that
less chromium is allocated in the bcc iron structure and
finally the formation of iron nitride environments can be
detected. On the other hand a nitrogen addition at high
temperatures (above 1000◦C) stabilises the austenite
[23].

The paramagnetic region of sample IF-10-4 was
measured once more to obtain detailed information
about the nitrogen distribution in the austenitic re-
gion, as shown in Fig. 4. This detailed spectrum and
the Mössbauer spectrum of sample IF-6-0.3 were fit-
ted with two different iron environments, E0 and E′0.
Both represent iron atoms without nitrogen neighbours.
However, the substitutional neighbours more or less de-
stroy the cubic symmetry of the fcc structure, giving rise
to a quadrupole effect. Two other environments EI and
EII could be determined as nitrogen neighbourhoods
corresponding to iron atoms with one and two nitrogen
nearest neighbours, respectively. The amount of nitro-
gen in the austeniteX (in N atoms/100 Fe atoms) is
given by the relation between the M¨ossbauer abundance
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Figure 5 Ion implanted ferritic stainless steel at 60 keV and 1×1017 N+/cm2 (IF-6-1): fine austenite grains andα′′-Fe16N2 nitride in austenite.

Ai of the Ei sites (corresponding to the one iron atom
with i nitrogen nearest neighbours) [24]:

X =
(

AI + 2AII

6

)
(2)

After Equation 2 the expected nitrogen concentration in
the austenite at 60 keV, 3× 1016 N+/cm2 was 8 at % N
and the maximal calculated nitrogen concentration by
NRA was 4 at % N. The mass balance shows that 44%
of the ferrite transformed into austenite, this is in agree-
ment with the relative areas of austenite and ferrite in

the Mössbauer spectrum. The magnetic hyperfine field
of the ferrite did not change, and one can assume that
all nitrogen was concentrated in the austenitic region.
At 100 keV and 4× 1017 N+/cm2 the nitrogen content
in the austenite was 12 at % N according to Equation
2. However the NRA measurements showed that the
maximal nitrogen content was 27 at % N. The excess of
nitrogen should then interact with the chromium atoms.
In fact, the magnetic hyperfine field of the ferrite en-
vironments increased at a higher implantation energy
and dose, showing that chromium traps nitrogen, and
that chromium nitride may have formed.
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Figure 6 Ion implanted ferritic stainless steel at 100 keV and 4×1017 N+/cm2 (IF-10-4): austenitic/γN and ferritic/martensitic regions.

After the implantation at 100 keV and 1×1018

N+/cm2 a doublet characteristic for an MeN struc-
ture [25] (with QS=0.8 mm/s andIS=0.28 mm/s),
where Me= (Fe, Cr) was measured, in other words
CrN was formed. At this last implantation dose

the austenite was not stable any more and the
Mössbauer environments suggest the presence of
ε-Fe2−3 N nitride and the presence of a chromium
free ferrite (H =33 T). The sequence of transforma-
tions:α[Cr]→ γN→CrN+ ε−Fe2−3 N+α[Fe] can be
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Figure 7 Ion implanted ferritic stainless steel at 100 keV and 1×1018 N+/cm2 (IF-10-10): CrN in ferrite.

understood under the assumption of a lower mobility
of substitutional atoms at lower energy, and a lower
implantation dose.

3.3. Transmission electron microscopy
Three samples were investigated by TEM: IF-6-1, IF-
10-4 and IF-10-10. The sample implanted at 60 keV
and 1× 1017 N+/cm2 (IF-6-1) presented fine austenite
grains andα′′-Fe16N2 nitrides precipitated in austenite
(Fig. 5) with the following crystallographic relationship
with γ -Fe:

(310)α′′// (200)γ

[001̄]α′′// [001]γ

The α′′-Fe16N2 nitride has a cell which is two times
bigger than that of the ferrite, with a well known
crystallographic relationship [26, 27] (020)α′′// (020)α
and [100]α′′// [100]α, which implies a coherency with
α-iron. It is usually related with the ageing of nitrogen
martensite, by the ordering of nitrogen atoms in bct iron
[18, 28], but it can also precipitate inα′-iron indepen-
dent of the martensite substructure, and act as a nucle-
ation site to theγ ′-Fe4N nitride [29]. The formation
of α′′-Fe16N2 in austenite was not observed [30] so far
although a martensitic transformation and the futher or-
dering of nitrogen atoms (γ→α′ →α′′-Fe16N2) exists.

After the implantation at 100 keV and 4×10 N+/cm2

(sample IF-10-4) nitrogen expanded austenite and fer-
rite with martensite needles (Fig. 5) were observed. At
1×108 N+/cm2 CrN precipitates in ferrite were de-
tected (Fig. 6). These results are in agreement with the
Mössbauer measurements.

Compared with the results of an ion implantation
of pure iron reported in the literature [19, 20, 30],
one should notice that the transformationα→α′-
martensite is crystallographically unlikely without a

prior formation into fcc austenite. Theγ -iron is un-
stable at room temperature and under the assumption
that a thermal spike occurs during the implantation pro-
cess, the rapid cooling could explain the formation of
the observed martensite. In the high chromium alloy
studied the austenite was stable. The first aspect to con-
sider is the effect of alloying elements (N, C, Cr, Ni,
Mn, Mo and Si) in lowering the martensite start tem-
perature [31, 32]; this could explain the retention of
austenite by a lower implantation dose. The second as-
pect to consider is the mobility of chromium atoms
and therefore their reactivity to nitrogen. By increas-
ing the implantation energy the chromium atoms re-
acted with nitrogen to form CrN, and the stabilising
effect did not exist any longer, through the reduction
of both nitrogen and chromium in the iron bcc solid
solution.

4. Conclusions
The nitrogen ion implantation of ferritic stainless steel
has yielded the following information about the influ-
ence of chromium in the nitride formation process: At
60 keV and 3×1016 N+/cm2 the formation of austen-
ite prior to the martensitic transformation could be
observed due to the reduction of the Ms temperature
caused by the high chromium content and by the addi-
tion of nitrogen.

After rising the implantation dose and the energy,
the density of radiation defects increased, their interac-
tion with the substitutional atoms is enhanced and first
chromium nitrides and then iron nitrides could form.

A crystallographic relation between austenite and
α′′-Fe16N2 was determined:

(310)α′′// (200)γ

[001̄]α′′// [001]γ
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