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SOME CONSIDERATION ON DOUBLE LAYER
STRUCTURE IN PLASMA ASSISTED NITRIDING OF
AUSTENITIC STAINLESS STEEL
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Abstract: Low temperature plasma assisted nit riding treatments of 316 stainless
sted produce a complex layer constituted by tow different metastable f.c.c. solid
solution denoted (yn; and yno). About the formation of these double layers, different
hypothesis was proposed in the literature. For verifying these hypotheses, the
effects of differentes conditions such as nit riding temperature, cleaning and nit
riding duration and cooling state have been studied. The results show that yy, sub
layer produce during the ion bombardment cleaning procedure, before the nit
riding treatment. Also the formation of the y\. layer is not connected to the cooling
state of the sample after nit riding treatment.
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1. Introduction

Stainless stedl plays an important role in various
sectors of industry owing to their excellent corrosion
resistance. But their application is limited by their
relative low hardness. During the pass two decades,
much work has been carried out on the nitriding of
stainless steel, so asto improve their hardness and wear
resistance [1-10]. Low temperature plasma based
nitriding has been proved to be an efficient way to
formed a very hard and corrosion-resistant layer on the
surface of austenitic steels with relative high chromium
content [2, 6, 8]. Such a layer is called expanded
austenite [11], yy phase [12, 13], s phase [14] or m
phase [15]. In this paper, it is called yy phase. The
possible occurrence of double layer constituted by two
different metastable f.c.c. solid solutions denoted (yn:
and yn,) was reported for AlSI 316 austenitic stainless
steel [10, 16]. Williamson et al. [10] observed a double
layer structure corresponding to two well-defined N
contents: 20-26 at% in the yy; surface layer and 4-10
at% in the yy, subsurface layer when nitriding Fe-rich
f.c.c. aloys. They have suggested that yy, formation is
caused by stress-assisted diffusion. The other searchers
speculated that this double layer structure is formed
during the slow cooling of the substrate after nitriding.
The am of this paper is to study this double layer
structure in order to verify the different hypothesis
proposed in the literature.
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2. Experimental Details

2-1. Sample Preparation

Two types of AISI 316L (13%Ni, 17%Cr, 67%Fe,
2%Mo, 0.5%Si, 0.2%Mn, 0.02%C, other balance) and
AISI304 (9.5%Ni, 18%Cr, 69.43%Fe, 1%Si, 2%Mn,
0.07%C, other balance) stainless steel samples were
used in this study. The samples were cut from a
cylindrical bar which has been annealed at 900°C for
24 hours, subsequently machined to a 20 mm in
diameter, 4mm in thickness disk, then grounded and
mechanically polished to a mirror-like finish. The
samples were always polished by 1 um diamond paste
and then cleaned in methanol for 15 minutes by using
ultrasonic just before being places into the reactor
chamber

2-2. Nitriding Process

Plasma nitriding is realized using an 800 Hz
pulsed Dc discharge, with a 0.8 duty cycle ratio (ratio
of the pulse duration to the pulse period) in a DC pulse
plasma reactor. Normally, the sample is screwed into
the substrate holder so that they form a continuous
surface in order to avoid edge effects. However, the
substrates are placed on a flat substrate holder in some
experiments in order to allow oil quenching at the end
of the treatment by simply pushing the sample in a oil
container. An in situ cleaning procedure, intended to
remove the native oxide layer and to simultaneously
heat the sample to the working temperature, is
performed before the nitriding treatment in an 50%Ar-
50%H, plasma under a 200 Pa pressure. The nitriding
treatment is then performed in a 90%N, - 10%H, gas
mixture. The temperature is measured by a
thermocouple embedded into the substrate holder. At
the end of a normal treatment, the samples are allowed
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to cool in vacuum. Severa samples are nitrided
skipping the ion bombardment cleaning procedure, or
merely ion bombarded in Ar-H, plasma, in order to
reveal the effect of the in-situ cleaning treatment on the
structure of the nitrided layer.

The effect of carbon contamination is investigated by
introducing 0.25% CH, into the Ar-H, gas mixture
during the ion bombardment cleaning procedure. Table
1 lists the processing conditions for various nitriding
treatments.

3. Results and Discussion
3-1. Structure of the Nit Rided L ayer
In many published papers, a layer of metastable f.c.c.
solid solution supersaturated in nitrogen, also known as

expanded austenite, yy phase, s phase or m phase, has
been reported in austenitic stainless steels which are
nitrided at temperatures between 310°C and 420°C [6,
8, 11]. Fig.1shows the SEM morphology of the layer
nitrided at 420°C in a 90%N,- 10%H, gas mixture,
(sample no. 1 in table 1). It is evident that nitrided
layer is composed of dual layers with well-defined
interface.

Fig. 2(b) is the correspondent XRD pattern of this
sample. A characteristic set of broad diffraction lines
corresponding to the yy phase (denoted by yyn1) can be
seen in the figure. At low angles, between the
diffraction lines of the yy phase and the matrix, another
peak (denoted by vyn2) can be observed on the
diffraction pattern.

Tab. 1. Description of the processing conditions for plasma assisted nit riding of stainless steel samples

Sample’s ID Substrate Nitriding Duration (Min) Cooling state
diameter (mm) temperature
C) In-situ cleaning Nitriding

No 1 (AISI316L) 20 420 60 60 Normal
No 2 (AISI316L) 20 440 60 60 Normal
No 3 (AISI304) 20 420 60 60 Normal
No 4 (A1SI304) Quenched in ail
No 5@ (AISI316L) 20 420 60 60 Normal
No 6 (AISI316L) 20 420 - 120 Normal
No 7 (AISI316L) Quenched in ail
No 8 (AISI316L) 20 300-440 240 Normal
(@) The gas mixture for ion-cleaning is different in this experiment: 50%Ar + 49.75%H, + 0.25%CH,
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Fig. 2. XRD diffraction patternsfor nit rided samplesno. 1(b), no. 2(c) described in table 1, and for the Al S|

316L substrate (a), with Co Ka radiation at theincident angle of 10° (a, b) and 4° (c).
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Fig. 3 shows the concentration depth profiles obtained
by SNMS (sputtered neutral mass spectrometry) of this
sample. The profile of Fe element was eliminated for
the sake of convenience. It can be seen that the
nitrogen content in the nitrided layer abruptly
decreases at a depth of 2.5 um, which is approximately
the thickness of the top layer. And accumulation of
carbon element was observed between the depth of 2.5
um and 4.5 um, where exists the second layer. Thus,
the top layer is associated to yy; phase which has a
solid solution nitrogen contend of 10-28 at%. And the
sublayer is connected to yn, phase, which has a
relatively lower nitrogen content (<10 at%), and a
small quantity of carbon. Table 2 lists the lattice
parameters of the yy; phase, yn, phase, and total layer
thickness obtained under various processing
parameters.

As shown in fig.4, the dua layer structure can be also
observed in the nitrided layer of an AISI 316L sample
which was nitrided at 440°C in the same gas mixture
(corresponding to sample no.2 in table 1). But a weak
peak of CrN appears on the corresponding XRD
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Fig. 3. SNM S concentration depth profiles of sampleno.lin table 1

Fig. 4. SEM microraphs of titrid

ed Iayerfor sﬁle no.2

Pattern, fig. 2(c). This is basically in accordance with
other reports that 450°C is the upper limit temperature
for stainless steels to be nitrided without forming CrN
precipitates [17]. It is difficult to find diffraction lines
of the matrix on the diffraction pattern because an
incident angle of 4° was applied to this sample during
the XRD measurement.

Fig. 5 and 6 are the SEM micrographs of the AlSI 304
samples of the AISI 304 samples nitrided at 420°C,
which is corresponding to samples no.3 and no. 4 in
table 1. The nitrided layers show a similar structure to
that observed in the other type of AlISI 316L, in other
words, a dual layer structure can also be observed in
the nitrided layer. It is noted that these two samples
were nitrided at the same time under the same
processing parameters, except that at the end of
nitriding, sample no 3 was allowed to cool with the
substrate holder, while sample no. 4 was quenched in
oil. Thus this experiment indicates that formation of
vn2 layer probably is independent on the cooling state.
Fig. 7 shows the corresponding XRD patterns of these
two samples. In contrast to fig. 2, the diffraction lines
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associated to the yy; phase seen to split in two distinct
parts. It is tempting to attribute these diffraction peaks
to the y* F4N phase, but we believe that this effect is
connected to the high stress level in the yy; phase Fig.
8 shows the SEM micrograph of an AlS| 316L sample
which was nitrided at 420°C. In this experiment
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0.25%CH, was introduced into the reactor during the
ion bombardment cleaning (corresponding to the
sample no. 5 in table 1). The nitrided layer aso
exhibits a dual layer structure. Fig. 9 shows the
corresponding XRD patterns for this sample.
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Fig. 5. SEM micrographs of the nitrided layersfor sample no.3 described in table 1
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Fig. 7. XRD patternsfor samplesno.3(a), no.4(b) described in table 1, and for the ASIS 316L substrate (c). With
CoKa radiation at incident angle 10°.
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Fig. 9. XRD patternsfor sample no.5 described in table 1(a) and (b), and for theoriginal AlSlI 316L substrate (c),
with CoKa radiation at incident angle 10° (a) and (c), and 25° (b)

Several explanations for the formation of the dual layer
have been proposed. Williamson et a. [10] suggested
that the formation of the yy, phase is caused by stress-
assisted diffusion. Czerwiec et al. [16] proposed that
vnz2 Sublayer is formed during the slow cooling of the
substrate after intruding. We will show a different
mechanism in this paper.

4. Mechanism for the Formation of the Dual
Layer Structure
Since the formation of the yy, layer is not necessary
associated with the cooling state after a nitriding
treatment, it probably occurs during the nitriding or
even begins during the ion bombardment cleaning
procedure. Then another two experiments were carried
out, referred to as samples no. 6 and no. 7 in table 1.
These two samples were nitrided at the same time
under the same processing parameters, and the in-situ
ion bombardment cleaning procedure just before the
nitriding was skipped. After nitriding, sample no. 6
was alowed to cool with the substrate holder, while
sample no.7 was quenched in oil. Fig. 10 and 11 shows
the cross-sectional morphology of these two samples.
No dual layer structure is observed in either of the two

samples. This can be confirmed by the corresponding
XRD patterns shown in fig. 12; no additional peaks are
observed between peaks of the yy; phase and that of
the substrate. Therefore the ion bombardment cleaning
is necessary to produce the yy, sublayer.

The primary aim of an in-situ ion bombardment
cleaning just before nitriding is to remove the native
oxide layer from the sample surface. But it also an
important role in the formation of the yy, phase as
being discussed above. Therefore a sample was then
merely ion bombarded in a 50%Ar+50%H, plasma
without a following nitriding treatment (sample no. 8
in tablel), so as to investigate the effect of this
procedure on the formation of the yy, phase. A
homogeneous layer, which is distinct from the
substrate, can be observed on surface of the sample
(fig. 13). The corresponding XRD pattern (fig. 14)
confirms that a new phase, probably the yy, phase,
forms owing to the ion bombardment. Fig. 15 shows
the concentration depth profiles of this sample obtained
by SNMS analysis. It is interesting to note that a
nitrogen concentration up to near 10 at.% is found on
the top surface, and the nitrogen content gradually
decrease to zero at a depth of around 2.0 um. Since no
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nitrogen gas was introduced into the reactor during the
ion bombardment, it should be the residual nitrogen in
the reactor that contributes to the additional nitrogen in

AccY Spot Magn  Det WD Exp

5.00 kV30 12866 SE 53 1

ce.V pot Magn Det WD Exp
'500kV30 12866 SE b2 1

= T

the layer. A carbon rich region, also observed in
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Flg 11. SEM micrograph of the nitrided layer for sample no. 7|n tablel
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Fig. 12. XRD patternsfor sample no.6 (a), no. 7 (b) described in table 1, and for the original AlSI 316L substrate
(c), with CoK a radiation at incident angle of 10°
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The lattice parameters of the two yy phases produced
under different conditions are listed in table 2. The
lattice parameter of the substrate is 0.359nm. From this
table we can see that the lattice parameter of the yn:
phase lies between 0.384 and 0.390 nm, while the
lattice parameter of the yy, phase lies between 0.360
and 0.370nm, depending on the processing parameters
and the nature of substrate. The lattice expansion of yy;
phase is 7-8% while that of the yy, phase is less than
2%. Evidently, this can be contributed to the different
solid solution nitrogen content in the yy; phase and the
vn2 phase. A new model for the formation of the yy.
layer is then suggested as shown in fig. 16, based on
the results presented above. Except for a new cathode,
there is aways a intruded layer on the substrate holder,

in which nitrogen exists in forms of solid solution or
metal nitrides due to previous nitriding treatments.
During the ion bombardment cleaning procedure,
residual nitrogen in the substrate holder is sputtered by
the Ar ions or the fast Ar atoms which collide with the
substrate holder surface. The sputtered nitrogen atoms
entering the plasma are then ionized in the region near
the surface of the substrate holder. Since the nitrogen
potential of the sample surface is much lower than that
of the plasma, and the sample surface is rather fresh
owing to the ion bombardment, it is easy for the
sample surface to capture the incoming nitrogen ions or
atoms. And then a region rich in nitrogen forms as a
result of the diffusion of the captured nitrogen atoms
into the sample. Similarly, organic compounds from
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the different surfaces of the reactor escape from the
sample walls due to the interaction with argon
bombardment and / or hydrogen. Such a carbon
contamination only occurs during the ion bombardment
cleaning procedure, that why the carbon layer is
limited to a position near the interface with the nitrided
layer and the substrate. Accumulation of carbon at the
front of the nitrogen diffusion layer during the nitriding
of FeCrC alloys was reported by van Wiggen et al.[18].
At the end of the ion bombardment cleaning, a layer

composed of two overlapped regions, one being
nitrogen enriched and the other carbon enriched, forms
at the surface. This layer corresponds to the yy, layer
that is in fact a yoy layer. During the nitriding
treatment, nitrogen atoms “rush” into the sample
surface owing to the high nitrogen potential in the
plasma, and diffuse toward the sampl€e’s core. Then the
vn2 phase at the diffusing front is transformed into the
vn1 Phase after solution of more nitrogen. Meanwhile,
the yno layer istransferred to a deeper position.

Tab. 2. Lattice parameterscalculated from the (111) diffraction line, and the layer thicknesses of the nitrided
sampleslisted in table 1.

Sample’s ID YL Y2 Mean layer thickness (um)
No. 1 3.890 3.661 4.2
No. 2 3.881 3.626 4.7
No. 3 3.871 3.649 6.3
No. 4 3.864 3.643 6.0
No. 5 3.840 3.637 5.2
No. 6 3.868 7.0
No. 7 3.880 8.0
No. 8 3.625 5.8

O Solid solution nitrogen atom
@ Nitrogen ion or atom in plasma

Nitrided layer produced
on the substrate holder
surface due to previous
nitriding treatments

¢ Carbon atom
O Ar ion or fast Ar atom

Fig. 16. Schematic for describing the for mation of the yy, layer
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5. Conclusions

Plasma assisted nitriding of austenitic stainless
steel AISI 316L at 420°C produces two distinct yy
layers with well-defined interface: yy; top layer with
relative high solid solution nitrogen content ranged
from 10 at.% to nearly 30 at.%, and ynosublayer with
relative low solid solution nitrogen content less than 10
at.% and a small amount of carbon. It was found that
an in-situ ion bombardment cleaning in Ar+H, plasma
before the nitriding treatment is the necessary
condition to produce the yy, layer. The formation of the
vn2 layers is not connected to the cooling state of the
sample after a nitriding treatment.
A model for the formation of the yy, sublayer is then
suggested as follow: during the ion bombardment
cleaning procedure, the residual nitrogen in the reactor
is sputtered into the plasma owing to the bombardment
of Ar species. Some of the sputtered nitrogen species
are absorbed by the sample surface and then diffuses
into the sample. At the same time organic compounds
are also sputtered from the walls of the reactor and a
redistribution of carbon and nitrogen in the sample
occurs just beneath the sample surface. Thus a layer
constituted by two overlapped regions with low
contents of nitrogen and carbon forms during the ion
bombardment cleaning, which becomes the precursor
of the yn, sublayer during the subseguent nitriding.
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