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Abstract Carbonitriding of AISI 304 austenitic stainless
steel was performed at a plasma-processing power of 450 W
using inductively coupled radio frequency (rf) plasma in
a gas mixture of 50% N; and 50% C;H;. The rate of
carbonitriding, microhardness, phase structure of the com-
pound layer, surface microstructure and cross-section mor-
phology were studied before and after the annealing process.
At the annealing temperature up to 800°C, the microhard-
ness values of the compound zones decrease, while the as-
sociated values of the diffused zones increase. Little change
was found in the thickness of the compound and diffused
zones when the carbonitrided samples were annealed up
to 400°C. However, at a higher annealing temperature, the
thicknesses of both zones increase. The y -Fe austenite is the
main crystalline phase that can be detected by X-ray diffrac-
tion. As the annealing temperature increases up to 500°C,
X-ray spectra show «-Fe and FesC; phases. Nitrogen dif-
fuses more deeply from the near surface to the interior of
the treated sample as the annealing temperature increases up
to 800°C and this might explain the extent of carbonitrided
thickness and the enhanced microhardness of the diffused
zone.
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1 Introduction

Austenitic stainless steels are used in the chemical and food-
processing industries. However, their hardness and wear
resistance are relatively low. Many attempts have there-
fore been made to improve the mechanical properties of
austenitic stainless steels [1-6]. A new inductively coupled
(rf) plasma technique for nitriding [7] and carbonitriding
[8] of stainless steel was used which produces a surface
layer of exceptional hardness (1800 HV) in extremely short
processing time (3 min or longer). The effect of using differ-
ent plasma-processing time, plasma-processing power, and
gases on the properties of 304 stainless steel has been stud-
ied elsewhere [9-11]. While usual nitriding and carboni-
triding conditions, of stainless steels, have faced compre-
hensive investigations in the past, very little is still known
about the various influences of post-annealing at different
temperatures. In this study, experiments were carried out to
investigate the effect of different post-annealing tempera-
tures on the carbonitrided 304 stainless steel samples. The
thicknesses of the compound and diffused zones, the phase
stability and the microhardness values variation are studied.

2 Experimental details

The austenitic stainless steel (AISI) 304 samples consisted
of 1 mm thick rolled sheet, cut into pieces with small dimen-
sions of 1.2 x 2.5 cm?. The composition of these samples
was as follows in wt%: 0.08 Si, 1 Mn, (8-11) Ni, (12-20)
Cr, balance Fe and the 304 stainless steel microhardness is
210 HV 0.1. The surface roughness of the used samples was
between 100-120 nm. The samples were carbonitrided us-
ing radio frequency (rf) plasma inductively coupled operated
in continuous mode. The carbonitriding process has been
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performed without any pre-treatment for the samples. De-
tails of the carbonitriding system can be found in [10]. In
brief, the system is comprised of a quartz reactor with a 500
mm long tube that has a diameter of 41.5 mm and that was
evacuated to a base pressure of 2 x 10~2 mbar by a two-stage
rotary pump. Nitrogen (N;) and acetylene (C2H3) gas flows
were controlled using mass flow meters and a 1:1 pressure
ratio was measured. The flow rates were adjusted to estab-
lish a gas pressure of 8 x 10~2 mbar, as measured by a ca-
pacitance manometer. The induction copper coil, energized
by an rf power generator (model HFS 2500 D) at 13.65 MHz
via a tunable matching network, generated the discharge.
The samples were supported on a water-cooled copper sam-
ple holder. The sample temperature was measured during
the 1f plasma process by a Chromel-Alumel thermocouple,
which was placed close to the surface of the sample. The
treatment temperature was approximately 475°C. After the
carbonitriding process, the samples were allowed to cool
slowly in the evacuated reactor plasma tube. The plasma-
processing power and the plasma-processing time were fixed
to be 450 W and 15 min for all the treated austenitic stainless
steel samples.

The as-carbonitrided samples were annealed in a quartz
tube under a base pressure of 107> mbar at temperatures
of 100, 200, 300, 400, 500, 600, 700, and 800°C for one
hour each. The near-surface structure of the carbonitrided
layers was analyzed using a Siemens diffractometer unit
with CuK,, radiation. Vickers microhardness measurements
of the matrix, as-prepared, post-annealed and the cross-
sections of the samples were carried out using a Leitz
Durimet microhardness tester with a contact load of 100 gm.
The metallographic studies were performed using scanning
electron microscopy (SEM) and optical microscopy (OM).
Transversally cut sections of the samples were cold embed-
ded in epoxy material. Grinding of the samples was per-
formed using water-proof silicon carbide papers followed by
polishing using alumina suspensions. The etching process
was performed using 2% nital for 45 s. Finally, the samples
were washed and swabbed in warm running water. A mi-
crometer scale attached to the optical microscope measures
the thicknesses of the compound and diffusion layers.

3 Results and discussion
3.1 Microhardness measurements

The surface microhardness values of the carbonitrided
austenitic stainless steel (CNASS) samples before and after
annealing process are shown in Fig. 1. One can observe from
this figure that the microhardness of the as-prepared and the
post-annealed samples treated up to 300°C have nearly the
same value and equal to 1650 HV 0.1, and this represents
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Fig. 1 Surface microhardness values of the as-prepared and
post-annealed CNASS samples at different temperatures
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Fig. 2 The microhardness values of the compound layer at 8 um under

the top surface for the as-prepared and post-annealed CNASS samples
at different temperatures
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Fig. 3 The microhardness values at the interface between the com-
pound and diffusion zones for the as-prepared and post-annealed
CNASS samples at different temperatures

an 8-fold increase in the surface hardness comparing with
the untreated austenitic stainless steel material. Annealing
at higher temperatures leads to a gradual decrease in the mi-
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crohardness values of the samples to attain 1360 HV 0.1 for
the sample that was annealed at 800°C.

The microhardness profiles for the same above-men-
tioned samples were measured. The microhardness values
of the compound layer at 8§ um under the top surface, at the
interface between the compound and diffusion zones, and at
the diffusion zone (at 40 and 100 pm under the top surface)
are shown in Figs. 2-5, respectively. Figure 2 shows similar
microhardness behavior as that shown in Fig. 1. For the ef-
fect of annealing temperature on the microhardness values
at the interface between the compound layer and diffusion
layer, microhardness of behavior opposite to the above, can
be clearly observed as seen in Fig. 3. The microhardness
has approximately the same value up to 400°C and then in-
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Fig.4 The microhardness values at the diffusion zone (at 40 um under
the top surface) for the as-prepared and post-annealed CNASS samples
at different temperatures

Fig. 6 SEM showing the
surface morphology of (a) ASS,
(b) as-prepared CNASS sample
treated for 15 min at 450 W,

(c) post-annealed sample at
400°C, and post-annealed
sample at 800°C

creases as the annealing temperatures increase. Moreover, at
the diffusion zone (at 40 and 100 pm under the top surface),
the microhardness values have the same behavior compar-
ing with the interface between the compound and diffusion
zones; this can be seen in Figs. 4 and 5.

3.2 The microstructure of as-prepared
and post-annealed samples

The surface morphology of the carbonitrided 304-austenitic
stainless steel before and after the annealing process using
SEM is shown in Fig. 6. The surface morphology of the
untreated austenitic stainless steel (ASS sample) is shown
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Fig. 5 The microhardness values at the diffusion zone (at 100 um un-
der the top surface) for the as-prepared and post-annealed CNASS sam-
ples at different temperatures
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Fig. 7 Optical micrographs
showing the cross-section
morphology of the as-prepared
and post-annealed CNASS
samples at different
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Fig. 8 The thickness of the compound layer for the as-prepared and
post-annealed CNASS samples at different temperatures

in Fig. 6(a); one can see from this figure that the un-
treated surface discloses large, non-uniform and randomly
packed grains with thin boundaries. Furthermore, undistrib-
uted micro-pores have been found on the surface. After
plasma carbonitriding of austenitic stainless steel for 15 min
at 450 W, the surface is characterized by a smaller grain
size and thicker grain boundaries compared to the untreated
sample as shown in Fig. 6(b). Moreover, dark precipitations
are observed on the grain boundaries, this is related to the
chemical compound phase of CrN, these results agree well
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Fig. 9 The thickness of the diffusion layer for the as-prepared and
post-annealed CNASS samples at different temperatures

with [12, 13]. Adding elements such as nitrogen and car-
bon to the stainless steel matrix is found to have a signif-
icant effect on the grain size reduction; moreover, the pre-
cipitation of secondary phase like CrN on the grain bound-
aries is considered to be another factor. The surface mor-
phology, where the granular structure feature is apparently
unchanged before and after plasma treatment, indicates that
most of the carbonitrided phases which were created during
the plasma processing are produced under the surface. The
high nitrogen and carbon concentrations in the compound
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Fig. 10 XRD of the untreated Stainless Steel matrix, as-prepared and post-annealed CNASS samples at different temperatures

layer and the precipitation of phases on the grain boundaries
contribute positively to the high microhardness values. For
the carbonitrided sample that was post-annealed at 400°C
for one hour, no obvious variation in the surface morphol-
ogy can be observed as seen in Fig. 6(c). In Fig. 6(d), the

annealing temperature was high enough (800°C) to rupture
most of the grain boundaries.

Optical microscopy was also used to characterize the
morphology of the cross-section layers of the CNASS sam-
ples before and after annealing processes. The typical cross-

@ Springer



494

EM. El-Hossary et al.

w «—1
N

=1 1+2
g !

—

2 2

7] |

c 5
g '

el

£ /

A el i et St Tt I P

40

«— 6

Fig. 10 (Continued)

section micrographs of the as-prepared sample carbonitrided
for 15 min at 450 W and post-annealed samples at differ-
ent temperatures are shown in Fig. 7. Examination of the
cross-section morphology of the as-prepared and the post-
annealed samples up to 500°C reveals the formation of dis-
tinct carbonitrided layers with a sharp interface with the
bulk material and shows obvious variation in the morphol-
ogy when the samples are post-annealed at 600 and 800°C.
Using a micrometer scale attached to the optical micro-
scope, the thickness of the compound and diffused layers
of the samples can be measured. The thickness variation of
the compound and diffused zones with annealing tempera-
tures were plotted in Figs. 8 and 9 respectively. In Fig. 8,
the thickness of the compound layer is nearly constant and
equal approximately 26.7 um, even for the samples that were
annealed up to 500°C. Afterwards, the thickness sharply in-
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creases to attain nearly 33 um for the sample post-annealed
at 700°C, followed by slow increase as the annealing tem-
perature increases to 800°C. The diffusion thickness has a
more significant thickness variation due to the annealing
process as seen in Fig. 9. The underlying diffusion layer
of 20 um (for the as-prepared sample) showed a progres-
sively increased thickness with post-annealing temperature
to reach a thickness of 270 um at 800°C.

The XRD patterns of the untreated Stainless Steel matrix,
as-prepared sample carbonitrided for 15 min at 450 W and
post-annealed samples at different temperatures are shown
in Fig. 10. For the as-prepared sample, the phase distribu-
tion shows a high proportion of the native y -phase and CrN,
indicating that C is still in solid solution, thus stabilizing
the austenitic y-phase. In contrast, N has already started to
form precipitates, which is the typical behavior observed at a
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process temperature of around 400-450°C at a short process
time of 15 minutes [14, 15]. Prolonged exposure for 1 hour
to an elevated temperature even for 300°C leads to the for-
mation of carbide phases as FesC and Cry3C¢ even while
no macroscopic mobility (i.e. thickness increase of the com-
pound or diffusion layer) is observed. Increasing the tem-
perature to 500°C resulting in the appearance of «-Fe and
Fes5C, phases. The information that more « forms at the ex-
pense of y verifies that, the sample composition is changing
due to the moving of nitrogen from the near surface to the
depth of the sample. The loosing of nitrogen from the near
surface increases as the temperature increases up to 800°C
to form principally «-Fe, as shown in the X-ray spectra. At
700°C, the a-Fe phase starts to grow at the expense of y-Fe.
At 800°C the «-Fe becomes more intense than before, but
the spectra still contain a considerable proportion of y-Fe
phase. Similar sequence of annealing treatment and X-ray
analysis for ASS was made elsewhere [16]. No change in
the phase composition (y-Fe) was found when the sample
was annealed up to 600°C.

The above figures show that the annealing temperature up
to 300°C does not change the properties of the treated sam-
ples. However, obvious variation in the microhardness and
little change in the thickness of the compound and diffusion
zones can be noticed when the samples were annealed up to
500°C. A remarkable increase in the thickness of compound
and diffusion zones can be seen when the samples are an-
nealed up to 800°C. The opposite trend of the microhardness
on one side and thickness of compound and diffusion zones
on the other give strong evidence to the diffusion of nitro-
gen/carbon towards the bulk material as the annealing tem-
perature increases. Therefore, the nitrogen/carbon concen-
trations decrease in the near-surface volume and increase at
the interface between the compound and diffused zones with
high annealing temperatures. Also, at the diffusion zone the
concentration of both nitrogen and carbon increase as the an-
nealing temperature increases. Investigation of nitrogen and
carbon concentration profile is under process to confirm this
result.

4 Conclusion

AISI 304 austenitic stainless steel sheet was carbonitrided
using an inductively coupled radio frequency (rf) plasma

using a gas ratio of 50% N»-50% C,H;. Rate of carboni-
triding, microhardness, cross-section morphology and phase
structure of the compound layer were studied before and
after the annealing process. In light of the presented re-
sults and discussion, the following main conclusions can be
drawn.

(1) With annealing temperatures up to 800°C, the micro-
hardness values of the compound zones decrease while
the associated values of the diffusion zones increase.

(2) Little change is found in the thickness of the compound
and diffusion zones when the carbonitrided samples are
annealed up to 400°C, and with higher annealing tem-
perature, the thickness of both zones increase.

(3) Nitrogen and carbon diffuse from the near surface to the
depth of the treated sample as the annealing temperature
increases and this might interpret the above conclusions.
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