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Abstract

Samples of AISI H-12 tool steel were plasma nitrided at 500°C in a mixture of H2–20% N2 under a total pressure of 6 mbar,
by using DC and pulsed glow discharges. The treatment time varied from 1 to 6 h. X-ray diffraction (glancing angle and u–2u

geometry), conversion electron Mössbauer spectroscopy, conversion X-ray Mössbauer spectroscopy, electron probe microanalysis,
optical micrograph and Vickers microhardness were used as analytical techniques. The obtained results suggest that, under the
present experimental conditions: (i) The near-surface compound layer consists of a mixture of g %-Fe4N and o-Fex(N, C); (ii) the
near-diffusion zone compound layer consists of a mixture of g %-Fe4N, o-Fex(N, C), a¦-Fe16N2 and g-austenite; (iii) the dependence
of compound layer thickness on nitriding time violates the parabolic behavior and emphasizes effects from cathode sputtering and
radiation-enhanced diffusion. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

The addition of nitrogen to steels, a process generi-
cally named nitriding, has been used for a long time in
industry to improve the tribo-mechanical properties of
engineering components [1–3]. Several techniques have
been the subject of extensive studies: gas-nitriding, salt
bath nitrocarburising, plasma nitriding (PN), ion im-
plantation and plasma immersion ion implantation. In
any case the tribo-mechanical properties of the treated
materials are strongly related to the nature and size of
the precipitates formed during the treatment, as well as
their evolution when they are submitted to heating and,
or, stresses during work. From X-ray diffraction analy-
sis and metallography, it is known [4] that the near
surface compound layer of PN steels consists mainly of
o carbonitrides and g %-Fe4N nitride. The o carbonitride
compounds comprise Fe2(N, C), Fe3.2(N, C) and

Fex(N, C), with 2BxB3.2, hereafter o2, o3, and ox,
respectively. Below this compound layer there is the
so-called diffusion zone, a %, where the steel matrix is
supersaturated by the in-diffusion nitrogen. Minor
amounts of g-austenite [5–8], dispersed alloy nitride
precipitates [9], as well as cementite precipitates [10]
have also been observed at the compound layer/diffu-
sion zone interface of alloyed steels. As a whole, the
compound plus diffusion zone thickness correlated very
well with cross-section microhardness profile.

It is generally agreed that ionic bombardment plays
two relevant roles on plasma nitriding [11]: first, it
causes cathode sputtering and, second, it introduces
point defects (mainly vacancies) at the near-surface
region. Therefore, the compound layer growth in
plasma nitriding is a complex diffusion process involv-
ing the well known parabolic law (settled by the so-
called compound layer growth rate, CLGR), the
sputtering rate (SR) and a competitive mechanism
named radiation-enhanced diffusion (RED), where the
usual thermal-induced jump rate of atoms are enhanced
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due to defects created by ion irradiation [12]. It has
been extensively investigated on the high energy (\50
keV) ion implantation context [13]. Recent Monte
Carlo modelling [14] demonstrated that RED leads to
significant diffusion growth and to deep impurity pene-
tration even for the case of low energy ion implanta-
tion. This is possible when low energy ion implantation
is performed at high dose and high temperature, an
operational condition bearing plasma nitriding.

Fig. 1 displays a schematic of o and g % layer growth
by plasma nitriding, in light of cathode sputtering.
Indeed, this picture is oversimplified because, as will be
discussed below, CEMS and CXMS data imply that the
compound layers are not single-phase. Poly-phase
structure and detection of a % within the CEMS probed
layer is presumably due to partial phase transformation
after slow cooling down of the nitrided samples. For
instance, g % precipitates within o and a % layers, and a %
precipitates within g % layer. In the same way, a¦-Fe16N2

and transformed austenite can be present near the
diffusion zone.

Electron probe microanalysis (EPMA), X-ray diffrac-
tion (glancing angle, GXRD, or u–2u geometry,
XRD), conversion electron Mössbauer spectroscopy
(CEMS) and conversion X-ray Mössbauer spectroscopy
(CXMS) are complementary techniques very appropri-
ate to investigate near-surface compound layer growth,
in addition to microhardness profile. Typical thickness
of compound layer in plasma nitrided steels is less than
about 10 mm in samples treated during 2 h [2]. Since the
depth probed by CEMS is about 0.2 mm in iron and
steels, while that probed by CXMS is between 10 and
20 mm, it follows that changing from CEMS to CXMS
it is possible to exhibit, qualitatively, the nitrided layer
growth, in the same sense as the change from GXRD to
XRD furnish qualitative depth profile for the near-sur-

face compound layer. Finally, careful cross-section
EPMA measurements provide a direct view of the
microstructure, as well as elemental profiles.

The literature is prodigious in works relating tribo-
mechanical properties and nitriding parameters, but
systematic studies related to the physical-chemical state
of the nitrided steels are scarce. As a contribution to
this subject we report a systematic study on a plasma
nitrided AISI H-12 tool steel, by comparing the effect
of DC and pulsed glow discharge on the physical-chem-
ical state and kinetics of compound layer growth.

2. Experimental details

2.1. Sample preparation

After double tempering at 550°C, commercial sam-
ples of AISI H-12 tool steel (in wt%: 0.36 C, 0.87 Si,
0.43 Mn, 5.04 Cr, 1.73 Mo, 0.33 V, 1.14 W), were
ground flat and mechanically polished to a 0.5 mm
alumina finish. After that they were nitrided in an
equipment similar to one described by Hudis [15]. A
mixture of H2–20% N2 under a total pressure of 6
mbar was used for all samples. Voltage and current
density were adjusted to maintain the cathode tempera-
ture at 500°C. The temperature was measured by a
chromel–alumel thermocouple embedded in a control
sample. Two operational modes were used: (i) conven-
tional DC voltage applied between the workpiece and
the wall of the furnace, hereafter DC glow discharge
(DGD); (ii) pulsed voltage, operating at 9.83 kHz,
referred to in the following as pulsed glow discharge
(PGD). After nitriding during a time between 1 and 6 h
the samples were submitted to a slow cooling down
under vacuum, inside the treatment chamber.

2.2. Microhardness measurements

Cross-section microhardness profiles were performed
in mirror polished surfaces etched with Nital 2%, fol-
lowing the method of measuring nitrided case depth for
iron and steel described in the standard JIS G0562 [16].
All the measurements were done with a Zeiss micro-
hardness tester equipped with a Vickers indenter, by
using 0.07 kg load. Furthermore, conventional optical
cross-section metallography was performed for all the
samples.

2.3. X-ray diffractometry

X-ray diffraction patterns were performed in u–2u

geometry (XRD) and glancing angle geometry (GXRD)
by means of a Siemens diffractometer D500, equipped
with a curved graphite monochromator and CuKa

Fig. 1. Schematic illustration of o and g % layer growth, taking into
account cathode sputtering. lij is the interphase position.
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radiation (l=1.5418 Å). XRD measurements were
done with a scan step of 0.05°2u in the 2u range from
10 to 80°, with a fixed counting time of 1 s, while
GXRD patterns were obtained with fixed incidence
angle at 3°, scan step of 0.02°2u and counting time of 4
s. For this incidence angle the thickness of the X-ray
probed layer is about the same as that probed by the
CEMS technique ($0.2 mm).

2.4. Electron probe microanalyses

EPMA measurements were performed with a
CAMECA SX50 equipment using a 15 keV accelerating
voltage, a 20 nA beam current, 1 mm probe diameter,
and a takeoff angle of 40°. Intensities of Ka line for
carbon and nitrogen were recorded from steps of 1 mm
during the scanning of the beam over the cross-section
of the sample. These elements were analysed with syn-
thetic multilayer crystal (2d=9.68 nm). Each reported
profile is an average over five measurements, taken at
corresponding points along several longitudinal
directions.

2.5. Mössbauer spectroscopy

The Mössbauer spectroscopy data were obtained in a
backscattering geometry. A proportional counter in
which He–5% CH4 (for CEMS) or Ar–5% CH4 (for
CXMS) was allowed to flow, was added to a conven-
tional constant acceleration Mössbauer spectrometer.
The source was 57Co in a Rh matrix with a nominal
activity of 25 mCi. All the CEMS and CXMS measure-
ments were performed at room temperature (RT). Iso-
mer shifts are given relative to a-Fe at RT.

3. Results

3.1. Crystallographic and chemical state of the
compound layer

Fig. 2 shows XRD patterns for the samples nitrided
at 1, 4 and 6 h, using the DGD process. There is no
evidence of the steel matrix reflections (essentially a
martensite structure), even for the smallest nitriding
time. Therefore, we concluded that the effective com-
pound layer thickness is larger than the effective range
probed by the CuKa radiation [17], roughly 10 mm. The
compound layer comprises essentially o-Fe2−3(C,N)
and g %-Fe4N. The o carbonitride layer is highly textured
along the �101� direction for the sample nitrided at 1 h,
but shows a clear polycrystalline character for increas-
ing nitriding time. The g % reflections are virtually absent
from the XRD pattern for the sample nitrided at 1 h
and growth monotonically with the increasing of the
nitriding time. This behavior is somewhat different for

Fig. 2. u–2u X-ray diffractograms for DGD samples nitrided during
1, 4 and 6 h. The indexed reflections are indicated.

the PGD samples. As can be seen in Fig. 3, the nor-
malised intensity of the o{100} reflection for the sample
nitrided at 1 h is about 70% of that measured for the
sample nitrided at 6 h. Therefore, at the initial step of
the nitriding process the contribution from the g % com-
ponent is more significant for PGD samples than for
DGD ones. The patterns displayed in Figs. 2 and 3
suggest that the situation is reversed after 4 h. This
trend can be best appreciated by GXRD measurements,
as clearly shown in Fig. 4 for the samples nitrided
during 6 h. The g %{200} normalised intensity is 0.17 for
the PGD sample and 0.29 for the DGD one.

Fig. 3. u–2u X-ray diffractograms for PGD samples nitrided during
1, 4 and 6 h. The indexed reflections are indicated.



E.J. Miola et al. / Materials Science and Engineering A256 (1998) 60–68 63

Fig. 4. Glancing-angle X-ray diffractograms for PGD and DGD
samples nitrided during 6 h. The indexed reflections are indicated.

Table 1
Typical values of the parameters used to fit the different 57Fe CEMS
and CXMS spectra shown in this work

H dComponent DEQ

(kG) (mm s−1) (mm s−1)

331 0.01a %-martensite 0.01
— —g-(Fe–N–C) austenite −0.12

0.050.32—
0.09 0.17a¦-Fe16N2 314

o-Fe3.2(C, N) 0.29290 0.02
241 0.02 0.32
220 0.03o-Fe2+x(C, N) 0.32

0.510.01xB1.2 108
0.95— 0.45

338g %-Fe4N 0.02 0.25
0.320.25210

The isomer shifts are given relative to a-Fe. Typical errors are: 93%.

were fitted by the addition of sub-spectra corresponding
to a %, g %, o3 and ox, with typical hyperfine parameters as
displayed in Table 1, which are quite similar to those
previously published [19–23]. o3 represents the carboni-
tride o -Fe3.2(C, N), while ox stands for o-Fex(C, N),
with 25xB3.2. A typical fitting, showing the subspec-
tra, is illustrated in Fig. 6 for the DGD sample nitrided
during 1 h. This spectrum was fitted to 30% of a %, 30%
of g %, 33% of o3 and 7% of ox. The CEMS spectrum for
the PGD sample nitrided during 1 h (see Fig. 5) con-
sists of 31% of a %, 20% of g %, 33% of o3 and 16% of ox.
For nitriding time t]2 h, all the CEMS spectra are
quite similar for both processes. Minor differences, as
reflected by the relative spectral areas, can only be
discriminated by the fitting procedures. These trends

The CEMS spectrum for the as-received sample
confirms the XRD measurements as the hyperfine
parameters can be attributed to a %-(Fe,C,N) martensite
[18]. Fig. 5 displays CEMS spectra for PGD samples
whose XRD patterns are shown in Fig. 3. These spectra

Fig. 5. CEMS spectra for PGD samples nitrided during 1, 4 and 6 h.
The continuous curves represent fitted spectra, as illustrated in Fig. 6.

Fig. 6. CEMS spectrum for DGD sample nitrided during 1 h,
showing the subspectra used in the fitting procedure.
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Table 2
Relative CEMS and CXMS spectral areas for samples nitrided at DC glow discharge (DGD) condition

a¦ CEMS/ ox (xB3.2) CEMS/Nitriding time g CEMS/a % CEMS/ o3.2 CEMS/g % CEMS/
CXMSCXMS(h) CXMS CXMS CXMS CXMS

30/4 33/19 8/101 0/530/49 0/13
23/— 54/—2 14/— 0/— 9/—0/—

9/754/3425/123 0/012/42 0/6
53/37 10/74 12/39 0/5 0/2 25/10
— /29 — /55 — /42 — /8 — /3 —/13

35/— 51/—6 7/— 0/— 7/—0/—

Typical errors are 95%

are also observed for the CXMS measurements, as can
be seen in Table 2 and Table 3. As an illustration, Fig.
7 displays the CXMS result obtained for the PGD
sample nitrided at 1 h. General outlook of the com-
pound layer evolution is illustrated by plotting the
relative spectral areas (see Table 2) as a function of the
nitriding time. Fig. 8 (PGD samples) and Fig. 9 (DGD
samples) are consistent with the XRD measurements in
what concerns the compound layer growth. For in-
stance, the relative spectral area attributed to o3.2+ox

(referred to as o in the Figs. 8 and 9) account for 49%
of the total spectrum for the PGD sample and 40% for
the DGD one, in close accord to Figs. 2 and 3. In
addition, the DGD sample shows a remarkable increas-
ing of the g % component (see Fig. 9) for nitriding time
t\3 h, confirming the results displayed in Fig. 4.

The carbon present in the steel matrix, in addition to
its increased concentration due to treatment contamina-
tion, could induce u-Fe3C precipitation. We have tried
to use the parameters from this phase [24] in our fitting
scheme to the CXMS spectra, but they were unequivo-
cally ruled out. As expected, a¦-Fe16N2 precipitation
was observed on the CXMS spectra as a consequence
of the slow cooling down. In the discussion above, the
small spectral area attributed to a¦-Fe16N2 was not
considered. CXMS measurements have also suggested
the existence of minor amounts of g-austenite near the
diffusion zone. The quadrupolar doublet present at the
CXMS spectra have been observed in iron submitted to
successive implantation of nitrogen and carbon, but
was not attributed to any known nitride or carbide [25].
We propose now this doublet and the singlet with
dFe= −0.12 mm s−1 to be attributed to g austenite
containing carbon and nitrogen. Under equilibrium
conditions, the formation of an austenitic phase is not
possible below 840 K. However, plasma nitriding, like
ion implantation, is a non-equilibrium treatment. In a
previous work Kurny et al. [26] explained the formation
of austenite during ion nitriding of armco iron by
considering the possibility of nitrogen diffusion from
the supersaturated g % phase to the a matrix, which
becomes very rich in nitrogen and eventually trans-
forms in austenite. It is interesting to note that the

experimental conditions used by those authors are very
similar to those used in the present work. Fe–N austen-
ite has been also observed in 38NCD4 steel [27] and
iron [28] implanted with nitrogen.

In addition to the above proposal from Kurny et al.
[26], a plausible mechanism can be associated to lo-
calised heating induced by the high energy ion bom-
bardment, raising the local temperature to above the
average value as measured by the thermocouple. This
mechanism has been ascribed to the formation of
austenite on the N-implanted materials [27]. Perhaps an
additional effect is present. The carbon-rich region near
the diffusion zone (see discussion below) can behave
locally as a high-carbon steel. Thus, after the formation
of austenite by one or another mechanism describe
above, it can be retained at room temperature because
of the large amount of carbon. Unfortunately austenite
is observable in such small amount that it is below the
XRD detection limit. We are able to detect it by
Mössbauer measurements because this component is
paramagnetic, with subspectrum composed of a doublet
and a singlet, which can easily be distinguished from
the magnetic sextets of the other components.

3.2. Cross-section profiles

Three kinds of cross-section profiles were measured:
optical micrograph, Vickers microhardness and semi-
quantitative EPMA nitrogen concentration. In Fig. 10
an optical micrograph is illustrated for DGD sample
nitrided during 5 h. Typical Vickers microhardness
profiles as a function of depth from the nitrided surface
are depicted in Fig. 11 for DGD samples nitrided
during 3 and 4 h. Semi-quantitative nitrogen cross-sec-
tion profiles are shown in Fig. 12 for DGD and PGD
samples nitrided during 3 and 4 h.

Within experimental and methodological limitations,
all these techniques furnish similar depth-profiles. Com-
pound layer thickness can be estimated from Fig. 10 by
visual evaluation. On the other hand, thickness of the
hard cases can be estimated from the microhardness
profiles by arbitrarily assuming 800 HV as the mini-
mum hardness of the nitrided layer (the hardness of
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Table 3
Relative CEMS and CXMS spectral areas for samples nitrided at pulsed glow discharge (PGD) condition

ox (xB3.2) CEMS/g CEMS/a¦ CEMS/Nitriding time o3.2 CEMS/g % CEMS/a % CEMS/
(h) CXMS CXMS CXMSCXMS CXMSCXMS

20/7 33/261 31/48 0/10 0/4 16/5
7/—64/—19/—2 0/—10/— 0/—

21/7 66/353 7/40 0/9 0/2 6/7
25/— 54/—4 11/— 0/— 0/— 10/—

— /33— /11 — /45 —/2— /40 — /10
24/— 61/—6 5/— 0/— 11/—0/—

Typical errors are 95%

tempered H-12 steel, before nitriding, is 600950 HV).
As illustrated in Fig. 11, the hard case thickness is
about 45 mm for DGD sample nitrided during 3 h and
about 85 mm for that nitrided during 4 h. The com-
pound layer and hard case thicknesses as a function of
the nitriding time are plotted in Fig. 13 for all DGD
and PGD samples. The similarities between the curves
are remarkable. For nitriding time t53 h the PGD
compound layer thickness (hard case) is thicker than
the DGD one, while the inverse is true for nitriding
time t\3 h. This behavior is supported by EPMA
measurements. As can be seen Fig. 12, the profile
thickness for DGD sample nitrided at 4 h is remarkably
larger than that for PGD sample, while, within the
experimental error, they are equal for nitriding time
t=3 h.

Carbon profile measurements were performed, but
the large scatter of the data disallow us to establish a
conclusive interpretation. The inset shown in Fig. 12 is
one of the most regular carbon profile. As will be
discussed below, other authors [2,29–31] have reported
this kind of profile. In spite of the scatter and the fail to
reproduce the same pattern, all the carbon profiles
show a net trend as illustrated in Fig. 12. That is to say
a near-surface decarburized region and a carbon-rich
region near the compound layer/steel matrix interface.

The hard case thickness as a function of the square
root of the nitriding time, shown in Fig. 14, represent
the kinetics of the compound layer growth for DGD

and PGD samples. The DGD curve, Fig. 14(a), obeys
the parabolic law, although a tendency for saturation is
suggested for nitriding time t\5 h. The PGD curve,
Fig. 14(b), clearly deviates from the parabolic law. It
appears the compound layer for PGD samples growth
at steps with different kinetics. At the initial stage (tB3
h) the compound layer thickness grows faster than at
the final stage (t\2 h). As we shall discuss, similar
results have been reported for several materials plasma
nitrided at different process parameters [7,32–35].

4. Discussion

4.1. Crystal and chemical state of the compound layer

Mössbauer spectroscopy and X-ray diffraction mea-
surements are entirely consistent as concerned to the
chemical composition of the near-surface nitrided layer.
However, some particular details are discriminated by
each one of these techniques. For instance, the textured
growth of the o carbonitride layer is clearly indicated by
XRD for the sample nitrided during 1 h with a DC
glow discharge, while for the pulsed glow discharge a
polycrystalline layer, comprising randomly oriented
crystallites, is strongly suggested (see Figs. 2 and 3).
Samples prepared in different batches have systemati-

Fig. 8. Relative spectral areas for CEMS (open symbols) and CXMS
(solid symbols) spectra from PGD samples.

Fig. 7. CXMS spectrum for PGD sample nitrided at 1 h. The
continuous curves represent fitted spectra, as illustrated in Fig. 6.
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Fig. 9. Relative spectral areas for CEMS (open symbols) and CXMS
(solid symbols) spectra from DGD samples.

Fig. 11. Vickers microhardness profiles as a function of depth from
the nitrided surface for DGD samples nitrided during 3 and 4 h.cally shown this kind of behavior, which appears to be

a process-dependent phenomenon. A possible explana-
tion could be the continuous surface bombardment by
energetic ions, which take place when DC plasma is
used, as compared to the interrupted one when the
pulsed plasma is used. Thus, the outer o carbonitride
layer is continuously sputtered during the DGD process
and for small processing times (51 h) it remains thin,
which would favour the retention of the �101� texture.
For larger times the o carbonitride layer is thick enough
and the texture is destroyed. On the contrary, for a
PGD process ionic bombardment is essentially limited
to the power-on cycle. Meanwhile nitriding is sustained
by the active species [36] and the outer compound layer
increases, destroying the �101� texture even for the
smallest nitriding time.

CEMS and CXMS also emphasise some details not
suggested by XRD measurements. For instance, based
on XRD data it is not possible to discriminate o-
Fex(C, N) precipitates with different stoichiometry.
However, as these metastable carbonitrides have differ-
ent hyperfine parameters, mostly different hyperfine
field, it becomes quite feasible to discriminate them by

fitting CEMS and CXMS spectra, as illustrated in Fig.
6. Nevertheless, the main purpose here is not to distin-
guish between different o carbonitrides, but to compare
the dependence of o (i.e. ox+o3.2) and g % relative spectral
areas on the nitriding condition (DGD vs PGD). Table
2; Figs. 8 and 9 summarize data on these subject.

As shown in Figs. 8 and 9, the CEMS o/g % spectral
area ratio for the sample nitrided at t=1 h is about 2.5
for the PGD sample and about 1.3 for the DGD one.
Therefore, the o layer in PGD sample is very thicker
than that in DGD one, supporting the argument used
above in discussing the �101� texture observed on the
XRD measurement. In comparing the effect of DGD
and PGD processes on the compound layer growth
kinetics, it is interesting to observe the evolution of the
g % layer. The g % spectral area is almost constant (be-
tween 20 and 25% for CEMS spectra and between 8

Fig. 12. Semi-quantitative nitrogen cross-section profiles are shown
for DGD and PGD samples nitrided during 3 and 4 h. The inset
shows the carbon profile for DGD sample nitrided during 4 h.

Fig. 10. Cross-section optical micrograph for DGD sample nitrided
during 5 h.
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Fig. 13. Compound layer (mgraph) and hard case (mhard) thickness as
a function of the nitriding time for DGD and PGD samples.

carbon profile measurements have been quite disperse,
although a curious trend is clearly exhibited for all the
samples. We are referring to the carbon-rich region
observed near the compound layer/steel matrix inter-
face, as illustrated in Fig. 12. In addition to carbon
pre-existent in the steel matrix, residual carbonaceous
gas molecules in the vacuum chamber during sample
preparation and EPMA measurements, as well as car-
bon remaining after the mechanical polishing treatment
are the major factors controlling the near-surface car-
bon contamination. Such carbon contamination has
been described, for instance, during implantation of Ti
ions at high fluences [37]. Therefore, while nitrogen
profiles for equivalent samples from different batches
are almost the same, the carbon profiles appear to be
strongly dependent on some uncontrolled preparation
conditions.

Once at the near-surface layer, carbon atoms spread
out according to the model proposed by Sun and Bell
[2] to explain the recurrent observation of decarburized
zones near the surface and carbon-rich zones in the
nitriding front of plasma nitrided low alloy steels. Ac-
cording to this model the compressive stresses and the
uptake of nitrogen in the nitrided layer cause carbon
redistribution: the carbon atoms in the steel will diffuse
to stress-free region, i.e. towards the surface and the
diffusion zone.

4.3. Kinetic beha6ior

The results displayed in Fig. 14 can be explained as
following. At the beginning of the plasma nitriding
process (DGD or PGD) SR is expected to be more
important than RED, because the defect layer is in the
main inside the sputtered layer. Because of continuous
ionic bombardment, SR and RED are more significant
in DGD than in PGD. Therefore, the outer surface of
the DGD sample is sputtered more extensively than
that of the PGD sample. For this reason the PGD
compound layer is thicker than the DGD one for tB3
h.

As the nitriding time increases to moderate values
RED becomes more important, because the defect layer
diffuses away, escaping from the sputtering effect. In
such condition, the DGD compounds layer grows faster
than the PGD one. With further nitriding time increas-
ing, to tsat, SR and RED effects become equivalent [14]
and global saturation is attained. Fig. 14 suggests tsat]
6 h for DGD and tsat\6 h for PGD. From simulation
of formation of iron nitrides during plasma nitriding of
a-Fe it was obtained tsat$4 h [34]. Considering the
substrate effect on compound layer growth, the simula-
tion fits very well our experimental results. The satura-
tion time from Fig. 14 is also quite similar to that
published for the same steel used in the present work
[32].

and 10% for CXMS) for all PGD samples, while it
changes considerably as function of the nitriding time
for DGD samples. Particularly interesting is the g %
increasing tendency and the a % decreasing displayed in
Fig. 9 for CXMS spectra. This behavior suggests that
the DGD compound layer (o+g %) is thicker than the
PGD one for nitriding time t\4 h, in complete agree-
ment with Fig. 13.

4.2. Nitrogen and carbon cross-section profile

As expected, nitrogen profiles, as measured by
EPMA, are entirely consistent with cross-section profi-
les obtained from optical micrograph and microhard-
ness measurements (see Figs. 10–13). Differently,

Fig. 14. Hard case thickness as a function of square root of the
nitriding time for (a) DGD and (b) PGD samples.
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The transition from high-rate regime to a lower one
corresponds to the moment at which SR becomes
meaningful for PGD samples. It seems that the absence
of the high-rate regime in DGD process is due to the
continuous ionic bombardment, with no power-off
interval.

5. Conclusions

A systematic investigation of crystal and chemical
state of compound layer and cross-section microhard-
ness profile was undertaken on AISI H-12 tool steel
treated by DC glow discharge (DGD) and by pulsed
glow discharge (PGD). X-ray diffraction (XRD), con-
version electron Mössbauer spectroscopy (CEMS), con-
version X-ray Mössbauer spectroscopy (CXMS),
electron probe microanalysis (EPMA), optical mi-
crograph and Vickers microhardness were used as ana-
lytical techniques. The results suggest that, under the
present experimental conditions:

(i) The near-surface compound layer, as probed by
CEMS, consists of a mixture of g %-Fe4N and o-
Fex(N, C).

(ii) The near-diffusion zone compound layer, as
probed by CXMS, consists of a mixture of g %-Fe4N,
o-Fex(N, C), a¦-Fe16N2 and g-austenite. Three mecha-
nisms can be accountable for the formation of austenite
in the present samples: (a) nitrogen relieves from the
supersaturated g % phase to the a % matrix, which becomes
very rich in nitrogen and eventually transforms in
austenite; (b) localised heating induced by the high
energy ion bombardment, raising the local temperature
to above the average value as measured by the thermo-
couple; (c) the carbon-rich region near the diffusion
zone can behave locally as a high-carbon steel. Thus,
after the formation of austenite by (a) or (b), it can be
retained at room temperature because of the large
amount of carbon.

(iii) Cross-section profiles, from optical micrograph
and EPMA are consistent with that from Vickers
Microhardness.

(iv) The kinetic behavior violates the parabolic law
and emphasis effects from cathode sputtering and radi-
ation-enhanced diffusion (RED). Consistently with
sputtering effects and RED, for nitriding time tB2 h,
the PGD compound layer is thicker than DGD one.
The situation is reversed for t\3 h.
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