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The depth distributions of hardness, nitrogen, and crystallographic phases in the diffusion zone of plasma nitrided
AISI H13 steel were determined by microindentation, electron microprobe, grazing incidence X-ray diffraction,
and conversion electron Mossbauer spectroscopy. For the phase analysis, successively new surfaces were exposed
by means of controlled mechanical layer removal. In the diffusion zone, the nitrogen concentration decreases
monotonously, while the hardness profile exhibits two distinct regions, one where hardness is roughly constant
and another where it decreases to bulk values. Thus, in the case investigated here, the common sense of a linear
dependence of hardness on the N concentration does not apply in both regions, but only in the second one. This
behavior is discussed in terms of the above mentioned physico-chemical properties.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Plasma nitriding is a surface engineering technology widely used to
improve the tribological and mechanical properties of steel surfaces. In
this process, the diffusion of nitrogen species from the plasma leads to
the formation of nitrogenous phases in the near surface region [1-3].

The AISI H13 is a commonly used steel in hot working applications
[4] and, next to other surface treatments [5], plasma nitriding is
employed to increase its hardness and wear resistance. During this
treatment, two different layers can be formed: the compound layer
and the diffusion zone. The compound layer, which is the outermost
one, usually consists of iron nitrides such as e-Fe,_3N, y'-Fe4N, or a
mixture of these phases [6,7]. Below is the diffusion zone, described
by some authors as a cubic ferrite structure (o-Fe) with dissolved nitro-
gen [8], while other authors refer to this region as containing tetragonal
nitrogen-martensite, a’-Fe(N) [2,7]. The importance of the so called
“excess” nitrogen in the diffusion zone has been reported, attributing
its incorporation to the formation of nanoprecipitates of alloying
element-nitrides, nitrogen absorption in the interfaces between the
precipitates and the matrix, and interstitial nitrogen in the iron lattice
[9-11].

Several authors have investigated the interdependence of hardness
and nitrogen content in the compound layer and/or in the diffusion
zone, and many describe a linear relationship between them [10-17],
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while others do not observe any correlation [18]. In the compound
layer a linear dependence was observed [14,17] and was mostly
attributed to the saturation with nitrogen, with the formation of
e-Fe, 3N and y’-Fe4N. The hardness in this case is determined by
the proportion of these phases. In the diffusion zone a linear correla-
tion between hardness and nitrogen concentration was reported [10,
11,15]. Hardness behavior at different depths was attributed partly
to the formation of CrN precipitates [15], even if only a low fraction
of this phase was formed.

Major attention has been dedicated to the role of nitride precipi-
tates/nanoprecipitates on the improvement of the mechanical proper-
ties after nitriding. Few discussions are focused on the structural
modification of the ferritic/martensitic matrix in the diffusion zone as
a consequence of the excess of nitrogen observed in this region.
Although nitrogen concentrations up to 12 at.% have been found in the
diffusion zone of low temperature nitrided AISI H13 steel, the linear cor-
relation between hardness and nitrogen concentration was only
observed below 7 at.% nitrogen [11]. Another study in the same steel
showed a constant behavior of the hardness along the diffusion zone
and stated that no simple dependence on the content of precipitates
of metallic nitrides can explain this observation [15]. These results
point out the need to investigate the relation between phases and
mechanical properties in the diffusion zone of nitrided steel.

We report here on the determination of the hardness depth profile
in AISI H13 steel plasma nitrided in a specific condition, as well as on
the depth distributions of nitrogen and crystallographic phases formed
in the diffusion zone, investigating the relationships between these
parameters. The nitrogen profile and the hardness, measured on the
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Table 1
Chemical composition of the AISI H13 steel in wt.%.
C Mn Si P Mo Cr \' Fe
0.4 0.35 1.0 1.0 14 5.15 - Balance

cross section of the sample, were compared with the depth distribution
of phases, as determined by two complementary, surface-sensitive
techniques, namely grazing incidence X-ray diffraction (GIXRD) and
conversion electron Modssbauer spectroscopy (CEMS). As these tech-
niques probe only to a 1 pm depth approximately, it was necessary to
sequentially expose surfaces by controlled mechanical layer removal.
The chosen nitriding condition produced a thick diffusion layer that
allowed the removal of more than a dozen slices and phase analysis to
a depth of several tens of um.

2. Experimental

Samples were cut from AISI H13 steel rods and machined into discs
with 18 mm diameter and 5 mm thickness. The samples were ground,
austenitized at 1020 °C for 30 min, quenched in oil, tempered for 2 h
at 600 °C, metallographically polished, degreased with ether, and then
ultrasonically cleaned in acetone for 30 min. The nominal chemical
composition of the AISI H13 steel is shown in Table 1.

The glow-discharge chamber was pumped down to a base pressure
of 3 Pa. The samples were plasma-etched in argon at 800 Pa, 350 °C for
30 min. Nitriding was performed for 5 h in a 80%-N,:20%-H, gas
mixture, flow rate of 20 sccm, and pressure of 800 Pa. To maintain the
sample temperature at 450 °C, the voltage was adjusted to 347 V and
the current to 287 mA. The sample holder was designed such as to
decrease edge effects during the treatment, allowing the insertion of
three samples in circular troughs, leveling the surfaces exposed to the
plasma.

After the nitriding process, the samples were prepared for characteri-
zation in two ways: i) a laborious procedure removing sequentially four-
teen thin layers via mechanical polishing starting at the nitrided sample
surface, to analyze each one of the newly exposed surfaces with GIXRD
and CEMS for phase identification; ii) polished cross sections for hardness
profiles measured in a dynamic ultra-microhardness tester (Shimadzu
DUH211S), and for nitrogen concentration analysis with an electron
microprobe analyzer. After Nital etching, images of the cross section
were obtained in a scanning electron microscope (Jeol LV5800).

The parallelism control of the grinding procedure that removed
layers of few micrometers was done with the aid of a previous indenta-
tion pattern on three points of the sample perimeter. The patterns were
observed in an optical microscope (Zeiss Axiotech) and the thickness of
each removed layer was calculated by geometrical means.

Nitrogen concentration (at%)

15kV

10pm

x1,000 18'52 SEM_BEC
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GIXRD (Shimadzu XRD 6000) was performed with 2° incidence
angle, enabling phase identification of the uppermost 600 nm of the
sample. The GIXRD patterns were interpreted by comparison with the
cards of the Powder Diffraction File™ (PDF) from the International
Center for Diffraction Data (ICDD®). Rietveld analysis was performed
with the FullProf Suite software [19].

CEMS performed in backscattering geometry is an especially
adequate tool to identify iron-based phases in the 100 nm layer below
the surface. The spectra were acquired using a >’Co source in Rh matrix
and a proportional counter with He-5%:CH, flow. The data were fitted
with WinNormos on IGOR® software, using hyperfine parameters
from the literature as initial values. Isomer shifts are presented relative
to a-Fe.

Hardness and elastic modulus profiles were determined on the cross
section in a microhardness tester (Shimadzu DUH 211 S) with a
Berkovich indenter using a peak load of 100 mN in each cycle [20].
Mean hardness and standard deviation were obtained from ten
measurements at each depth.

The nitrogen concentration was determined on the same cross section
with an electron microprobe (Jeol JXA 8230), using a 15 keV electron
beam with 10 nA, in steps of 3 um, counting the N-Kat x-rays with the
aid of a synthetic analyzing crystal, and quantifying the results with ZAF
matrix corrections [21].

3. Results and discussion

Nitrogen concentration and hardness profiles are shown in Fig. 1.
The relative uncertainties for nitrogen concentration are estimated to
be around 4 5%. The vertical scales were adjusted to show the match
of the two profiles in the third region.

Three regions can be discriminated in the profiles: (D from the surface
down to 8 um; @ from 8 um to 45 um, and 3@ from 45 pm to 80 pm. In
region (D, with nitrogen concentration above 10 at.%, a compound layer
was observed by SEM and confirmed by GIXRD. In region ) the nitrogen
content decreased from 11 to 6 at.%, while hardness was roughly
constant. In region (3, nitrogen content and hardness show the same
trend with depth, decaying to bulk levels below 80 pm.

The last two regions comprise the diffusion layer, where it is gener-
ally observed that hardness correlates linearly with the nitrogen
concentration [9,12-14]. This was also observed for region 3 of the
present work, where N concentration is below 6 at.%. In this concentra-
tion range the curves superpose well [11,12,16]. However, in region 2)
the nitrogen concentration and hardness do not correlate.

In order to clarify the origin of the deviation from linear relationship
between nitrogen content and hardness in region (2), the set of diffrac-
tion patterns obtained with the first sample preparation procedure
outlined above, is shown in Fig. 2, starting at the surface down to the
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Fig. 1. (a) SEM micrograph of the compound layer (D and the diffusion layers (@ and 3); (b) depth profiles of nitrogen concentration (filled symbols) and hardness (open symbols)

obtained of the same region.
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Fig. 2. GIXRD patterns obtained with 2° incidence (depth below original surface is indicated). The histograms show the peak positions of the e-FesN (PDF 73-2101), o’-Fe(N) with 5 at.% N
(PDF 75-2140), and a-Fe (PDF 87-0721).
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Fig. 3. CEMS spectra from (a) the surface layer (region D), (b) the layer exposed after the removal of 22 pm (region @), (c) the layer at 65 um depth (region 3)), and (d) bulk of AISTH13
steel. The phases identified in (a) are e-Fe, 3N, nitrogen martensite o’-Fe(N), iron oxy-nitride FeON, and magnetite Fe30,4; in (b) and (c) carbon martensite o’-Fe(C) and nitrogen mar-
tensite o’-Fe(N) plus vestigial austenite y-Fe in (b), and in (d) only carbon-martensite o’-Fe(C). The white double arrow in the upper right corner of each spectrum indicates 1% effect.
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Table 2

Hyperfine parameters and relative areas of the CEMS spectra of Fig. 3, for phases at the
surface (region (D), at 22 um (region @) and at 65 pm (region 3). References of the
parameters are [24-27].

Phase H(T) IS Qs Relative area (%)
(mm/s)  (mm/s) Surface  22pm  65pm  Bulk
O @ €]
g1 &-FesN 28.57 021 0 41
21.83 033 0
7.0 - 0
g, ¢eFeyy N 273 0.26 0 34
204 034 0
9.95 04 0
g3 e-FeyN 186 035 0 6
8.4 0.41 0
g4 &-FesN - 0.42 0.31 12
Fe504 45.67 0.66 0 2
4876  0.28 0
FeON 4317 058 0 2
a/-Fe(N) 331 —-004 O 3 74 9
30.8 0.08 0
a’-Fe(C) 332 0.01 0 24 91
304  0.00 0 100
275 —-003 O
v-Fe - -003 0 2

different indicated depths (in micrometers). Since all removed layers
were thicker than the analyzed depth in each pattern, the method
avoids the interference of outer layers that occurs, for instance, when
the surface is probed with varying incidence angle GIXRD.
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Fig. 4. Depth distribution of nitrogen martensite (full squares), carbon-martensite (full
circles), and hardness (open circles).

Three groups of patterns can be distinguished: from the surface
down to 8 um depth, from 11 pm to 45 pm, and deeper than 50 pm. In
the group closest to the sample surface, the patterns were fully consis-
tent with the e-phase (PDF 73-2101), identifying the compound layer.
In the second group the pattern was consistent with the presence of
a'-Fe(N) (PDF 75-2140). In this group the peak broadening and the
shift to the left of the peaks between 43 and 45° were attributed to a
variable content of nitrogen that induces progressive tetragonalization
of the lattice, increasing the c-axis of the formerly cubic cell and slightly
reducing the a-parameter of the base [22,23]. When the c/a ratio of the
unit cell increases, the (101) peak of martensite displaces to lower
angles, while the (110) peak remains in the same position. This trend
of the peaks in the diffraction patterns of the diffusion zone was also
observed by other authors [11]. Below 50 pm, first inspection indicated
the presence of a-iron (PDF 87-0721), and the patterns were compati-
ble with the steel bulk. The depth at which the GIXRD patterns change
corresponds to the same boundaries as regions (D, @), and 3 observed
in Fig. 1.

CEMS spectra were obtained from all the surfaces analyzed with
GIXRD. The spectra can be grouped in the same manner as the GIXRD
patterns. For the sake of clarity only one representative spectrum of
each group is shown in Fig. 3. Region (D is represented by the spectrum
of the surface, region (2 by the spectrum of 22 um, and region (3 by the
spectrum of 65 pm. For comparison a spectrum from the bulk is shown
as well.

The CEMS spectrum from the near surface region of the nitrided
sample presented in Fig. 3(a), shows the dominant presence of the
e-phase, in agreement with the diffraction patterns from this region.
However, CEMS can recognize the different stoichiometries of this
phase [24], identified as €1-&4, numbered according to rising nitrogen
content. The sextet due to the phase ¢-Fe3,N (€1) shows the highest
relative area, followed by &-Fe; 67N (€5), e-Fez 47N (€3), and e-FeoN (&4).
Minor contributions of magnetite (Fe30,4) [25], iron oxy-nitride (FeON)
[26], and nitrogen-martensite (o’-Fe(N)) are observed as well. The spec-
trum in Fig. 3(b) represents the diffusion zone, with more nitrogen-
martensite than carbon-martensite and vestigial austenite [25], while
in Fig. 3(c) the spectrum shows more carbon- than nitrogen-
martensite. Fig. 3(d) displays the spectrum of the bulk H13 steel, contain-
ing only carbon-martensite.

The GIXRD pattern of the bulk steel appeared compatible with a
ferrite diffraction pattern with slightly broadened peaks, and it was
expected that a single iron sextet with hyperfine field of 33 T would
fit the CEMS spectrum. However, two additional sextets with hyperfine
fields 30.4Tand 27.4 T had to be used, as for carbon containing martens-
ite [27]. These three sets of hyperfine parameters are related to the
presence of (at least) three distinct sites of iron in the carbon-
martensite. The first field is equivalent to the ferrite field and is due to
the iron atoms far from any interstitial carbon atom. The hyperfine fields
with 30.4 T and 27.4 T are related to structure modifications induced by
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Fig. 5. Rietveld refinement of the diffraction patterns from (a) the AISIH13 bulk, (b) the layer at 22 pm depth. The insets show expanded views of the patterns between 62 and 87° (26).
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Fig. 6. Depth distribution of nitrogen concentration (filled circles), c/a ratio (open
symbols) and percentage of a’-Fe(N) (filled squares).

carbon atoms in octahedral and tetrahedral interstices [27,28]. The
spectrum in Fig. 3(b) corresponds to the intermediate region, and
was adjusted with components from carbon-martensite, nitrogen-
martensite and a minor contribution of carbon-austenite. The fitting of
the nitrogen-martensite used the parameters proposed by Kopcewicz
[24]: a sextet from a-iron and one additional sextet with a hyperfine
field of 30.8 T. Since the latter sextet presents very broad lines for
Mossbauer standards (linewidth of 1.5 mmy/s), it could be argued that
it would be compatible as well with the superposition of sextets with
thinner lines due to multiple hyperfine fields [24]. This would reveal
better the analogy with carbon-martensite, because nitrogen atoms
can occupy equivalent interstitial sites as carbon in the iron structure.

Table 2 shows the fitting parameters of the Mdssbauer spectra and
the area fractions of the phases present in the surface layer, at 22 and
at 65 um depth, and in the steel bulk. It is noteworthy that the relative
area of each spectrum is calculated with respect to the total of iron
based phases, because CEMS is insensitive to e.g. CrN.

The relative areas in Table 2 provide an indication of the amount of
each phase. The conversion of spectral area fractions to phase concen-
tration is a difficult task, requiring corrections for finite thickness,
phase composition, and recoil-free fraction effects for each phase [29].
For practical purposes, the behavior of the depth distribution of phase
content can be qualitatively evaluated using the relative area without
these corrections, since the concentrations of carbon or nitrogen in the
diffusion zone only represent a minor difference from the composition
of the steel bulk.

Fig. 4 shows the relative areas of carbon- and nitrogen-martensites
for all exposed surfaces of the diffusion layer, as well as the hardness,
measured in the same regions of the cross section.

When the relative amount of carbon-martensite and nitrogen-
martensite is compared along the depth profile, it can be seen that the

incoming nitrogen pushes the carbon deeper into the sample. This is
an effect that has been observed before in both austenitic [30,31] and
martensitic steels [32]. Although recurrently observed, we could not
find a satisfactory explanation for this effect in the literature. Neverthe-
less, one can suppose that the propagating nitrogen front might well
dislodge the carbon atoms, pushing them deeper into the sample. The
H13 steel is not fully saturated in interstitial carbon and therefore it is
possible to envision its migration via unoccupied octahedral sites in
the matrix.

When the amount of nitrogen-martensite in the diffusion zone is
compared to hardness, it can be seen that they correlate well in the
whole range. Recalling Fig. 1(b), which depicts nitrogen content and
hardness in the same region, a linear correlation between the nitrogen
profile and hardness is observed between 80 and 45 um depth. However,
in the region between 17 and 45 um, where the hardness shows a 10%
decrease, the nitrogen content is reduced by almost 50% (Fig. 1b). In
order to evaluate if the observed N-excess can be associated with its
incorporation into the lattice of martensite, the GIXRD patterns were
refined with Rietveld analysis.

Fig. 5 shows the GIXRD patterns and the Rietveld refinement from
the steel bulk (in Fig. 5(a)), and the region with N-excess (in Fig. 5(b)).

Fig. 5(a) shows that the bulk steel contains enough carbon to pro-
duce a martensite structure, with a c/a ratio around 1.004. The small
deviation from the cubic structure explains why this pattern is often
interpreted as ferrite. In Fig. 5(b) it becomes clear that the broadening
observed in region 2 of Fig. 2 corresponds to the relative displacement
of the planes (101)/(110), (002)/(200), and (112)/(211). This is due
to the increasing distortion of the tetragonal structure with the insertion
of nitrogen, represented by the c/a ratio, as can be seen in the splitting of
the peaks in Fig. 5(b).

Fig. 6 shows the c/a ratio determined from the Rietveld refinements,
the nitrogen concentration, and the o’-Fe(N) phase content against the
depth of the nitrided sample.

It can be seen that the c/a ratio is higher in the region where the
nitrogen-martensite content is almost constant, explaining the increase
of N-content as a result of the higher insertion of nitrogen into the mar-
tensite structure. Indeed, it has been proposed that the increase of the c/a
ratio is roughly proportional to the atomic nitrogen concentration [22].

The correlations of hardness with o’-Fe(N) content and N-content
are summarized in Fig. 7.

It can be seen that the linear relationship between hardness and the
o’-Fe(N) content holds for the whole diffusion zone (Fig. 7(a)), while
the linear relationship between hardness and nitrogen concentration
is only valid below 6 at.% (Fig. 7(b)).

4. Conclusions
The correlation of the hardness profile in the diffusion zone of

plasma nitrided steel with the profiles of nitrogen concentration and
of nitrogen-martensite (o’-Fe(N)) content was made in a specific
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plasma nitriding condition, with a specific steel (AISI H13). The hard-
ness profile presented two distinct regions, one where the hardness is
roughly constant and another where it decreases to the hardness of
the bulk. The hardness profile was found to scale well with the N concen-
tration in the second region, below 6 at.% N. Above this concentration,
there was no correlation between the hardness and the N values, as the
N concentration continued to increase towards the surface, while the
hardness profile presented a very slow growth, almost a plateau. In the
nitriding conditions of the present study, on the other hand, the hardness
profile was seen to be proportional to the depth distribution of nitrogen-
martensite in the whole N-concentration range, evidencing a correlation
between the amount of nitrogen-martensite with hardness. The excess of
N in the diffusion layer next to the compound layer, is partly attributed to
the increase of nitrogen inside the martensitic unit cells. In this region, the
¢/a ratio increases, explaining the increase of N-content as a result of the
higher insertion of nitrogen into the martensite structure, while the
volumetric amount of martensite is constant, as is the hardness. Other
mechanisms of nitrogen uptake, as alloying-element nitrides forming
nano-precipitates are not excluded, but do not seem to control the hard-
ness behavior in this case, which is consistent with the martensite
content in the whole diffusion layer.
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