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Plain iron samples produced by powder metallurgy were submitted to a single thermal cycle involving plasma-assisted sintering
and simultaneous surface alloying with Mo followed by nitriding using a plasma reactor. The microstructural characterization of
the samples was carried out by optical and scanning electron microscopy in addition to X-ray diffraction. Microhardness tests
were also performed. EDX line profiles of the concentration of Mo from the surface to the bulk of the sintered samples showed
that the alloying element diffused down to depths of about 25 μm under the sintering conditions applied. A significant increase
in microhardness was observed for samples enriched with Mo and subsequently nitrided. This behavior was attributed to the
precipitation of nitrides and the presence of Mo in solid solution.

1. Introduction

Ferrous powder metallurgy products have been increasingly
used as a result of their low production costs. An approach
to improve the mechanical properties of sintered iron is the
addition of alloying elements. The preparation of ferrous
alloys by powder metallurgy can be carried out using three
alloying techniques:

(a) compaction of feedstocks produced by mixing ele-
mental powders,

(b) compaction of iron powder mixed with master alloys
or carrier alloys,

(c) compaction of prealloyed powders, in which each
particle has the composition of the required alloy.

The compaction of feedstocks produced by mixing
elemental powders is advantageous in most cases (depending
on the alloy system) because of the relatively high com-
pressibility of feedstocks, which results in high green density
values. However, the addition of some alloying elements,
including Mo and W, impairs the homogenization of feed-
stocks as a consequence of their low-diffusion coefficients
in iron, thus requiring elevated sintering temperatures. In

such cases, prealloyed powders can be used. However, due
to their usually high hardness, high-compaction pressures
are necessary in order to obtain adequate green densities.
Other alloying elements, for example, Si, Mn, Cr, and Ti,
are difficult to protect against oxidation in industrial proc-
esses, as a consequence of the high stability of their corre-
sponding oxides. In this case, highly pure sintering atmo-
spheres regarding the chemical potential of oxygen [1, 2]
are necessary. In such cases, the use of prealloyed powders
is advantageous. Once in solution in the iron matrix, the
chemical activity of alloying elements is reduced, which
limits their susceptibility to oxidation. It is also possible to
achieve good protection against oxidation by adding the
alloying elements to the powder mixture (feedstock) as com-
pounds (carbides or nitrides), in the form of binary fer-
roalloys such as ferrosilicon, ferromanganese, and ferro-
chromium, or even as master alloys [1, 2]. In all these situ-
ations, the equilibrium of the metal with its corresponding
oxide takes place at higher chemical potentials compared
to that of the pure metal, and, therefore, highly pure treat-
ment atmospheres are not required. Prealloyed powders are
advantageous for oxidation protection. In addition, their
homogenization can be easier accomplished compared to
powder mixtures. On the contrary, they usually depict low
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Figure 1: schematic representation of the sample holder used in the
combined thermochemical treatment (plasma sintering, superficial
Mo-alloying, and nitriding).

compressibility as a result of their high hardness. The use of
master alloys, binary compounds, or other carrier alloys can
be a solution to reduce the reactivity of the elements with
oxygen and to improve the homogenization kinetics during
sintering. However, also in this case, one must expect low
compressibility [1, 2].

In several applications of sintered metallurgical materi-
als, failure occurs on the surface of the component by fatigue
fracture, wear, or corrosion. Therefore, surface properties
play a relevant role on the performance of devices. For such
applications, alloying the bulk of the sintered component
is not necessary at all. Surface alloying is a cost-efficient
way to tailor the material to specific service conditions and,
furthermore, produce functionally graded materials.

Attempts to modify the chemistry of the surface of plain
iron compacts during sintering in a plasma reactor have
been recently reported [3, 4]. The chemical composition
of the surface is enriched with atoms of alloying elements,
intentionally sputtered from a suitable cathode of a plasma
DC reactor. When energetic species bombard the cathode,
atoms from the cathode itself are sputtered into the gaseous
phase. Such atoms move towards the surface of the sample,
which is the anode of the system, where they are finally
deposited. As the sample is heated, the deposited atoms gain
mobility and diffuse, alloying shallow areas of the sample. As
a consequence, the properties of the surface and near surface
areas of the sintered component differ from those of its bulk.

Some of the alloying elements used in recent enrichment
studies carried out for sintered iron components included
Cr and Mo [3–5]. It is expected that after the sample is en-
riched with alloying elements during plasma sintering, the
composition of the surface enables the formation of hard
and stable compounds, such as nitrides, carbides, or carboni-
trides by subsequent thermochemical treatments [6–8]. In
this approach, thermochemical treatments can be performed
after the sintering step, using the same plasma reactor and
thermal cycle.

In the present work, plain iron samples were enriched
with Mo during plasma sintering aiming at surface alloying
and characterized. It has been previously demonstrated
that it is possible to obtain homogeneous superficial layers
enriched with Mo down to depths of about 25 μm during
plasma assisted sintering [4]. The role of Mo in the micro-

structural transformations that occur during plasma nitrid-
ing of sintered Fe samples enriched with Mo was investigated.

2. Experimental and Materials

6.0 × 6.0 × 2.5 mm3 pellets were produced by pressing
AHC-100.29 water-atomized Fe powder (Höganäs Brasil
Ltda). The particle size of the powder ranged from 30 and
200 μm and its mean particle size was around 100 μm. The
powder was mixed with 0.8 wt.% zinc stearate and uniax-
ially double action pressed under 600 MPa. Sintering with
simultaneous surface enrichment and subsequent nitriding
were performed in a single plasma reactor. Two holders
to place the samples in the reactor were designed and
assembled. They had the same dimensions but different
compositions (Figure 1). The first holder was made of TZM
alloy containing approximately 99.4 wt.% of Mo to place the
samples onto the grounded electrode (electrode 1, anode
configuration). The holder for the nitriding step was made
of AISI 1020 steel. The sample was placed onto the negatively
biased electrode (electrode 2, cathode configuration).

In order to establish basis for comparison, an additional
set of samples was sintered onto an AISI 1020 steel support
(to avoid Mo enrichment) and subsequently nitrided under
the same processing conditions. For all plasma treatments,
the anode was grounded and the cathode negatively biased
using a DC pulsed power source capable of varying the
cathode voltage from 300 V to 700 V, the mean current
from 20 A to 30 A, and the switched on (ton) pulse period
from 10 to 240 μs. A reference sample (sintered iron) was
symmetrically placed on the sample holder and used to mea-
sure the temperature. A type K thermocouple, coated with
Inconel and electrically insulated with Al2O3, was inserted
5 mm into the reference sample. Delubing was carried out
before sintering and surface enrichment in the same plasma
reactor under hydrogen (99.99% pure) at 1.3 Pa (0.01 Torr)
at 400◦C during 30 min. After that, the samples were plasma
sintered with simultaneous Mo enrichment in a gas mixture
of 80% Ar (99.99% pure) and 20% H2 (99.99% pure),
flowing at 4.0 × 10−6 m3s−1 (240 sccm). All samples were
sintered at 1150◦C for 60 min at the output voltage of 500 V.
The pulse length of the power source was fixed at 180 μs.
The pressure system was maintained at about 2.6 × 102 Pa
(2.0 Torr).

All plain-Fe and Mo-enriched samples were plasma ni-
trided. Nearly pure Mo samples (TZM alloy) were also ni-
trided for comparison purposes. The nitriding time was set
at 120 min. Temperature and gas mixture parameters were
evaluated. The plasma DC equipment used in this work
consisted of a hybrid furnace (or hybrid-plasma reactor)
whose chamber, or processing environment, is equipped
with two electrodes to generate a DC plasma and electrical
resistances to heat the furnace. The electrical heaters are used
to adjust the correct treatment temperature, since plasma
heating is not enough to reach usual sintering or nitriding
temperatures [9]. The parameters used in the plasma nitrid-
ing cycles are summarized in Table 1.
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Table 1: Plasma nitriding parameters.

Temperature 540◦C 450◦C

Gas
Composition

75% N2 + 25% H2

5% N2 + 95% H2

75% N2 + 25% H2

5% N2 + 95% H2

Working
Pressure

4.0 × 102 Pa
(3.0 Torr)

4.0 × 102 Pa
(3.0 Torr)

Source Output
Voltage

500 V 500 V

Ton (time on) 180 μs 180 μs

Holding Time 120 min 120 min

The crystalline phases present in the composition of the
surface layer of the nitrided samples were evaluated by X-
ray diffraction (XRD) using Cu Kα radiation. The samples
were then cross-sectioned top to bottom, cold mounted in
resin to assure edge retention, ground, polished, and etched
in 2% nital. A Leica DM 4000 M optical microscope was used
to identify the presence of nitrides and to visualize the Mo-
enriched layer of the samples both in the as-sintered state
and after nitriding. Microhardness profiles were made on the
cross-sections of the samples using a Shimadzu HMV 2000
tester.

3. Results and Discussion

The cross-section of a Mo-enriched sintered sample is shown
in Figure 2(a). It is possible to observe a contrast corre-
sponding to the Mo-enriched layer. As the Mo atoms diffuse
into the sample, the concentration of the alloying element
changed from maximum, at the surface, to null, at depths of
25 to 30 μm into the bulk of the sample (Figure 2(b)).

A significant compositional variation is noticed from the
surface to few micrometers into the enriched region. The
content of Mo is constant (around 3.0 to 3.5 wt.%) until a
depth of 15 μm. From that point on, there is a sharp fall in
the Mo content until a depth of 25 μm. This behavior was also
observed in other studies [4] and is related to the stabilization
of the α-Fe phase at 1150◦C, as predicted by the Fe-Mo phase
diagram [10]. The Mo concentration profile, the depth of the
enriched layer, and its uniformity are similar for all samples.

Optical micrographs of cross-sectioned samples of ni-
trided Fe are shown in Figure 3. Samples nitrided at higher
temperature (540◦C) show a deeper diffusion layer compared
to that of samples nitrided at lower temperature (450◦C),
because the nitriding mechanisms are essentially diffusive
[11–13]. With respect to the concentration of nitrogen in the
gas mixture, samples nitrided under 75% nitrogen exhibited
thicker compound layers, consisting of ε-Fe2-3N and γ′-
Fe4N, compared to those nitrided under 5% nitrogen. It was
observed that the temperature variation (450 to 540◦C) did
not significantly affect the microstructure of these samples.
Their microhardness profiles are shown in Figure 4. The
hardness of the nitride layers was around 200 HV, which is
typical of diffusion layers in nitrided plain iron. However,
this value is relatively low for compound or white layers. The
hardness of compound layers is typically around 700 HV for

steel or nitrided plain iron [14, 15]. However, due to the
limited thickness of the white layer obtained in this work and
instrumental restrictions, indentations for microhardness
tests could not be done. As a consequence, it is not possible to
state the accurate microhardness value of the compound lay-
ers portrayed herein. Nevertheless, based on previous stud-
ies carried out using similar materials and processing param-
eters, the microhardness of the compounds layers can be
safely assumed to be around 700 HV [14, 15].

The optical micrographs of Mo-enriched and nitrided
samples are shown in Figure 5. Samples enriched and ni-
trided in a nitrogen-poor atmosphere (Figures 5(a) and 5(b))
depicted superficial regions free of precipitates visible by
optical microscopy. Below this region, the presence of fine
precipitates with noncircular morphologies and needle-
shaped can be observed. These structures are similar to that
of nitrides precipitated in plain iron. The content of Mo in
this region is very low, indicating that these precipitates are
actually iron nitrides. The top layer does not show visible
precipitates. This region could be formed by a compound
layer of molybdenum nitrides and iron nitrides, or else by a
α-Fe layer with nitrogen in solid solution. The Mo-enriched
samples nitrided in a nitrogen-rich atmosphere (Figures
5(c) and 5(d)) depict distinct microstructure. Sample E75TA
presented a dark layer precipitated between two regions, that
is, the outer layer that appears to be a white layer and the
nitrogen diffusion zone (below the dark layer). In sample
E75TB, the superficial layer grows as short and elongate
needles towards the bulk of the sample (substrate). Below
the Mo-enriched region, precipitates form a new phase
beginning at the grain boundaries. The formation of the
darkened layer begins within these precipitates, as can be
seen in sample E75TA (Figure 5(c)).

The optical micrograph shown in Figure 6 reveals the
early stages of the precipitation of the dark layer, seen in
sample E75TA (Figure 5(c)). It is believed that this phase is
very rich in nitrogen. This darkened microstructure is similar
to the precipitation of expanded austenite (yn) [16, 17] which
is a metastable phase containing high concentrations of ni-
trogen [16–18].

The development of this phase can be related to the pres-
ence of molybdenum. In the molybdenum enriched region,
nitrogen diffuses fast, because of the high solubility of mo-
lybdenum in the ferritic matrix. Moreover, molybdenum
atoms are relatively large and distort the crystal lattice of
iron, facilitating the diffusion of nitrogen in this region [19].
When nitrogen diffuses through the molybdenum enriched
region, it encounters the ferritic matrix. There, its coefficient
of diffusion decreases, because the diffusion coefficient of N
in iron is lower than in the Mo-enriched region. Therefore,
large amounts of nitrogen in solid solution accumulate in
the region placed between the compound layer, rich in
nitrogen, and the diffusion zone, in which molybdenum is
not present. In other words, it is believed that the dark region
consists of expanded austenite which precipitation due to the
presence of molybdenum, which increases the concentration
of nitrogen in this region, favouring the transformation of
ferrite into austenite.
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Figure 2: (a) Optical micrograph and (b) line profile of molybdenum concentration of the cross-section of a sample sintered at 1150◦C and
enriched with Mo.
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Figure 3: Optical micrographs of the cross-sections of plasma nitrided plain iron samples: (a) N5TA nitrided under 5 vol.% of N2 and
540◦C; (b) N5TB nitrided under 5 vol% of N2 and 450◦C; (c) N75TA nitrided under 75 vol.% of N2 and 540◦C; (d) N75TB nitrided under
75 vol.% of N2 and 450◦C.

From XRD analyses (Figure 7) of the enriched and ni-
trided samples, both ε-Fe2-3N and γ′-Fe4N were identified in
the samples nitrided under 75 vol.% of N2. This suggested
that the surface layer of these samples (E75TA and E75TB)
is indeed a compound layer. For samples nitrided under 5
vol.% of N2, only α-Fe peaks were identified.

Considering samples E5TA and E5TB, it is believed that
nitrogen may be present forming an interstitial solid solu-
tion. There is also the possibility that very fine precipitates
were formed, but are not visible under optical microscopy
and cannot be directed detected by XRD. This assumption
can be confirmed by the widening of the α-Fe peaks in XRD.
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(a) N5TA nitrided at 540◦C
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(b) N5TB nitrided at 450◦C
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(c) N75TA nitrided at 540◦C
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(d) N75TB nitrided at 450◦C

Figure 4: Microhardness profiles of the cross-section of sintered and plasma-nitrided plain iron samples.

The fact that the molybdenum nitrides are not detected by
XRD analysis can be related to the low concentration of Mo
in this region, between 3.0 and 3.5 wt%.

The microhardness profile of the Mo-enriched and
plasma-nitrided samples are presented in Figure 8. Samples
E5TA and E5TB showed maximum hardness values of
700 HV and 300 HV, respectively. These values are higher
than those observed from plain iron plasma-nitrided samples
thermally treated under the same conditions, as previously
demonstrated (Figure 4). In the XRD patterns of samples
E5TA and E5TB (Figure 7), only α-Fe was indentified. In this
case, the increase in hardness can be assigned to the presence
of nitrogen in solid solution in the ferritic matrix and the ex-
istence of very fine precipitates dispersed in the matrix. When
the compound layer, visible in E75TA and E75TB samples,
shown in Figures 5(c) and 5(d), respectively, is formed, the
values of the microhardness reached 1100 HV and 950 HV,
respectively. These values are higher than those of plain
iron nitrided samples and can therefore be attributed to the
presence of molybdenum. It is believed that in the enriched
and nitrided samples, molybdenum nitrides or mixed Fe-Mo

nitrides may be present in the enriched region, but they are
not detected due to the low concentration of Mo.

To confirm the precipitation of MoN in the conditions
and parameters used in this study, plain TZM samples
(99.4 wt.% Mo) were nitrided. Their XRD patterns (Figure 9)
did not indicate the presence of MoN. Only Mo was detected.
This result indicates that the nitriding conditions established
for this work did not result in the formation of MoN.

The presence of molybdenum nitrides is not observed in
the Mo-enriched and nitrided samples. The nitrided layers of
these samples were harder than those of plain iron samples.
From that, it can be said that the mutual interaction between
Fe and N, with small amounts of Mo, accounts for the in-
crease in hardness of the nitrided layer. Small amounts of
Mo, between 3.0 and 3.5 wt.% are enough for a significant
increase in hardness after nitriding. It is believed that in the
enriched and nitrided samples, high concentrations of ni-
trogen are present forming an interstitial solid solution in
the Mo-enriched layer, distorting the crystalline lattice of this
region and causing compressive stresses which increase hard-
ness.
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Figure 5: Optical cross-sectional micrographs of iron samples enriched with Mo and nitrided: (a) E5TA nitrided under 5 vol.% of N2 and
540◦C; (b) E5TB nitrided under 5 vol.% of N2 and 450◦C; (c) E75TA nitrided under 75 vol.% of N2 and 540◦C; (d) E75TB nitrided at
75 vol.% of N2 and 450◦C.
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Figure 6: Optical cross-sectional micrograph of iron sample
enriched with Mo and nitrided at intermediary temperature
(∼500◦C) under 75 vol.% of N2.

4. Conclusions

The results presented herein show that the combined interac-
tion between iron and molybdenum considerably increased
the hardness of the nitrided layers. This effect is attributed to
the formation of mixed Fe-Mo nitrides. Nitrided unalloyed
iron as well as nitrided molybdenum showed lower hardness
values. It is believed that a little amount of Mo in iron is
sufficient to significantly enhance the hardness of the com-
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Figure 7: XRD patterns of the surfaces of iron samples enriched
with Mo and plasma-nitrided. ε-Fe2-3N, γ′-Fe4N, and Fe-α phases
identified in the figure.

pound layer. Moreover, it was also observed that the presence
of Mo increased the solubility of nitrogen in the Mo-en-
riched layer, resulting, among other effects, in solid solution
hardening.
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Figure 8: Microhardness profiles of the cross-section of iron samples enriched with Mo and plasma-nitrided.
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