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Plasma nitriding is a surface modification process that uses glow discharge to diffuse nitrogen atoms
into the metallic matrix of different materials. Among the many possible parameters of the process, the gas
mixture composition plays an important role, as it impacts directly the formed layer’s microstructure. In this
work an AISI 4140 steel was plasma nitrided under five different gas compositions. The plasma nitriding
samples were characterized using optical and scanning electron microscopy, microhardness test, X-ray
diffraction and GDOES. The results showed that there are significant microstructural and morphological
differences on the formed layers depending on the quantity of nitrogen and methane added to the plasma
nitriding atmosphere. Thicknesses of 10, 5 and 2.5 um were obtained when the nitrogen content of the gas
mixtures were varied. The possibility to obtain a compound layer formed mainly by y-Fe N nitrides was
also shown. For all studied plasma nitriding conditions, the presence of a compound layer was recognized
as being the responsible to hinder the decarburization on the steel surface. The highest value of surface
hardness - 1277HV - were measured in the sample which were nitrided with 3vol.% of CH,.
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1. Introduction

Nitriding is a very useful method to improve tribological
and corrosive properties of iron-alloy components'?. The
aim of the nitriding processes applied to iron-based alloys
is to introduce and diffuse atomic nitrogen into the surface
of these metallic materials to improve wear and corrosion
resistance. The nitrided layers in steels are usually composed
of a compound layer formed by iron-(carbo)-nitrides and a
diffusion zone. The compound layer (white layer) is found
at the surface with a thickness of some micrometers. In
the diffusion zone the nitrogen atoms can be interstitially
dissolved or precipitated as iron-(carbo-)nitrides, and most
probably as (carbo-)nitrides of the main alloying elements**.

The composition and thickness of the nitrided layers
strongly depends on the steel type. High alloyed steels,
for example, exhibit high hardness due to dispersed alloy
nitrides in the matrix and high surface residual stresses
are generated in the compound and diffusion zones for
these steels, which are the result of chemical composition
gradients, stress fields around precipitates, volume changes
and thermal effects®. In the case of low alloyed steels, the
diffusion layer does not reach hardness values as high as
the obtained when nitriding tool steels, for example®. The
compound layer plays the most important role against wear,
and the diffusion layer has a secondary role, therefore for
low alloyed steels to reach the correct morphology and phase
composition of the compound layer is one of the main tasks
to be accomplished.

The selection of process parameters for a given
application depends on several aspects®’. High temperature
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increases diffusion rate, but lower temperatures should
normally be preferred due to the possibility of maintaining
appropriate core material toughness and decreased risk
of over tempering. Gas pressure has low influence on
the surface chemical composition but can be adjusted to
promote better plasma penetration into holes, for example.
The current density depends on several other parameters
like part geometry, voltage and furnace geometry, which
makes its control very difficult, but it should be kept to a
minimum value to assure many plasma benefits®. Therefore,
the major influence on the metallurgical properties of plasma
nitrided low alloyed steels is played by the gas mixture, the
temperature and time.

Once plasma nitriding allows the use of different kind
of gas mixtures, this parameter should be explored as an
alternative to achieve different properties. Therefore, in this
investigation AISI 4140 steel samples were plasma nitrided
under different gas compositions (as given in Table 2) with
a constant temperature of 500 °C. Proportions of nitrogen,
hydrogen and methane in the nitriding atmosphere were
varied. The samples were characterized concerning the
chemical composition, roughness, microstructure and
hardness to evaluate the response of the steel to the applied
treatment.

2. Material and Methods

Samples with 30 mm of diameter and 8 mm of thickness
were machined from hot rolled and normalized AISI
4140 steel rods (chemical composition of the samples is
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presented in Table 1). Then, the samples were submitted
to the following heat treatment sequence in a furnace with
controlled atmosphere achieving a final core hardness of 37
HRC: austenitization during 30 minutes in a temperature
of 850 °C, quenching in oil (oil temperature of 80 °C)
and tempering during 120 minutes in the temperature of
460 °C. Prior to the nitriding process, samples flat faces
were sandpaper ground in a sequence with increasing mesh
(#120, #400, #600, #1000) and then polished with diamond
paste with abrasive size of 3 um.

Plasma nitriding was carried out in a 0.3 m? plasma
nitriding furnace (Figure 1) equipped with a DC-pulsed
power supply and a wall heating system. In the treatment
of the samples, no furnace wall heating was used during
the plasma nitriding process. The samples were degreased
and cleaned with acetone in an ultrasonic bath before being
placed into the furnace.

A plasma sputter cleaning of the samples surfaces
was carried out using a hydrogen atmosphere of 70 Pa for
30 minutes and a voltage of 500V. After this first step, the
specimens were constantly heated to reach the nitriding
temperature, the used gas mixture was hydrogen and argon in
a pressure of 300 Pa. The temperature of the samples during
the nitriding step was kept constant at 500 °C and the total
pressure at 300 Pa for all the runs. The auxiliary heating
system of the chamber was not used during the experiments,
meaning the heat input was only due to ion bombardment.
For the different experiments the gas mixtures were varied as
presented in Table 2. The nitriding time was fixed to 6 hours,
except for the sample SN -2h (treated during 2 hours).

The steps for the metallographic preparation were
the following: cutting by a diamond saw, attaching of a
wrought aluminum plate (indicated as metallic support in
Figures 2 to 6), mounting in bakelite, griding with sandpaper
from mesh #120 to #1000), polishing with diamond paste
3 um grain size, and finally, Nital 2% chemical etching.
The characterization of the samples was done by optical
microscopy to evaluate compound and diffusion layer
microstructures. Microhardness profiles were performed in
the cross section of the samples to obtain the total diffusion
layer depth. In accordance with the ISO 4970 standard
the total thickness of the thin surface layer is defined by
the distance from the surface to the limit beyond which

Table 1. Chemical composition of the AISI 4140 steel.
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the hardness of the unaffected metal is reached. In order
to compare the hardness when different compound layer
thicknesses are present, the surface hardness was evaluated
by Vickers, varying the applied loads from 0.025 kg
to 0.5 kg. The reason to vary the applied load is to get
information concerning the hardness gradients in depths
close to the surface, in order to complement the information
given by the conventional cross section hardness profiles.
A qualitative phase analysis was carried out by X-ray
diffraction with Cu-Ko radiation (A = 0.154056 nm) in the
Brag-Brentano geometry, the 20 angle was varied from 33°
to 50° with a step size of 0.02° and a time/step of 10 seconds.
Chemical element depth profiles were obtained by means
of a glow discharge optical emission spectroscopy (Leco
GDS 750A GDOES equipment) for all nitriding conditions.
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Figure 1. Schematic view of the plasma nitriding chamber with
the samples distribution.

Element C Si Mn P S Cr Mo Ni Fe
wt% 0.359 0.235 0.717 0.024 0.033 0.926 0.155 0.014 98.19
Table 2. Gas mixtures for the nitriding batches.
Gas Vol. %
Sample
N, (%) H, (%) CH, (%)

CH,-6h 70 27 3
70N -6h 70 30 -
24N,-6h 24 76 -
5N,-6h 95 -
5N,-2h 95 -
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3. Results and Discussion

3.1. Microstructure, phase and chemical
composition

Figures 2 to 6 show the cross section of the samples after
metallographic preparation on the left hand side and the
corresponding chemical element depth profiles (GDOES)
on the right hand side. The GDOES profiles were used to
estimate the compound layer depth and these results are
shown in the first column of Table 3. In the second column
of Table 3 the total layer depths are presented, resulting
from the microhardness profiles discussed in the item 3.2.

Table 3. Summary of obtained results.
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The optical microscopy analysis and the GDOES profile
for the sample 70N,-6h (70 vol.% N, in the gas mixture),
as shown in Figure 2, clearly point out the formation of a
compound layer with a thickness of about 10um. When
changing the nitrogen content of the gas mixtures to 24 vol.%
and to 5 vol.%, thicknesses of Sum and 2.5um, respectively,
were estimated (Figures 3 and 4). As shown in Figure 5,
however, when CH, is added to the nitriding atmosphere of
70 vol.%, a thinner white layer of about 4pum was obtained,
which is approximately half of that obtained without
methane addition (comparing Figure 2 with Figure 5). This
effect is in accordance with Chen and Chang® which have
also published the same trend. As suggested by Chen et al,

Sample Compound Layer Total Layer Depth (um) Phases on Surface Average Surface
Thickness (um) Hardness (HV0.025)/
Standard Deviation
Polished - - Fe- a 360 + 12.3
CH4-6h 4 350 Y, € 1277 + 16.5
70N2-6h 10 350 Y, € 1159 £24.3
24N2-6h 5 350 Y, € 1053 +28
5N2-6h 2.5 300 Y 949 +5.5
5N2-2h <1 150 Fe-o, v 705 £ 10.4
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Figure 2. Sample 70N,-6h. In (a) photomicrography of the cross section of the sample and in (b) GDOES profile.
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Figure 3. Sample 24N,-6h. In (a) photomicrography of the cross section of the sample and in (b) GDOES profile.
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Figure 4. Sample 5N -6h. In (a) photomicrography of the cross section of the sample and in (b) GDOES profile.
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Figure 5. Sample CH,-6h. In (a) photomicrography of the cross section of the sample and in (b) GDOES profile.
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Figure 6. Sample 5N -2h. In (a) photomicrography of the cross section of the sample and in (b) GDOES profile.

this happens probably due to a decrease in nitrogen activity
in the atmosphere, similarly to the observations described

experiment was carried out with the same gas mixture
(5 vol.% N,), decreasing the nitriding time from 6 to 2 hours.

by Slycke! in gas nitrocarburizing processes.

The specimens nitrided under the atmosphere with lower
nitrogen content, SN -6h (5 vol.% N.,), have also presented a
compound layer on its surface. It was reported that this gas
mixture can avoid the compound layer existence in other
steels'!. Taking into account this behavior of the AISI 4140
in comparison to other alloyed steels, an additional nitriding

The aim was to verify whether a process time reduction
would be able to avoid the compound layer formation.
Figure 6 shows the micrography of the sample nitrided
with the reduced time and nitrogen content, condition
SN,-2h. It is clearly noticed that no compound layer was
formed in the surface. In addition, analyzing the GDOES
profiles for this condition, a 20 um decarburized layer
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is found as shown by the reduction of carbon content in
the surface when compared to the carbon core content.
Tier' say that during nitriding, alloy carbides especially
chromium carbides are make unstable in the nitrided layer.
Hence, nitrogen replaces carbon in the carbide structure.
Consequently, carbon is released and diffuses in both
directions, i.e. to the surface and to the substrate core. The
carbon diffusion towards the core forms the carbon-enriched
zone below the nitrided layer. It was also discussed by
Tier'* which described the suggestions of Sun and Bell®
that because of a stress build-up in the nitrided zone, the
carbon diffuses to the stressfree regions, i.e. to the surface
and ahead of the nitrided case. The carbon diffused to the
surface will be removed by sputtering and reactions with
hydrogen, forming the observed decarburized zone.

For all other nitriding conditions, as shown in Figures 2
to 5 there was the formation of a compound layer as
revealed by the higher content of nitrogen in the surface.
The carbon content profile has a characteristic shape, due to
the formation of the compound layer in the surface, a high
content of nitrogen is seen and the carbon content is low,
then as the distance from the surface increases, the carbon
concentration becomes higher, forming a maximum located
in the interface region between the compound layer and
the diffusion zone. This maximum is marked with a star
in Figures 2 to 5. The redistribution of carbon in the near
surface region of plasma nitrided steels was discussed by
several other authors®!>!*15, This carbon peak concentration
below the compound layer would be related to the formation
of cementite, like precipitates in the grain boundaries',
which leads to lower toughness of the nitrided layer!'>'3.

Figure 7 presents the diffractograms for the different
nitriding conditions and for an AISI 4140 quenched and
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tempered sample as reference. The iron peak is seen in the
diffractogram for a non nitrided sample and for the SN,-2h
condition only.

As seen in Figure 7, in the second and third diffractograms
from bottom to top, the conditions 5N -2h and 5N,-6h
presented some remarkable differences between them. For
the SN,-2h sample the iron peak is still seen, however, it is
slightly shifted to the left. Peaks of v’ phase (Fe,N) phase
are also seen for this condition, this is an indication that
the ¥’ began to be formed at the surface appearing as iron
nitride clusters. This analysis agrees with the fact that a
really thin compound layer could have been formed even
for the 5N,-2h condition.

As the nitriding time increases to 6 hours (condition
5N,-6h), formation of Fe N-y’ monophase is clearly
indicated by the y’ peaks and the very low intensity of
the o-iron peak. This analysis shows that the compound
layer growth (y’ monophase) is dependent on the nitriding
time, once temperatures, gas mixtures and the other related
variables were constant.

Now comparing the fourth and the fifth diffractograms, it is
possible to see that both nitriding conditions, with intermediate
nitrogen content (24N, -6h) and with high concentrations of
nitrogen (70N ,-6h and CH,-6h), have invariably generated the
characteristic phases € (Fe, ,N) and ¥’ - Fe,N, with some more
€ - Fe, N content for the 70N,-6h condition. These results
show that intermediate gas mixtures with concentrations
above 24vol.-% N, are inefficient to promote the formation
of v’ compound layers. The 24 vol.% N, gas mixture is cited
by Podgornik et al.!” as being a gas mixture that could produce
pure Y phase for the AISI4140 steel. However, a more recently
research carried out by Corengia et al.'® (also using AISI 4140
steel, 500 °C and 24 vol.% N, gas mixture) concluded that

-Fe, N
e-Fe, N B
y’-Fe N y’-Fe N Fe-a{110} y’-Fe N
A J cH - eh
7\, -
70N, - 6h
Relative 24N, - 6h
intensity J\ ﬁ\
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Figure 7. Diffraction lines of non-nitrided and nitrided samples.
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the v monophase appears for this steel only after 15 hours
nitriding. The Corengia’s'® results are in agreement with the
findings from Podgornik et al.'” and also with the conclusions
obtained in this study.

The last diffractogram (from bottom to top in Figure 7)
shows the results for samples nitrided with 70 vol.% N,
gas mixture in which 3 vol.% CH, was added (condition
CH_-6h). The proportion of € increased if compared to the
condition without Methane (fifth diffractogram from bottom
to top), but the ¥’ phase was still present and, consequently, it
was not possible to produce the monophase € on the surface
of the samples. The results have shown that to obtain the pure
¢ in the compound layer of plasma nitrided steels is more
complex than the way mentioned by O’Brien" and it’s in
accordance with other works that failed in the task of using
this kind of gas to form such monophase**'. Moreover,
is shown the amount of € phase in white layer (which is
richer in N than 7y’ phase) depends directly on the N2 gas
proportion. It occurs because there are more ionized N in
the plasma atmosphere when more N2 is added into the
chamber. The third column of Table 2 shows the main phases
found for the different nitriding conditions.

3.2. Microhardness

The microhardness profile for each studied conditions
is presented in Figure 8 (dashed line indicates the mean
core hardness of the substrates). These graphics show the
hardness of the nitrided layer as a function of depth and
were obtained in the cross section of the samples. In terms
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Figure 8. Hardness profile of nitrided samples.
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Figure 9. Surface hardness estimation of nitrided samples.
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of the total layer depth (see Table 2), conditions with and
without methane (CH-6h and 70N,-6h) had the same
measured value, approximately 350 um, but on the other
hand, differences were found for the hardness between these
two conditions at a distance of 50 pm from the surface. The
addition of methane in the nitriding atmosphere caused
an increase in hardness of about 120HV compared to the
condition without methane addition.

Figure 9 shows the Vickers surface hardness as a
function of the applied loads for all the studied conditions.
The obtained surface hardness values are summarized in the
Table 2. The observed higher hardness for the condition CH,-
6h obtained in the microhardness profiles is confirmed by the
surface microhardness measurements with different loads
(Figure 9), where the estimated surface hardness values were
1277HV and 1159HV for the CH,-6h and 70N,-6h nitriding
conditions, respectively.

The nitriding conditions 24N -6h and 5N -6h led to
a surface hardness values of 1053HV and 949HYV, and
diffusion layer depths of about 350 pm and 300 pm,
respectively. When comparisons are done between these
three nitriding conditions, 70N,-6h, 24N -6h and 5N,-6h,
in terms of microhardness profiles, as well as in terms of
surface hardness, the behavior is as expected, the higher the
nitrogen content in the gas mixture the higher the hardness of
the obtained layers. The sample 5N -2h led to the shallowest
diffusion zone obtained in this study (150 pm) and to the
lowest hardness level (705HV). As expected for this kind
of steel, without compound layer formation lower hardness
levels are achieved.

4. Conclusions

The results presented in this investigation have shown
that by varying gas mixtures is possible to obtain compound
layers for an AISI 4140 steel with significant different
microstructural and mechanical properties.

The tested nitriding conditions with very low amount
of nitrogen (5 vol.%) lead to tougher nitriding layers. For
this condition with 2 hours of nitriding time no continuous
compound layer has been formed, which took to very low
hardness values compared to the other nitriding conditions,
since only a diffusion layer has been observed. However
when the time was increase to 6 hours, a continuous
compound layer of 5 ym was found being formed by 7y’
nitrides only. By increasing the amount of nitrogen, to an
intermediate level, as 24 vol% of nitrogen, then a relatively
thick compound layer of y’ and € nitrides is formed, but with
still higher amounts of y’ than €.

Nitrogen concentrations of 70 vol% took to an increase
of compound layer hardness, amount of € nitrides, but also
to less tougher layers. However when methane was added to
this gas mixture, a thinner layer was formed which presented
higher amounts of the € phase and showed the highest
hardness among all plasma nitriding conditions tested.
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