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Plasma Nitriding of ISO 5832-1 Stainless Steel with Intermittent Nitrogen Flow at 450°C
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ISO 5832-1 stainless steel specimens were plasma nitrided at different nitrogen potentials. The main
goal was to obtain the S-phase with different nitrogen concentrations and free of chromium-based
precipitates. The control of nitrogen potential was made by pulsing the gas at predetermined times: 10/10,
05/15, 02/18, and 01/19, where the numbers represent the time in minutes that the nitrogen flow was
kept on/off, respectively. For all pulsing conditions, the nitriding was carried out at 450 °C for 2 hours.
After nitriding, specimens were characterized by means of optical (OM) and electron microscopy
(SEM), energy-dispersive spectroscopy (EDS), X-ray diffraction (XRD) and microhardness. Results
show that the nitrided layer thickness decreases with decreasing times of nitrogen pulse, and that lower
times of nitrogen flow lead to lower precipitation of chromium nitrides. It can be thus concluded that
the use of intermittent nitrogen flow is an alternative to control the nitrided layer in terms of thickness,
hardness, and the amount of nitrogen present in phase y, (S-phase).
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1. Introduction

The high corrosion resistance of austenitic stainless
steels makes them widely used in the industry. However,
in order to further increase its applicability by improving
localized corrosion resistance and tribological properties,
some techniques regarding introduction of nitrogen in solid
solution have been employed'”. Among those techniques,
plasma nitriding has been largely used.

Plasma nitriding at temperatures close to 450 °C or
above favors the formation of chromium precipitates (Cr N ),
resulting in higher surface hardness and, consequentfy,
improved wear resistance of those steels. On the other hand,
the formation of such chromium-based nitrides causes a
reduction in the amount of chromium dissolved in the steel
matrix, impairing its corrosion resistance, since the formation
of the characteristic passive layer becomes more difficult'®!".

Since the majority of beneficial effects of nitrogen is
associated to its presence in solid solution'?, precipitation of
nitrides should be avoided during plasma nitriding. One way
of achieving this is by lowering the process temperature to
about 400 °C, in order to obtain a nitrided layer constituted
mainly by a metastable, supersatured nitrogen phase called
expanded austenite (y,), or S-phase. In this phase, the
austenite fcc lattice is expanded in relation to its original
size due to the presence of nitrogen. The increase in the
nitrogen concentration in the austenite also causes an increase
in stacking faults, introducing a high level of compression
residual stresses within the lattice with consequent surface
hardening'. Volumetric expansion of the fcc lattice associated
to the nitrogen supersaturation is observed by both shifting to
slower angles 20 and broadening of X-ray diffraction peaks.
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Hence, the use of plasma nitriding in applications where
corrosion resistance is an issue is limited to processes
made at low temperature, where the formation of S-phase
(yy) 1s the only transformation that occurs at the material
surface!*!1>, However, nitrided layers obtained at these
conditions are, in general, very thin’. Some authors'®!” also
observed that the high hardness of the layer, caused by the
high compression stress level, may lead to nucleation of
cracks. In this regard, with the aim of reducing brittleness,
Sphair'® studied the influence of the nitrogen potential
control, made by means of intermittent nitrogen flow during
plasma nitriding, upon the amount of nitrogen into expanded
austenite. She observed that it is possible to control the
degree of expansion of S-phase.

Considering the work of Sphair'$, which demonstrated
the possibility of controlling the amount of nitrogen in
Y, phase, and considering the works of Yazici et al."” and
Mingolo et al.?, which demonstrated that chromium nitride
precipitation is influenced by the amount of nitrogen in y
phase, the possibility of controlling the precipitation of
chromium nitrides, even for process temperatures around
450 °C or higher, is considered. That could be achieved by
altering the nitrogen potential with the use of intermittent
nitrogen flow during plasma nitriding.

Thus, the aim of this work was to verify the feasibility
of nitride austenitic stainless steel (ISO 5832-1) at 450 °C,
where the formation of chromium nitrides precipitates
(CrN or Cr,N) is known to occur, with the use of intermittent
nitrogen flow, in such a way that thicker layers than those
formed at lower temperatures could be obtained without
precipitation of chromium nitrides.
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2. Experimental Procedures

The chemical composition of the material use in this
work, an ISO 5832-1 stainless steel?', is shown in Table 1.
Cylindrical specimens, 15.0 mm in height, were obtained
from a bar with 15.8 mm in diameter. After cutting the
samples with appropriate cutoff wheel, they were ground with
emery paper, and polished with 1 pm alumina suspension.
The starting microstructure of specimens was fully austenitic,
with a hardness of 216 + 7 HV. Before nitriding, samples
were ultrasonically cleaned for 20 minutes in ethanol, in order
to remove contaminants from previous preparation steps.

After cleaning, specimens were plasma nitrided in a pulsed
DC glow discharge in two consecutive stages. The first stage
corresponded to sample cleaning by cathodic sputtering, and
the second to the plasma nitriding process itself.

The cleaning sputtering was carried out to remove the
oxides comprising the external passive layer, which, as
mentioned, is a characteristic of stainless steels. This cleaning
stage was carried out with hydrogen (50 sccm) and Argon
(100 scecm) for 30 minutes, under the pressure of 266.64 Pa
(2 Torr), and at 300 °C. The nitriding process was performed
in five different processing conditions. For all of them, the
following parameters were employed: total time of 2 hours,
temperature of 450 °C, total gas flow of 200 sccm and
pressure of 533 Pa (4 Torr). In one processing condition (2C),
nitrogen flow was kept continuous during nitriding, with
no changes in the atmosphere, and for the other conditions
(2PXXYY), the nitriding atmosphere varied with time,
where XX denotes time with nitrogen flow (nitrogen on)
and Y denotes time without nitrogen flow (nitrogen off),
in periods of 20 minutes that were repeated 6 times within
the 2 hours of treatment. Processing conditions are detailed
in Table 2, and the samples ideintification scheme is shown
in Figure 1. The atmosphere composition was based on the
work of Sphair'$, where low temperature (400 °C) nitriding
of ISO 5832-1 steel was carried out with the same processing
conditions used in the present work.

2C
LL Continuous nitrogen flow
Treatment time (h)

Figure 1. Processing conditions identification scheme (example).
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After plasma nitriding, specimens were cooled down to
300 °C under H, plasma in order to minimize oxidation risks,
and then cooled under vacuum to room temperature. For each
treatment condition, four specimens were characterized.

For characterization, specimens were longitudinally cut
and mounted in high hardness resin (Bakelite) to preserve
borders. The cross-sections obtained were prepared with
an adequate metallographic process to investigate the
morphology, thickness, and microhardness profiles of the
resulting layers. The morphology evaluation of the nitrided
layer was carried out by means of optical microscopy (OM)
and scanning electron microscopy (SEM). Prior to microscopic
observation, all samples were electrolytically etched with
Marble’s reagent (1 g CuSO,, 5 mL HCI, 5 mL H,0).
Thickness measurements of the nitrided layer were made
with an image analyzer software (Image Pro-Plus) from
micrographs obtained by means of optical microscopy.
Microhardness measurements (Vickers indenter) were carried
out with the use of a microhardness tester Shimadzu model
HMV2 and load of 100 gf. X-ray diffraction was used to
identify the phases present in the nitrided layer, and a Philips
diffractometer was used to obtain the diffractograms with
the following parameters: Cu ka radiation (A= 1.54060 A),
current of 30 mA, voltage of 40 kV, 20-scan step of 0.05°,
scanning angle range of 20 to 120°, and scan rate of 0.05°/s.
The measurements were performed at a 10° angle of
incidence. Energy dispersive X-ray spectroscopy (EDS)
was used for qualitative chemical analysis at different areas
of the specimens.

In order to estimate the nitrogen concentration (C,) [at%]
in the specimens, we used the variation in austenite lattice
parameters before (ay) [A] and after (ayy) [A] nitriding.
Analysis was based on the shift of the austenite peak
(20 = 43.47) corresponding to the crystallographic plane
(111). The nitrogen concentration value for the different
treatment conditions was calculated with Picard’s Equation 1%,
using 0.0078 [A / at% N] as the value for Vegard’s constant

2P1010
TN, off (min)
N, on (min)
Intermitent nitrogen flow
Treatment time (h)

Table 1. Chemical composition of ISO 5832-1 austenitic stainless steel (wt%).

C Mn Si Cr Ni Mo N Fe
0.017 1.750 0.350 17.800 14.300 2.760 0.077 Balance
Table 2. Summary of processing conditions
: ; Atmosphere
Condition Nltrogen' flow Nltrogen.ﬂow off Repetition : P :
on (min) (min) With N, Without N,
2C 120 (Continuous) - 1
25% N
2P1010 10 10 6 o N, 33%H,
2P0515 5 15 6 25%H, 7% A
2P0218 2 18 6 50% Ar oo
2P0119 1 19 6




Plasma Nitriding of ISO 5832-1 Stainless Steel with Intermittent Nitrogen Flow at 450°C 3

(). Since the value was obtained mathematically, the result
is reported with the same number of significant digits of the
austenite peak corresponding angle.

ayy = ay+aCy (1)

3. Results and Discussion

Figure 2 shows the diffractograms for treated specimens,
as well as for the as-received material (SC). Only higher
intensity peaks were considered.

The expanded austenite phase (y,) was the only phase
identified for all processing conditions. When compared to
regular austenite (y), the peaks of expanded austenite (y, ) are
broader and shifted to lower diffraction angles. This effect is
caused by the presence of nitrogen in solid solution??. Based
on that and on the diffractograms, it can be concluded that
the amount of nitrogen dissolved in the expanded austenite
phase varies according the treatment condition. It can also
be inferred that as the time of nitrogen pulse decreases, the
amount of nitrogen in the expanded austenite decreases as
well. Even though chromium compounds have not been
identified by XRD, darker areas can be seen in the micrographs
shown in Figure 3. These darker areas surrounding grain
boundaries (see arrows in the Figures) were observed for
all treatment conditions, and have already been reported in
previous work®. They correspond to regions where etching
was more intense, which is consistent with the presence of
chromium precipitates (CrN or Cr,N) in these areas’. It is
believed that the amount and/or size of such precipitates
are below the detection limits of the XRD apparatus.
EDS analyses support this hypothesis. Figure 4 shows the
EDS results for the sample processed according to condition
2C. Even though this analysis is qualitative, considering the
main elements of the alloy, a higher amount of chromium,
when compared to the material matrix, was observed in the
region where precipitation occurred.

Aslong as the time of nitrogen flow (nitrogen on) decreases,
precipitation also decreases. For specimens treated according
to condition P0119, the darker aspect around grain boundaries,
which indicates precipitation of chromium compounds,
was only observed at higher magnifications (Figure 3e).
The tendency to reduce the amount of precipitation for
shorter nitrogen pulses times, as well as the lower nitrogen
saturation in austenite, was expected, since the nitrogen
potential in the nitriding atmosphere is decreased'**. However,
it was observed that, even for the lowest nitrogen potential
condition, the formation of chromium-based nitrides wasn’t
completely inhibited. Thus, one can conclude that the nitriding
temperature is a major factor concerning precipitation of
such compounds, regardless the nitrogen concentration in the
nitriding atmosphere. Elements Cr and N have high chemical
affinity, with a very negative enthalpy of formation, and the
processing temperature provides enough activation energy
for the reaction to occur, even if the nitrogen concentration
in the atmosphere is low.

From the results of the diffractograms shown in Figure 2,
it was possible to determine the lattice parameter of regular
austenite (ay) [A] and, from this value, it was possible to
calculate the theoretical concentration of nitrogen in the
expanded austenite (C,) [at%] by using Equation 1. Obtained

results are summarized in Table 3. For the as-received condition,
the calculated lattice parameter was 3.59 A, which is similar
to the value provided by the JCPDS-ICDD?* database for
austenite (3.60 A). This value is in agreement with the low
initial nitrogen content of the material (0.077 wt%).

As expected, the higher incorporation of nitrogen into
expanded austenite was observed for treatment with continuous
nitrogen flow (condition 2C). Calculated value was 37.14 [at%)].
For a treatment of 3 hours, Gontijo et al.** measured the
nitrogen concentration by means of WDS and reported a value
of 35.9 [at%], which is very close to the value found in the
present work. However, Tschiptschin and Pinedo® reported
a value of 45 [at%]. This higher nitrogen concentration is
due to the longer processing time (12 hours).

Considering treatments with intermittent nitrogen flow,
the nitrogen concentration in expanded austenite varied from
26.69 [at%] for 2P1010 condition to 19.99 [at%] for condition
2P0119. The nitrogen concentration decreased as the time
of nitrogen flow (nitrogen on time) decreased, and this is
directly related to the reduction in the nitrogen potential
caused by shorter time of nitrogen flow. Similar behavior was
observed in the work of Tschiptschin and Pinedo®, where
a lower incorporation of nitrogen was observed for lower
concentration of this element in the nitriding atmosphere.

As can be observed in Figure 3, a surface layer constituted
by two different regions, known as double layer, can be
clearly seen for all treatment conditions. This morphology is
similar to that reported by Czerwiec et al.?, where the outer
layer was identified as nitrogen expanded austenite (y,),
and the inner layer was identified as carbon expanded
austenite (y.). According to Czerwiec et al.*, the carbon
from the contamination of the plasma reactor walls causes
the formation of the carbon expanded austenite (y.). This

Table 3. Lattice parameters and nitrogen concentrations.

Condition (ayy) [A] (Cy) [at%]
2C 3.88 37.14
2P1010 3.80 26.69
2P0515 3.80 26.69
2P0218 3.79 25.56
2P0119 3.75 19.99
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Figure 2. Diffractograms of as-received and nitrided specimens.
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Figure 3. Micrographs of treated specimens. (a) 2C, (b) 2P1010, (c) 2P0515, (d) 2P0218, (e) 2P0119.
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EHT = 20.00 kv
WD = 85 mm

Signal A= SE1
Mag= 10.00 KX

Spectru In C N Cr Fe Ni  Total
m stats.
1 Yes 56 65 187 519 173 100.0
2 Yes 8.2 17.2 559 187 100.0

All results in weight (%)

Figure 4. EDS results at grain boundaries and matrix. Processing
condition: 2C.

EHT =20.00 kv
WD = 85mm

Signal A = SE1
Mag= 10.00 KX

Date :5 Dec 2019

Spectrum | In stats. Si Cr Mn Fe Ni Mo Total
1 Yes 05 203 26 600 133 33 100.00
2 Yes 06 181 26 620 134 33 100.00
3 Yes 04 184 22 615 143 32  100.00

All results in weight (%)

Figure 5. EDS results from regions of y, and y. layers. Processing
condition: 2C.

carbon is released during the first treatment stage (cathodic
sputtering cleaning).

Figure 5 shows the results obtained by EDS for sample 2C.
Although this technique is not effective to quantify both
carbon and nitrogen amounts, a qualitative analysis was
made in order to confirm the formation of the double layer.
It was evidenced that the outer layer is rich in nitrogem
(yy)> while in the inner layer the carbon concentration is
higher (y.). In the work of Sphair'¥, who used the same
processing conditions, besides temperature (400°), used

Table 4. Nitrided layers thicknesses (confidence interval: 95%).

Condition  Layery, [um]  Layer y, [um] TOtal[ggf Yo
2C 11.8+0.3 22+0.3 14.0+04
2P1010 8.5+0.2 2.6+0.2 11.1£0.2
2P0515 7.7+0.3 33+03 11.1+£0.3
2P0218 33+£04 3.5+0.3 6.9+0.3
2P0119 2.0+0.1 4.6+0.3 6.6+0.2

in the present work (2C), a quantitative analysis by means
of GDOS was carried out. Concentrations of 20 [at%] of
nitrogen in the y, layer and 0.1 [at%] in the y_ layer were
reported in thath work.

As shown in Table 4, the thicknesses of y, and y,. layers,
and consequently the total layer thicknesses (v, +Y,.), changes
according to the treatment conditions.

The layer thickness for the continuous nitrogen flow
condition (2C) was 14.0 um, which is in agreement with that
obtained by Liang'' for AISI 304 steel in similar treatment
conditions. Liang'! reported a layer thickness of 20 um
(treatment temperature of 465 °C). The thinner layer obtained
in the present work is due to the lower treatment temperature
(450 °C) and to the different chemical compositions of the
materials used in both works. The molybdenum concentration
is higher for the ISO 5832-1 steel, which increases nitrogen
solubility and decreases its diffusion coefficient when
compared to AISI 304 steel’.

From data shown in Table 4, it can be observed that the
the lower time of nitrogen flow on, the smaller the thickness
of y layer and the overall layer thickness. This behavior is
also associated to the reduction in the nitrogen potential in
the atmosphere, which reduces the nitrogen available for
diffusion, which is in agreement with the work of Menthe
and Rie?’. They studied the effect of the gaseous mixture and
found that lower nitrogen concentrations in the atmosphere
lead to the formation of thinner layers. Exceptions are
conditions 2P1010 and 2P0515, where the total layer thickness
remained constant. However, differences in thickness for
Yy and y. layers were observed: y, layer thickness tends to
decrease, while y,. layer thickness tends to increase. Similar
results regarding nitriding of ISO 5832-1 steel at 400 °C
with intermittent flow of nitrogen were reported by Sphair'®.

The increase in thickness of y. layer (Table 4) that
occurs as long as the nitrogen flow (nitrogen on) decresces
indicates that this layer grows during nitriding, particularly
while nitrogen flow is off. When the nitrogen flow is off,
the argon present in the nitriding atmosphere pulls off the
carbon from contamination that is stuck in the reactor walls.
Carbon reaches the material surface and then diffuses to the
inner layer. On the other hand, when nitrogen flow in on, free
carbon reacts with nitrogen, forming CN, which is removed
from the reactor by the vacuum system. Such results are in
agreement with those reported by Czerwiec et al.® and Sphair'®.

Because of the small thickness of the formed layers, it
wasn’t possible to measure their hardness in the longitudinal
section. Hence, surface hardness was measured (Table 5),
even though the layer thickness was not enough to comply
with the ASTM Standard®. Since the thickness of the layer
affects the hardness measurement, and the measured values
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Table 5. Surface hardness of treated specimens (confidence
interval: 95%).

Condition HV,,
2C 1286 £ 42
2P1010 888 + 37
2P0515 847+ 16
2P0218 539+ 14
2P0119 417+ 07

result from the interaction between the layer and the material
substrate, higher hardness values are obtained for thicker
layers. However, considering the specific subject of this
work, it is believed that the hardness fraction due to the
substrate is smaller than the increase in hardness caused
by the presence of nitrogen in S-phase or the presence of
chromium nitrides. When comparing to the results reported by
Sphair'8, who measured the hardness of nitrided layers with
similar thickness by means of nanoindentation for specimens
of ISO 5832-1 steel treated at 400 °C, it is observed that the
hardness measurements reported in the present work were
affected by the substrate. This effect increases when the
layer thickness decreases.

Surface hardness increased for all treatment conditions.
The highest hardness (1286 HV) was obtained for continuous
processing condition (2C). In this case, the surface hardness
increased six fold when compared to as-received specimens.
This value is close to that obtained by Gontijo et al.?’, who
reported a surface hardness of 1240 HV for AISI 304 steel
treated in similar conditions. Mendes et al.* also got a
comparable result (1343 HV) for AISI 316L sintered steel.
Such surface hardening is due to residual stresses resulting
from stacking faults®**' that are associated do nitrogen
supersaturation.

The layer thickness decreased with shorter times of
nitrogen flow (nitrogen on), and the same behavior was
observed regarding surface hardness, as shown in Table 5.
This happens because of the changes in nitrogen potential,
as discussed previously. Higher nitrogen potentials lead
to more expansion of austenite and more precipitation of
chromium nitrides, increasing surface hardness (see Table 3).
Menthe and Rie?’ also observed a decrease in surface
hardness for atmospheres with low nitrogen concentration,
which corresponds to a condition of short pulse of nitrogen.
The lowest hardness value was obtained for the condition
2P0119; however, it was approximately twice as high as the
as-received material hardness.

Based on the previous discussions, it is observed that
the greatest effect of the use of intermittent nitrogen flow is
related to variation of the nitrogen potential of the atmosphere.
Such variation is directly related to characteristics such as
layer thickness and hardness, the nitrogen saturation level
of the expanded austenite, and the amount of chromium
nitrides in the nitrided layer.

4. Conclusions

The use of intermittent nitrogen flow didn’t inhibit
completely the precipitation of chromium nitrides; however,
it was verified that the proposed nitriding method is effective
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regarding the possibility of controlling both thickness and
hardness of the nitrided layer, as well as the amount of
nitrogen dissolved in the expanded austenite phase (S-phase).
The higher the time of nitrogen flow (nitrogen on), the higher
the thickness and hardness of the nitrided layer and the more
expanded is the austenite of the layer.
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