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Plasma Nitriding of ISO 5832-1 Stainless Steel at 425 °C with Intermittent Nitrogen Flow
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The aim of this work was to study the influence of varying nitrogen potential during plasma
nitriding of stainless steel ISO 5832-1. The control of nitrogen potential was achieved by pulsing the
nitrogen flow for different times (01/19, 02/18, and 05/15), where the numbers represent the time (in
minutes) of nitrogen flow on/off, thus creating an intermittent flow of nitrogen during the treatment.
For all tested conditions - continuous and pulsed flow of nitrogen - the treatment temperature was kept
at 425°C during 2 and 8 hours. Specimens were characterized by means of X-ray diffraction, scanning
electron microscopy, optical microscopy, energy-dispersive X-ray spectroscopy, and nanohardness.
Results showed that the layer thickness increases with the increase of total treatment time, and decreased
for shorter times of pulsed nitrogen flow. Smaller expansion of the austenite phase, as well as less
precipitation of chromium nitrides, were also observed for shorter times of pulsed nitrogen flow.
Hence, the use of intermittent nitrogen flow appears to be an efficient approach in order to control the
nitrogen concentration within the layer, reducing its brittleness.
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1. Introduction

Stainless steels have a broad range of applications in the
industry because of their high corrosion resistance. However,
both mechanical strength and wear resistance of the majority
of stainless steels are poor when compared to carbon steels!'°.
In order to overcome such limitations, several works regarding
thermochemical treatments have been developed, specially
plasma nitriding, which is largely used in academic and
industrial fields>*'2. When the plasma nitriding process is
carried out at temperatures bellow 400°C, a metastable phase
known as expanded austenite (y,)'*'*" or S-phase'* 11>
1519 is formed. This phase improves mechanical strength and
wear and fatigue resistance, and even corrosion resistance
in some cases'* 11°. However, when nitriding is carried
out at such low temperatures, the formed layer is very thin,
limiting the its use in certain applications.

Plasma nitriding of stainless steels should be made at
temperatures around 400°C in order to avoid or reduce
significantly the formation of precipitates such as chromium
nitride (CrN). Such precipitates depletes it surrounding
regions in chromium, thus reducing drastically the corrosion
resistance of the steel> > 5% 1% 20 Another related issue is
the excessive hardness of the formed layer caused by the
high level of compressive stresses resulting from austenite
expansion, which can lead to the formation of cracks within
the layer® 1214,

Aiming to decrease the brittleness of the nitrided layer,
Sphair et al' conducted nitriding processes with intermittent
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flow of nitrogen, and they showed that it was possible to
control the nitrogen amount in the expanded austenite, and
that the expansion of the austenite was smaller for shorter
times of nitrogen flow. From these results, one can see
the opportunity to control the precipitation of chromium
nitride by using intermittent nitrogen flow as well, even at
a temperature where this precipitation occurs. Controlling
the precipitation arrives from the fact that the formation of
chromium nitride is influenced both by temperature®*!" and
nitrogen concentration® 7.

In the work made by Reis et al?, nitriding of ISO 5832-1
stainless steel was carried out at 450°C, and the authors
observed that the amount of chromium nitrides decreased
with the use of intermittent nitrogen flow; however, it did not
avoid their precipitation. In their paper, they suggest the that
the nitriding process could be made at lower temperatures
to avoid such precipitation.

The use of gas pulses, as shown by Sphair?', has economic
advantages when compares to the use of continuous gas
flow, since it is possible to produce less brittle layers with
lower probability of crack formation at the same time that
it is possible to make the process at temperatures higher
than 400°C, allowing to obtain higher thickness layers with
minimum nitrides percipitation?. Regarding gas consumption,
Sphair®' observed that the savings are not significant for a
2 hours process carried out according to the experimental
conditions of the referred work.

Hence, the aim of the present work was to determine the
influence of intermittent flow of nitrogen on the characteristics
of ISO 5832-1 stainless steel nitrided at 425°C.
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2. Experimental Procedures

The material used in this work was obtained from a
drawn bar with diameter of 12.7 mm of ISO 5832-1 stainless
steel. The chemical composition of the material is shown in
Table 1. Initially the bar was submitted to a solubilization
heat treatment at 1100°C for 2 hours, and then specimens with
6 mm height were cut from the solubilized bar. After cutting,
the surface of the specimens was ground with emery paper
and ultrasonic cleaned with 98 GL alcohol for 5 minutes.
Specimens were then polished with 1 pm alumina suspension
and ultrasonic cleaned again after polishing.

Table 2 shows the parameters used in the nitriding
processes. A plasma reactor and a DC power supply with PWM
(Pulse Width Modulation) of the UTFPR Plasma Laboratory
(LabPlasma) were used to conduct the nitriding processes.
Before nitriding, an in situ cleaning process was carried out
with an atmosphere composed of 33% H, and 66% Ar and
total flow of 150 sccm for 20 minutes. The parameters that
were varied in the nitriding processes were total cycle time
and nitrogen pulse time, while remaining parameters were
kept unchanged for all nitriding cycles. The pressure was
manually adjusted in order to compensate the changes in
gas flow and to keep it constant at 3 Torr. The identification
scheme of the specimens is illustrated in Figure 1.

The choice of gas pulse times (gas flow on) was based on
the mass flow controller (MFC) installed in the experimental
device, which has a response time of 0.5 minutes between
the valve start and its actual opening. Hence, the minimum
possible time of gas flow on is 0.5 minutes, which was the
initial chosen time for the condition PO119. The times of gas
flow on for the other conditions were then tripled regarding
previous conditions, that is, for the condition P0218 it was
1.5 minutes, and for condition P0515 it was 4.5 minutes. In
her work, Sphair?' shows an optical emission spectroscopy
graph where it is possible to see the time needed between
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to cease the emission of nitrogen species and the MFC shut
down, and the time needed to start nitrogen species emission
after the MFC is turned on. In that work, the term “nitrogen
potential” is related to the intensity of optical emission of
nitrogen species; when the MFC is turned on, there is a high
nitrogen potential, when the MFC is turned off, there is a
low nitrogen potential.

The electrical potential difference was kept constant
because it is a control parameter of the high voltage source.
Since it is a PWM (Pulse Width Modulation) controlled
source, it is possible to adjust both t  and t_; (pulse time on
and pulse time off, respectively). The T . was kept constant
at 200 ps for all treatments, while t_, varied from 60 ps
when the nitrogen flow was on to 40 ps when the nitrogen
flow was interrupted. Such control was necessary in order
to keep the process temperature stable at 425°C.

After nitriding, specimens were characterized by X-ray
diffraction (XRD) in a Shimadzu XRD-6100 diffractometer
from Federal Institute of Parana, Paranagua Campus. The
following parameters were employed: Cu ka radiation
(L=1.5418A), current of 2 mA, and voltage of 40 kV. Scan
rate was 1°/min for a 20 ranging from 30° to 100°. The software
X’Pert Highsocore Plus was used for phase identification.
The following crystallographic cards were used to identify
the phases present on the nitrided layer: card n° 06-0627
(Fe,N); cardn® 01-1216 (Fe,N); card n° 11-0065 (CrN); and
card n° 35-0803 (Cr,N).

The nanohardness technique was used to evaluate the
surface hardness of the nitrided specimens. Such measurements
were carried out at Federal University of Parana with the
aid of a model ZHN Zwick Roell equipment. Tests were
made according to the QCSM (Quasi Continuous Stiffness
Measurement) method, where the load in applied in increasing
small steps with a diamond indenter. A maximum load of
100 mN was used, and 25 measurements were made for
each specimen.

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

C Mn P S Si Cr Ni Mo Al \ Cu Fe
0.012 1.66 0.017 0.018 0.28 17.1 10.6 1.67 0.011 0.074 0.702 Bal.
Table 2. Summary of the process parameters.
Duration of
Temperature Gas flow Pressure Treatment
o t.. (us) t: (us) Voltage (V) . N, pulse Code
(°0O) (sccm) (torr) time (h) (on/off) (min)
01/19 2P0119
200 5 02/18 2P0218
(25%N 05/15 2P0515
42543 50+ 10 200 500 2 4
+25%H, Continuous 2C
+50%Ar) g 02/18 8P0218
Continuous 8C
2C 2P0218

L Continuous process
Total Treatment time (h)

Figure 1. Example of specimen codification.

T‘E N, off (min)
N, on (min)
Pulsed process

Total treatment time (h)
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The layer thickness measurement and the chemical analysis
by means of energy-dispersive X-ray spectroscopy (EDS)
were made in with the aid of a Zeiss EVO-MA15 scanning
electron microscope (SEM). The equipment belongs to the
Multi-user Center for Materials Characterization (CMCM) of
Federal University of Technology - Paran4, Curitiba Campus.

Before SEM analyses, specimens were transversely cut,
wrapped in copper tapes and then mounted in high hardness
resin (Bakelite). After mounting, specimens were ground with
emery paper, polished and ultrasonic cleaned. They were
then chemically etched with Marble reagent (4 g CuSO, +
20 ml HCI + 20 ml H,O) in order reveal both nitrided layer
and core microstructure.

The nitrogen concentration within the nitrided layer
was determined by the method proposed by Oztiirk and
Williamson®. According to this method, the amount of nitrogen
is based on the lattice expansion, which can be determined
by the shift of peaks corresponding to the austenite phase
(Y — 7y, Where y is the unexpanded austenite phase, and vy,
is the expanded austenite phase). Equations 1 and 2 should
be used in order to calculate the nitrogen concentration:

Bakelite
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where:

a, = lattice parameter of austenite [AL;

Cy = nitrogen concentration [at. %].

o= Vegard constant (considered value: 0.0078 [A / at. %N]);
a&N

d,, = interplanar spacing.

= lattice parameter of expanded austenite [A];

3. Results and Discussion

3.1 Layer thickness measurements

The nitrided layers micrographs obtained by SEM are
shown in Figure 2. It is possible to observe that, for all
conditions, a double layer is present, where the outer layer is
nitrogen-rich (y,) and the inner one is carbon-rich (y,) >'¢*'.

2pm EHT =20.00kV
WD = 8.0mm

Signal A= SE1
Mag= 10.00KX

Date 27 Apr 2018 l r

2P0515

Bakelite

3
EHT =20.00kV Signal A = SE1 2pm EHT =20.00kV Signal A = SE1 Date :27 Apr 2018 Uﬁ
Wo = 80mm Mag= 1000KX WD =100 mm Mag= 10.00KX UITPR
2P0218 | 2P0119
e = " — = TN
2pm EHT =20.00 kv Signal A= SE1 Date :27 Apr 2018 2pm EHT =20.00 KV Signal A = SE1 Date :27 Apr 2018 L,'IF
Sremmw e UTrer i e L UTrerr
8C 8P0218

Figure 2. Micrographs of the nitrided layer taken in the SEM. Etching reagent: Marble.
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Similar results were obtained in previous work, where the
nitriding process were carried out at 450°C?2. Nitrogen
and carbon concentration profiles measured by GDOES
by Sphair et al.>! showed that there is a high concentration
of nitrogen close to the material surface, and a significant
decrease at distances around 7 to 10 pm from the surface.
Regarding carbon concentration, there is a maximum at about
7 to 11 um from the surface. Even though this concentration
is low, according to Sphair?! it can be about 8 times higher
than the carbon concentration of the base material. Such
higher carbon concentration is due to the introduction of
nitrogen at the material surface, which forces the carbon to
diffuse to the inner layer's2.

The thicknesses of outer, inner, and total layers were
measured, and the results are shown in Table 3. It can be
observed that the thickness of y, increases with increasing
treatment times®'>*, and decreases when intermittent nitrogen
flow is used??. When comparing the thicknesses values with
those obtained by Sphair®!, who reported layer thicknesses
of 6.4 pm for the condition 2C and 5.0 pum for the condition
2P0218, both obtained at 400°C, it observed that the increase
in temperature to 425° resulted in a significant increase of
the nitrided layer thickness.

The increase in temperature also increases the diffusion
coefficient, favoring the growth of the nitrided layer. It must
be considered that the plasma reactor used in this work do
not have an auxiliary heating system, so the power of the
high tension source must be raised in order to increase
nitriding temperature. Because of this power increase, the
concentration of nitriding species onto the material surface
is higher, favoring even more the growth of the nitrided
layer. Besides that, the formation of the expanded austenite
layer, which is metastable, is a very complex phenomenon.
Maindl et al.® reported that the diffusion coefficient of
nitrogen in expanded austenite varies even with the nitrogen
concentration.

According to Table 3, the total layer thickness for the
condition 2C in this work is 11.0 um, however, Reis et al?
obtained a value of 14.0 um; such difference is due to the
difference in process temperatures, which were 425°C and
450°C, respectively. Regarding the reduction in thickness of
the v, layer with the use of pulsed nitrogen flow, both works
obtained similar results. When it comes to the total layer
thickness, it can be observed that, for specimens nitrided
under continuous nitrogen flow, the thickness is higher when
the total treatment time is considered. Since this a diffusion

Table 3. Layer thickness for all treatment conditions.
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dependent process, thicker layers are obtained for longer
treatment times, for both continuous or intermittent nitrogen
flow. For the specimens treated during 2h under intermittent
nitrogen flow, it was verified that specimens 01/19 and 02/18
are very similar, but there is a clear trend regarding increase
in layer thickness considering specimen 05/15.

The times of nitrogen flow on are 0.5 minutes (P0119),
1.5 minutes (P0218), and 4.5 minutes (P0515). The nitrided
layer thickness should increase accordingly. When the flow
is turned off, the chemical potential of the nitriding species
drops to zero. As a consequence, the nitrogen close to the
material surface is lost to the atmosphere?®, while remaining
nitrogen diffuses inwards. Hence, the nitrogen concentration
in the layer decreases. As shown by Mandl et al.”*, the
diffusion coefficient varies with the concentration. When
the growth of v, and y,. layers are analyzed individually, is
observed that the y, layer grows with increasing nitrogen
flow times for all conditions, while the thickness of the y,
layer tends to decrease as the nitrogen flow time increases.
As aresult, the total layer thickness (v, +7,) is the same for
conditions 2P0119 e 2P0218. This fact must be related to the
cleaning of the plasma reactor, since the carbon comes from
the reactor walls, as pointed out by Czerviec et al.'s. As the
nitrogen flow time decreases, the carbon concentration at the
material surface increases, favoring its diffusion, mainly at
the beginning of the process, when the carbon concentration
at the reactor walls is higher.

According to Czerwiec'®, the vy, is formed because
of carbon that is released from the reactor walls because
of the in situ cleaning process, which is carried out with
argon plasma before the nitriding process. In the present
work, the v, layer was thicker for the intermittent nitrogen
flow cycles. This indicates that the y_ layer grows even
during the nitriding process, probably when the nitrogen
flow remains turned off. When the nitrogen flow is turned
off, the argon present in the nitriding atmosphere releases
carbon from the reactor walls, which eventually reaches the
specimen surface and diffuses into the inner layer. When
the nitrogen flow is turned on, some of the carbon released
from the reactor walls reacts with nitrogen, forming CN,
which, in its turn, is eliminated from the atmosphere by the
vacuum system. This behavior is similar to those reported
by Reis et al.?? and Sphair?'.

Figure 3 shows cross-sections micrographs of specimens
8C and 8P0218. Cracks and layer detachment are observed
in both conditions; however, the micrographs show that there

Total Total Total
Inner layer Inner Outer layer Outer thickness . .
Inner layer Outer layer thickness  thickness
Sample ) gc (Hm) - 7c (um) layer - Yoo -TN (H.m) - 7y (um) layer - N RANG - VN+YC - IN+YC
phair (425°C) (um) Reis Sphair (425°C) (um) Reis (um) (um) (um) Reis
(400°C) (450°C) (400°C) (450°C) Sphair (425°C) (450°C)
(400°C)
2P0119 - 4.6+0.4 - - 3.4+0.5 - - 8.0+0.1 -
2P0218 2.1£0.1 3.6+0.3 - 2.9£0.1 4.2+0.4 - 5.0+£0.03 7.8+0.2 -
2P0515 - 3.0+0.3 - - 5.6+£0.4 - - 8.6+0.1 -
2C 1.7+0.2 2.4+0.2 22403 4.7+0.3 8.6+0.3 11.8+0.3 6.4+0.3 11.0£0.2  14.0+04
8P0218 - 4.7+0.2 - - 10.5+0.8 - - 15.2+0.6 -
8C - 4.240.2 - - 18.6+1.0 - - 22.8+0.8 -
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are less defects in the nitrided layer formed with the use of
pulsed nitrogen flow (8P0218). This could be explained by
the smaller expansion of the austenite, which, in its turn,
leads to less residual stresses within the layer>®10121418 This
assumption is in agreement with the results obtained by XRD
and layer hardness, which are shown in the following topics.

3.2 X-ray Diffraction (XRD)

Results from X-ray diffraction are shown in Figure 4.
From these results, it is possible to observe that the austenite
(v) peaks have shifted to the left when compared to the as-
received (solubilized) specimen, indicating the formation of
expanded austenite(y,)"*>"4!1171824, The peaks corresponding
to expanded austenite are broader than those of non-expanded
austenite from the starting material. This broadening is
caused by crystal defects, nitrogen concentration gradients,
and the presence of residual stresses in the layer®!*. Prior

EHT = 20.00 kv Signal A= SE1 Date 27 Apr 2018 U'IFPR

to nitriding, the material (ISO 5832-1 steel) was solubilized
at 1180°C for 2 hours. Thus, the results regarding nitrogen
concentration, which are given by the lattice expansion as
proposed by Oztiirk and Williamson?, were not affected by
residual stresses in the material before nitriding. This method
considers that the lattice expansion, and consequent generation
of residual stresses, is due to the nitrogen introduction during
the nitriding process.

When comparing specimens treated under continuous
nitrogen flow for different times, 2C and 8C, there was no
difference regarding austenite expansion. This indicates
that the solubility limit was reached, and above this point
the nitrogen tends to precipitate in the form of nitrides. The
concentration of nitrogen into the expanded austenite layer is
higher when continuous flow is used (Figure 5). The higher the
nitrogen concentration, the higher the tendency of formation
of nitrides. As shown by Méndl et al®, the diffusion coefficient

EHT = 20.00 KV Signal A= SE1 Date 27 Apr 2018 Uﬁ
WD = 75mm Mag= 5.00KX WD = B5 mm Mag= S00KX P_B_
8C 8P0218

Figure 3. Comparison of treated surfaces in continuous (8C) and pulsed (b) process.
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Figure 4. Diffraction patterns of untreated and nitrided samples.
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decreases when the lattice is saturated with nitrogen. Since
the expanded austenite is a metastable phase, and when it is
saturated, regions of high energy, such as grain boundaries,
favor the phase transformation and consequent precipitation
of nitrides. When the nitrogen flow is pulsed, the nitrogen
concentration decreases (Figure 5) because of diffusion,
reducing the tendency of precipitation of nitrides. Thus,
similar amounts of nitrogen in solid solution are observed
for both conditions?” with higher precipitation of nitrides
for specimen 8C compared to specimen 2C. It is observed
that the intensity of the peaks related to those phases is

L]
. 404 e Plane {200} b oo
S .
8
S0 ° * " -
[
5 L -
o
=
8 20+ u
% [ ]
E’ = Plane {111}
Z 10
0

T T T T T L T ¥ T k T
2P0119 2P0218 2P0515 2C 8P0218 8C
Treatment Conditions

Figure 5. Nitrogen concentration in atomic percentage calculated
by means of equations 1 and 2.

Bakelite

Materials Research

higher for the condition 8C. For the pulsed flow of nitrogen,
there is a lower tendency of formation of precipitates, since
when the gas flow is turned off, the nitrogen diffuses and
its concentration within the layer is decreased. Hence, the
tendency of nitrides precipitation is lower. In such conditions,
no peaks related to those nitrides were observed; however,
it is not possible to state that there was no formation of
precipitates, since the size and amount of both chromium
and iron precipitates may lie bellow the detection limits of
the DRX technique®.

When comparing the austenite expansion that occurred
for condition 2C with the work of Reis et al.”, in which
nitriding was carried out at 450°C, the results obtained in this
work are very similar, indicating that the hypothesis that the
solubility limit was reached is valid. It is also possible to see
that the degree of precipitation is lower in the present work
when compared to the work of Reis et al.?2. As previously
proposed, for treatments made with intermittent flow of
nitrogen, the concentration of nitrogen within the layer is
lower; hence, it was possible to increase treatment times up
to nitrogen saturation, as opposed to what happened in the
treatments with continuous nitrogen flow.

3.3 Energy Dispersive X-Ray Spectroscopy (EDS)

Figure 6 shows where EDS measurements were taken,
and values of Cr, Ni, and Mo concentrations are shown in
Table 4. From EDS results, it can be seen that the amount
of chromium and molybdenum are higher, while the
amount of nickel is lower at measurement point 1 when
compared to measurement point 2 (reference point) for

Bakelite

EHT =20.00kV Signal A=NTS BSD Date 25 May 2018 I— EHT =20.00 kv Signal A=NTS BSD
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Figure 6. Images of energy dispersion spectroscopy analysis for all treatment conditions.



Plasma Nitriding of ISO 5832-1 Stainless Steel at 425 °C with Intermittent Nitrogen Flow

Table 4. Weight relative percentage of chromium, molybdenum and nickel in the nitrided layer.

Sample Measurement point %Cr %Mo %Ni
1 20.7 32 13.7

2C 2 15.5 2.2 17.4
2P0218 1 17.9 2.4 17.4
2 16.5 2.5 17.3

8C 1 23.0 5.1 9.6

2 16.5 2.5 17.4

SPO21S 1 17.7 2.9 15.0
2 15.0 2.3 16.2

specimens 2C and 8C. Since chromium and molybdenum
have chemical affinity with nitrogen?3, unlike nickel, these
results indicate the formation of nitrides in regions close
to the grain boundaries. The differences in measurements
taken at point 1 and point 2 are higher for specimen 8C,
indicating that the precipitation of nitrides was more intense
for this specimen than for 2C. Regarding specimens 2P0218
and 8P0218, no changes in chromium, molybdenum and
nickel amounts were observed, which may indicate that the
size of the precipitates is too small and bellow detection
limits of the EDS technique. In previous work?’, with a
process temperature of 450°C, chromium precipitates
were detected for all process conditions. These results
are in agreement with the literature®*!"!”_ indicating that
the formation of chromium-based nitrides in influenced
not only by the nitrogen concentration, but also by the
process temperature.

3.4 Nanohardness

Hardness measurements were made with the nanoindentation
technique, and obtained results are shown in Table 5. It
is observed that the hardness of specimens treated with
intermittent nitrogen flow is slightly lower than those of
the specimens treated with continuous nitrogen flow for
the same total treatment time. Shorter time treatments
(both intermittent or continuous nitrogen flow) led to lower
hardness values when compared to longer time treatments.
Such results are related to the smaller lattice expansion,
as confirmed by the XRD analyses, which resulted in less
residual stresses within the layer. This behavior is similar
to that reported by Reis et al?.

The microhardness of the layer treated according
cycle 2C at 450°C measured by Reis et al.?> was similar
to that obtained in the present work, which are 12.86 GPa
and 13.35 GPa, respectively. Considering the intermittent
nitrogen flow conditions, a great difference in hardness
values is observed. Hardness values of specimens treated at
450°C are smaller than for specimens treated at 425°C. This
apparent incoherence may be explained by the influence
of'the layer thickness in the hardness measurement as well
as the technique that was used in both works. Reis et al.”
measured layer thickness using microhardness techniques,
while in the present work the nanoindentation technique
was used. Since the hardness value is a result of the
interaction between the hardness of the layer and the
material substrate, higher values are measured when the
influence of the substrate hardness is diminished. When
the nanoindentation technique is used, the influence of the

Table 5. Surface nanohardness of the pulsed and continuous process
for 2C, 2P0218, 8C, and 2P0218 samples.

Sample Hardness (GPa)
2C 13.35 £1.68

2P0218 12.03 +0.48
8C 13.54 +£2.31

8P0218 12.79 +£0.25

substrate is significantly lower, because of the magnitude
of the loads used in the measurement process. Considering
treatments made with intermittent nitrogen flow where
thinner layers are produced, the substrate influence in the
hardness values increase, which justifies the differences
observed between these two works.

Even though the effective time of nitrogen flow is much
shorter for the intermittent flow treatments, specimens 2P0218
and 8P0218 treated in those conditions had a hardness that
is only slightly lower than those treated with continuous
nitrogen flow. On the other hand, it is possible do infer that
the residual stresses level in the nitrided layers obtained
by continuous nitrogen flow is significantly higher, mainly
because of the cracks and surface damage shown previously
in SEM micrographs.

4. Conclusions

From the results obtained in this work, it is possible to
conclude that the expanded austenite (y, ) phase was formed
for all treatment conditions, and that its thickness increase
with treatment time and decreases when intermittent nitrogen
flow is used during nitriding. The precipitation of chromium
nitrides is higher for specimens treated with continuous nitrogen
flow. Hardness measurements showed that the layer formed
with intermittent nitrogen flow is slightly lower because of
smaller expansion of the austenite as a result of the lower
nitrogen concentration in that phase. Overall, it is possible
to conclude that the use of pulsed nitrogen flow allowed to
control the nitrogen concentration in the expanded austenite
phase, with lower residual stresses within the nitrided layer,
less residual stresses and lower amount of precipitates that
might compromise the corrosion resistance of the material.
When compared to the work of Reis et al.?, results indicate
that the reduction in process temperature from 450°C to 425°C
led to different degrees of chromium-based precipitation
within the nitrided layer.
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