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For the first time, the influence of gas mixture on first damage resistance of a plasma nitrided DIN
18MnCrSiMo6-4 bainitic steel was investigated. Samples were nitrided at 500 °C with three different
N,-H, gas mixtures, containing 5, 24, and 76 vol.% N,. Samples were characterized concerning the
resulting roughness, microstructure, compound layer’s phase composition, residual stresses in the
diffusion zone, and surface hardness. Tribological ball-on-flat tests were carried out in reciprocal
mode using zirconia as ball material for friction coefficient and the compound layer resistance until
the first damage. The test results were evaluated statistically by analysis of variance (ANOVA). As
the amount of nitrogen in the gas mixture decreases, the e-Fe, ,(C)N content in the compound layer
decreases. A y’-Fe,N monophasic compound layer was achieved at 5 vol.% N, gas mixture. The
diffusion zone as expected presented compressive residual stresses with the highest values near the
surface. In the tribological tests, better results were obtained for 5 and 24 vol.% N, in the gas mixture
as higher amounts of y’-Fe,N were formed. The 76 vol.% N, gas mixture led to a brittle behavior, due
to the biphasic compound layer (y’-Fe,N and &-Fe, ,(C)N) with a predominant content of e-Fe, ,(C)N.

Keywords: Bainitic Steel, Plasma Nitriding, Gas Mixture Influence, Compound Layer, Tribological
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1. Introduction

Continuous cooling bainitic steels has an increasing use
in industrial processes owing to its excellent combination
of yield strength and toughness'*. The new generation of
continuous cooling bainitic steels allows the formation of
different bainitic morphologies, such as granular bainite,
degenerate upper bainite, and lower bainite, and may contain
other phases such as retained austenite and ferrite™. Unlike
quenched and tempered steels, which need further heat
treating to obtain properties suitable for their applications'®!",
continuous cooling bainitic steels already present high
levels of strength and toughness after hot rolling or forging,
presenting the potential to shorten processing routes>®%12,

The surface properties of continuous cooling bainitic
steels are acceptable for many purposes'>'¢, but surface
hardness and wear resistance are insufficient for some highly
loaded automotive components. Therefore, the development
of surface treatments able to increase surface properties

*e-mail: rldalcin@gmail.com

without losing core hardness in this type of steel is essential
to achieve application requirements. The effect of tempering
on the microstructure and mechanical properties of a non-
quenched (NQ) bainitic steel was investigated by Luo et al.'.
The results show that the NQ steel without tempering is
about 37 HRC, and changes little after tempering between
300 °C and 550 °C, while it decreases sharply at 600 °C, and
reaches 30 HRC. Therefore, the effect of these temperature-
time cycles on the microstructure of bainitic steels must
be controlled, since it changes the mechanical properties
significantly as described in Luo et al.'. In this sense, plasma
nitriding can be an adequate choice. Nevertheless, in the
literature, investigations on tribological tests of plasma
nitrided continuous cooling bainitic steels are still very scarce.

In general, the plasma nitriding process promotes
metallurgical chemical reactions on the surface of treated
steels, leading to compound layer formation, consisting of
e-Fe, N and y’-Fe N nitrides'”'s. The microstructure of the
compound layer and of the diffusion zone, as well as the
combination with the steel core properties are designed to
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accomplish with the desired final properties'®2'. In previous
articles the authors investigated the microstructure and residual
stresses of plasma nitrided DIN 18MnCrSiMo6-4 continuous
cooling bainitic steel>?, which showed excellent results
concerning case depth, surface hardness, and compressive
residual stresses in the diffusion zone. The influence of
different plasma nitriding temperatures on the surface
modifications and reciprocating dry sliding wear properties
of the continuous cooling bainitic steel was investigated?'.
The purpose of the present article is to discuss, for the first
time, the influence of different plasma nitriding gas mixtures
on the surface modifications and the compound layer
resistance until the first damage (microcracks formation or
delamination of the surface layer) on reciprocating dry sliding
of the continuous cooling bainitic steel. The importance of
studying the influence of different nitrogen composition in
the gas mixture is due to the variation of Fe, \N and y’-Fe, N
formed in the compound layer, and these, in turn, have a
direct influence in the first damage resistance.

2. Materials and Methods

The steel to be plasma nitrided was a DIN 18MnCrSiMo6-4
steel which is a continuous cooling bainitic steel. The
material’s microstructure obtained directly after hot rolling
and controlled cooling is composed of pro-eutectoid ferrite
and granular bainite”*?2, The material’s chemical composition
and mechanical properties are given in Table 1. The surface
treatment was carried out in a plasma nitriding furnace
equipped with a direct current (DC) power supply (120 Hz).
A simple scheme of the system showing how the samples
and thermocouple were positioned is presented in Figure 1.

Prior to the surface treatments, samples flat faces were
ground with silicon carbide grinding paper in a sequence
with increasing grit sizes (#100, #220, #320, #400, #600,
#1200) and then polished with 3 pm diamond wax paste.
The samples were degreased and cleaned with acetone in an
ultrasonic bath before being placed into the plasma nitriding
furnace. A sputtering step was performed for 15 min, using
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pure hydrogen with a flow of 140 sccm. In the heating stage,
until reaching the treatment temperature, it was used a gas
mixture composed of argon and hydrogen, with 150 sccm of
argon and 140 sccm of H,. Nitriding treatments were conducted
at 500 °C with three sets of gas mixtures compositions (5,
24, and 76 vol.% N,), and times of (3, 6, and 9 h). Table 2
summarizes the different plasma nitriding runs.

Voltage as well pressure is adjusted to reach the treatment
temperature. Since the chamber worked in cold wall mode,
i.e., no auxiliary heating system was used, the heating of
samples was directly dependent on the ion bombardment.
Plasma nitriding treatments carried in an atmosphere
containing more hydrogen, requires applications of greater
potential differences, since hydrogen atom mass is lower
causing a small linear moment than nitrogen®. Consequently,
the pressure must be adjusted for compensation, leading to
the need of a higher pressure in the treatments with the gas

Furnace wall
(anode)

Samples during
plasma nitriding

Q 1o hold

S Thermocouple
' (cathode)

Figure 1. Simple scheme of the system showing how the samples
and thermocouple were positioned.

Table 1. Chemical composition and mechanical properties of the DIN 18MnCrSiMo6-4 steel.

Chemical elements (wt.-%)

C Mn Si Cr Mo

Ni Al P S Fe

0.19 1.35 1.16 1.14 0.26

0.06 0.01 0.01 0.01 Balance

Mechanical properties (average values)

Yield stress (MPa) Tensile strength (MPa)

elongation (%) Hardness (HV )

825+ 18 1017 +31

17+1 330+ 12

Table 2. Parameters used for plasma nitriding of samples using three different nitrogen gas composition.

Nitriding time (h) Temperature (°C) Gas mixture (vol. % N, in H,) Current density (mA/cm?) Chamber pressure (Pa)
3
6 500 +2 5vol.% N, in 95 vol.% H, 1.8+0.21 400 +3
9
3
6 500+2 24 vol.% N, in 76 vol.% H, 2.1+0.21 300+3
9
3
6 500 +2 76 vol.% N, in 24 vol.% H, 2.440.10 300+3
9
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mixture 5 vol.% N, (95 vol.% H,) than for the other gas
compositions. The current density was calculated by dividing
the measured current by the total area covered by the plasma
sheath. The current density cannot be directly controlled, as
an auxiliary heating system was not used. The temperature
depends on the current density. The current density depends
on the voltage, pressure and gas composition®!.

For the microstructural analysis of the nitrided layers,
samples were carefully cut perpendicular to the upper nitrided
face in a precision diamond blade cutting machine. After
hot pressing mounting in bakelite, the cross-sections were
ground with silicon carbide grinding papers in a sequence
with increasing grit sizes (#100, #220, #320, #400, #600,
#1200) and polished with a diamond paste of 3 um particle
size. A Nital 3% solution was used to etch the samples
revealing the microstructure of the nitrided layers. The
cross-sectional microstructural images were obtained by
an Olympus metallurgical microscope (BX51M model).
The compound layer thickness was measured using the
Image-J software.

X-ray diffraction for phase analysis were carried out
using a XRD M — Research Edition diffractometer (GE Seifert
Charon model) equipped with a Meteor 1D fast line position
sensitive detector with 20 °C window. Phase analysis was
performed on samples surface in the Bragg—Brentano geometry
(0-20) with Cr-Ka (A =2.2897 A) radiation. Diffraction lines
were recorded in the range of 20 from 55° to 80°, with a step
size 0f 0.01° and a scan time of 200 s per step. The present
phases in the materials were determined by comparison with
the standards contained in the crystallographic information
files (CIFs) from the Crystallography Open Database® and
the Inorganic Crystal Structures Database®® by analysis in
the Profex-BGMN software®’.

Residual stresses were determined by X-ray diffraction
in the same equipment at three different positions on the
sample’s faces by using a y-diffractometer with Cr-Ka
radiation. For strain determination, the {211} diffraction
lines of a-iron were recorded at 15 y inclinations in the
range of —60° to +60°. The sin2y method with macroscopic
elastic constants of steel, E=210 GPa and v=0.28, was used
for residual stress calculations. The penetration depth of
Cr-Ka radiation in the a-iron allowed measurements in the
diffusion zone, even with a small layer at the surface!”. To
obtain the residual stress profiles of the samples, successive
layer removals were carried out by an electro etching device.
During the layer removal process, the samples were dipped
into a solution containing 24.19% distilled water, 33.87%
sulfuric acid (H,SO,), and 41.94% phosphoric acid (H,PO,).
A magnetic stirrer was used to mix the solution during the
whole process. The sample was connected to the anode
and the stainless steel container, which held the electrolytic
solution, was connected to the cathode. A voltage of 10 V
was applied resulting in a current of about 10 A during
the removal process. The sample thickness was measured
before and after a pre-set attack time using a micrometer.
The estimated depth measurement error was = 1 pm. About
eight removals with successive measurements were carried
out for each sample.

Vickers microhardness tests were applied to the plasma
nitrided samples for determination on the surface hardness

and Vickers microhardness profiles of the cross-sections.
In the tests, an /nsize microhardness tester (ISH-TDV 1000
model) was used. Five microhardness profiles per sample
were constructed by Vickers microhardness testing, using
a load of 100 gf with a dwell time of 10 s?. The case depth
(compound layer + diffusion zone) was conventionally
determined by the distance from the surface where core
hardness is exceeded in 50 HV?!. The determination of
the case depth was carried out based on the microhardness
profiles and following the recommendations established in
DIN 50 190%.

To evaluate the surface hardness for plasma nitrided
samples the instrumented hardness technique was used
with a Shimadzu ultramicrodurometer (DUH-211S model),
equipped with a Berkovich indenter. The measurements
were done for the plasma nitrided samples and the results
are an average of 5 indentations with a maximum applied
load of 1000 mN during 10 s.

The roughness parameters (R and R ) were measured with
a Mitutoyo contact profilometer (SJ-210 model) equipped with
an 8 um tip radius probe, based on ISO 4287%*. Due to the
topographic characteristics of the samples, measurements were
made using the aperiodic roughness profiles configuration®'.
A cutoff of 0.8 mm and a measurement length of 4.0 mm
were set on the profilometer.

Wear tests (three repetitions for each condition) were
carried out under dry conditions, using a CETR UMT
(Universal Material Tester) tribometer with a reciprocating
ball-on-flat configuration, according to the standard ASTM
G13332, for measurements of friction coefficient and the
first damage resistance. The surfaces were placed in contact
against a zirconia ball (1150 HV | + 28) with a diameter of
4.76 mm. The choice of a ball with a close hardness to the
nitrided surface is due to the need to simulate the contact
conditions with a close hardness, such as for example, the
contact between the flanks of the gears, to be tested in future
works. The load of 6 N was applied to press a zirconia ball
(maximum contact pressure nearly 1351 MPa) against the
surface of the plasma nitrided samples. Sliding proceeded in
the reciprocating mode over a4 mm long track at a frequency
of'4 Hz. The tests were stopped after a given damage criteria
involving the rapid growth of the friction coefficients and
the first damage resistance. The wear mechanisms were
identified in a Zeiss scanning electron microscope (EVO
MA 15 model).

Interaction plots for case depth, surface hardness, and
sliding distance before the time of microcracks formation
or delamination of the surface layer, with nitrogen gas
composition and nitriding time were generated. The data was
then submitted to an analysis of variance, in order to evaluate
the statistical significance of nitrogen gas composition variation
and treatment time on the first damage resistance, following
the Tukey’s-b post hoc test® by using the statistical package
program (Minitab 16). Three repetitions and a confidence
level of 95% (significance level o = 0.05) were used.

3. Results and Discussion

As a representative result of the plasma nitriding
treatments, the cross-sectional microstructure of plasma
nitrided sample for 9 h, using 24 vol.% N, is presented in
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Figure 2a. Figure 2b show that longer nitriding times and
nitrogen richer gas composition led to greater diffusion zones
and thicker compound layers. When comparisons are done
between these three nitriding conditions, 5, 24, and 76 vol.%
N,, in terms of case depth, the behavior is as expected, the
higher the N, content in the gas mixture increase the total
case depth. However, for the gas composition of 5 vol.% N,
the plasma nitrided layer is predominantly composed by a
diffusion zone whereas for 24 and 76 vol.% N, a compound
layer is clearly seen.

All the plasma nitrided samples showed diffraction
peaks that indicate the formation of a compound layer?>%.
Figures 3a-c also show the formation of a biphasic compound
layer (¢e-Fe, ,(C)N and y’-Fe N) on the plasma nitrided samples
with 24 and 76 vol.% N, while the plasma nitrided samples
with 5 vol.% N, indicated a monophasic compound layer
(y’-Fe,N). Normally, a e-Fe, ,(C)N compound layer would
be expected to be harder than a y’-Fe N layer on the plasma
nitrided samples. Since the penetration depth increases with
20 angle***, the peaks of the &-Fe, ,(C)N phase, contained in
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the compound layer, are more easily identified with smaller
20 angles. Diffractograms of non-nitrided samples shows
the a-Iron peaks, from the ferritic phases. The intensity of
the peaks of the a-Iron and the retained austenite decreases
with the increase of the compound layer thickness, as the
opposite takes place with e-Fe, (C)N and y’-Fe,N phase
peaks, because to the absorption of the radiation by the
most superficial portions of the material®!. In general, the
intensity of the peaks related to the y’-Fe N and &-Fe, ,(C)
N nitrides increases with the nitrogen gas composition and
treatment time, since compound layer thickness follow the
increase of these parameters, Figure 2b.

Figures 4a-c show the residual stress profiles and
Figures 4d-f the microhardness profiles of the plasma nitrided
samples for all the treatment times and gas mixtures. An
abrupt drop in hardness values corresponded to an abrupt
decrease in compressive residual stresses. Similarly, when the
drop in hardness was gradual, the reduction in compressive
residual stresses was gradual. It is also noteworthy that
the residual stresses profiles become tensile in the vicinity
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Figure 2. (a) Optical microstructure of cross-section of plasma nitrided samples for 9 h with gas mixture composition of 24 vol.% N.;

(b) Diffusion zone and compound layer of plasma nitrided samples.
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Figure 3. X-ray diffraction patterns of non-nitrided and plasma nitrided samples, with the indicated gas compositions (5, 24, and 76 vol.% N,)
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Figure 4. (a, b, ¢) Residual stresses profiles and (d, e, f) microhardness profiles of plasma nitrided samples with gas compositions of 5,

24, and 76 vol.% N, for 3, 6, and 9 h.

of the case/core interface, as already observed by other
researchers!®2223:3¢37 Compressive residual stresses found in
the diffusion zone are the result of structural misfits caused
by the precipitation of alloy nitrides and carbonitrides in
the iron matrix'”, and also due to the saturation of the iron
network with interstitial nitrogen.

In the case of plasma nitriding with nitrogen rich gas
composition (76 vol.% N,), maximum compressive residual
stresses of 885—1047 MPa were measured on the surface,
depending on the treatment time. Decreasing the nitrogen
gas mixture to an intermediate level (24 vol.% N,) led to
lower compressive residual stresses at the surface, resulting
in compressive residual stress maximum in the range of
694-773 MPa. The same is true for plasma nitriding with a
low amount of 5 vol.% N, where depending on the nitriding
time maximum compressive residual stresses in the range

of 692 to 758 MPa are measured on the surface. As in the
case of nitriding time, an increase in nitrogen content in
the gas composition results in higher compressive residual
stresses in the surface®.

The microhardness value indicated at the zero distance
from the surface, was not from the cross-section but from an
indentation perpendicular to the surface instead. From the
microhardness profiles, a case depth was estimated, Figure 2b.
As expected, the hardness decreases from surface to core,
since the concentration of metal nitrides decreases towards
core?. The plasma nitriding (greater surface hardness among
the investigated group) increased the surface hardness by
about 392% (1295 HV ) for plasma nitrided samples for 6 h
with 76 vol.% N,, 327% (1078 HV ) for plasma nitrided for
9 hwith 24 vol.% N,, and up to 294% (970 HV ) for plasma
nitrided samples for 3 h with 5 vol.% N,,. It can be seen in
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Figures 3d-f that the hardness of the diffusion zone increases
with the treatment time, as shown by Dalcin et al.?!* and
Lee and Park?®. The mechanical properties of the diffusion
zone influence the fracture properties of the compound layer
since it provides support for the surface**?**. Dalcin et al.?
showed that the nitrogen rich gas composition promoted a
decrease in the fracture toughness of the compound layer.
The hardness measured on the plasma nitrided surfaces
with a load of 1000 mN has been show in Figure 5, using the
instrumented hardness technique with a Berkovich indenter.
Plasma nitriding significantly increased the hardness of plasma
nitrided surfaces, as expected, see Figure 5. The plasma
nitrided samples in the gas composition with the highest
nitrogen concentration (76 vol.% N,) tend to show a more
pronounced increase in surface hardness when compared to
the other groups of plasma nitrided samples (24 and 5 vol.%
N,), as seen in Vickers microhardness measurements. The
treatments with higher nitrogen content in the gas composition
(76 vol.% N,) promote an increase in surface hardness due
to the increase in the &-Fe, ,(C)N phase in the compound
layer, Figures 3a-c. Despite the plasma nitrided samples with
24 vol.% N, having biphasic compound layers (&-Fe, ,(C)
N and y’-Fe,N), Figures 3a-c, did not present significant
dispersion in the hardness between the nitriding times, as
well as in the plasma nitrided samples with 5 vol.% N,, which
have monophasic (y’-Fe,N) compound layers, Figures 3a-c.
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The greater dispersion between the hardness of the plasma
nitrided samples with nitrogen rich gas compositions (76 vol.%
N,) can be associated to the presence of the &-Fe, ,(C)N and
y’-Fe,N phases, which present different mechanical behavior
(hardness and wear resistance).

To investigate the influence of nitriding time and nitrogen
gas composition on the surface topography, the roughness
values (parameters R and R ) measured before and after
plasma nitriding are shown in Figures 6a, 6b. In the cases
shown in Figures 6a, 6b, the exposure time to ion bombardment
ends up changing the roughness final a lot, confirming the
results reported by Sun et al.** and Lampe et al.*. This
generalized increase in roughness after nitriding (R and R
parameter) can be related to the ion bombardment during
plasma nitriding treatment and the formation mechanism of
the nitrided layer*.

The friction coefficients (COF) obtained on the wear tests
are shown in Figures 7a-c. Regardless of the nitrogen gas
composition (5, 24, and 76 vol.% N,), at the beginning of
the reciprocal sliding wear test, the behavior of the plasma
nitrided samples is similar between the same treatment times
(from point of view of the COF). The COF is higher even
with the roughness being lower in non-nitrided samples and
in the plasma nitrided samples for 3 h. Probably, the lower
compound layer thickness of the plasma nitrided samples
for 3 h contributed to the more accentuated wear in the
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first meters of sliding distance, Figures 7a-c and Figure 8,
while the non-nitrided samples wear more quickly due to
the lower surface hardness. In the beginning phase of the
wear test (between 0 and 1 m) the COF of the non-nitrided
samples showed a peak with values higher than the steady-
state due to the beginning breakdown of the topography
peaks and valleys.

The average COF of the non-nitrided samples was
0.56 + 0.05 (admitting that the steady-state occurs from
30 m). The results show that the nitriding treatments were
responsible for the reduction of the COF, Figures 7a-c.
The relative movement between the ball and the sample
causes wear on the surface of the sample and the ball. The
variation of the track topography (increased roughness,
third-body particles of the sample material and the ball,
among others), increases the difficulty in sliding between
the ball and the surface of the material, causing an increase
in COF. The lower COF at first occurs due to the ceramic
characteristics of the compound layer**. The increase
in COF, over time of wear is due to the presence of the
third body of the ball and of the compound layer that was
wearing out, see Figures 7a-c. The sudden growth of COF,
represents the microcracks in the compound layer®, typical
for brittle materials. The propagation of these microcracks
results in delamination of the surface layer*, as illustrated
by Figures 9a, 9b, Figures 10a, 10b and Figures 11a, 11b.

In the plasma nitrided samples with 76 vol.% N, Figure 7a,
after the third body formation phase and increased wear, there
was an abrupt increase in COF, up to levels higher than the
non-nitrided samples. In these cases, the abrupt rupture of
the compound layer is associated with greater brittleness of
the biphasic phases (¢-Fe, ,(C)N and y’-Fe,N) and causes the
formation of microcracks and delamination of the surface
layer, Figures 11a, 11b. The plasma nitrided samples with 5
and 24 vol.% N, Figures 7b, 7c, did not present an abrupt
rupture of the compound layer as found in the samples with
greater surface hardness (76 vol.% N,). After the third body
formation phase, there was an inhomogeneous behavior
for a certain time (between 10 and 40 m). Probably in this
phase, the propagation of cracks promoted the beginning of
the delamination of the superficial layer and increased the
intensity with the course of the test. When the COF reached

70

mcompound layer Ediffusion zone —sliding distance

250

Case depth (um)
2

60
50
40
30
20

Sliding distance (m)

> S
XAe AS S

Figure 8. Compilation of results from case depth and sliding distance before microcracks formation or delamination of the surface layer.
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Figure 9. (a, b) SEM images and (¢, d) EDS analysis of the wear tracks after reciprocal sliding wear of plasma nitrided samples for 9 h
with gas mixture composition of 5 vol.% N,
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Figure 10. (a, b) SEM images and (¢, d) EDS analysis of the wear tracks after reciprocal sliding wear of plasma nitrided samples for 9 h
with gas mixture composition of 24 vol.% N,.
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Figure 11. (a, b) SEM images and (¢, d) EDS analysis of the wear tracks after reciprocal sliding wear of plasma nitrided samples for 9 h

with gas mixture composition of 76 vol.% N,.

the levels of the non-nitrided samples, there was a collapse
of the compound layer?'.

Figures 9c, 9d, Figures 10c, 10d and Figures 11c, 11d
show the EDS analyses carried out on the worn tracks after
reciprocal sliding wear to identify the chemical elements present
in the surface of the plasma nitrided samples, in addition to
the zirconia transferred from balls to the tracks. In all the
worn tracks analyzed by EDS, zirconia peaks were detected.
This confirms the wear of the ball and transfer of zirconia
from the ball to the wear track. The peaks associated with the
core steel lose intensity in samples with thicker compound
layers, that is, in plasma nitrided samples with nitrogen rich
gas composition. Despite the COF level having reached the
values of the non-nitrided samples, it is clear that there was
no total rupture of the nitrided layer in the wear tracks, in
all the studied conditions, Figures 9a, 9b, Figures 10a, 10b
and Figures 11a, 11b, but in the regions where the EDS
analysis do not show peaks associated with nitrogen, the
removal of the compound layer occurred, Figures 9c, 9d,
Figures 10c, 10d and Figures 11c, 11d.

It is evident in SEM images of plasma nitrided samples
with a low amount of 5 vol.% N, that numerous parallel
scratches were developed along the sliding wear direction,
see Figures 9a, 9b. The scratches mainly develop between
contacting surfaces indicating an abrasive wear mechanism*4.
In addition to the tracks, fine wear debris of zirconia balls
and discontinuous layers were also generated on the worn
surfaces. Many microcracks are visible in the compound layer
of plasma nitrided samples with gas mixture composition of 24

and 76 vol.% N, see Figures 10a, 10b and Figures 11a, 11b.
These inhomogeneous distributions of the wear debris of the
compound layer contribute to the significant fluctuations of
friction coefficients as displayed in Figures 7a-c.

Studies developed by Dalcin et al.?! show that despite gas
mixture of 76 vol.% N, can be used to improve the surface
properties of the DIN 18MnCrSiMo6-4 steel. The nitrogen
rich gas composition showed precipitation of nitrides, carbo-
nitrides or carbides at grain the boundaries of plasma nitrided
M2 high-speed steel®. It is known that grain boundary
precipitation increases with time and temperature!”** and that
the presence of precipitation at grain boundaries results in
brittleness of the diffusion zone**. For continuous cooling
bainitic steels with low carbon content, the embrittlement of
the diffusion zone does not appear to be as intense. The early
formation of damage in nitrided surfaces with 76 vol.% N,
is due to the embrittlement of the compound layer, proven
by the decrease in fracture toughness?.

To evaluate the statistical significance of nitrogen gas
composition and treatment time variation on the case depth,
surface microhardness and sliding distance at the time before
the first damage were analyzed these results using the Minitab
16 software. The results of the interaction plot by analysis
of variance are shown in Figures 12a-f. The interaction plot
demonstrates how the relationship between a categorical
factor and a continuous response depends on the value of the
second categorical factor. The interaction strength is greater
when the lines in the graphs are non-parallel®!.



10 Dalcin et al. Materials Research

From a statistical point of view (Table 3), it is noticed  they prevent the pile-up and the possible delamination of
that the case depth was influenced by the nitrogen gas  the surface layer®!. Tukey’s-b post hoc test indicated that
composition and time parameters (P, =0.00<a=0.05).  the nitrogen gas composition with 76 vol.% N, showed the
The interaction between nitrogen gas composition and time  higher case depth, when compared to the same nitriding times.
treatment was not significant in the case depth (P, =0.54 Figures 12¢, 12d show the surface hardness of plasma
>a=0.05), Figures 12a, 12b, that is, there was no synergistic ~ nitrided samples with 5 vol.% N, is less hard than plasma
effect in increasing of the case depth. Since increasing the  nitrided samples with 24 and 76 vol.% N, respectively. As
nitrogen gas composition and time increases the case depth,  can be seen in Table 3, the nitrogen gas composition showed
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Figure 12. Interaction plot nitrogen gas composition and nitriding time with: (a, b) Case depth; (¢, d) Surface hardness; (e, f) Sliding
distance before microcracks formation or delamination of the surface layer.

Table 3. P ~obtained through a two-way analysis of variance.

Input Factor Case depth Surface hardness Sliding distance*
Nitrogen gas composition 0.01 0.00%* 0.20
Time 0.00%* 0.51 0.00%*
Nitrogen gas composition*Time 0.54 0.01 0.00%*

*Sliding distance before the first damage on the surface layer. **The Minitab software package displays the P_ =0 when the results tend to zero.

-value
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Figure 13. (a) Schematic representation of the nitrided layer; (b) Carbon composition for the plasma nitrided samples. Adapted from

Dalcin et al.?.

statistical relevance (P, =0.00 <o =0.05), but it was not
possible to determine the effect of treatment time (P, =
0.51>a=0.05). However, the synergistic effect responsible
for the increase in surface hardness was present in the
treatments of 3and 6 h (P, =0.01 <a=0.05), Figure 12d.
The reduction in the surface hardness of the plasma nitrided
samples for 9 h and with 76 vol.% N, is probably associated
with the porosity of the compound layer*'*. Regarding the
surface hardness the plasma nitrided samples with 24 vol.%
N, did not show any statistically significant difference of
the plasma nitrided with 5 vol.% N, between the treatment
times, Figures 12¢, 12d.

The plasma nitrided samples for 9 h with 5 and 24
vol.% N, had the best results in terms of sliding distance,
Figures 12e, 12f. Although the nitriding time and the nitrogen
gas composition contributed to increase the thickness of
the nitrided layer, the analysis of variance did not detect
the influence of the nitrogen gas composition in the sliding
distance before the increase in COF to the substrate level
(P e = 0-20 > .= 0.05). The nitriding time (P, . = 0.00
< o= 0.05) and the interaction between time and nitrogen
gas composition (P, = 0.00 < a = 0.05) contributed to
the increase the first damage resistance of all samples,
Figures 12e, 12f. The synergistic effect of the nitrogen
composition in the gas mixture and the 9 h time impaired
the wear resistance of the compound layer of the samples
nitrided to plasma with 76 vol.% N,, due to the predominant
formation of the e-Fe, ,(C)N phase in the compound layer
and due to the carbon enrichment in the diffusion zone,
causing the weakening of the subsurface®.

The plasma nitriding treatments were able to reduce
friction coefficient up to the moment that microcracks and
or delamination started. When the compound layer fracture
process begins, the friction coefficient then exceeded
measured values for the non-nitrided steel. As mentioned by
previous work?!, plasma nitrided samples that have a higher
case depth (compound layer + diffusion zone) presented a
low amount of plastic deformation. However, the plasma
nitrided samples with 76 vol.% N, that showed the highest
layer thicknesses did not show the highest the first damage
resistance. The plasma nitrided samples treated with 76 vol.%
N, showed a biphasic compound layer (e-Fe, ,(C)N and y’-
Fe,N) and a carbon enrichment beneath compound layer

in the diffusion zone?, see Figures 13a, 13b. Both led to
a decrease in fracture toughness® as well the worse wear
results for this condition as microcracks and delamination
appears, see Figures 11a, 11b, especially after 9 h treatment.

Although no tribological tests were carried out with
variations in loads and test durations to determine the acting
wear mechanism®? with greater precision, the statistical
analysis shows that the best performance in reciprocating dry
sliding wear tests were achieved, both by treatments using
5 or 24 vol.% N, for 9 h. However, comparing the plasma
nitrided samples nitrided with 5 and 24 vol.% N, the case
depth, the surface hardness, and the highest compressive
residual stresses were obtained for 24 vol.% N,. This
indicates that nitrided samples with 24 vol.% N, may have
greater resistance until the first damage in the compound
layer and greater resistance to surface fatigue than for
5 vol.% N,. For applications in components such as gears
the mixture of 24 vol.% N, seems to be more interesting, but
the treatment time will depend on the loading conditions and
the environment in which the gears will operate.

4. Conclusions

e Plasma nitriding has proven to be a viable process
to increase the hardness and first damage resistance
of DIN 18MnCrSiMo6-4 bainitic steel. In general,
the treatments with nitrogen rich gas compositions
(76 vol.% N,) introduced more compressive residual
stresses on the steel surface than the compositions
of 5 and 24 vol.% N,. The nitriding time seems not
to have significantly influenced the residual stresses
in the diffusion zone;

e The plasma nitrided samples with 24 and 76 vol.%
N, formed a biphasic compound layer of e-Fe, ,(C)N
and y’-Fe N. As the percentage of nitrogen in the
gas mixture was decreased, the y’-Fe N percentage
in the compound layer increased, but a monophasic
compound layer was achieved only with the nitrogen
composition of 5 vol.% N,. The surface hardness
of DIN 18MnCrSiMo6-4 steel increased with
increasing nitrogen content in the gas mixture,
because the e-Fe, (C)N percentage increases. As
shown in this paper, the &-Fe, ,(C)N phase is harder
than the y’-Fe N phase;
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*  The nitrogen composition and exposure time to
ion bombardment “sputtering” caused an increase
in the roughness of the plasma nitrided samples.
The results of reciprocating wear tests showed
that the compound layer significantly increases
the first damage resistance due to increased surface
hardness. The friction coefficient is lower on the
surface of nitrided samples at the beginning of
the test, due to the ceramic characteristics of the
compound layer. The increase in COF over the time
of the tribological test is due to the appearance of
third-body particles from the wear of the zirconia
ball and the compound layer. The sudden growth of
COF is related to crack formation or delamination
that exposes the diffusion zone. When the diffusion
zone is reached, the friction rises and may reach or
even exceed the friction of non-nitrided material;

*  Theresults indicate that the plasma nitrided samples
for 9 h with 5 and 24 vol.% N, may have better
resistance until the first damage in the ball-on-flat
tribometer. The plasma nitrided samples with
76 vol.% N, and with greater layer thickness did
not have the best results due to the embrittlement
of the compound layer, proven by the decrease in
fracture toughness. In sliding surfaces applications,
plasmanitrided layers with 24 vol.% N, would have
a better performance, when compared to plasma
nitrided layers with 5 vol.% N,.
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