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In this study, the wear and corrosion behavior of gas-nitrided high manganese steel (HMS) was investi-
gated. Vacuum gas nitriding was carried out for surface treatment of HMS at 520 and 570 °C for 12, 18 and
24 h. The base metal contained o and &£ martensite, while austenite was also observed in heat-treated base
metal. Although all gas-nitrided samples contain Fe;N, Fe,N, v, o and ¢ martensite, FeSi phase was only
determined in N1-N6 samples. Expanded martensite and white layer (complex S phase) were observed in
N1-N6 and N7-12, respectively. The gas-nitriding process significantly increased the surface hardness of
HMS due to the iron nitride. Daimler-Benz Rockwell-C adhesion test shows that gas-nitriding HMS has
sufficient adhesion behavior. The gas-nitriding process increases the wear and corrosion resistance of the

HMS significantly.
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1. Introduction

High manganese steel (HMS) was discovered by Sir Robert
Hadfield in the late 19th century. From the past to the present,
HMS has been widely used in mining and mineral excavation
applications such as crusher jaws, hoppers, impact hammers
and grinding mill liners (Ref 1, 2). Since HMS exhibits
radically higher strength, toughness properties, wear and
corrosion resistance in comparison to conventional carbon
steels, it has been preferred in various industries such as
automotive (Ref 3, 4), marine structure (Ref 5), slurry pipes
(Ref 6) and LNG transporting (Ref 7) in recent years.
Especially HMS offers a promising future for ballistic require-
ments and the protection of military vehicles because of its
excellent energy absorption capacity and weight-reduction
properties. Thyssen Krupp developed an innovative HMS
armor plate which had high energy absorption ability. This
ability provides additional protection against projectiles for
civilian security, military and cash transport vehicles (Ref 8).
Bestera and Stumpf reported that HMS armor plates had
sufficient energy absorption against M193 projectiles at the
appropriate thickness (Ref 9). Howell et al. (Ref 10) investi-
gated the ballistic performance of a HMS perforated sheet with
the ballistic quality of P900 armor steel to reduce vehicle
weight. HMS provided the acceptance criteria for P900 steel
and HMS can be potential candidates for MIL-A-46100 steels.
Moreover, the superior energy absorption capacity of the HMS
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can provide innovation opportunities for use as blast protection
for armored ground vehicles and anti-aircraft gun shields on
warships. Despite its outstanding properties, the abrasive and
corrosive media decrease the service life of HMS components.
Since the replacement of HMS components during the service
is a costly situation, the companies try to extend the service life
of components. The surface treatments have been usually
carried out to improve the wear and corrosion resistance of
components and increase surface hardness which is significant
for armor plates. Increasing the surface hardness improves the
ballistic resistance of armor steel (Ref 11, 12).

The vacuum gas nitriding process is a traditional thermo-
chemical surface treatment, and it has many advantages such as
the simple, cost-effective process, high bond strength and
absence of sample geometric requirements (Ref 13). Gas
nitriding is carried out to increase the fatigue life, hardness,
wear and corrosion resistance of metallic surfaces (Ref 14-16).
The nitride-forming elements, such as chromium, aluminum,
iron and titanium, interact with nitrogen and the nitride
compounds occur as a result of these interactions on the
surface of steel. Although the chemical composition of steel is
significant for the effectiveness of nitriding, the gas nitriding
process can increase the surface hardness about 250 HVj s
regardless of its chemical composition (Ref 15). Besides, the
nitrite phases generally improve the corrosion, wear resistance
and hardness of the steel, insignificant development or opposite
effect has been observed in some studies. Alphonsa et al.
reported that 2205 duplex stainless steel plasma nitrided above
400 °C lost its corrosion passivity (Ref 17). Riazi et al. (Ref 18)
observed that the nitrided surface increased the solution pH
with the formation of NH," that increased the corrosion rate of
nitrided 17-4 PH steel. Yuan et al. (Ref 19) reported the gas
nitriding process was applied to HMS, which contained
approximately 3% Al and Cr each, the surface hardness
increased only 67 HV in comparison to the core hardness.

The studies discussing the wear and corrosion behavior of
gas-nitrided HMS are still very limited. Therefore, the present
study is to shed more light on the effect of vacuum gas nitriding
on the wear and corrosion behavior of HMS. Due to poor
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cooling conditions, carbides such as Mn3;C may form at grain
boundaries, and these brittle formations negatively affect the
performance of HMS for many applications. To prevent carbide
formation, HMSs are heat treated at 1000-1100 °C (Ref 1, 2).
Therefore, the effects of gas nitriding on HMS after heat
treatment were also examined.

2. Experimental Methods and Materials

The production of HMS was mentioned in the previous
articles (Ref 20, 21). HMS has the following chemical
composition (wt.%): 0.278 C, 2.75 Si, 13.804 Mn, 0.017 S,
0.011P, 0.036 Ni, 0.195 Cr, 0.058 Mo, 0.092 Al, 0.067 Cu and
balance Fe. The heat treatment process of cold-rolled HMS was
carried out at 1000 °C for 30 min, followed by water
quenching to avoid carbide precipitation (Ref 1, 2).

All samples were cleaned with acetone before nitriding. All
the air in the furnace was evacuated with a pressure of 10 Pa.
The vacuum gas nitriding was carried out at 520 and 570 °C for
12, 18, and 24 h using an atmosphere of 66.6% high purity
(99.99%) ammonia (NH3) and 33.4% N,. Gas nitriding process
was carried out in industrial vertical gas nitriding furnace.
Ammonia flow rate was set as 6.0 m>/h, furnace pressure was
set as 24 mbar. Constant ammonia flow rate was preferred to
see the effect of temperature and time on gas nitriding. Sample
dimensions are 2.75x30x15 mm. Samples were mechanically
polished with SiC sandpaper up to 1500 grade. HMSs were
etched in 4% Nital solution for 30 and 5 s, respectively. The
microstructural analysis of the sample was conducted with a
scanning electron microscope (SEM-TESCAN MAIA3 XMU).
The component of the nitride layer was studied by employing
energy-dispersive x-ray spectrometry (EDX) microprobe within
SEM. The phase constituents on the surface of nitrided samples
were determined by x-ray diffraction (XRD-Rigaku Ultima IV
diffractometer) using Cu Ko radiation. The thickness of
nitrided layers was measured with SEM. The sample nomen-
clatures are exhibited in Table 1.

Vickers microhardness test was applied (Shimadzu HMV-G)
for hardness measurement from surface to core. 50 g load was
applied (HV 0.05) and each point was moved from the surface

Table 1 List of gas-nitrided HMS samples (BM: base
metal; ABM: annealed base metal)

Nitriding Nitriding Heat Sample
temperature, °C time, h treatment name
520 12 N1
520 18 N2
520 24 N3
570 12 N4
570 18 N5
570 24 N6
. . BM
520 12 v N7
520 18 v N8
520 24 v N9
570 12 v N10
570 18 v NI11
570 24 v NI12
(4 ABM
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to the core with a distance of 10 mm. Then, hardness traces
were measured automatically by the test device.

The adhesion of the nitrided layers was determined by the
VDI 3198 indentation test applied to analyze the adhesion
properties of nitride layers on HMS. The test was carried out to
determine damage on the nitrided layer under a 150 kg load.
Three indentations were carried out for each sample. After the
adhesion test, the indentation craters of gas-nitrided HMS were
observed by using SEM. The quality of indentation craters was
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Fig. 1 XRD analyzes of BM and ABM
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Fig. 2 XRD analyzes of cold-rolled and gas-nitrided HMS for (a)
520 °C, (b) 570 °C for the indicated durations
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Fig. 3 XRD analyzes of heat treated and gas-nitrided HMS for (a)
520 °C, (b) 570 °C for the indicated durations

Fig. 4 SEM views of (a) N1, (b) N2, (c) N3, (d) N4, (e) N5, (f) N6
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evaluated by the VDI 3198 quality map in Ref. (Ref 22). While
the quality HF1-HF4 indicate strong interfacial adhesion, HF5
and HF6 indicate poor interfacial adhesion between the coating
and the substrate (Ref 22).

The surface roughness was examined by a portable surface
roughness tester (Mitutoyo SJ-410 series). At least three
measurements were carried out to calculate the average
roughness of the surfaces.

The wear behavior and coefficient of friction (COF) of all
samples under dry sliding conditions were detected on a
rectilinear reciprocating wear tester (Turkyus POD&HT&WT).
Wear tests were carried out using 6 mm diameter WC abrasive
balls on a rectilinear reciprocating wear tester. The wear tests
were implemented under the load of 5, 10, and 15 N. Since the
wear behavior of nitridled HMS was aimed to observe under
different loads, the wear tests were applied under different
loads. The total sliding distances on the specimens were 200 m
for each loading. Each test was repeated three times. The wear
volume loss and wear rate were determined by post-test
analysis of the wear track measured using 3D profilometry. The
wear rate was calculated according to:

R=V/ld (Eq 1)

R is the relative wear rate (mm*/Nm), d is the sliding
distance (m), ¥ is the wear volume (mm®) and / is the applied
test load (N).

The corrosion behaviors of the surfaces were studied using
polarization techniques (Tafel) with an electrochemistry station
(Gamry Referans 3000 Potentiostat/Galvanostat/ZRA). Open-
circuit potential (OCP) and Tafel for the substrate and the
nitrided HMS were performed in 3.5 wt.% NacCl solution with
three-electrode cells (working electrode: sample, reference
electrode: Ag/AgCl and counter electrode: graphite). The
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Fig. 5 SEM views of (a) N7, (b) N8, (c) N9, (d) N10, (e) N11, (f) N12 (WL: white layer; DZ: diffusion zone; BM: base metal)
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Fig. 6 Cross-sectional hardness measurements of (a) NI1-N6, (b)
N7-N12
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surface area of the working electrode was 15 mm?”. The OCP
measurements were made over a 3600-s period and plotted as a
function of time after stabilization. The scanning rate in Tafel
experiments was 1 mV/s relative to free corrosion potential
from the cathodic potential of — 250 mV to anodic potential
of + 250 mV.

Corrosion rates of samples are calculated using Eq 2:

3.27 x Icorr x E.W.

A xdx 103
Icorr is the corrosion current density (A/mm?), E.W. is the
equivalent weight of the working electrode, d is the density of

the working electrode (g/mm?) and 4 is the working electrode
area (mm?)

Corrosionrate = (Eq 2)

3. Results and Discussion

3.1 Microstructural Characterization

Figure 1 indicates XRD analyzes of BM and ABM. While ¢
and o martensite phases were formed in BM, austenite phase
was formed together with these two phases in ABM. In BM,
high work hardening caused by cold rolling has resulted in the
complete transformation of the austenite into new phases such
as o and & martensite. After heat treatment, austenite was
observed in ABM. No carbide formation was observed in the
XRD results.
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Table 2 Gas-nitriding hardness depth values

Sample White layer thickness (1m) Method 1 nitriding hardness depth (um) Method 2 nitriding hardness depth(xm)
N1 * 50 70
N2 * 20 50
N3 * 80 90
N4 * 50 80
N5 * 70 90
Né6 * 50 60
N7 12.54 + 1.25 40 70
N8 23.76 £ 1.86 20 20
N9 12.16 £ 1.96 50 60
N10 12. 97 £ 1.04 30 80
N11 24.06 £ 1.95 70 90
Ni12 11.62 + 1.53 70 90

*No white layer

Fig. 7 SEM images of adhesion test of sample (a) N1, (b) N2, (c) N7 and (d) N8

Figure 2 and 3 shows the XRD analyses of N1-N6 and N7-
N12 samples, respectively. FeSi, Fe;N and FeyN are formed on
the surface of gas-nitrided HMS. Only FeSi was not detected in
N7-N9 samples. Unless the vacuum atmosphere existed, Fe,N

404—Volume 35(1) January 2026

could not occur on the surface (Ref 23). Both the gas nitriding
temperature above 400 °C (Ref 24) and the high ratio of Si in
HMS resulted in the formation of FeSi, which is stable at room
temperature (Ref 25). Also, alpha martensite () and austenite

Journal of Materials Engineering and Performance



Fig. 8 SEM images of adhesion test of sample (a) N5, (b) N6, (c) N11 and (d) N12

Table 3 Average Ra and COF of samples (Ra; roughness)

Sample Ra, ym COF
5N 10N 15N

BM 0.356 0.506 £ 0.246 0.403 £ 0.246 0.359 £ 0.239
ABM 0.267 0.525 £ 0.252 0.507 £+ 0.244 0.431 £ 0.236
N1 0.454 0.518 £ 0.229 0.481 £ 0.275 0.482 £ 0.297
N2 0.446 0.437 £ 0.242 0.480 £ 0.252 0.483 £ 0.264
N3 0.663 0.407 £ 0.231 0.321 £+ 0.192 0.306 £ 0.187
N4 0.535 0.234 £ 0.177 0.193 £+ 0.129 0.219 £ 0.138
N5 0.653 0.499 £ 0.273 0.487 £ 0.287 0.506 £ 0.281
N6 0.556 0.564 £ 0.280 0.569 £ 0.296 0.558 £ 0.286
N7 1.732 0.240 £ 0.164 0.344 £+ 0.262 0.430 £ 0.278
N8 1.591 0.250 £ 0.202 0.475 £+ 0.286 0.505 £ 0.265
N9 1.582 0.318 £ 0.270 0.412 £+ 0.256 0.436 £ 0.264
N10 1.753 0.256 £ 0.182 0.300 £ 0.160 0.280 £ 0.201
NI11 0.481 0.405 £ 0.226 0.442 £+ 0.212 0.487 £ 0.270
NI12 0.888 0.456 £ 0.267 0.524 £ 0.287 0.493 £ 0.262

Journal of Materials Engineering and Performance
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Fig. 9 COF curves of samples in wear test under (a) 5 N, (b)10 N, (c)15 N loads
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Fig. 10 Wear volume loss of (a) BM and N1-N6, (b) ABM and N7-12

(y) were identified in XRD analyses of vacuum gas-nitrided
HMS. While o and epsilon martensite (¢) were determined in
the microstructure of HMS formed after cold rolling (Fig. 1), y
could not be identified by XRD. This XRD analysis uncovered
the formation of 7 in the structure of gas-nitrided HMS due to
the high temperature and long processing time. Since nitrogen
is an austenite stabilizing element (Ref 26), it may have
contributed to the formation of austenite.

In Fig. 4, the white layer was not observed in the cross-
sectional SEM microstructure of the cold-rolled, gas-nitrided
HMS. In studies on nitriding of martensitic stainless steels in
the literature, it has been observed that while a white layer is
not formed, nitrogen-rich layer is formed (Ref 27-29). In this

Journal of Materials Engineering and Performance

study, Fig. 1 shows that the microstructure is completely
martensite in HMS after cold rolling, just like in martensitic
stainless steel. Supersaturation of nitrogen promotes the
expansion of face-centered cubic crystal lattice and the
formation of residual stresses or expanded martensite in
austenitic and martensitic stainless steels. This layer is called
“expanded martensite” (Ref 29).

Figure 5 shows the cross-sectional SEM view of heat treated
and gas-nitrided HMSs. Unlike the cold-rolled HMSs, it was
observed that the heat treated HMS had a white layer on the
surface after the gas nitriding process. In addition, a diffusion
zone was formed under the white layer. The formation of the
white layer after gas nitration in heat treated HMSs was

Volume 35(1) January 2026—407
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Fig. 11 Wear rates of (a) BM and N1-N6, (b) ABM and N7-12

attributed to the presence of austenite in the microstructure. It is
known that nitrogen-rich phase white layer called *“S phase” or
“expanded austenite” is formed after gas nitriding in austenitic
stainless steel (Ref 30-32) and TWIP steel (Ref 33), which is an
austenitic HMS. As the nitriding temperature increases, espe-
cially above 400 °C, the XRD peaks shift to a lower angle since
interstitial nitrogen atoms cause the lattice distortion of the
austenite (Ref 33). However, this white layer does not consist
of pure S phase. It is a complex phase that also contains FesN,
FeyN and & martensite.

The cross-sectional microhardness profiles are shown in
Fig. 6. The hardness of BM and ABM were 532 and 356 HV
0.05» respectively. The highest hardness value was observed at

408—Volume 35(1) January 2026

N12 and N5 (1035 and 1032 HV s, respectively). Although
the minimum surface hardness was observed in the N6 sample,
its hardness is 1.5 times higher than BM. The gas-nitriding
increased the surface hardness significantly due to the iron
nitride forming. Although increasing gas nitriding temperature
improves the diffusivity of nitrogen in the sample and causes
the forming of iron nitrides along a diffusion zone with greater
depth (Ref 34), in this study, no correlation was observed for
the effect of increasing neither temperature nor time on surface
hardness.

The determination of nitriding hardness depth has been
presented in the literature with 2 methods. The first one of the
methods accepts the boundary of the nitrided layer where the

Journal of Materials Engineering and Performance
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Fig. 12 Wear track EDX line analyzes of (a) BM with 10 N, (b) ABM with 15N load applied (horizontal axis label is um)

hardness limit of 50 HV is above the core hardness. According
to Method II, the limit of the nitrided layer should be 10%
higher hardness than the core hardness (Ref 35, 36). The
nitriding hardness depth and white layer thickness are shown in
Table 2.

3.2 Adhesion Properties

Figure 7 and 8 shows the SEM images of the indentation
track after the VDI 3198 Rockwell-C adhesion test. In Fig. 7
and 8a, b, ¢ and d, many samples had no radial cracks, while
others had very few (Fig. 7a, d and 8a). All samples exhibited
almost perfect adhesion behavior. Neither flaking nor delam-
ination occurred in the indentation crater because of strong
interfacial bonds between the nitrided surface and HMS.

Journal of Materials Engineering and Performance

Moreover, both increased gas nitriding time and temperature
did not affect the adhesion behavior of samples. A successful
coating depends on sufficient adhesion behavior between the
substrate and the coating. Applied load and the contact
geometry cause shear stresses at the interface. Although
suitable coatings success to resist the shear stresses and
forestall delaminations, weak interfacial adhesion causes
delaminations at the indentation tracks (Ref 22). According to
the VDI 3198 indentation test, the adhesion strength of all gas-
nitrided sample surfaces corresponded to HF1 quality.

3.3 Friction Coefficient and Roughness

Table 3 exhibits both the roughness and COF of the samples.
It was determined that the roughness values of BM and ABM

Volume 35(1) January 2026—409
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Fig. 12 continued

were lower than all gas-nitrided samples. The roughness of N1-
N6 samples was lower than that of N7-12. Figure 9 shows the
coefficient of friction (COF) graphs recorded during wear tests
of all samples, which were tested under 5 N, 10, and 15 N
loads. It was observed that the samples with the highest
roughness (N7, N8, N9 and N10) had the lowest COF. Figure 9
shows that the variation of COF exhibits unstable states in all
samples. Parameters such as high hardness, the adhesion
strength of the coating, and surface roughness affect the COF
(Ref 37). It was attributed that the high roughness prevented
direct contact between the surfaces of the sample and the WC
abrasive ball. Moreover, there are many zigzags in Fig. 9.
When the abrasive ball contacts the sample, plastic deformation

410—Volume 35(1) January 2026

occurs and causes a shear force resulting in peaks in the graphs.
Thanks to the shear force, the layer breaks and a downward
peak is formed. In Fig. 9(a), (b), and (c), the samples whose
names are written in the upper left corner of the COF graphs are
shown as 1, 2, 3, 4, respectively, from top to bottom in each
graph.

3.4 Wear Behavior

The volumetric wear loss results from reciprocating wear
tests are shown in Fig. 10. In Fig.10, columns 1, 2, and 3
represent the wear test results caused by a load of 5, 10, and

Journal of Materials Engineering and Performance
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15 N, respectively. It indicates that an increase in the applied
load increases the volumetric wear losses of all samples.

As seen in Fig. 1, while ABM contains ), ¢ and « martensite,
BM consists of € and o martensite. The plastic deformation can
transform from 7y to ¢ or o martensite in the HMS. These
transformations may have occurred instead of less wear loss in
ABM according to BM because of the applied load (Ref 38).

Journal of Materials Engineering and Performance

It was observed that all gas-nitrided HMSs had lower wear
volumes than BM and ABM at wear tests under 5, 10 and 15 N
loads. The wear volume of gas-nitrided samples is drastically
minimized due to the increase in surface hardness caused by
forming white layer and expanded martensite. While the lowest
volumetric wear loss was observed in N1 under each load, the
highest volumetric wear loss was determined in BM. Among

Volume 35(1) January 2026—411
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Fig. 13 continued

the gas-nitrided samples, the highest wear volumes were
observed in N11, N10 and N9 samples under 5, 10 and 15 N
loads, respectively.

No correlation was observed between the increase or
decrease in wear resistance with changing gas nitriding

412—Volume 35(1) January 2026

temperature and time. In the gas nitration process, the diffusion
of nitrogen increases with increasing temperature and time.
Therefore, the deeper penetration of nitrogen atoms causes
intense reaction media with the strong nitride-forming elements
and they affect the wear performance of the substrate surface.
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Fig. 14 Wear track EDX line analyzes of (a) N9 with 10 N, (b) N10 with 5N load applied (horizontal axis label is pm)

The fact that there is no correlation in wear performance despite
increasing gas nitriding temperatures and times can be
attributed to the absence of alloying elements (such as
aluminum, vanadium, titanium, and chromium) in HMS that
will form strong nitrides.

The wear rate values of gas-nitrided samples are shown in
Fig. 11. In Fig. 11, columns 1, 2, and 3 represent the wear test
results caused by a load of 5, 10, and 15 N, respectively. While
N1 had the minimum wear rate, the highest wear rate was
determined in BM for each load. Since the expanded martensite
surface (N1-N6) and white layer (N7-12) increase the hardness
of the surface, the wear resistance of HMS improves. Wear test

Journal of Materials Engineering and Performance

results under 15 N load indicate that the gas-nitriding process
improves the wear resistance of cold-rolled and heat-treated
HMS. Among the gas-nitrided samples, even the N9 sample,
which had the highest wear rate under 15 N load, was observed
to have 5 and 4 times wear resistance compared to BM and
ABM, respectively.

After the reciprocating wear test, EDX line and mapping
analyses were performed on the wear tracks to determine the
changes in the amount of existing elements on the surface of the
samples. Figure 12(a) and (b) shows the EDX line analysis with
a 10 and 15 N load applied to BM and ABM, respectively.
When the SEM wear track of the samples was examined, the
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Fig. 14 continued

wear track of ABM (1055 um) was wider than that of BM
(1081 um) due to the application of more load. The fluctuation
in the amount of manganese and iron is similar to each other.
The oxides are seen as dark layers in both samples.

Figure 13(a) and (b) indicates EDX line analyses obtained
from the wear track formed as a result of the wear test applied
to N1 and N5 under 15 N load, respectively. According to the
EDX line analysis, the nitrogen content of N1 is higher than
N5, both in the wear track and on the unworn surface.
Manganese content decreased considerably along the wear trace
in both samples. It was determined that oxygen increased
significantly in the zones where iron considerably decreased.
Iron oxide layers probably formed on the worn surface during
the reciprocating wear test.

Figure 14(a) and (b) indicates EDX line analyzes obtained
from the wear track formed as a result of the wear test applied
to N9 and N10 under 10 and 15 N load, respectively.
Manganese content decreased considerably along the wear
trace in both samples such as N1 and N5. While oxide shell
layers were formed in N9, they were not detected in N10. The
fluctuation of nitrogen and silicon amounts did not show any
significant change along the wear track.

414—Volume 35(1) January 2026

Figure 15 exhibits the wear traces SEM views of BM
(Fig. 15a, b and ¢) and ABM (Fig. 15d, e and f). In the wear test
applied under 5N load, microcracks and delamination were
observed in BM (Fig 15a), while debris and microcracks
occurred in ABM (Fig 15d). In the wear test with 10 N load,
delaminations increase in BM (Fig. 15b), while the surface is
completely composed of grooves under 15 N load (Fig. 15c).
The abrasive oxidative type wear mechanism occurred in BM.
Oxidative wear caused by oxygen in the atmosphere is a
common wear mechanism on metals. Microcracks were formed
at the edge of the oxide layers. As the reciprocating wear test
continued, microcracks caused delaminations and increase
applied test load caused increased delaminations due to the
oxide layers being removed from the surface.

In the applied wear test under 10 N load, delamination and
grooves were formed in the ABM where the oxide layers were
broken. However, in the test under 15 N load, it is seen that the
surface is not replaced completely grooves as in BM, and the
delamination of the oxide layers continues. Groove occurs with
penetration of hard asperities of a harder counter body into the
softer surface of a solid in sliding contact (Ref 23). Grooves
show that abrasive wear occurs on the surface of BM and
ABM.
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Fig. 15 SEM micrographs of the worn surfaces of (a, d) BM, ABM under 5 N, (b, ¢) BM, ABM under 10 N and (c, f) BM, ABM under 15 N
load

Fig. 16 SEM micrographs of the worn surfaces of (a, d) N1, N8 under 5 N, (b, €) N4, N9 under 10 N and (c, f) N6, N11 under 15 N load
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Fig. 17 EDX local mapping of N12 after the wear test

Figure 16(a), (b), (c), (d), (¢) and (f) shows the worn
surfaces of the gas-nitrided samples. In the wear test applied
under 5 N load, microcracks were observed in N1 and N8
specimens (Fig. 16a, d). When the applied test load was 10 N,
delamination was observed in N9 samples (Fig 16¢), while only
micro-cracks were determined in N4 (Fig. 16b). When the
applied wear test was increased to 15 N, delamination was
observed in all samples from N1 to N12. Delaminations were
observed in N1-N6 samples in the wear tests applied under 15
N load. These results confirmed the wear volume results
mentioned previously in Fig. 10 and 11. In addition, neither
groove nor wear debris were detected in wear tracks of N1-
N12. Wear debris is caused by fatigue fracture. The number of
cycles of failure of contacts that cause wear debris depends on
the fatigue limit of the sample. Therefore, an increase in the
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Fig. 18 OCP plots for (a) N1-N6 samples and BM, (b) N7-N12
samples and ABM

fatigue limit causes an increase in wear resistance (Ref 23). The
absence of wear debris and grooves exhibits that the gas-
nitriding process improves the wear resistance and fatigue limit
of HMS.

Moreover, delaminations were observed in all gas-nitrided
samples, however, they were seldom detected along the entire
worn surface. Smooth layers were dominant on the worn
surfaces of the gas-nitrided HMS specimens. The smooth layers
consisted of an oxide layer which caused a wear-protective
“glaze layer” (Ref 22). Figure 17 shows that the EDX
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Fig. 19 Potentiodynamic polarization curves for (a) N1-N6 samples
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Table 4 Results of corrosion tests

Sample E.,., (mV) I (yAlO_Z/mmz) Corrosion rate (mpy)

ABM — 808.5 8.8 3.57
BM — 818.8 5.84 2.37
NI — 776.9 2.96 1.2

N2 — 560.3 2.52 1.02
N3 — 619.2 1.63 0.66
N4 — 598.7 1.38 0.56
N5 — 5949 0.94 0.38
N6 — 577.8 4.9 1.99
N7 — 574 2.08 0.84
N8 — 7248 1.91 0.78
N9 — 7244 4.25 1.73
N10 — 5538 2.56 1.04
Nl11 — 719.7 237 0.96
N12 — 779.5 5 2.03
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elemental analysis of the worn surface of the NI12 sample
confirms the smooth layer consists of the oxidation layer.

3.5 Gorrosion Test

Figure 18 demonstrates that the curves of the open circuit
potential (OCP) of the BM, N1-N6 samples (Fig. 18a) and
ABM, N7-N12 samples (Fig. 18b) were obtained in 3.5% NaCl
solution at room temperature. In Fig. 18a, the OCP values of
gas-nitrided samples decreased for 500 seconds and then
reached a steady potential. The OCP value of BM showed little
if any increase (3 mV) for 1 hour. Figure 18b shows that the
OCP values of gas-nitrided samples decreased for approxi-
mately 400 seconds, while that of the BM took almost 1000
seconds. The potentials of all samples then reached a steady
state. Generally, while passive film formation on the surface
increases the OCP value, uniform corrosion decreases the OCP
value (Ref 39, 40).

The corrosion rate values of samples were evaluated using
the potentiodynamic polarization tests and calculated with Eq 2.
Figure 19 shows the polarization curves of all samples. Icorr
and Ecorr were detected from Tafel plots in Fig. 19. In addition,
Table 4 exhibits Icorr, Ecorr and corrosion rate values.

The Ecorr values of the samples ranged between — 818.8
and — 560.3 mV. The lowest and highest Ecorr values were
observed in BM and N10, respectively. The results of the
corrosion tests indicated that all gas-nitrided samples had
nobler Ecorr values than untreated ABM and BM. Since the
Ecorr of BM and ABM is more negative, the formation of metal
ions is easier and hence they are more prone to corrosion.

Table 4 shows that the corrosion rate of BM was lower than
that of ABM. The retained austenite has a different chemical
reactivity from martensite, which can cause to galvanic attack
at the interface between both of them (Ref 14). Hence,
comparing with BM, retained austenite may have impaired
corrosion resistance of ABM.

The corrosion rate of N1-N12 specimens is lower than that
of BM and ABM. Since N5 had the lowest Icorr value and
corrosion rate, the highest corrosion resistance was provided for
HMS at 570 °C for 18 h. This parameter improved the
corrosion resistance of the untreated base metal by 6 times.
The high chemical stability of iron nitrides significantly
improves the corrosion rate of HMS. In general, the samples
with the expanded martensite layer exhibited better corrosion
resistance than the others. The positive effect that reduces the
corrosion rate can be the decrease in the pH of the media. As
mentioned in the literature (Ref 14, 18, 41), when martensite
rich in interstitial nitrogen atoms corrode, the free interstitial
nitrogen atoms are released. When the N reacts with H, NH,"
occurs. It increases the local pH to facilitate the re-passivation.

In this study, no correlation was observed between corrosion
rate and gas-nitriding parameters. Formation of complex phases
on the surface, the crack formation, porosity and high surface
roughness can cause non-correlation results (Ref 42).

Figure 20(a), (b), (c) and (d) shows the SEM images of
corroded surfaces of samples N3, N9, BM and ABM,
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Fig. 20 SEM images of (a) N3, (b) N9, (¢c) BM and (d) ABM following the corrosion tests

Table S EDS elemental analyses of N3, N9, BM and
ABM, wt.%

Sample o Fe Mn Si N Na Cl
N3 475 41.8 6.6 0.8 2.9 0.1 0.3
N9 47.4 40.4 6.2 1.1 42 0.3 0.4
BM 422 473 7.1 2.1 0.2 1.1
ABM 47.2 432 6.1 1.7 0.8 1.0

respectively. It was determined that there was oxidation on the
surfaces of all samples. While no crack or pit was observed in
the N3 and N9 samples, cracks were detected in BM and ABM.
The existence of cracks decreases the corrosion resistance of
samples. This situation confirms the Tafel polarization result.
Table 5 shows that the amount of chloride in ABM and BM is
higher than in gas-nitrided samples. When the chloride ions
penetrate into the cracks they can cause to increase the
corrosion rate of samples.
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4. Conclusions

In this study, tribological, adhesive and corrosive behavior
of vacuum gas-nitrided HMS were investigated. The following
conclusions can be drawn as follows:

BM contained o and ¢ martensite, while austenite was also
observed in ABM. Although all gas-nitrided samples contain
FesN, FeyN, 7, o and ¢ martensite, the FeSi phase was only
determined in N1-N6 samples. Expanded martensite and white
layer (complex S phase) were observed in N1-N6 and N7-12,
respectively. Thanks to the heat treatment before gas nitration,
austenite was formed in the microstructure, which resulted in
the formation of white layer instead of the expended martensite.
The gas-nitriding significantly increased the surface hardness of
HMS due to the iron nitride forming. According to the Daimler-
Benz adhesion test, the adhesion quality of all gas-nitrided
HMS is acceptable (HF1).

The roughness values of the ABM and BM were lower than
gas-nitrided HMS. Generally, the COF values of gas-nitrided
samples were lower than those of BM and ABM at all 3 loads.
All of the gas-nitrided HMS showed higher wear resistance and
lower wear rate for all wear test conditions than the ABM and
BM. Micro-cracks, delamination, groove and wear debris were
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detected on the surface of ABM and BM. However, wear debris
and grooves were not observed in gas-nitrided samples. Since
the expanded martensite surface (N1-N6) and white layer (N7-
12) increase the hardness of the surface, the wear resistance and
fatigue limit of HMS increases. It was observed that the wear
volumes of the samples subjected to gas nitriding at 520 °C for
12 hours were less than the others. Although there was no exact
correlation regarding the effect of increasing time and temper-
ature on the wear volume, the wear volumes increased with the
increase in temperature and time.

Tafel polorization test result shows that gas nitriding Tafel
polorization test result shows that gas nitriding improves the
lifespan of HMS significantly. In addition, no correlation was
observed between the change in gas-nitriding parameters
(temperature and time), and its effect on wear and corrosion
resistance.
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