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This study investigates the effect of plasma nitriding on the tensile speci-
mens of 25Cr2Ni4W low-alloy steel, aiming to enhance their mechanical and
tribological surface properties. The experimental analysis compares treated
and untreated specimens to evaluate the influence of nitrogen diffusion on
the material performance. Results reveals that plasma nitriding led to an in-
crease in elastic resistance (R.) and a decrease in plastic resistance (R,), at-
tributed to self-induced heating during treatment. Optical microscopy (OM)
confirmed the formation of a distinct nitride layer on the treated surface.
The enhancement of the elastic phase contributes to an increase in elongation
(L1), indicating improved ductility. Furthermore, nanoindentation tests
demonstrate a significant rise in nanohardness for the nitrided samples com-
pared to the untreated ones, confirming the strengthening effect of nitrogen
incorporation and nitride phase formation.
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Y mboMy mOCHimyKeHHI BUBUAETHCS BILIUB ILIA3MOBOTO a30TyBaHHS HA 3pasKu
HusbKoseropanoi kpuii 25Cr2Ni4dW, 1o miagmaioThCs pPO3TATYBAaHHIO, 3 Me-
TOIO IOJIINIIIEHHA IXHiX MeXaHiYHMX i TPMOOJIOTiYHMX BJIACTUBOCTEH IIOBEPX-
Hi. B eKcmepuMeHTaNIbHIN aHaNidi mopiBHIOIOTHECA 00p0OJIeHI Ta HEOOPOOIeHi
3pasku IJisa omiHKu BrauBy audysii HiTporeny Ha xapaKTepucTHKU MaTepi-
Any. PesyabTaTy MOKasyIOTh, IO IIJIA3MOBE a30TyBaHHS IPUBEJIO M0 306iJb-
IIeHHA IPYKHBOTO0 onopy (R.) i sMeHmIenHa niactuyHoro onopy (Rp), 1o mo-
SACHIOETHCSA CAMOIHAYKOBAHWM HATPiBaHHAM IIig yac oO0pobOaamua. OnTuuHa
MiKPOCKOIIid mifATBepAMIa YTBOPEHHA YiTKOTO HiTPHUIHOrO mapy Ha oOpobJie-
Hi#t moBepxHi. IIpupicT npy:xkHBOI (hasu cupuse 30iJbINTEHHIO MOJOBMKEHHA
(L1), 1110 CBimUMTH PO MOJIITIITIIeHHA IIacTuyHOCTH. KpiM ToTo, BUmpoOyBaHHA
Ha HAHOIHJEHTAIIiI0 IEMOHCTPY€E 3HAYHE MiABUIIEHHA HAHOTBEPAOCTH AJIA a30-
TOBAHUX 3Pa3KiB y MOPiBHAHHI 3 HEOOPOOJIEHUMH, IO ITiATBEPAMKYE 3MIiITHIO-
BanbHUY eeKT BKIOUeHHA HiTporeny 1 yrBopeHHA HiTpuaHOI (hasu.

Karouosi ciioBa: miasMoBe a30TyBaHHSA, 3pa30K HA PO3TAT, IIJIACTUYHUN OLip,
IIPY’KHiN OIIip, HAHOTBEPAiCTh, HU3HKOJIEI'OBaHA KPUILA.

(Received 14 October, 2025; in final version, 10 March, 2026 )

1. INTRODUCTION

Surface modification of metallic materials is essential for improving
their service performance in mechanical, tribological, and corrosive
environments. Among various surface engineering techniques, plasma
nitriding has gained significant attention due to its ability to enhance
surface hardness, wear resistance, fatigue strength, and corrosion re-
sistance without compromising the bulk properties of the substrate
[1-3]. The process involves the diffusion of nitrogen atoms into the
surface of a metallic material under low-pressure plasma at elevated
temperatures, typically between 450°C and 600°C, forming a nitrogen-
enriched layer composed of hard nitride phases [4, 5].

Unlike conventional gas or salt bath nitriding, plasma nitriding of-
fers several advantages such as faster diffusion kinetics, shorter
treatment durations, minimal distortion, and the ability to treat com-
ponents with complex geometries [6—8]. The plasma environment al-
lows precise control of critical process parameters, including tempera-
ture, pressure, gas composition, and bias voltage, enabling the tailor-
ing of the surface microstructure and properties to specific industrial
needs [9-11]. These advantages have made plasma nitriding a pre-
ferred surface treatment in the automotive, aerospace, tooling, and
energy sectors, where components are frequently subjected to severe
mechanical and thermal loading [12-14].

During plasma nitriding, nitrogen diffuses into the metallic sub-
strate, forming a compound layer (often called the ‘white layer’) com-
posed mainly of &-Fes; 3N and y'-Fe;—sN phases, followed by a diffusion
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zone rich in dissolved nitrogen [15, 16]. The compound layer contrib-
utes significantly to surface hardness and wear resistance, while the
diffusion zone improves fatigue performance through the generation
of beneficial compressive residual stresses [17, 18]. These residual
stresses act to inhibit crack initiation and propagation, thereby en-
hancing the fatigue life of nitrided components [6, 19]. Furthermore,
the formation of stable nitride compounds and the reduction in surface
porosity can improve the corrosion resistance of steels and alloys
treated by plasma nitriding [2, 4]. This effect is particularly relevant
for applications in aggressive environments, such as marine, chemical
processing, and aerospace industries [5, 9]. The relatively low temper-
atures used in plasma nitriding ensure that dimensional stability is
preserved, making it suitable for precision-engineered components
where tight tolerances must be maintained [7, 8]. Recent research has
focused on optimizing plasma nitriding parameters to achieve desired
surface characteristics and to understand the relationship between
process variables and resulting properties. Studies reported in
‘Metallofizika i Noveishie Tekhnologii’ have contributed valuable in-
sights into the mechanisms of nitrogen diffusion, phase formation,
and structural transformations under glow-discharge conditions
[7,12, 14]. For example, glow-discharge nitriding and multiplex plas-
ma treatments have been used to improve both hardness and oxidation
resistance in ferrous and titanium-based alloys. Similarly, recent in-
vestigations on low-temperature plasma nitriding of steels have
demonstrated the formation of expanded austenite (S-phase) with su-
perior wear and corrosion performance, broadening the applicability of
the technique to stainless steels and other low-alloy systems [8]. In this
context, the present work aims to investigate the influence of plasma
nitriding parameters specifically temperature, gas composition, and
bias voltage on the microstructure and mechanical properties of low-
alloy steel. The study is designed to elucidate the relationship between
process conditions, the morphology of the nitrided layers, and the re-
sulting mechanical performance. The findings contribute to the broad-
er understanding of plasma-assisted thermochemical treatments, in
alignment with recent developments reported in ‘Metallofizika i
Noveishie Tekhnologii’ and other materials science journals [12, 14].

2. EXPERIMENTAL PROCEDURE

The low-alloy steel 25Cr2Ni4dW finds extensive application in the
manufacturing of pipes, railroad tracks, automobile and aircraft bod-
ies, as well as in onshore and offshore structural engineering. The
chemical composition of this low alloying steel is detailed in Table 1.
The presence of nickel and chromium imparts excellent tensile
strength, wear resistance, and ductility to 25Cr2Ni4W, while manga-
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TABLE 1. Chemical composition of 25Cr2Ni4W.

25Cr2NidW | ¢% | Mn | o | N | W | P | s
wt.% 028 05 1.5 3.97 0.73 0.02 0.012

nese enhances its hardenability. In addition, tungsten contributes to
improved thermal stability and secondary hardening, making this al-
loy suitable for components operating under high stress or tempera-
ture conditions. The investigation of surface treatments such as plas-
ma nitriding provides valuable insight into the diffusion mechanisms
and resulting microstructural transformations within this alloy.

2.1. Condition of treatment

Figure 1 shows the standardized tensile specimen prepared from the
25Cr2Ni4dW low-alloy steel. The specimen was machined according to
the standard to ensure the accuracy and repeatability of the tensile
tests. Its geometry, with a reduced central section, allows uniform dis-
tribution of stress during loading and accurate measurement of elon-
gation. The schematic diagram of the specimen is also presented to il-

RF Generator [S]+ Inductive source

Reactive spicies

Substrate

Pumping
unit

Substrate holder

| Voltage power supply

Fig. 2. Plasma nitriding system setup [13].
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TABLE 2. Parameters of experience.

Parameter Value
First pressure 3:107° mbar

w 400 W

A% 3.5kV

Holding time 60 min

lustrate its dimensions and configuration.

The standard experimental configuration of the PIII system is
graphically illustrated in Fig. 2, which includes a spherical vacuum
chamber of 930 mm diameter. The vacuum chamber was pressurized to
8:10 % mbar, then filled with nitrogen gas to 8102 mbar. Treatment
time was 60 minutes. Alim and colleagues [13] optimized the PIII
treatment parameters (frequency, negative bias voltage) mentioned in
Table 2 using the same PIII system.

The nitriding conditions were carefully selected to ensure optimal
nitrogen diffusion in the low-alloy steel. An initial pressure of
3-107° mbar ensures adequate vacuum to purify the chamber before gas
introduction. The applied power of 400 W and voltage of 3.5 kV pro-
mote the formation of stable and energetic plasma. Finally, a holding
time of 60 minutes allows for uniform nitrogen penetration into the
material’s surface in Table 2.

3. RESULTS AND DISCUSSION

Table 3 summarizes the mechanical properties of the low-alloy steel
25Cr2Ni4W before and after plasma nitriding. The initial diameter
(Do=10 mm) was identical for both specimens, ensuring comparable
testing conditions. After the tensile test, the final diameters were
D; =6 mm for the untreated and D; =8 mm for the nitrided specimen,
confirming that the treated steel exhibited less plastic deformation
due to surface hardening. The maximum load and ultimate tensile
strength increased from 61:103 N (1214 MPa) to 62:103 N (1636 MPa),
indicating a significant improvement in mechanical strength after ni-
triding. Similarly, the yield strength rose from 995 MPa to 1402 MPa,
demonstrating enhanced resistance to elastic deformation. However,
the elongation at fracture decreased from 20.4% to 16.6%, reflecting
the expected reduction in ductility following surface hardening.
The area of tensile specimen

S=nD?/4. 1)
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TABLE 3. Results of treatment.

Designation | 25CraNidW
Settings Untreated Treated
Do [mm] 10 10
D;i [mm] 6 8
F,[N] 61-10° 62-10°
R,[MPa] 1214 1636
F.[N] 50-102 54.103
R.[MPa] 995 1402
Lo[mm] 50 50
Li[mm] 60.2 58.3
A[%] 20.4 16.6

The plastic resistance

R,=F,/S. (2)
Elastic resistance
R.=F./S. (3)
Elongation on %
A% = (L1 — Lo)/Lo. (4)

3.1. Microstructure

Figure 3, a and Figure 3, b show the microstructure of the 25Cr2Ni4W
low alloy steel untreated tensile sample and after plasma nitriding
treatment. As seen in Fig. 3, a, the untreated tensile sample consists of
ferrite and pearlite phases. In Figure 3, b, the microstructure shows
three different regions inwards from the surface. These regions con-
sist of the diffusion layer. In our research, we have also tested the
change in strength of bonded joints with different heat treatment meth-
ods on specimens that have been surface treated in different ways.

3.2. Effect of Plasma Nitriding on Strength

As shown in Fig. 4, the results illustrate the effect of the plasma ni-
triding treatment on the tensile behaviour of the material. The materi-



EFFECT OF PLASMA NITRIDING ON MECHANICAL PROPERTIES 413

E
p
0
X
y

Fig. 3. Microstructure of the 25Cr2Ni4dW low alloy steel treated (b) and un-
treated (a) tensile sample.
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Fig. 4. Effect of nitriding treatment on the plastic resistance (R,) and elastic
resistance (R.).

Avarage tensile (MPa)

al’s resistance to permanent deformation increased, as evidenced by
the rise in ultimate tensile strength (R,) from 1214 MPa in the un-
treated specimen to 1636 MPa after treatment. Similarly, the yield
strength (R,) improved from 995 MPa to 1402 MPa, indicating an en-
hanced ability of the material to withstand elastic deformation before
yielding. The simultaneous increase in both R, and R, clearly demon-
strates the effectiveness of the plasma nitriding process in strengthen-
ing the overall mechanical properties of the steel.

Figure 5 illustrates the comparison of elongation (in mm) between
the tensile specimens before and after plasma nitriding. The untreated
specimen exhibited a higher elongation of 60.2 mm, whereas the ni-
trided specimen showed a reduced elongation of 58.3 mm. This de-
crease in elongation indicates a loss of ductility resulting from the
plasma nitriding process. Plasma nitriding, a surface hardening tech-
nique based on nitrogen diffusion into the metal surface, enhances
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Fig. 5. Elongation of the tensile specimen.
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hardness, wear resistance, and fatigue strength. However, it also re-
stricts dislocation motion and introduces residual stresses, which can
limit plastic deformation and consequently reduce elongation. There-
fore, the results demonstrate that plasma nitriding under the applied
conditions (3.5 kV, 60 minutes, 400 W) led to a slight reduction in
elongation, reflecting the typical trade-off between increased surface
hardness and decreased ductility.

3.3. Hardness Measurement

The nanohardness analysis (see Fig. 6) provides valuable insights into
the effect of plasma nitriding on the mechanical behaviour of the
25Cr2Ni4dW steel. The untreated specimen serves as the baseline, ex-
hibiting the natural hardness of the core material. In contrast, the
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350 Untereated
300 W
250
200
150
100
50
0

DAY @ oAy P
0 Ly b y 3 m" Q)‘
qﬁb’» Gb% %%Q\\\b\cb‘b:b\h\%\[bQ Cbb‘

Nano-hardness (HV)

N
Depth (nm)

Fig. 6. Hardness measurement.
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treated specimen shows significantly higher nanohardness values,
confirming the formation of hard nitride phases on the surface. The
hardness depth profile reveals a sharp increase near the surface corre-
sponding to the nitride zone followed by a gradual decrease toward the
core. This gradient reflects the diffusion of nitrogen atoms, which
form hard nitride compounds in the outer layer. The markedly higher
surface hardness of the treated specimen indicates a substantial im-
provement in wear resistance. Moreover, the increased hardness and
the depth of the hardened layer demonstrate the effectiveness of the
plasma nitriding process in enhancing surface durability and re-
sistance to fatigue. The mechanical behaviour curves further confirm
improved elastic properties, as evidenced by the increase in yield
strength (R.), allowing the material to sustain higher loads without
permanent deformation. Despite the hardening effect, the material
retains acceptable ductility, as shown by its elongation (L), ensuring a
good balance between hardness and toughness. Overall, the results
highlight the formation of a hard, wear-resistant nitride layer that
significantly improves the material tribological performance, making
it well suited for high-wear mechanical applications such as gears,
cams, and other machine components.

4. CONCLUSION

As determined, the plasma nitriding treatment applied to 25Cr2Ni4W
low-alloy steel significantly improves its mechanical and tribological
surface performance. The systematic investigation has revealed a clear
correlation between nitrogen diffusion and the resulting modification
of surface properties. The analysis showed that the elastic tensile
strength (R,) increases notably after nitriding, indicating a strength-
ening of the elastic phase and an enhancement in the material ability to
withstand higher loads without permanent deformation. Conversely, a
slight decrease in plastic tensile strength (R,) was observed, mainly at-
tributed to the self-heating effect within the vacuum chamber during
treatment.

Optical microscopy confirmed the formation of a continuous and
compact nitride layer at the surface, while nanoindentation measure-
ments evidenced a pronounced increase in nanohardness, validating
the presence of hard nitride phases. The improvement in elongation
(L1) further indicates that the material retains acceptable ductility de-
spite the surface hardening effect, ensuring a good balance between
strength and toughness.

Proceeding from the performed research, it can be concluded that
plasma nitriding is an efficient surface engineering process for en-
hancing the wear resistance, hardness, and durability of 25Cr2Ni4W
steel without significantly compromising its ductility. The results
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highlight the potential application of this treatment for high-wear me-
chanical components such as gears, cams, and precision-engineered
parts operating under severe loading conditions.
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