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This report reviews the tribological and tribocorrosion performance of steels that are case-
hardened via boriding, chromizing, carburizing, nitriding, nitrocarburizing, and carboni-
triding. Case-hardening is commonly used to improve the hardness, impact durability,
wear resistance, and corrosion resistance of steel alloys and has been successfully
applied in various industries, providing a cost-effective, high-throughput solution for appli-
cations involving contact and sliding interfaces in complex service environments. This
article summarizes the literature results of the wear and friction behavior of common
case-hardening methods for steel alloys under various conditions, including corrosive envi-
ronments. Special attention is given to the influences of case-hardening process parameters
and alloy composition on tribological performance. By discussing key findings from the lit-
erature, this review provides insights into optimizing case-hardening processes for improv-
ing the tribological and tribocorrosion performance of steel alloys.
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1 Introduction

Modern engineering applications demand materials that exhibit
high surface hardness, wear resistance, and a tough and ductile
core. Steels with various heat treatments are broadly used because
of their combined high strength and toughness. However, further
increasing hardness, strength, and wear resistance via traditional
hardening processes can significantly reduce the fracture toughness
of the bulk material and introduce substantial residual stresses, par-
ticularly in large components. As a result, such components become
more susceptible to failure under shocks or repetitive impact, con-
ditions commonly encountered by gears, shafts, and rails. To
address these challenges, case-hardening techniques have been
extensively adopted. Case-hardening, also known as surface hard-
ening, is a metallurgical process that enhances the hardness, wear
resistance, and impact durability of metals by selectively hardening
their outer surface layer [1-3]. Beyond improving the mechanical
properties of the surface layer, case-hardening can also enhance cor-
rosion resistance [4-8]. The combination of these properties
achieved through case-hardening is critical for demanding applica-
tions in the automotive [9-11], aerospace [12,13], and tooling
[14,15] industries.

Case-hardening is achieved by modifying the composition and
microstructure of a metal surface via thermochemical diffusion
[1-3]. In this process, the metal is exposed to a solid, gaseous, or
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liquid medium containing the hardening element. The absorbed
atoms then diffuse into the surface and react with iron and other
substrate elements to form a case-hardened layer that is only tens
to hundreds of micrometers thick, preserving the properties and
microstructure of the core. Depending on the case-hardening
medium, the most common methods are carburizing [16-18], borid-
ing [19], nitriding [16], carbonitriding [18,20], nitrocarburizing
[21,22], and chromizing [23,24]. The selection of a case-hardening
method depends on several factors, including composition and prop-
erties of the substrate; requirements for hardness, toughness, wear
resistance, and corrosion resistance; and application-specific
demands or operating conditions. Based on these criteria, different
case-hardening methods are suited to different steel types and perfor-
mance requirements. Carburizing is typically applied to low-carbon
steels to increase their surface hardness and wear resistance
[16,18,25]. Carbonitriding, while similar to carburizing, provides
slightly higher surface hardness [18]. Boriding provides very high
hardness along with excellent wear resistance and corrosion resis-
tance and is applied to a broader range of steel materials [19]. Chro-
mizing also enhances wear resistance and corrosion resistance but
offers lower hardness than boriding and is not suitable for high-alloy
steels [23,24]. Nitriding, performed at relatively lower temperatures,
is particularly effective for alloy steel and stainless steel, providing
high surface hardness, wear resistance, and good corrosion resistance
[16,21]. Nitrocarburizing, another lower temperature process, yields
lower hardness, wear resistance, and corrosion resistance than nitrid-
ing but is suitable for both carbon and alloy steels [21].

This article provides a review of the tribological and tribocorro-
sion performance of case-hardened steel alloys. The fundamentals
of each case-hardening technique are described first, followed by
an analysis of the tribological and tribocorrosion performance in
correlation with the case-hardening process parameters, steel com-
position, and test conditions.
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2 Case-Hardening Mechanisms

Briefly, case-hardening is a diffusion-based thermomechanical
process in which atoms from the case-hardening medium penetrate
the metal surface [1-3], as shown in Fig. 1 [26]. This diffusion is
driven by a concentration gradient, causing atoms to migrate from
a region of higher concentration (solid, gas, liquid) to a region of
lower concentration (substrate). The diffusion rate depends on
several factors, including temperature, time, substrate composition,
and compound concentration. Specifically, higher temperatures
increase atomic mobility, which accelerates diffusion [1], while
longer process durations result in greater diffusion depths. Simi-
larly, increasing the concentration of the diffusing compound
enhances the diffusion rate. However, the presence of alloying ele-
ments such as molybdenum, vanadium, or chromium can inhibit
diffusion and thus reduce the thickness of the case [19,27]. On
the other hand, these alloying elements can promote the formation
of hard carbides that improve the surface hardness of the case-
hardened layer. The resultant case-hardened layer exhibits a gradi-
ent in composition from a compound-rich outer surface to an iron-
dominant inner core. The composition gradient typically produces a
corresponding hardness gradient throughout the layer [27-29]. The
microstructure of the case-hardened layer depends on the compound
composition and the steel substrate. It can consist of single or dual
phases, often with carbide formation owing to the presence of alloy-
ing elements in the substrate [19,23,24]. Optimization of process
parameters is essential to control the morphology and achieve the
desired properties of the case-hardened layer.

3 Tribological and Tribocorrosion Behavior
of Case-Hardened Steels

To achieve the desired performance, multiple factors must be
considered when selecting an appropriate case-hardening method,
particularly for optimizing tribological performance. Case-
hardening is widely used to improve the wear resistance of steel
materials in applications involving sliding interfaces [3,11,12,30].
While it may seem intuitive that increasing the hardness would
improve the wear resistance, tribological properties are not inherent
material properties. Instead, they are strongly dependent on the test
conditions, including contact pressure, environment (e.g., dry,
lubricated, inert, humid, high or low temperature, corrosive),
counter-body materials, and other factors [31,32]. Therefore, select-
ing a case-hardening method that aligns with specific operational
conditions is crucial for minimizing wear and ensuring reliable
long-term performance. Additionally, different steel materials
possess distinct properties, and selecting an appropriate case-
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ais Fig. 1 Schematic representation of thermochemical treatment

of an alloy showing distribution of a case-hardening medium A
into the alloy surface. Reproduced from Ref. [26].

000800-2 / Vol. XX, XX 2025

hardening method is essential to tailor surface characteristics that
meet specific performance requirements for a given application.
For example, stainless steels generally offer excellent corrosion
resistance but are often limited in tribological applications due to
their relatively low surface hardness and poor wear performance
[33]. In contrast, tool steels typically possess greater surface hard-
ness and wear resistance than stainless steels primarily due to
their higher carbon content and the presence of carbide-forming pre-
cipitates [34]. However, tool steels might be susceptible to corro-
sion due to micro-galvanic coupling between the matrix and
precipitates [34]. When external stress or wear acts synergistically
with corrosive environments, steel alloys can experience tribocorro-
sion—a degradation process that accelerates material loss beyond
what would occur from wear or corrosion alone. The following
review and discussion of the tribological and tribocorrosion beha-
vior of various case-hardening methods in this section provide valu-
able insights for optimizing these processes to enhance the surface
durability of steel components in demanding service conditions.

3.1 Carburizing. Carburizing is primarily applied to low-
carbon steels, but it can also be applied to low-alloy steels to
enhance surface hardness and wear resistance by diffusing carbon
atoms into the surface at temperatures up to about 1000 °C [18].
The advantage of carburizing is that it enables low-carbon ferrous
alloys to achieve a hard surface while maintaining adequate tough-
ness and ductility in the core. Low-carbon steels with carbon
content up to 0.3% are softer and more ductile and cannot be effec-
tively hardened through conventional heat treatment due to insuffi-
cient carbon. Instead, these alloys are hardened via carburizing,
which typically increases the carbon content in the surface layer
to approximately 0.8—-1% [18]. Following carburizing, these com-
ponents are typically quenched to form a hard martensitic surface.
This surface may also contain retained austenite, bainite, or pearlite
[35]. Carburizing stainless steel is challenging due to its higher
chromium content, which significantly retards carbon diffusion.
However, one of the main advantages of carburizing over other
case-hardening methods is its ability to produce a relatively thick
hardened layer that can be up to 1.5 mm thick [36]. The thickness
of the carburized layer depends on the process parameters, as
shown in Fig. 2 [37]. The hardness of the carburized layer can
reach up to approximately 950 HV [18], which is generally lower
than the hardness achieved by boriding, nitriding, or chromizing.
Low-carbon ferrous alloys can be carburized via powder-pack
cementation, gas, plasma, vacuum, or salt-bath carburizing [18].

Most of the reviewed studies focused on tribological characteri-
zation of carburized low-carbon and low-alloy steels for which car-
burizing is most beneficial. The reviewed literature is summarized
in Table 1. In most of the reviewed work, carburizing was accom-
plished via the gas-carburizing method. Carbon concentration can
affect the case thickness, hardness, and wear resistance. In
vacuum carburizing, carbon concentration can be optimized by con-
trolling the boost-to-diffusion ratio. In the boost stage, the steel sub-
strate is exposed to a high-carbon potential atmosphere to enrich the
surface with carbon, followed by the diffusion stage, during which a
lower-carbon or inert gas atmosphere allows carbon to diffuse
deeper into the steel. Lowering the boost-to-diffusion ratio to the
level of 20-30% in vacuum carburizing of 23CrNi3MoA gear
steel led to a lower concentration of carbon but a deeper case,
which consequently reduced wear and friction, as shown in Fig. 3
[38]. At lower boost-to-diffusion ratios, retained austenite size is
smaller and more uniformly distributed, which contributed to
improved tribological performance. However, when the
boost-to-diffusion ratio ranged between 30 and 50%, severe abra-
sive wear was observed due to reduced hardness. Another study
investigated the effect of the carbon concentration in gas-carburized
American Iron and Steel Institute (AISI) 8620 gear steel by varying
the carbon potential from 0.45% to 1.05%. The results showed that
higher hardness and higher amount of retained austenite led to better
wear resistance [39]. Friction was unaffected by the carburizing
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Fig.2 Optical images of a low-alloy gear steel carburized for (a) 4 h, (b) 6 h, and (c) 8 h at 920 °C. The thickness of the car-
burized layer increases by 41% from 4 h to 8 h of processing time. Reproduced from Ref. [37]. Copyright by IOP Publishing.

treatment, with performance comparable to that of the untreated
base.

In a study reported by Shi et al. [42], vacuum carburizing with
one to four cycles was conducted on 17CrNiMo6 gear steel in
dry and oil-lubricated conditions at room temperature (RT) and
100 °C. The study showed that increasing the number of carburiz-
ing cycles led to a thicker hardened layer and a greater number

and size of carbides, resulting in higher surface hardness.
However, the tribological performance showed mixed trends. In
dry sliding conditions, the lowest wear occurred after one cycle,
whereas three cycles resulted in the highest wear but also the
lowest friction. In contrast, under oil-lubricated sliding, the lowest
friction was observed after a single cycle. At an elevated tempera-
ture of 100 °C, friction measurements in both dry and lubricated

Table 1 Summary of the literature on tribological and tribocorrosion studies of carburized steels

Case-hardening

Steel material conditions Hardness Wear test method Observations Ref.

23CrNi3MoA Vacuum: 930 °C, 660— Ball-on-disc Counter-body: Lower wear, friction, and higher hardness were [38]
varying boost diffusion 720 HV WC-Co achieved with a lower boost-to-diffusion ratio, due to
ratio lower-carbon concentration. Lower content of

retained austenite (RA) 20-30%, enhanced
mechanical stability.

AISI 8620 Gas: 925 °C, 4 h, 3-9 GPa Ball-on-flat Counter-body: Higher carbon potential resulted in higher hardness  [39]
varying carbon diamond and increased carbon concentration near the surface,
potential which also led to a higher RA% and higher wear

resistance.

AISI 8620 Gas: 925 °C, 320 and 840 HV Ball-on-disc Counter-body: Longer process time resulted in a thicker layer, [29]
660 min abrasive paper higher hardness, and wear.

20CrMnTi and Gas: 930 °C 750 HV Ring-on-disc Counter-body: Carburized 20CrMnMoNi formed a bainitic [40]

20CrMnMoNi AISI 52100 microstructure, which improved the wear resistance.

Carburized 20CrMnTi formed a martensitic
microstructure with subsurface cracks.
20CrMnTi Gas: 930 °C, 210 min 750 HV Ball-on-disc fretting Compared to virgin and quenched, carburized [41]
Counter-body: C45 20CrMnTi had higher hardness, lower wear, and
friction. Abrasive, adhesive, and oxidative wear.
17CrNiMo6 Vacuum: 980 °C, 8 h 867 HV Ball-on-disc Counter-body: Thickness and hardness increased with cycling RT ~ [42]
abrasive paper RT dry and oil  dry: 1 cycle—lowest wear, abrasive, three cycles
lubrication, 100 °C lowest friction but highest wear due to excessive
coarsening of carbides. RT oil: 1 cycle—lowest
friction 100 °C oil: no change in friction but higher
oxidation
AISI 8620 Vacuum: 900 °C, 3 h 65 HRC Ball-on-disc Counter-body: Adhesive and plowing wear. [43]
EN31 100 °C
316L Plasma: 470 °C, 15h 900 HV Pin-on-disc Counter-body: Carburizing significantly improved the [44]*
Al O3 Solution: 1 M H,SO4 tribocorrosion resistance at anodic potentials by up
to 10 times. At cathodic potentials, its effectiveness
was limited due to third-body abrasive wear.
316L Plasma: 470 °C, 15h 870 HV Ball-on-disc Counter-body: Carburized layer enhanced the tribocorrosion [45]*
Al O3 Solution: 0.5 M H,SO,  resistance of 316L stainless steel by 40% due to
combined high resistance to wear and great passivity
to resist corrosion.
AISI 420 Plasma: 450 °C, 8 and 1250 HV  Erosion test Counter-body: Carburized layer provided better resistance to [46]"

12h

quartz powder Solution: 3.5%
NaCl

tribocorrosion, which improved with process time
due to a thicker cementite layer and better
repassivation behavior.

“Tribocorrosion studies.
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Fig. 3 Effect of boost-to-diffusion ratio and sliding duration on (a) coefficient of friction (COF) and (b) wear
volume of vacuum-carburized 23CrNi3MoA steel. Note: 15 means boost-to-diffusion ratio of 1:5, etc. Reproduced

from Ref. [38]. Copyright 2022 by Elsevier.

sliding conditions showed no clear dependence on the number of
carburizing cycles. The dominant wear mechanisms were abrasive
and oxidative, with minor contributions from adhesive wear.

The influence of process duration on tribological properties was
demonstrated on gas-carburized AISI 8620 steel [29]. A carburizing
time of 660 min resulted in higher hardness and wear resistance
compared with a 320-min carburizing time. The improvement in
hardness and wear resistance was attributed to a deeper carburized
case, which increased with process time.

To investigate the influence of the base microstructure on the tri-
bological behavior, 20CrMnTi with martensitic microstructure and
20CrMnMoTi with bainitic microstructure were gas-carburized and
evaluated [40]. The study concluded that the bainitic microstructure
exhibited superior wear resistance, which was attributed to its high
strength and toughness, the presence of carbon-enriched film-like
austenite that inhibits crack propagation, and an extremely fine
o-phase that enhances hardness. In another study, fretting wear
tests on gas-carburized 20CrMnTi gear steel showed that the dom-
inant wear mode at lower contact load is abrasion, whereas adhesive
and oxidative wear are dominant at higher contact loads [41].

Sun and Bailey [45] studied the tribocorrosion behavior of low-
temperature carburized stainless steel in 0.5 M H,SOy solution. In
tribocorrosion tests conducted under open circuit potential condi-
tions, the carburized layer enhanced the tribocorrosion resistance
of 316L stainless steel by 40% due to its combined high resistance
to mechanical wear and excellent corrosion passivity. In another
study, plasma-carburized 316L stainless steel was used to investi-
gate the effect of electrochemical potential on tribocorrosion perfor-
mance [44]. Carburizing significantly improved the tribocorrosion
resistance at anodic potentials by up to 10 times under the designed
test protocols in 1 M H,SO, solution. The carburized layer also
improved the wear resistance of 316L stainless steel at cathodic
potentials; however, its effectiveness was limited by third-body
abrasive wear.

Mainardi et al. [46] investigated the effect of low-temperature
plasma carburizing on the synergetic interaction between erosion
and corrosion of AISI 420 martensitic stainless steel exposed to a
3.5% NaCl solution. Carburizing improved both corrosion—
erosion synergy and overall corrosion resistance. Notably, the
12-h treatment outperformed the 8-h treatment by forming a
thicker cementite layer and demonstrating improved repassivation
behavior during tribocorrosion, attributed to the introduction of
interstitial carbon.

The passivation mechanism of a carburized layer of AISI 316L
stainless steel was discussed in Ref. [47]. The formation and trans-
port of oxygen vacancies at the metal/passive film interface are crit-
ical for passive film growth. However, a high near-surface carbon
concentration hinders the oxygen vacancy formation and Cr migra-
tion due to strong Cr—C bonding and the presence of a C-rich layer
at the oxide/metal interface. This impedes the film growth compared

000800-4 / Vol. XX, XX 2025

with the untreated steel. Nevertheless, long-term immersion tests
indicated that the passive film on the carburized steel surface con-
tinued to grow over time, with a decreasing corrosion rate. Even
in the presence of surface defects, no evidence of galvanic coupling
was observed between the exposed carburized layer and the under-
lying alloy core.

The downside of carburizing is that the high-temperature process
can cause austenite grain coarsening and particle redissolution in the
substrate beneath the carburized zone [48,49], which could aggra-
vate the mechanical properties. A study on carburized 20CrMnTi
gear steel showed that the austenite grain coarsening is due to
rapid dissolution of (Ti,Mo) (C, N) precipitates, which is acceler-
ated with a higher carburizing temperature up to 980 °C, leading
to a faster austenite grain growth [48]. Austenite grain coarsening
was also shown in the carburized 16MnCr5 steel at 920 °C;
however, it was demonstrated that the grain coarsening can be min-
imized with prenitriding [49].

In all studies, carburizing improved hardness as well as wear
resistance and tribocorrosion resistance compared with the steel
base. In general, the thickness of the carburized layer increases
with increasing carburizing time and temperature. Extended
process times enhance the uniformity and thickness of the carbu-
rized layer. However, the studies investigating the effect of
carbon concentration showed contradictory results. Carbon concen-
tration affects the amount and size of retained austenite, and studies
have demonstrated that a higher volume fraction positively affects
the wear and hardness. More studies need to be conducted to deter-
mine the effect of carbon concentration, composition, and micro-
structure of the carburized layer on the tribological behavior.
Abrasive wear is the dominant wear mode in the carburized
ferrous alloys. Other identified wear modes were oxidative and
adhesive. By contrast, the carburized layer exhibits good repassiva-
tion and surface protection during tribocorrosion testing. As
reported for stainless steels [47], a high-carbon concentration in
the carburized layer can slow down the passive film formation.
Still, the passive film continues to grow over time, consequently
reducing corrosion and the risk of galvanic coupling under tribocor-
rosion conditions. It is important to carefully control the processing
conditions to avoid the formation of detrimental precipitates, such
as chromium-rich carbides, which can deplete chromium from the
matrix, leading to significantly reduced corrosion resistance.

3.2 Boriding. Boriding, or boronizing, is used to increase
hardness, wear resistance, and corrosion resistance of metals
[19,50]. Boriding surface treatment offers several advantages over
other conventional case-hardening methods. It can be applied to
a wide range of steel materials. Unlike carburizing, nitriding,
or chromizing. A borided layer can achieve extremely high hardness
values, reaching up to approximately 3300 HV [19]. The
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Fig. 4 Cross section of borided AISI M2 steel showing a bilayer

composed of FeB and Fe,B formed at 1050 °C for 6 h. Repro-
duced from Ref. [52]. Copyright 2011 by Springer Nature.

exceptional hardness of borided surfaces results in their high wear
resistance. Unlike carburizing and nitriding, boriding requires
higher processing temperatures, which can be in the range of
800-1000 °C [19]. The borided layer could be either a single-
phased Fe,B or double-phased Fe,B and FeB [19,51,52], as
shown in Fig. 4 [52] and up to 250 um thick [19]. Ferrous metals
can be borided by several methods, such as powder-pack cementa-
tion [19,53,54], paste [55], plasma [19], or fluidized-bed boriding
[19].

Literature on tribological and tribocorrosion characterization of
borided steel materials is summarized in Table 2. Most studies
have focused on tribological characterization of borided steel mate-
rials made by powder-pack boriding because this technique is the
most widely used in the industry [19]. Several studies found that
increasing process time and temperature improved the tribological
performance. Tribological characterization of borided AISI H13
tool steel at process temperatures of 800-1000 °C for 2-6h
showed that increasing process temperature and time increased the
hardness of the borided layer, thereby improving wear resistance
[56]. Higher temperatures led to the formation of a harder FeB
phase, in addition to the Fe,B phase that formed in all process con-
ditions, contributing to increased overall hardness and wear
resistance.

Similar trends were found with a micro-abrasion wear testing of
borided H13 tool steel, revealing that abrasive wear resistance
increased with process temperature from 578 to 634 °C owing to
increased hardness and thickness of the borided layer [57].

A positive correlation between wear resistance and the thickness
of the borided layer was also found in borided D2 tool steel [58].
Increasing process temperature from 900 to 1000 °C for 3, 5, and
7 h resulted in a thicker borided layer and, on average, higher hard-
ness. A thicker borided layer at longer process times and higher
temperatures improved wear resistance: the 1000 °C sample exhib-
ited polishing wear owing to a lower FeB/Fe,B phase ratio, whereas
the 900 °C sample showed delamination wear. However, the fric-
tion remained unaffected by processing conditions but was signifi-
cantly lower than in the untreated D2 sample. Positive effects of
increasing process temperatures and times on case depth and hard-
ness were also observed in borided SAE 1020 low-carbon steel, as
shown in Fig. 5 [54].

Other studies showed contradicting trends among wear perfor-
mance, process temperature, and time. The study of borided high-
manganese steel, processed at 850, 900, and 950 °C for 2, 4, and
6 h, showed that the thickness of the borided layer appreciably
increased with process time and temperature [6]. However, the
wear testing did not reveal any notable trends in the wear behavior
and hardness with respect to the process temperature and time.

Journal of Tribology

Although all borided samples contained FeB and Fe,B phases,
their purity and morphology could have varied across the process
parameters: a high content of manganese could have affected the
wear resistance and hardness. In another study, tribological charac-
terization of borided AISI 316L stainless steel showed varying
trends between wear performance and process temperatures of
850, 950, and 1050 °C for 2, 4, and 6 h [59]. Although the process
temperatures of 950 and 1050 °C significantly increased the thick-
ness of the borided layer, the wear performance was inconsistent.

Boriding surface treatment has also been applied to cutting tools
used in biomass comminution equipment [15]. The knife mill test
demonstrated that wear on borided D2 tool steel knives was
reduced by one-third compared with the untreated baseline tool
steel blades. The borided knives experienced abrasion from the
cutting action of biomass as well as erosion from impact with inor-
ganic particles. In biomass comminution using a shredder, borided
D2 cutters showed a tenfold lower wear rate compared to untreated
D2 cutters [60].

Tribological behavior of borided steel materials prepared with
methods other than powder-pack boriding has also been studied.
Nora et al. [5] compared wear and friction of borided AISI 4130
low-carbon steel prepared using three methods: powder-pack borid-
ing, nitrocarburizing, and a combination of powder-pack boriding
with nitrocarburizing. The wear testing showed that the powder-
pack boriding alone resulted in the highest hardness and wear resis-
tance and lowest friction among the examined surface treatment
techniques. The presence of nitrogen and carbon in the nitrocarbur-
izing process reduced the thickness of the borided layer and
decreased the hardness, leading to worse wear performance.

Another study characterized the wear and friction of 31CrMoV9
and H13 tool steels made by paste boriding at 900 °C for 4 h and
950 °C for 6 h, respectively [55]. The wear and friction perfor-
mance of both borided steels was similar at RT but differed signifi-
cantly at high temperatures. At 500 °C, wear and friction increased
because the borided layer cracked. Wear increased by one order of
magnitude in H13 tool steel and two orders of magnitude in
31CtMoV9, where a lower FeB phase content caused tensile
thermal stress and promoted cracking. By contrast, the higher
FeB content in H13 induced compressive stress, limiting crack
propagation.

Several studies investigated wear and friction characteristics of
borided metals in oil-lubricated conditions. Lubrication of powder-
pack borided AISI H13 tool steel with SAE 10W-40 engine oil
reduced the wear rate by 10-fold and friction by sevenfold com-
pared with the dry test [62]. Lubrication notably reduced the
surface damage, although microcracks and pitting were still
observed. In another study, borided 4140 medium-carbon, low-
alloy steel lubricated with the synthetic engine oil FE SW-30 exhib-
ited a 10-fold increase in the wear resistance and a fivefold reduc-
tion in friction compared with the dry sliding conditions [63].
This study also investigated the effect of heat treatment by compar-
ing samples treated by boriding with samples treated by a combina-
tion of boriding and heat treatment. The additional heat-treating of
the borided samples reduces the wear rate under lubricated condi-
tions because surface pores form and absorb the lubricant and
enhance lubrication. Greco et al. [61] investigated AISI 9310 gear
steel treated with different methods: case carburizing, electrochem-
ical boriding, and borocarburizing tested with a synthetic poly alpha
olphaline oil and a synthetic gear oil with 1.0 wt% nanocolloidal
BN particles. Electrochemical boriding and borocarburizing signif-
icantly increased the hardness and wear resistance of 9310 gear steel
compared with carburizing, and nanocolloidal BN in gear oil
formed a protective tribofilm, further enhancing tribological
performance.

Only a few studies investigated the tribocorrosion behavior of
borided steel materials. Tribological testing of powder-pack
borided AISI 4140 steel in 3.5% NaCl demonstrated a reduction
in total material loss compared with untreated steel [64]. Tribotest-
ing resulted in the formation of an H3;BOj; film on the borided
surface, contributing to lower wear and friction. Powder-pack
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Table 2 Summary of the literature on tribological and tribocorrosion studies of borided steels

Steel material Case-hardening conditions Hardness Wear test method Observations Ref.
AISI H13 Powder: 800, 900, 1930- Ball-on-disc Microcrack-induced plastic deformation during  [56]
and 1000 °C, 2, 4, and 6 h 2600 HV Counter-body: WC-Co, the 500 °C wear test. Oxidation and microcrack
RT and 500 °C formation during RT wear tests.
AISI H13 Powder: 800, 900, 1000- Ball micro-abrasion test Higher boriding temperature increased the [57]
and 1000 °C, 6 h 2000 HV Counter-body: AISI 52100  thickness of the borided layer, which resulted
in a higher wear resistance.
AISI D2 Powder: 900, 1000 °C, 3, 5, 1000~ Ball-on-flat, counter-body: ~Higher boriding temperature — higher [58]
and 7 h 2300 HV Al,O3 thickness, higher K
AISI 316L Powder: 850, 950, 300- Ball-on-disc Lower boriding temperatures (850 °C) required  [59]
and 1050 °C, 2, 4, and 6 h 1700 HV Counter-body: Al,O3 longer exposure (6 h) to reduce wear, while
higher temperatures (1050 °C) achieved better
tribological performance at shorter exposures
(2-4 h), as prolonged exposure (6 h) reduced
mechanical resistance.
High-manganese Powder pack: 850, 900, and 1100~ Ball-on-flat Counter-body: The process time and temperature increased the  [6]
steel 950 °C for 2, 4, and 6 h 1800 HV WC-Co, RT and 800 °C thickness of the borided layer. Lower wear was
achieved with higher process temperature. No
correlation between the process parameters and
friction.
AISI D2 Powder pack: N/A 1569 HV Knife mill Counter-body: ~ Borided D2 tool steel blades had 3 x higher [15]
woody biomass wear resistance than untreated M2 tool steel
blades. Abrasive and erosive wear.
AISI D2 Powder pack: N/A 1411 HV Shredder Counter-body: Borided D2 tool steel cutters had 10 x higher [60]
corn stover wear resistance than untreated D2 tool steel
cutters. Abrasive and erosive wear.
31CrMoV9 and Paste boriding 900 °C, 2000 HV Ball-on-disc Wear resistance decreased at 950 °C process [55]
H13 4h950°C,6h 2185 HV Counter-body: Al,O3 temperature due to cracking at the contact
region.
AISI 4130 Powder: 660 °C, 5, 8 h 2030 HV Ball-on-disc Boriding reduced COF, wear, and corrosion [5]
Nitrocarburing + boriding: 2340 HV Counter-body: Al,05 compared to nitrocarburised and duplex
660 °C, 5,8 h treatment of boronitrocarburised steels 5 and
8 h process times produced thicker boride
layers and induced formation of superhard
phases such as FeB, Fe2B, CrB, MnB, and
MnB2, resulting in high hardness and low COF
AISI 9310 Electrochemical: 510 °C, 1 h, 1500- Ball-on-flat and Borided surface was significantly more wear [61]
and powder carburized + 2000 HV cylinder-on-flat resistant than the carburized. Boron nitride
electrochemical boriding Counter-body: AISI 52100 additives in a gear oil chemically reacted with
QOil (PAO) the borided surface to form a wear protective
tribofilm.
AISI H13 Powder pack: 950 °C, 6 h 22.5 GPa Ball-on-flat, Smearing and pitting wear. Boriding had no [62]
Counter-body: Al,0; Dry  effect on friction.
and oil (SAE 10W-40)
AISI 4140 Powder: 900 °C, 1 h + heat B 17.2 GPaB Ball-on-flat, Wear mechanisms were cracking, grooving, [63]
treating +HT Counter-body: engine oil  pitting, plastic deformation, and flaking.
15.3 GPa (FE 5W-30) Boriding and heat treating resulted in better
absorption of fluids
AISI 4140 Powder 19 GPa Pin-on-disc Counter-body: Formation of a boric acid film on borided [64]*
Al,O3 Solution: 3.5% surfaces, contributing to a lower friction
NaCl Formation of HsBOs reduced wear in the
borided steel, while the unborided specimen
experienced increased wear due to iron
hydroxide formation.
AISI 316L Powder: 1000 °C, 4 h 20 GPa Ball-on-flat Counter-body:  Powder pack borided AISI 316 tested in [65]*

Al,O3 Hanks solution

Hank’s solution had 1.5 times lower wear than
the untreated steel [campos-silva]. Untreated
steel experiences accelerated wear after the
passive film is removed. In the triborrosion
testing.

“Tribocorrosion studies.

borided AISI 316 tested in Hank’s solution had 1.5x less wear than
the untreated steel [65]. Untreated steel experienced wear-
accelerated corrosion and significant wear after the passive film
was removed in the tribocorrosion testing. However, the treated
steel was more sensitive to the synergistic effects of wear and cor-
rosion, whereas wear remained the dominant factor in the untreated
steel. This increased sensitivity may be due to boride particles
detaching, acting as third bodies and further inducing abrasive
wear and increasing the corrosion process.

000800-6 / Vol. XX, XX 2025

Although the boriding treatment positively influences hardness,
wear resistance, and tribocorrosion behavior, the high-temperature
process can negatively impact the bulk properties of steel alloys.
Boron precipitation in combination with elevated temperatures
can lead to phase transformation and grain coarsening [66,67].
High-temperature boriding can also lead to the development of
residual stresses in the adjacent substrate area [68].

These review studies demonstrate that the tribological and tribo-
corrosion performance of steel materials can be significantly
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Fig. 5
from Ref. [54] (modified). Copyright 2019 by Elsevier.

enhanced by boriding surface treatment. The wear resistance and
hardness seem to increase with the thickness of the borided layer
in tool steels. In other types of steel materials, the relationship
between the wear resistance, hardness, and thickness of the
borided layer varied. The FeB and Fe,B phases play a role in the
hardness as well as the wear and tribocorrosion resistance. Zimmer-
man [19] pointed out that the formation of a dual FeB and Fe,B
phase is not desirable, and a single Fe,B phase could provide
enhanced wear resistance. The outermost FeB phase is harder and
more brittle than the Fe,B phase. Mismatch in hardness and stress
state can lead to the formation of cracks, reduce the integrity of
the borided layer, and essentially impair the wear, although the
dual phase has not been found to enhance synergistic effects
between wear and corrosion during tribocorrosion tests [65]. Subse-
quent vacuum or salt-bath treatment and conventional heat treat-
ment can mitigate these issues by minimizing the FeB phase in a
double-phase boride layer. Oil lubrication improves the wear and
friction of the borided steel materials; however, the literature
lacks studies on the chemical compatibility of the borided layer
with oil lubricants and the mechanics of formation of a protective
tribofilm. Further research could expand the application of boriding
surface treatment of steel materials in applications with oil-
lubricated sliding contact.

3.3 Nitriding. In the nitriding process, nitrogen is diffused
into the surface of metals to create a hard, wear-resistant, and
corrosion-resistant surface layer [16,21,69]. The advantage of the
nitriding process is that it requires low temperatures, up to 600 °C
[36], which is much lower than in boronizing, carburizing, or chro-
mizing methods and which eliminates the need for subsequent
quenching. The lower process temperature is below the austenitiz-
ing temperature, which minimizes grain coarsening of the substrate
to preserve the bulk properties. The hardness of the nitride layer can
reach up to approximately 1700 HV [1], which is higher than the
hardness of the carburized layer but lower than that of the
borided and chromized layers. The nitriding surface treatment is
typically used for high-alloy ferrous materials. Alloying elements
such as molybdenum, aluminum, vanadium, or chromium are
needed to promote nitriding by forming nitrides to enable high hard-
ness and wear resistance; therefore, low-alloy steels are less suitable
for nitriding [16]. The nitriding process forms a diffusion zone com-
posed of nitrides along with a thinner compound layer containing &
and y’ iron nitride phases [16,36,66], as shown in Fig. 6 [66]. This
zone can be up to 25 um thick [36]. Nitriding surface treatment can
be accomplished by gas, plasma, or salt-bath-nitriding processes.
Among those, gas nitriding is the preferred process because of its
precision, throughput, and relatively low cost.
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Fig. 6 A compound nitrided layer composed of £ and y’ formed
by nitriding at 550 °C for 5 h on an iron specimen. Reproduced
from Ref. [66] (modified). Copyright 2003 by Elsevier.

The reviewed studies, summarized in Table 3, explored the effect
of nitriding temperature, time, and sources on the tribological per-
formance of stainless steels, tool steels, and low-alloy steel prepared
by plasma nitriding. Several studies showed that increasing nitrid-
ing time increases the depth of the nitriding layer, thereby increas-
ing the hardness. AISI 4140 steel treated with plasma and
pulse-plasma nitriding with 17 and 28 h process times developed
a deeper nitride layer with the longer (28 h) duration in both
methods [67]. The depth of the layer and nitrogen concentration
positively affected the hardness; however, the higher hardness neg-
atively affected the wear resistance. At higher contact loads, the
hard and thick nitrided layer experienced a brittle failure, which
generated hard abrasive particles during sliding and led to decreased
wear resistance. A similar observation was made during plasma-
nitriding of AISI H13 tool steel, where a thicker nitride layer
formed because of a longer nitriding time, exhibiting lower wear
resistance and higher hardness than a thinner layer achieved with
shorter process time [72]. However, contradicting trends were
observed in ion and plasma nitriding of AISI H13 steel at varying
process times [73]. The study revealed an increase in hardness
and a decrease in wear rate and friction with increasing nitriding
time, as shown in Fig. 7 [73]. The improvement in the hardness
and tribological behavior was attributed to the formation of hard
FeyN, FesN, and CrN phases for a 12-h process time, whereas 3-
and 6-h process times produce only the a-Fe phase. The study
also showed that the ion plasma-nitriding process had more positive
effects on the tribological performance compared with the neutral
plasma nitriding, owing to reduced surface roughness.

The role of nitriding temperature on tribological performance
was also investigated in several studies. Plasma-nitriding treatment
of AISI H11 and AISI M7 tool steels conducted at 450 and 520 °C
showed that wear rate and friction both decreased with a higher
process temperature [75]. By contrast, a study on plasma nitriding
of M50 tool steel found inconsistent trends between the nitriding
temperature, which ranges from 450 to 540 °C, and the tribological
performance [70]. The optimal combination of hardness, wear
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Table 3 Summary of the literature on tribological and tribocorrosion studies of nitrided steels

Steel material Case-hardening conditions Hardness Wear test method Observations Ref.

M50 Plasma: 480-540 °C, 8 h 1200 HV Pin-on-disc Counter-body: 500 °C process temp. results in optimum [70]
WC-Co hardness and wear Temperature affected the

formation of surface nitrides and carbide
precipitation.

AISI 316L Plasma: 550 °C, 1 h 960 HV Ball-on-disc Counter-body: Adhesive and oxidation wear [71]
AISI 52100

AISI 4140 Plasma: 540 °C, 17 and 28 h 940 HV Pin-on-disc AISI 52100 Higher nitrogen content produced a thicker  [67]

case layer

AISI 4140 Plasma and pulse plasma: 970 HV Pin-on-disc Counter-body: Pulsed plasma treatment produced a thicker  [67]

540 °C, 17 and 28 h AISI 02 case layer and higher hardness due to higher
nitrogen content. Longer process times
resulted in lower wear resistance due to a
very hard layer.
AISI H13 Plasma: 530 and 550 °C, 4, 16, 1300 HV Disc-on-flat Counter-body: N/A ~ Thicker nitride layer with longer process [72]
49, and 100 h times. Higher wear rate with thicker layers
due to spalling. Adhesive and abrasive wear.
AIST HI13 Plasma: 500 °C, 1.5-6 h 1400 HV Ball-on-disc Counter-body: Layer thickness increased with process time. [73]
Neutral nitriding: 500 °C, 1400 HV Sui2 Wear rate decreased with process time. A
3-12h lower wear rate was achieved with the
plasma method.

AISI 304L Plasma: 375-475 °C, 0.6-16 h  3-20 GPa Pin-on-disc Counter-body: Hardness increases with process time, [74]
ruby, 100Cr6, PTFE, temperature, higher pulse duration/pulse
aluminum, stainless steel pause ratio.

AISI H11 and Plasma nitriding: 450-520 °C, N/A Rolling and pin-on-disc Lower wear and friction versus untreated [75]

AISI M7 2h Counter-body: AISI 52100 steel.

Nitralloy 135M  Gas: 985 °C, 6 h 1300 HV Cone-three-cylinder test The wear is linear at medium loads but [21]
Counter-body: N/A increases rapidly at higher loads.

304 Salt bath 5150 N/ Ball-on-disc Counter-body: Higher wear resistance due to the lower [76]

mm? ZrO, base oil surface energy of the nitrided surface layer.

UNS S32750 Plasma: 300, 350, and 400 °C, 13 GPa Ball-on-flat Counter-body: Process temperature increased N content, [771*

super duplex 4h Si3Ny Solution: 0.5 M NaCl which resulted in the improvement of the

stainless steel tribocorrosion resistance.

AIST 316L and  Plasma: 450 °C, 10 h 1300 HV Ball-on-flat Counter-body: Thicker, harder S-phase in duplex stainless [78]1*

2205 duplex 1500 HV AL, O3 Solution: 3.5% NaCl steel improves depassivation resistance and

stainless steel reduces material loss but may accelerate loss

under high loads due to galvanic coupling.

316L Plasma: 415 °C, 15h 1200 HV Ball-on-flat Counter-body: Poor tribocorrosion performance due to [45]1*
Al,O5 Solution: 0.5 M H,SO,  metal dissolution in the H,SO,4 environment.

AISI 1020 mild ~ Plasma: 550 °C, 5 h 760 HV Ball-on-flat Counter-b*ody: Formation of a e-FesN ~87% wear reduction  [79]*

steel Al,O3 1.0 wt% NaCl under anodic conditions

AISI P20 plastic  Nitrocarburized, gas-nitrided, =~ 895 HV Ball-on-flat Counter-body: Plasma-nitrided and -nitrocarburized samples  [80]"

mould steel and salt bed nitrided: 560 °C, AL O3 Solution: 3.5 wt% NaCl  had a lower corrosion tendency under sliding

8 h Plasma: 520 °C, 8 h conditions due to denser layers.
“Tribocorrosion studies.

@) 30 1600 (b) 30 1600

—_ @ Specific wear rate ’é‘ B Specific wear rate

2 8 Surfice hardness 4 1400 z @ Surface hardness 1 1400

C =
”El.s - 112002 E15 ¢ 11200 2
- : 3 E
g 41 1000 & < 1 1000 &2
= % »
St ~800_§‘§1— -300
g

£ few & & {600 %

2 > :

05 | | a0 € 205 | { 400 %
2! @ 3 @

4 200 2. 1 200
1 :
0 0 0 0
Untreated 15h 3h 6h Untreated 3h 6h 12h
Ion nitriding Neutral nitriding

Fig.7 Wear rate and hardness of AISI H13 tool steel nitrided at 500 °C as a function of process time using (a) ion (plasma) and
(b) neutral (gas) nitriding methods. Reproduced from Ref. [73]. Copyright 2019 by Elsevier.
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resistance, and friction performance was achieved with a 500 °C
nitriding temperature in which stable MC and MyC precipitates
were formed.

Effects of plasma nitriding on the subsequent physical vapor
deposition nitride coatings were also explored. Podgornik et al.
[67] investigated the tribological performance of AISI 4140 pre-
treated with plasma nitriding and coated with TiN, TiAIN, and
ta-C. The study showed that nitriding improved the adhesion of
the physical vapor deposition coating to the substrate, leading to
improved tribological performance. Similar positive effects of
plasma nitriding have been shown in AISI 316L steel coated with
CrWAITIN [71]. The duplex treatment resulted in higher wear resis-
tance and hardness than the coated steel without nitriding. The main
wear mechanism of the duplex-treated AISI 316L was oxidative.

Methods other than plasma nitriding were also reviewed. A study
on the salt-bath nitriding of 304 steel demonstrated that the
improvement in the wear and friction performance compared with
the untreated base in oil-lubricated conditions is due to smaller
surface energy and larger contact angle of the nitride layer, which
inhibits the removal of abrasive particles from the sliding surface
[76]. Gas nitriding of nitralloy 135M steel showed that the wear
is linear at a mild load, but when the contact pressure exceeds
200 MPa, the wear increases rapidly [21].

Most of the studies on tribocorrosion characterization focused
on stainless steels. Haruman et al. [78] reported enhanced tribocor-
rosion resistance of 316L stainless steel and duplex stainless steel
in NaCl solution compared with untreated 316L stainless steel and
untreated duplex stainless steel, respectively. The thicker and
harder S-phase layer on the treated duplex stainless steel exhibited
superior resistance to depassivation and lower material loss than
treated 316L stainless steel. Notably, when the substrate was
exposed to a higher applied load, the treated layer established a
galvanic coupling with the substrate and experienced rapid mate-
rial loss, as observed in 316L stainless steel. Sun and Bailey
[45] conducted a comparative study on the tribocorrosion behavior
of low-temperature nitrided and carburized 316L stainless steel in
0.5 M H,SOy solution. In dry sliding wear tests, the nitride layer
provided superior wear resistance owing to its higher hardness, but
in tribocorrosion tests under open circuit potential conditions, the
carburized layer improved 316L stainless steel resistance by 40%,
while the nitrided layer performed worse than untreated steel. The
poor tribocorrosion of the nitrided 316L stainless steel was due to
metal dissolution. The study concluded that low-temperature
nitriding is not suitable for H,SO,4 environments. Possoli et al.
[77] investigated tribocorrosion performance, particularly the
repassivation behavior, of low-temperature plasma-nitrided super
duplex stainless steel in 0.5 M NaCl solution and pointed out
that higher nitrogen content can enhance both the repassivation
ability and the load-bearing capacity, leading to higher tribocorro-
sion resistance.

Tribocorrosion of other steel types was also investigated. A study
on tribocorrosion of a plasma-nitrided AISI 1020 mild steel in NaCl
solution showed that a nitrided layer containing e-FesN enhances
the tribocorrosion resistance owing to its high wear resistance and
ability to reduce metal dissolution, thereby reducing total material
removal by about 87% under anodic conditions [79]. The study
emphasized that effective resistance to tribocorrosion depends on
preventing localized surface damage because sliding in NaCl solu-
tion can lead to accelerated pitting corrosion and increased material
loss. Boztepe et al. [80] investigated the influence of different
nitrided and nitrocarburized treatments on the corrosion and tribo-
corrosion of AISI P20 plastic mold steel. Testing with a 3.5 wt%
NaCl solution showed that plasma-nitrided samples treated at
520 °C for 8 h and nitrocarburized samples treated at 560 °C h
exhibited lower tribocorrosion than gas-nitrided and fluidized bed-
nitrided samples because they had a denser and more compact layer.

The passivation mechanisms of the nitride layer of AISI 316L
and 304L stainless steels were investigated in Ref. [81]. High nitro-
gen concentrations in the nitride layer were found to negatively
affect the corrosion resistance due to the formation of chromium
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nitride (CrN) precipitates. In contrast, lower nitrogen concentrations
improved the passivation behavior. This was attributed to an initial
increase in anodic dissolution, which accelerated the formation of
corrosion products that subsequently precipitated and contributed
to the development of a passive film. Additionally, the accumula-
tion of nitrides, such as CrN, on the corroded surface was found
to further enhance passivation.

The reviewed studies suggest that the tribological performance of
the nitrided ferrous alloys is strongly influenced by the thickness
and hardness of the nitrided layer. Although higher hardness and
thickness of the layer may seem to improve the wear resistance,
an overly thick and hard nitrided layer could be a disadvantage.
Higher contact loads could lead to brittle failure and spalling of
the nitride layer, thereby reducing the wear resistance. This effect
could be more notable in erosive wear, in which fracture toughness
plays an important role. Karamis suggested that a thinner and more
ductile layer composed of y'-Fe,N phase can be more beneficial
than a thicker e-Fe, 3N or y-FeyN compound in achieving
optimal wear resistance [72,82]. The tribological characterization
of nitrided ferrous alloys also showed that the wear mechanisms
are mainly abrasive, oxidative, and adhesive. The thickness and
hardness of the nitride layer also affect tribocorrosion resistance,
particularly when mechanical wear is the dominant factor in mate-
rial loss. Similar to carburizing, nitriding was also reported in some
case studies to improve the tribocorrosion resistance of steels. As
observed in stainless steel system [81], high nitrogen concentrations
may negatively affect corrosion resistance due to the formation of
precipitates. In contrast, lower nitrogen levels enhance passivation
by promoting anodic dissolution, facilitating the formation of corro-
sion products, and enhancing the accumulation of nitrides that con-
tribute to passive film development.

3.4 Nitrocarburizing. In the nitrocarburizing process, carbon
and nitrogen are simultaneously diffused into the surface of metals
to enhance their hardness as well as wear and corrosion resistance
[21,83]. This technique can be applied to a wide range of ferrous
materials, including low-carbon steels, low-alloy steels, tool
steels, stainless steels, and cast iron. Similarly to the nitriding
process, nitrocarburizing does not require subsequent quenching
because of its lower process temperatures up to 600 °C [83].
Lower process temperatures have less impact on the bulk micro-
structure and consequently preserve the bulk properties. The nitro-
carburizing process results in the formation of a diffusion zone,
which consists of nitrides and carbonitrides, and a compound
layer, which consists of e-FeoN;_. and y-FeyN;_, iron nitride
phases and is affected by the process parameters, as shown in
Fig. 8 [84]. The nitrocarburized compound layer can be up to
25 pm thick [36] with a hardness of 700-1200 HV based on the
studies reviewed herein. Nitrocarburizing is typically carried out
in gas, salt bath, and plasma media.

The reviewed literature on nitrocarburized ferrous alloys, sum-
marized in Table 4, covers plasma, gas, and salt-bath processes as
well as different process temperatures and durations for tool
steels, low-alloy steels, stainless steels, and cast iron. The effect
of process temperature on the composition of the nitrocarburized
layer and its tribological behavior was demonstrated via plasma
nitrocarburization of AISI 4140 at 530, 570, and 630 °C [89].
The highest hardness and wear resistance and the lowest friction
were achieved with 570 °C process temperature, as shown in
Fig. 9 [89]. Further analysis showed that ¢ and y phases were
present in the compound layer at all process temperatures. Although
the thickest layer was produced at 630 °C, the highest amount of the
harder e phases was found in the layer produced at 570 °C. The
higher concentration of the harder phase was likely responsible
for the improved hardness and the tribological performance. The
effect of process temperature was also investigated in plasma nitro-
carburization of M50NiIL steel [85]. The amount of &-Fe, 5(N,C)
and y-FesaN(N,C) phases increased with process temperature
(460, 500, and 540 °C), thereby increasing the hardness of the

XX 2025, Vol. XX / 000800-9

1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240



1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310

Fig. 8 Micrographs of gas-nitrocarburized iron cross sections with process times (minutes) indicated in the
upper left corners and varying gas mixtures. (a) 10.08 m*h gas flow and 11.09% vol. content of HN; and
(b) 21.4 m3/h gas flow and 35.14% vol. content of NH;. Black arrows: y-Fe;N;_, phase; white arrows: £-Fe,N,_,
phase; gray arrows: cementite phase. Reproduced from Ref. [84]. Copyright 1969 by Springer Nature.

Table 4 Summary of the literature on tribological and tribocorrosion studies of nitrocarburized steels

Steel material Case-hardening conditions Hardness Wear test method Observations Ref.
MS50NiIL Plasma: 460-540 °C, 4 h 1287 HV  Pin-on-disc Counter-body  Hardness increased with temperature. Oxidative and  [85]
abrasive wear. Optimal wear performance at 500 °C.
DC53 Salt bath: 570 °C, 2, 4, and 6 h 1120 HV  Slurry-erosion test Erosion rate decreases with higher process time. [86]
Counter-body: SiC Max. erosion at 30 deg angle.
particles
AISTHI13 and  Salt baths: 580 °C, 4 h 1000 HV  Ball-on-disc AISI H13 had a deeper case than Cr—-Mo-V [87]
Cr-Mo-V Counter-body: Al,0O5 Treatment had no effect on friction but reduced
micro-ploughing and oxidation
316 Salt bath: 570-610 °C, 246 HV  Pin-on-disc Higher process time and temperature resulted in [88]
15:135 min Cyanate: 25-45% Counter-body: N/A increased thickness and hardness, and reduced wear.
Cyanide concentration and temperature are the most
significant parameters.
AISI 4140 Plasma: 530, 570, and 630 °C,5h 800 HV  Pin-on-disc 570 °C process temperature resulted in the highest ~ [89]
Voltage: 720, 800, and 850 V Counter-body: AISI hardness, wear resistance, and lowest friction due to
52100 the highest amount of harder e-Fe, 3 phases.
AISI 431 Plasma (electrolytic): 5-15 min 19 GPa Pin-on-disc Wear and friction decrease with increasing process  [90]
Voltage: 150-180 V Counter-body: SizNy4 time due to a denser layer. Adhesive wear and
spalling.
AISTHI1 Gas: 525°C,5.5h 1050 HV  Pin-on-disc Abrasive and oxidative wear. Oxide tribo-film [91]
Counter-body: WC-Co formed on the nitrocarburized surface.
HT250 gray Gas: 560 °C, 1.6 h 460 HV  Ball-on-disc Spalling wear and three-body abrasive wear. [92]
cast iron Counter-body: AISI
52100
AISI P20 Nitrocarburized, gas-nitrided, and 888 HV Ball-on-flat Plasma-nitrided and -nitrocarburized samples had a  [80]"
plastic mould  salt bed nitrided: 560 °C, 8 h Counter-body: Al,O5 lower corrosion tendency under sliding conditions
steel Plasma: 520 °C, 8 h Solution: 3.5 wt% NaCl due to denser layers.

“Tribocorrosion studies.
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Fig. 9 Wear rate and hardness of plasma-nitrocarburized AISI
4140 steel for different process temperatures: 530, 570, and
630 °C. Reproduced from Ref. [89]. Copyright 2010 by Elsevier.

nitrocarburized layer. The primary wear mode transitioned from
oxidative to abrasive with increasing sliding speeds.

The effect of nitrocarburizing duration has also been investigated.
Slurry-erosion testing on DCS53 tool steel nitrocarburized for 2, 4,
and 6 h showed that longer process times decreased the erosion
rate [86]. Longer process time also led to greater diffusion depth
of the nitrocarburized layer, which was associated with improved
abrasion resistance. The nitrocarburizing treatment also altered
the wear mode, changing it from adhesive to abrasive.

To better understand the combined effects of nitrocarburizing
process time, temperature, and solution on tribological behavior,
Jeyakymar et al. [88] applied Taguchi optimization experimental
design. In this study, 316 stainless steel was nitrocarburized using
the salt-bath method at temperatures of 570-610 °C, process
times of 115-135 min, and cyanate concentrations of 25-45%.
The study revealed that the diffusion depth and hardness are posi-
tively influenced by higher process temperatures and times. The
highest hardness and the highest wear resistance were achieved
with 35% of cyanide, 590 °C temperature, and 135-min process
time. The study also concluded that cyanide solution and tempera-
ture are the parameters that have the most significant effect on wear
performance.

The influence of base material composition on the nitrocarburiz-
ing process was studied on salt-bath-nitrocarburized AISI H13
hot-work tool steel and Cr-Mo-V cold-work steel [87]. The
hot-work steel had a deeper nitrocarburized layer than the cold-
work steel because of its higher concentration of vanadium. By con-
trast, higher chromium content in Cr—Mo-V cold-work steel inhib-
ited the diffusion process. However, the nitrocarburizing process
seemed to be more beneficial for Cr—-Mo-V cold-work steel
because the wear was reduced by 85%. The wear reduction in
AISI H13 steel was 55% compared with the untreated base.
Although the nitrocarburizing process reduced the micro-ploughing
and oxidative wear in both steel materials, friction performance was
not noticeably affected.

Other reviewed studies focused on characterizing the wear mech-
anism of nitrocarburized steels. Tribological characterization of
gas-nitrocarburized AISI H11 tool steel showed that the primary
wear modes are mild two-body abrasion and oxidative wear [91].
The study also reported the formation of tribofilm composed of
chromium- and vanadium-alloyed iron oxides. Tribological
testing of gas-nitrocarburized gray cast iron showed surface spalling
and three-body abrasive wear [92].

The reviewed literature on tribological characterization of nitro-
carburized ferrous alloys shows that surface treatment improves
hardness and wear resistance. Similar to other case-hardening
methods, the thickness of the nitrocarburized layer tends to increase
with increasing process time and temperature, thereby increasing
hardness. However, the tribological performance depends on the
combination of the process parameters, including the compound
composition, which needs to be optimized. Composition of the
base material can affect the diffusion process: vanadium promotes
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diffusion, whereas chromium tends to inhibit it. The composition
of the compound layer also affects the tribological behavior, and
a higher concentration of e-Fe, 3N phase can improve wear resis-
tance. The primary wear modes were identified as abrasive and oxi-
dative. Only a few studies investigated tribocorrosion of
nitrocarburized steels. Tribocorrosion of gas-nitrocarburized AISI
P20 plastic mold steel is discussed in Sec. 3.3 [80]. According to
the limited literature on tribocorrosion studies of nitrocarburized
steels, nitrocarburizing may have the potential to enhance tribocor-
rosion resistance because of its lower corrosion tendency and the
structure of the compound layer [80].

3.5 Carbonitriding. Carbonitriding is a similar process to
nitrocarburizing: it diffuses carbon and nitrogen to enhance hard-
ness as well as wear and corrosion resistance. However, carbonitrid-
ing uses a higher concentration of carbon [18]. Similar to the
carburizing process, carbonitriding is typically applied to low-
carbon and low-alloy ferrous metals to increase their hardness as
well as wear and corrosion resistance [18]. Adding nitrogen benefits
the material by improving hardness, wear resistance, and process
times compared with the carburizing process. Carbonitriding is
carried out in three media: gas, salt bath, and plasma [18]. The
process temperatures are typically up to 900 °C [1], which is
similar to carburizing temperatures but higher than nitriding and
nitrocarburizing temperatures. During the process, carbon diffuses
deeper into the surface because it has higher diffusivity than nitro-
gen and forms a carbon-rich case with martensite structure upon
quenching, as shown in Fig. 10 [93]. In some cases, a very thin com-
pound layer consisting of carbide and nitride phases can form
[90,94]. Carbonitrided diffused layers can be up to 750 ym deep
[95] and reach hardness up to 850 HV [36]. These values are
higher than those from carburizing but lower than those from bor-
iding and chromizing processes.

The reviewed studies shown in Table 5 covered tribological
characterization of carbonitrided stainless steels and high-carbon
low-alloy steels prepared by gas and plasma techniques. The influ-
ence of nitrogen concentration on the tribological behavior in the
carbonitrided process was demonstrated on AISI 52100 steel
[94]. Varying the addition rate of NH; gas in a range of
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Fig. 10 Optical image of cross-sectioned steel carbonitrided at
850 °C. Martensitic case is formed on the outermost surface by
introducing high concentrations of carbon and nitrogen. Repro-
duced with permission from Fastener Technology International
magazine, www.fastenertech.com [93].
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Table 5 Summary of the literature on tribological studies of carbonitrided steels

Steel material Case-hardening conditions Hardness Wear test method Observations Ref.
AISI 1020 and 5115  Gas: 860 °C, 3.5 h compared  1020: Ball-on-disc Carbonitriding had a better effect on [25]
to carburizing and boriding 750 HV Counter-body: borided  low-carbon—low-alloy 1020 steel than on alloy
5115: AISI 8640 5115 steel. Carbonitriding resulted in lower wear
830 HV and friction than carburizing but did not
outperform boriding treatment.
316LVM Plasma: 430 °C, 15h 13.3 GPa Ball-on-flat fretting test ~Carbonitriding reduced adhesive wear due to [96]
medical-grade Counter-body: AISI higher hardness compared to the untreated. Mild
stainless steel 440C abrasion.
AISI 52100 Gas: 835 °C, 210 min NH; 748 HV Pin-on-disc Highest level of nitrides 0.4-1/min NH; rate, [94]
addition rate: 0.28-1.2 I/min Counter-body: AISI which resulted in the highest wear resistance and
52100 hardness.
C45 Laser 822 HV Ball-on-disc Abrasive and adhesive wear. [97]
Counter-body: SiyNy
AISI 321 stainless Plasma: 350-650 W N/A Ball-on-disc Higher laser power increased layer thickness and ~ [98]

steel Counter-body: WC-Co
Ball-on-disc
Counter-body: Si3Ny

AISI 1045 Plasma Voltage: 260:300 V. 890 HV
Time: 2:10 min Carbamide:
10:20 wt%

AISI 431 Plasma (electrolytic): 5— 19 GPa
15 min Voltage: 150-180 V

MS50NiIL Carburizing, sequential 1200 HV

carburizing, and nitriding

Pin-on-disc
Counter-body: SizNy

Ball-on-disc
Counter-body: WC-Co

reduced wear.

Higher voltage, time, and carbamide [99]
concentration increased hardness Mixed

wear-rate trends.

Wear and friction decrease with increasing [90]
process time due to increased thickness and

density of the layer. Adhesive wear and spalling.
Nitriding after carburizing was shown to [100]
increase the hardness and wear resistance and

reduce friction compared with the carburizing
treatment.

0.28-1.20 L/min revealed that the volume fraction of retained
austinites increases with increasing NHj rate, and the highest
levels of (Cr,Fe),N;_, nitrides were found at an NH; addition rate
of 0.40 L/min. Because the best wear performance and hardness
were achieved at this rate, the nitride concentration was shown to
be the key factor. The carbonitriding process reduced the adhesive
and oxidative wear, which were the dominant modes in the
untreated AISI 52100 steel.

A study on plasma carbonitriding of AISI 321 steel investigated
the effects of process temperature on its tribological behavior [98].
Carbonitriding by varying the plasma power at temperatures from
390 to 690 °C showed that higher process temperatures enabled
by higher plasma power yield a thick, hard, carbonitrided layer,
essentially leading to better tribological performance. An amor-
phous carbon—nitrogen compound layer formed at process temper-
atures above 450 °C, improving the wear resistance. The lowest
wear and friction were achieved at the highest temperature of
690 °C.

Chongyang et al. [99] investigated the effect of plasma voltage,
treatment time, and concentration of carbamide and NH4Cl on the
tribological behavior of plasma-carbonitrided AISI 1045 steel.
The study showed that the thickness of the case layer is significantly
influenced by the plasma voltage and process time. The higher
plasma voltage (5 and 10 V) and longer treatment time (5 and
10 min) resulted in a thicker layer; however, the extremely thick
layer was shown to affect its quality. The highest hardness was
achieved with 20% carbamide, 5% NH4Cl, 280 V, and 10 min
process time, whereas the 2-min (shortest) process time resulted
in the lowest wear. A positive influence of voltage and time on
the hardness was also demonstrated in plasma electrolytic carboni-
triding of AISI 431 steel [90]. Increasing voltage from 150 to 180 V
and time from 5 to 15 min were shown to increase thickness and
improve the density of the diffused layer, resulting in higher hard-
ness. Increasing process time resulted in lower wear and friction, as
shown in Fig. 11 [90]. Although carbonitriding reduced oxidative
wear, adhesive wear with spalling of the layer was observed.

Selguk et al. [25] compared the tribological performance of car-
bonitrided AISI 1020 and 5115 steels with those of their carburized
and borided counterparts. The study concluded that the carbonitrid-
ing treatment is more beneficial to these low-carbon, low-alloy
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steels than the carburizing treatment. However, the borided treat-
ment resulted in the overall lowest wear and friction. Wear and fric-
tion were lower with carbonitriding treatment than with carburizing
but higher than with boriding treatment.

Other studies have simply focused on comparing the tribological
performance of carbonitrided steels with that of the untreated steels
and characterizing the wear mechanism. Tribological characteriza-
tion of plasma-carbonitrided 316 LVM medical-grade steel was
analyzed with a fretting test [96]. The primary wear mode of carbo-
nitrided 316 LVM was identified as mild abrasion, and the treatment
also helped to reduce adhesive wear compared with its untreated
counterpart. In laser-carbonitrided C45 steel, the primary wear
modes were abrasive and adhesive [97]. Zeng et al. [100] investi-
gated sequential carburizing and nitriding treatment on the tribolog-
ical behavior of MSONIL steel. Nitriding after carburizing was
shown to increase the hardness and wear resistance and reduce fric-
tion compared with the carburizing treatment. The improvement in
the wear resistance was attributed to the higher hardness. During
sliding, the carbonitride particles shrink, which prevents spalling
of the case layer.

These reviewed studies suggest that the hardness and tribological
performance of carbonitrided ferrous alloys can be improved by
higher process temperature and longer process time. Optimal tribo-
logical behavior can be achieved by controlling the quality of the
case layer by tuning the process parameters. Although only a few
studies investigated the influence of a thin compound layer, its pres-
ence and thickness improve wear resistance. Abrasive wear seems
to be the dominant wear mode of carbonitrided ferrous alloys.
The literature does not provide any relevant study on tribocorrosion
of carbonitrided steel.

3.6 Chromizing. Chromizing is typically applied to ferrous
alloys to enhance their resistance to corrosion and high-temperature
oxidation and to improve the hardness, wear, and adhesion resis-
tance [23,24]. The main advantage of chromizing over other case-
hardening methods is the enhancement of high-temperature perfor-
mance and corrosion resistance [23]. Chromizing can be applied to
a wide range of ferrous materials; however, the process is more ben-
eficial for low-carbon and low-alloy steels. Chromizing is carried
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Fig. 11 (a) Friction coefficient and (b) wear rate of plasma electrolytic carbonitrided AISI 431 for 5, 10, and 15 min at 160 V.

Reproduced from Ref. [90]. Copyright 2025 by Elsevier.

out at temperatures of 800-1300 °C [23]. The hardness of the chro-
mized layer can reach up to 1900 HV [27]. The chromized layer
typically consists of mixed M,3C¢, M;C3, and M;C phases [101-
103], and its thickness can be affected by the composition of the
substrate [23], as shown in Fig. 12 [27]. Chromizing steel materials
can be accomplished by powder-pack cementation [27,101,104],
gas chromizing [105], molten salt chromizing, or plasma chromiz-
ing diffusion techniques. Among these, gas chromizing produces
the most uniform layer, and powder-pack cementation is the most
affordable [23]. The downside of chromizing is that these process
methods are costlier than other case-hardening methods.

Literature on tribological and tribocorrosion characterization of
chromized steel materials is summarized in Table 6. Most research
has focused on the tribological behavior of chromized steels pre-
pared by conventional powder-pack cementation technique. In a
study investigating the effect of chromizing on the abrasive wear
of different steel materials, pack chromizing was applied to AISI
1095, AISI 52100, and A2, D2, and M2 tool steels [27], Fig. 12
[27], and Fig. 13 [27]. The study found that chromizing signifi-
cantly increased hardness in all steel materials, but only AISI
1095, 52100, and A2 steels showed notable wear resistance
improvements compared with untreated samples. The differences
in the wear performance were attributed to the steel composition:
the higher alloy content in D2 and M2 steels decreased chromium
diffusion and led to thinner, more porous chromized layers. The
effects of steel carbon content and process time were studied in
pack-chromized AISI 1020, AISI 1045, and AISI 1095 steels
using a scratch test [101]. The thickness of the chromized layer
was highest for AISI 1095 and lowest for AISI 1020 steel, suggest-
ing that the chromizing process is favorable for steel with high-
carbon content. In all three steel materials, the thickness of the chro-
mized layer increased with increasing cementation time. Critical
load measured by scratch test revealed that the scratch resistance
for ASI 1045 and 1095 steels improves with increasing layer thick-
ness, and the opposite trends were observed in AISI 1020 steel. The
reduced scratch resistance of the thicker chromized layers in AISI
1020 steel was attributed to a thinner (Cr,Fe),N;_, phase and
decreased adhesion of the (Cr,Fe),N;_, and (Cr,Fe),;C¢ phases
within the chromized layer.

Another study investigated the scratch resistance of chromized
AISI 1095 steel prepared by pack cementation as a function of
process time (1, 4, and 9 h) and temperature (850 and 900 °C)
[104]. The thickness of the chromized layer increased linearly
with chromization time for both temperatures, and the thickest
layer was achieved with 9 h at 900 °C. The scratch resistance was
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Fig. 12 Thickness and composition of cross-sectioned chro-
mized layers of various steel materials prepared by pack cemen-
tation at 980°C for 8 h analyzed with scanning electron
microscopy and energy dispersive spectroscopy elemental line
scans. (a) AISI 1095, (b) AISI 52100, (c) AlISI A2, (d) AISI D2, and
(e) AISI M2 steel materials. The size of the scale bar is 5um.
Reproduced from Ref. [27] (modified). Copyright 2023 by Sage
Publications.
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Table 6 Summary of the literature on tribological and tribocorrosion studies of chromized steels

Case-hardening

Steel material conditions Hardness Wear test method Observations Ref.
AISI 1095 Powder: 980 °C, 8 h 1880 HV ~ ASTM G174 loop abrasion test  Chromized 1095, 52100, and A2 had a thicker layer [27]
AISI 1851 HV  Counter-body: abrasive tape due to their lower alloy content, resulting in the highest
52100 1670 HV enhancement of hardness and wear resistance.
A2 1724 HV
D2 1546 HV
M2
AISI 1020 Powder: 900 °C, 1, 4, 19 GPa Scratch test Thickness and scratch resistance increase with carbon [101]
AISI 1045 and 9 h content and process time.
AISI 1095
AISI 1095 Powder: 850 and 900 °C, N/A Scratch test Thickness and scratch resistance increase with process  [104]
1,4,and 9 h time and temperature.
T10 Powder: 1000 °C, 24 h 590 HB Pin-on-disc Counter-body: Chromizing reduced the friction and wear of the T10  [106]
chromized 20CrMnTi and 20CrMnTi counter-body.
52100 Gas: 880 °C 17 GPa* Ball-on-flat Counter-body: Higher contact pressures enabled the formation of a [105]
52100 chromium oxide layer, which reduced the wear and
friction.
QT400 Powder: 1000 °C, 1 h ~19 GPa" Ball-on-disc Counter-body: Chromizing reduced the wear. Small difference [107]
316 stainless steel Dry and oil ~ between dry and oil-lubricated conditions.
C45 Powder 1430 HV  Cone-three-cylinder test Chromosiliconizing increased roughness and [108]*
chromosiliconized: Solution: sugar slurry hardness, with heat-treated layers enhancing wear
1000 °C, 6 h resistance. Higher loads caused frictional seizure.
C45 Powder: 1050-1150 °C Disk-on-plate Solution: salt Chromized improved tribocorrosion resistance in salt ~ [109]*

water

water compared to the untreated one

“Tribocorrosion studies.
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Fig. 13 Hardness and abrasive wear resistance of chromized and untreated: AISI 1095, AISI 52100, AISI A2, AISI
D2, and AISI M2 steel materials. Chromizing was carried out at 980 °C for 8 h. Reproduced from Ref. [27]. Copy-

right 2023 by Sage Publications.

positively correlated with the thickness of the chromized layer.
Similar to the findings from the previous study [101], the improved
scratch resistance was attributed to the thicker (Cr,Fe),N;_, phase
and higher adhesion of the phases within the chromized layer.

A study comparing the tribological behavior of chromized and
untreated T10 and 20CrMnTi steel friction pairs tested by
pin-on-disc sliding contact showed that chromizing increases
wear resistance and reduces friction [106].

The tribological behavior of chromized steel materials made by
the gas-chromizing technique was also investigated. A study on
the tribological behavior of chromized AISI 52100 steel showed
that the wear and friction decrease with increasing contact loads.
Higher contact pressures enable the formation of a Cr,O5 layer,
which provides a lubricated contact and essentially enhances tribo-
logical performance. The chromized layer consisted of an outermost
layer of Cr,;C; grains and an inner layer of coarse Fe;C grains [105].

000800-14 / Vol. XX, XX 2025

Any relevant reviewed literature on tribocorrosion of chromized
steels examined medium-carbon C45 steel; however, the studies did
not provide a mechanistic explanation. Tribological testing of case-
chromized C45 steel in salt water showed better tribocorrosion
resistance than the untreated one [109]. Another study compared
the tribological performance of heat-treated and non-heat-treated
case-chromosiliconized C45 steel. Chromosiliconized layers
improved wear resistance in a sugar slurry environment. At
higher contact loads, wear exceeded layer thickness, causing fric-
tional seizure [108].

The high-temperature chromizing treatment can alter the mor-
phology and properties of the steel material near the chromized
layer [118,119]. High-temperature chromizing was shown to
reduce the bulk hardness of the M300 maraging steel due to grain
coarsening [110]. Grain coarsening can be prevented by reducing
the process temperature, which could reduce the thickness of the
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Table 7 Summary of the literature on microstructure and properties of case-hardened steels reviewed in this article

Case-hardening

method Carburizing Boriding Nitriding Nitrocarburizing Carbonitriding Chromizing
Layer Carbon-rich Fe,B or Fe,B/ ¢ and ¢/ iron nitride ¢ and ¥’ iron nitride  Martensitic or M»3C¢ M,C5
microstructure martensite with FeB [36] [36] bainitic with [101-103]
retained austenite, [19,28,50] nitrides and
bainite, pearlite, or carbides [90,94]
ferrite [35]
Compound layer - 50-250 [19] 10-25 [36] 10-25 [36] - 15-125 [23]
thickness (um)
Diffused zone 50-1500 [36] <250 [19] 75-750 [21,26] <200 [26] 75-750 [95] <150 [102,107]
thickness (um)
Hardness (HV) 650-970 [18] 700-3370 [19] 890-1700 [1] 700-1200 (this <850 [1] 14001900 (this review)

Process
temperature (°)

880-1050 [36] 800-1000 [19]  500-580 [36]

review)

495-775 [36,112] 775-900 [95] 8001300 [23]
Medium- and
high-carbon steels,
alloy steels [1]

Low-carbon-bearing
steels [112]

Low-carbon alloy
steels, stainless
steels [1,95]

Applicable steels  Low carbon 0.1- Alloy steel, Medium carbon,
0.25% Low-carbon tool steel, and  AISI low- and
alloy-bearing steels ~ Co and Ni high-alloy steels
[1] alloys containing Al, Cr, V,

[19,112] and Mo, stainless

steels [112]

chromized layer. However, Wang et al. [111] showed that refining
the grains in the surface layer of low-carbon steel promoted diffu-
sion of chromium.

Although the literature provides limited studies on the tribologi-
cal and tribocorrosion behavior of chromized steels, existing
research has demonstrated that chromizing enhances their wear
and tribocorrosion resistance. The thickness and quality of the chro-
mized layer can be influenced by the process parameters and com-
position of the base metal. In general, low-carbon content of the
base metal tends to produce thicker chromized layers [23];
however, Lee and Duh [101] reported contradicting results in
which chromizing of high-carbon 1095 steel resulted in a thicker
layer than in low-carbon 1020 steel. By contrast, higher carbon
content favors the formation of Cr3C,, which enhances the hardness
and wear resistance. Nevertheless, the reviewed studies showed that
longer chromizing durations and higher temperatures yield thicker
layers, which improved the wear resistance. High-alloy steels
such as tool steels form thinner layers because alloying elements
such as chromium, molybdenum, and tungsten tend to slow the dif-
fusion. As a result, high-alloy steels with high hardness and wear
resistance may not benefit from chromizing to such an extent as
carbon steels.

4 Comparison of Case-Hardening Methods

A comparison of microstructure, layer thickness, hardness,
process temperature, tribological and tribocorrosion performance,
and applicable steel materials of the reviewed case-hardening
methods is summarized in Table 7. As shown in this review,
these properties and performance depend on the process parameters
and steel composition, but a general comparison can be made. Hard
compound layers are formed with boriding, nitriding, nitrocarburiz-
ing, and chromizing surface treatments. Although carburizing and
carbonitriding typically form only a diffused layer, carbonitriding
can also produce a very thin compound layer. Nitrided and carboni-
trided compound layers are much thinner than the borided and chro-
mized layers. The presence of compound layers increases the
hardness. Boriding provides the highest hardness among all the
case-hardening methods reviewed. Carburizing and carbonitriding
result in the lowest hardness, but they achieve the deepest case
depth. Most of the reviewed literature demonstrates that the increase
in the hardness and thickness of the case-hardened layer can
improve wear resistance. These results suggest that boriding, nitrid-
ing, nitrocarburizing, and chromizing should provide superior wear
performance compared with carburizing and carbonitriding
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methods. To determine the relative wear performance of the case-
hardening methods, they need to be compared directly. However,
only a few studies have directly compared different case-hardening
methods. A study comparing boriding, carburizing, and carbonitrid-
ing of AISI 1020 and 5110 demonstrated that boriding resulted in
the highest hardness, thereby achieving the lowest wear and fric-
tion. By contrast, the softest carburized steel achieved the highest
wear and friction [25]. Boriding surface treatment also outper-
formed nitrocarburizing treatment on AISI 4130 [5]. In a study
examining M5ONIL steel, nitriding after carburizing resulted in
higher wear resistance and lower friction compared with carburizing
alone [100].

Carburizing and nitriding are two commonly applied methods to
enhance the tribocorrosion resistance of steel. Like tribological
performance, the tribocorrosion performance of case-hardening
methods needs to be directly compared for evaluation. A compar-
ative study was conducted on the tribocorrosion behavior of low-
temperature nitrided and carburized 316L stainless steel in 0.5 M
H,S0O, solution [45]. In dry sliding wear tests, both treated steels
showed higher wear resistance and effectively reduced adhesive
wear compared with untreated steel. Specifically, the nitrided
layer, despite being thinner, outperformed the carburized layer
because of its higher hardness. However, in tribocorrosion
testing under open circuit potential conditions, the carburized
layer improved the tribocorrosion resistance of 316L stainless
steel by 40% by providing high resistance to mechanical wear
and great passivity against corrosion. By contrast, the nitrided
layer exhibited worse performance than the untreated steel
because of the combined effects of metal dissolution and mechan-
ical wear. This result suggests that low-temperature nitriding is not
suitable for increasing the tribocorrosion resistance of 316 stain-
less steel in H,SO, environments. The passivation mechanisms
of carburizing and nitriding, as observed in stainless steel
systems [47,81], show some distinct behaviors. A high-carbon
concentration in the carburized layer slows passive film growth
compared with the untreated layer. However, the passive film con-
tinues to improve over time, reducing corrosion and minimizing
the risk of galvanic coupling under tribocorrosion conditions.
On the other hand, high nitrogen concentrations may negatively
affect corrosion resistance due to the presence of precipitates,
whereas lower nitrogen levels enhance passivation by promoting
anodic dissolution, corrosion products formation, and the accumu-
lation of nitrides. Thus, the selection of case-hardening methods
for improving tribocorrosion resistance should be tailored to spe-
cific steel materials and service environments.
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Although the primary purpose of the case-hardening is to
enhance surface hardness, wear resistance, and in some cases, cor-
rosion resistance, it is important to consider the potential impact of
the high-temperature processes on the bulk properties of the treated
steel materials. Among the case-hardening techniques reviewed,
nitriding and nitrocarburizing offer the advantage of being low-
temperature processes. As a result, they are less likely to alter the
microstructural, morphological, or mechanical properties of the
bulk material, making them more suitable for materials and applica-
tions that are sensitive to higher temperature exposures.

5 Summary

Several conclusions can be drawn based on the literature review
of the tribological and tribocorrosion characterization of case-
hardened steels. The six case-hardening methods—boriding, chro-
mizing, carburizing, nitriding, nitrocarburizing, and carbonitriding
—all increase the hardness and wear resistance of steels compared
with the untreated counterparts. The tribological behavior is
affected by the microstructure and composition of the case-
hardened layer, which depends on the process parameters and
steel composition. The thickness of the case-hardened layer tends
to increase with a higher process temperature and/or a longer dura-
tion. The hardness of the layer can be increased by a higher com-
pound concentration. In most cases, higher hardness leads to
improved wear resistance, but it may also cause brittle failures
such as spalling or delamination, compromising the wear perfor-
mance. Although alloying elements such as tungsten, molybdenum,
and chromium contained in the steel promote the formation of car-
bides in the case-hardened layer, they also decrease the diffusion
rate of the compound into the substrate, thereby yielding a thinner
layer. Case-hardening seems to have an inconsistent effect on fric-
tion behavior, varying from case to case without an apparent trend.
Case-hardening also affects the tribocorrosion resistance of steels.
Designing case-hardening techniques tailored to the specific appli-
cation environment with a strong interface bonding is crucial for
effective wear and tribocorrosion protection.
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