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Introduction
Wear resistance is a critical property in various industrial applications 
where materials are subjected to abrasive forces. Understanding 
and enhancing wear resistance have been the focus of extensive 
research. In this study, we investigate the influence of various 
parameters on the wear resistance of materials. The abrasion wear 
test, utilizing a three-body abrasion approach, has been employed 
as a method to assess wear resistance. This method involves 
subjecting test specimens to rotational and sliding forces against a 
polishing disc in the presence of slurry. However, the measurement 
based on mass loss can pose limitations, particularly when applied 
to thin coatings. An alternative three-body test approach has been 
proposed by Smith and Chung, involving lubrication-free abrasion 
to minimize third-body effects. Despite these efforts, challenges in 
achieving repeatability and reproducibility persist. In this study, we 
aim to systematically explore the impact of various parameters on 
wear resistance, shedding light on the complex interplay between 
material properties, test conditions, and wear behavior.

Fatigue Behavior
A three-body abrasion wear test, which was applied by Axen et al. 
[1] and Axen and Jacobson [2] to a range of soft metals, polymers, 
and soft matrix composites, employs a commercial polishing 
machine, StruersAbrapol. Spindles of the sample material are 
loaded and rotated against a rotating polishing disc in the presence 
of slurry. However, since wear measurement is based on mass loss, 
the method presents disadvantages when applied to thin coatings 
[3]. Another approach to the three-body test was suggested by 
Smith and Chung [4], who used an unlubricated Taber Abraser 
so that third-body particles became separated from the abrasive 
wheels and remained within the wear track. Nonetheless, given that 
the ASTM description of the standard version of this test warns of 
poor repeatability and reproducibility [5], a test that further relies 
on an uncontrollable degree of particle detachment should exhibit 
even worse repeatability.
Relatively few studies have examined the performance of coated 

tools at high temperatures. This is of interest to industries such 
as die casting and hot forging, where tool materials need to 
possess high toughness, elevated yield strength, and the ability 
to withstand erosion, wear, and thermal fatigue. A study on the 
performance of AISI H13 tool steel, coated with TiN and CrN 
coatings, was conducted through thermal fatigue tests on a thermal 
cycling bench. Cylinders measuring 20 mm in length and 10 
mm in diameter were subjected to 500 cycles of high-frequency 
induction heating and water cooling, with respective durations of 7 
and 3 seconds. Thermal fatigue damage was assessed by analyzing 
different crack dimensions and distributions using optical 
microscopy. The results demonstrated that the coatings enhanced 
thermal fatigue resistance. Various metal forming processes are 
carried out at temperatures exceeding 0.5 times the homologous 
temperature and are thus considered as hot work. These include 
die casting, continuous casting, hot forging, and extrusion. During 
hot work, tools and dies experience thermal gradients. The core is 
kept cooler than the surface. Heat flows from the work material 
to the die, heating the surface during their contact period, while 
the entire die cools down during part withdrawal. These thermal 
gradients lead to dimensional variations that generate stresses and 
deformation.

The Malm and Norstrom model suggests that materials with high 
resistance to thermal fatigue should have a low coefficient of 
thermal expansion, a low Poisson's ratio, and a high yield strength/
elastic modulus ratio [6]. Oxidation resistance [7] and residual 
compressive stress [8] also contribute to increasing thermal fatigue 
resistance. Certain properties and characteristics of hard coatings 
TiN and CrN suggest that they can enhance the thermal fatigue 
resistance of a typical hot work steel. The higher chemical inertness 
of the coatings and the high residual compressive stresses, when 
produced through physical vapor deposition (PVD), should also aid 
in this aspect. The combination of ion nitriding and hard coating 
can further increase thermal fatigue resistance as it provides better 
mechanical support to the hard coating than tool steel alone. The 
nitriding layer also increases material depth with compressive 
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stress [9], thus likely improving thermal fatigue resistance. There 
are few articles on the thermal fatigue behavior of hard coatings. 
This article examines the damage caused by thermal cycling of 
AISI H13 hot work tool steel in four conditions: uncoated, TiN-
coated, CrN-coated, and duplex-coated (nitrided plus TiN).

The utilized hard coatings can inhibit thermal fatigue. The 
mechanism has not yet been fully disclosed, but it is likely to 
involve both a delay in nucleation and growth of cracks due to 
the high hot hardness of the coating and the elevated residual 
compressive stress. This effect, coupled with the high hardness 
of the coatings that reduces wear, can contribute to extending the 
lifespan of the die during hot work. A nitrided layer between the 
TiN coating and the tool steel can further enhance resistance to 
low-cycle fatigue [10].

Effect of Manufacturing Method (PM)
The advantages of the powder metallurgy (PM) route as a means 
of producing high-performance steels, compared to traditional 
production methods such as melting, casting, and hot extrusion, 
are most evident in high-speed steels (HSS) for tooling. Due to 
the finer and more uniform microstructure exhibited by PM-HSS, 
in contrast to their conventionally produced counterparts, they 
also offer improved cross-sectional hardness uniformity (wear 
resistance), fracture toughness, and fatigue resistance—all relevant 
properties in cutting tool design.

Regarding the mechanical properties of PM-HSS, in contrast to 
the information available for hardness, strength, or toughness 
[11], there is relatively limited existing data on fatigue behavior. 
Concerning fatigue characteristics, only a few studies have been 
reported in the literature [12-14], primarily focusing on fatigue 
life assessment and corresponding fractographic characterization. 
From these studies, it is now well established that (1) PM-HSS 
exhibit significantly enhanced fatigue resistance compared to 
conventionally produced HSS; and (2) fatigue failure in PM-
HSS is attributed to the propagation of cracks initiated at intrinsic 
processing defects, namely internal inclusions, carbides, or pores. 
This experimental finding is employed here as a premise to 
estimate conditions of "infinite" life based on a sub-critical crack 
growth threshold. In doing so, the fracture and fatigue behavior 
of PM-HSS is meticulously documented and analyzed within the 
framework of Linear Elastic Fracture Mechanics (LEFM). The 
intended approach is then implemented by (1) defining the critical 
flaw size under cyclic loading in terms of the fatigue crack growth 
(FCG) threshold and (2) assuming a similarity in FCG behavior 
characterization across LEFM parameters for both large cracks 
and small natural flaw defects.

Based on the well-established fact that the fatigue life of powder 
metallurgy-derived high-speed steels (PM-HSS) is governed 
by sub-critical crack growth of pre-existing flaws, a Linear 
Elastic Fracture Mechanics (LEFM) approach is employed to 
evaluate a fatigue limit – Correlation of Fatigue Crack Growth 
(FCG) threshold under conditions of infinite life. In doing so, 
the critical flaw size under cyclic loading is simply defined in 

terms of the FCG threshold. Furthermore, it is assumed that the 
fundamental LEFM correlation between flaw size, strength, and 
threshold conditions evaluated for large cracks also applies to 
natural flaws. As a result, the fatigue limit value for the studied 
PM-HSS is predicted using experimentally measured fracture 
and FCG characteristics, provided that critical flaws are similar 
in terms of nature, geometry, and size under both monotonic and 
cyclic loading. The reliability of the applied LEFM approach is 
supported by the excellent agreement observed between estimated 
and experimentally determined fatigue limit values [17].

The fracture and fatigue characteristics of fine-grained PM-HSS 
were investigated, with a specific focus on evaluating an FCG-
fatigue life correlation within a LEFM framework. It is indicated 
that the fatigue behavior of PM-HSS can be rationalized, under 
conditions of infinite life, by considering: (1) Sub-critical growth 
of pre-existing flaws as the dominant step in fatigue life behavior; 
hence, FCG threshold as the effective toughness under cyclic 
loading; (2) Similarity in FCG behavior characterization across 
LEFM parameters for both large cracks and small natural flaws; (3) 
Consistency of flaw strength controlling defects of the same type, 
geometry, size, and distribution under both monotonic and cyclic 
loading. The implementation of this threshold-based approach 
is validated through the excellent agreement found between 
estimated and experimentally determined fatigue limit values [15].

The dynamic pace of technology and engineering development, 
as well as ongoing research into new technological solutions, 
pertains to both manufactured products and the tools used in their 
manufacturing and forming processes [16,17]. The growth of 
competitiveness among tool material manufacturers and the high 
demands from buyers, driven by improved functional parameters 
of machinery and equipment, undoubtedly contribute to the 
reason why numerous scientific and research centers are engaged 
in research aimed at enhancing working properties and reducing 
manufacturing costs of tool materials. High-speed steels belong 
to the group of relatively well-studied materials. Tools made from 
them are used for heavy-duty work, imposing high functional 
requirements. Research efforts thus far to meet these demands and 
extend their lifespan have primarily focused on optimizing their 
chemical composition, coating, and manufacturing using powder 
metallurgy to eliminate the segregation of primary carbides, a 
characteristic of steels produced using conventional methods. 
Modern manufacturing technologies, including powder injection 
molding and pressureless forming [16-21], aim to maximize the 
use of input materials and sinter tools to their final shapes, thereby 
eliminating costly plastic forming and machining, leaving only 
final grinding. Despite the significant interest of many research 
centers in new manufacturing technologies for high-speed steels, 
it is noted that only a few of them address heat treatment issues 
and functional properties of these materials in the as-quenched 
and tempered state, limiting the scope of their work to determining 
optimal sintering temperature and phase transformations occurring 
solely during the process [18-21].
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The introduction of nitrogen into steel during its sintering in 
protective gas atmospheres with nitrogen is intriguing due to its 
potential for improving abrasion wear resistance. The sintering 
process in protective gas atmospheres is not as common as vacuum 
sintering due to the need for higher sintering temperatures and a 
narrow sintering window, as nitrogen raises the solidus temperature 
[22,23]. The MX-type carbonitrides formed during sintering are 
stable at high austenitization temperatures and abrasion-resistant. 
Furthermore, they do not coagulate or grow at a rate like M6C-type 
carbides, and they are uniformly distributed in the high sintering 
temperature ferrite alloy matrix. The investigations carried out 
in this study reveal that experimental high-speed steels of types 
HS6-5-2 and HS12-1-5-5 formed without pressure from a polymer 
powder suspension and subjected to heat treatment exhibit high 
abrasion wear resistance. These steels can become austenitic at a 
lower temperature compared to commercial steels, owing to the 
high carbon concentration remaining after binder degradation, 
which lowers the solidus temperature. Tribological tests on the 
experimental steels confirm the merit of using pressureless-formed 
high-speed steel from the polymer powder suspension, particularly 
when sintered in an N2–5% H2 protective gas atmosphere, which 
promotes nitrogen diffusion and the development of fine MX-type 
carbonitrides, thereby enhancing abrasion wear resistance. The 
experimental HS12-1-5-5 grade steel produced by pressureless 
forming from the polymer powder suspension, with material 
removal volumes of approximately 0.01 and 0.005 mm3 in pin-
on-disk and pin-on-plate tests respectively, is characterized by the 
highest abrasion wear resistance [24].

Effect of Carbon Content
The effects of carbon content on the microstructures : mechanical 
properties, and wear behavior of high-vanadium high-speed steel 
(10% vanadium) have been systematically studied. The results 
demonstrate that carbides in the high-vanadium high-speed 
steel consist of vanadium carbide, a small amount of composite 
chromium carbide, and composite molybdenum carbide. With 
increasing carbon content, the quantity of carbides increases 
significantly, and the carbide morphology changes from rod-like 
and banded to more massive and spherical forms. Simultaneously, 
the microstructures of the metallic matrix transform from ferrite, 
ferrite mixture, martensite, and retained austenite to retained 
martensite and austenite. The hardness and wear resistance of 
the high-vanadium high-speed steel are enhanced, but its impact 
toughness could be reduced. Given the rapid development of the 
industry, traditional alloy steel rollers and composite rollers with 
a high-chromium cast iron wear layer [25-27] face challenges in 
meeting the demands for roller lifespan. Effect of Carbon Content; 
The effects of carbon content on the microstructures, mechanical 
properties, and wear behavior of high-vanadium high-speed steel 
(10% vanadium) have been systematically studied. The results 
demonstrate that carbides in the high-vanadium high-speed 
steel consist of vanadium carbide, a small amount of composite 
chromium carbide, and composite molybdenum carbide. With 
increasing carbon content, the quantity of carbides increases 
significantly, and the carbide morphology changes from rod-like 
and banded to more massive and spherical forms. Simultaneously, 

the microstructures of the metallic matrix transform from ferrite, 
ferrite mixture, martensite, and retained austenite to retained 
martensite and austenite. The hardness and wear resistance of 
the high-vanadium high-speed steel are enhanced, but its impact 
toughness could be reduced. Given the rapid development of the 
industry, traditional alloy steel rollers and composite rollers with 
a high-chromium cast iron wear layer [25-27] face challenges in 
meeting the demands for roller lifespan. Effect of Carbon Content; 
The effects of carbon content on the microstructures, mechanical 
properties, and wear behavior of high-vanadium high-speed steel 
(10% vanadium) have been systematically studied. The results 
demonstrate that carbides in the high-vanadium high-speed 
steel consist of vanadium carbide, a small amount of composite 
chromium carbide, and composite molybdenum carbide. With 
increasing carbon content, the quantity of carbides increases 
significantly, and the carbide morphology changes from rod-like 
and banded to more massive and spherical forms. Simultaneously, 
the microstructures of the metallic matrix transform from ferrite, 
ferrite mixture, martensite, and retained austenite to retained 
martensite and austenite. The hardness and wear resistance of 
the high-vanadium high-speed steel are enhanced, but its impact 
toughness could be reduced. Given the rapid development of the 
industry, traditional alloy steel rollers and composite rollers with 
a high-chromium cast iron wear layer [25-27] face challenges in 
meeting the demands for roller lifespan. Effect of Carbon Content; 
The effects of carbon content on the microstructures, mechanical 
properties, and wear behavior of high-vanadium high-speed steel 
(10% vanadium) have been systematically studied. The results 
demonstrate that carbides in the high-vanadium high-speed 
steel consist of vanadium carbide, a small amount of composite 
chromium carbide, and composite molybdenum carbide. With 
increasing carbon content, the quantity of carbides increases 
significantly, and the carbide morphology changes from rod-like 
and banded to more massive and spherical forms. Simultaneously, 
the microstructures of the metallic matrix transform from ferrite, 
ferrite mixture, martensite, and retained austenite to retained 
martensite and austenite. The hardness and wear resistance of 
the high-vanadium high-speed steel are enhanced, but its impact 
toughness could be reduced. Given the rapid development of the 
industry, traditional alloy steel rollers and composite rollers with 
a high-chromium cast iron wear layer [25-27] face challenges in 
meeting the demands for roller lifespan.

Therefore, the search and development of wear materials with 
even better properties have been pursued [28-32]. Preliminary 
research has shown that the lifespan of high-vanadium steel rollers 
is five times longer than that of high-chromium cast iron rollers 
[33,34]. Meanwhile, the lifespans of crusher hammers and jaws, 
made from high-speed steels intended for use in the crushing 
industry, are three times and 10 times longer than those of high-
chromium cast iron and high-manganese steel, respectively 
[35,36]. High-vanadium high-speed steel has emerged as an ideal 
wear material with excellent properties and can be used to replace 
high-chromium cast iron. For high-vanadium high-speed steel, the 
quantity of vanadium and other alloying elements is fixed in its 
compositions, but the amount of carbon varies. It directly influences 
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not only the formation of carbides but also the microstructures of 
the matrix, the hardness, impact resistance, and wear properties 
of high-vanadium high-speed steel, among other factors. In order 
to promote its industrial application, the effects of carbon on the 
microstructures and properties of high-vanadium high-speed steel 
have been systematically studied.

The pin-on-disk test belongs to the stationary two-body abrasive 
wear category, where the predominant wear mechanism is micro-
cutting [37,38]. In this mechanism, the wear weight loss (wear 
resistance) of materials depends on their hardness. Consequently, 
as the carbon content increases, the hardness of the tested materials 
also increases, leading to a decrease in their wear weight loss, 
meaning their relative wear resistance increases. However, when 
the carbon content exceeds 2.25%, the increase in material hardness 
becomes gradual, resulting in a slower decrease in wear weight loss, 
thus indicating a slower increase in wear resistance [39].

Effects of Heat Treatment; Wear has been defined as the removal 
of material from solid surfaces, which can lead to the failure of 
industrial components [40]. Numerous investigations into wear 
modes have been conducted by various researchers over the 
years [41-43]. The wear mechanisms and wear rates are heavily 
dependent on chemical composition [44], microstructure, load 
conditions [45], and surface properties of the materials.

The wear modes of steels are either oxidative or mild. At low load 
levels, severe wear occurs shortly after the onset of sliding, with 
the formation of large metallic wear debris leading to a high wear 
rate. Subsequently, the wear mode transitions to a stable mild state 
with fine oxidized wear debris [45]. Conversely, at high loads, 
the contact temperature is increased. This temperature can exceed 
400°C [42] if the sliding speed and contact pressure are sufficiently 
high. This high-temperature condition may indicate oxidative wear 
of steels [43]. In general, the martensitic phase transformation 
is commonly employed to enhance the wear resistance of steels 
[46]. However, numerous components with a ferrous martensitic 
structure fail unexpectedly, and their failures are often attributed 
to wear [40,46]. Hence, the volumetric fraction of the martensitic 
phase not only significantly influences the lifespan of industrial 
component surfaces but can also have contrasting effects under 
certain conditions.

The effects of conventional heat treatment on the wear resistance 
of AISI H13 tool steel were investigated. A pin-on-disk setup at a 
speed of 0.07 m/s with two loads of 29.4 and 98 N was employed to 
study wear behavior. In order to comprehend the wear mechanisms, 
wear tracks and debris were examined using scanning electron 
microscopy and X-ray methods. Furthermore, the depth of the 
hardened zone beneath the wear tracks and the friction behavior of 
AISI H13 tool steel were assessed. Experimental results reveal that 
under a 29.4 N load, the quenched specimens exhibit the highest 
wear resistance, and the debris consists of a mixture of oxide and 
plate-like metallic powders. On the other hand, at a 98 N load level, 
specimens quenched for 30 to 60 minutes at 600°C demonstrate 
the highest wear resistance, and the wear mode is oxidative [47].

From the results obtained under the experimental conditions of this 
study, the following conclusions can be drawn: At the lower load 
level of 29.4 N, specimens with a martensitic structure exhibit the 
highest wear resistance, and the wear mode is mild, characterized 
by fine oxide particles and plate-like metallic fragments in the 
debris. At a higher load level of 98 N, specimens quenched for 30 
to 60 minutes demonstrate the highest wear resistance. The wear 
mode is oxidative, resulting in rounded and agglomerated oxide 
particles in the debris. At the elevated load of 98 N, the friction 
surface temperature is sufficient for an in-situ surface tempering 
process, potentially leading to a transformation from a martensitic 
to a tempered-soft structure. At the lower load of 29.4 N, due to 
lower local pressure and temperature, there is no in-situ surface 
tempering. Work hardening is observed at the subsurface level, 
and the depth of the hardened zone increases with applied load. 
The gradual increase in friction coefficient at a load of 98 N can be 
attributed to the phenomenon of in-situ surface tempering.

Conclusion 
The wear resistance of materials is influenced by a variety of 
parameters, including fatigue, metallurgy, and the presence 
of powder and carbon. Let's break down the effects of these 
parameters on wear resistance:

Fatigue
Fatigue refers to the weakening of a material due to cyclic loading 
or repeated stress cycles. Fatigue can significantly affect wear 
resistance by causing microcracks, surface deformations, and 
material degradation. When a material undergoes cyclic loading, 
it becomes more susceptible to wear because cracks can propagate 
and accelerate wear processes. In essence, fatigue reduces the 
material's ability to withstand wear over time.

Metallurgy
The metallurgical composition of a material has a profound impact 
on its wear resistance. Different alloys and heat treatments can 
lead to variations in hardness, toughness, and microstructure. 
Hardness is a key factor in wear resistance; harder materials tend 
to have better wear resistance as they can withstand abrasive 
forces and deformation. However, an overly brittle material may 
experience cracking and failure under severe wear conditions. 
The microstructure also plays a role in wear resistance, with finer 
grain structures often exhibiting improved wear resistance due to 
reduced defect propagation.

Presence of Powder and Carbon
The presence of powder and carbon can affect wear resistance in 
several ways. Adding powder particles or carbonaceous materials 
to a matrix can alter the material's mechanical properties. For 
example, adding hard particles can increase hardness and 
resistance to abrasive wear, while carbon-based additives might 
enhance lubricity and reduce friction. However, the dispersion and 
adhesion of these additives within the material matrix are crucial. 
Poor distribution can lead to localized wear and reduced overall 
wear resistance. It's important to note that wear resistance is often 
evaluated through various testing methods, such as pin-on-disk 
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tests, wear tests under different loads and speeds, and abrasive wear 
tests. These tests help quantify the effects of different parameters 
on wear behavior.

Optimizing wear resistance requires a comprehensive approach, 
considering factors like material selection, heat treatment, alloy 
composition, reinforcement materials, and testing conditions. 
Engineering materials with superior wear resistance involves a 
balance between hardness, toughness, microstructure, and the 
ability to resist fatigue and surface damage.
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