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Abstract
Wear, which exists in all industries and walks of life, causes tremendous economic losses and even major disasters. To prevent 
damage caused by wear, Archard’s theory suggests the use of materials with higher hardness. However, such materials are 
minimally formable and difficult to manufacture. Recent studies have reported that strain hardening is another factor that 
significantly affects wear resistance. In this study, to investigate the relative potential of each of these factors and examine the 
balance between the hardness and work-hardening properties under various working conditions, we selected 321 austenitic 
stainless steel as a candidate material. Cold-rolling, which improves the base strength of the material, was used to develop 
strain-induced α′-martensite. Simultaneously, the strain-hardening capability of the material was decreased. The wear resist-
ance and corresponding failure mechanisms were evaluated using the ball-on-disc test under various loading conditions. The 
results indicate that wear resistance depends on the bulk hardness and loading conditions used. A series of microstructural 
analyses revealed that the wear resistance is closely related to the base strength and hardening capability of the material. 
Therefore, this study establishes an optimum hardness–strain hardening balance and elucidates the design of low-hardness, 
high-wear-resistance materials for future applications.
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1 Introduction

Previous wear-resistant steel designs focused on improving 
bulk hardness [1]. While the high flow stress of the structure 
limits the strain to the elastic regime as long as the contact 
stress does not exceed the elastic limit, high hardness pre-
vents indentation to the contact surface by wear. However, 
such designs cannot adapt to abrasive deformation through 
crystallographic defects or phase transformation [2]. The 
high hardness and fragility of steel are attributed to limited 
active sliding systems. Recent studies [2, 3] on low hard-
ness aimed to improve wear resistance based on the higher 
hardness of the tribo-layer [4]. The hardness of this layer 
increases with work-hardening, which significantly impacts 
the wear resistance of the material [5, 6]. The degree of 
work-hardening is closely related to the wear condition. 
Studying the relationships between the various combinations 

of bulk hardness and work-hardening properties and wear 
resistance is necessary. Studies on dry sliding wear behavior 
[7] indicate that normal load significantly affects the wear 
rate. The wear resistance of materials is related not only to 
their properties [8] but also to the test conditions.

There have been several studies [3, 5, 9–12] on the rela-
tionship between hardness and wear resistance. The wear 
resistance of pearlite steel depends on the hardness of the 
worn-out surface; the wear resistance improves as the hard-
ness increases[13]. The classic Archard’s equation [14] 
requires materials with higher hardness values, and the 
contribution of the work-hardening properties to the wear 
properties is not considered. Materials with high hardening 
rates have advantages in terms of resistance to wear [15]. 
However, the wear resistance of bainite with high bulk hard-
ness is worse than that of pearlite with lower hardness [16].

Hadfield steel has excellent wear properties under high-
impact wear conditions owing to its work-hardening prop-
erties [17]. An optimum biphasic ratio applies to the wear 
resistance of dual-phase steel [18, 19]. An optimum com-
bination of hardness and plasticity (ferrite + α′-martensite) 
leads to the best wear behavior [20]. A study reported that 
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carbide-free bainitic steels with similar hardness values and 
different hardening capacities, owing to the greater stability 
of the retained austenite, exhibited better wear resistance 
[5]. When the mechanical stability is high enough to delay 
the conversion from austenite to α′-martensite, the wear 
resistance is reduced [10]. Austenitic stainless steel has low 
strength but high plasticity and an excellent strain-hardening 
capacity owing to the martensitic transformation induced by 
the deformation of the metastable austenite [21–33].

The increase in bulk hardness is caused by an increase 
in the volume fraction of α′-martensite during cold-rolling 
(CR) deformation. The strain-induced martensitic transfor-
mation [5, 10, 12, 34, 35] prevents the deterioration of the 
substrate [36–38]. This occurs not only during the CR [12, 
39–41] process but also on the tribo-layer [29]. The higher 
hardness (range of α′-martensite 0–38 vol.%) leads to the 
deterioration of wear resistance [12]. However, another 
study found the opposite conclusion (range of α′-martensite 
4–22 vol.%) [11]. The range of variation in the initial quan-
tity of α′-martensite produced by CR strain in these studies 
is too small to draw definitive conclusions. The work-hard-
ening property can be considered one of the most significant 
factors affecting wear resistance. A study of carbide-free 
bainitic steels with similar hardness and different work-
hardening properties found that higher austenite stability 
leads to better wear resistance. [5]. When the mechanical 
stability is sufficiently high to delay the conversion of aus-
tenite to martensite, the wear resistance is reduced.[10]. 
Three metallurgical structures (pearlite, martensite, and 
bainite) with radically different hardness were subjected to 
three-body abrasive wear tests with silica [3]. Because of its 
work-hardening property, only the bainite structure with the 
highest wear resistance was hardened on an abraded tribo-
layer. There still exists disagreement about the relationship 
between hardness and work-hardening.

In this study, to examine the balance between the hard-
ness and work-hardening properties under various working 
conditions, we used 321 stainless steel as the model mate-
rial. We introduced α′-martensite through CR to improve 
its hardness and reduce its work-hardening properties. The 
wear resistance was determined using the ball-on-disc wear 
test under wear conditions of normal load 50 and 25 N. The 
worn-out surfaces and microstructures of the tribo-layer 
were observed through scanning electron microscopy. The 
scratch hardness was used to analyze the hardness of the 
worn-out surface. The microhardness along the depth away 
from the worn-out surface was used to establish the optimal 
depth of the tribo-layer. This study establishes an optimum 
hardness-strain-hardening balance, which will aid in design-
ing low-hardness, high-wear-resistance materials for various 
applications.

2  Experimental Procedure

2.1  Test Materials and Sample Preparation

The starting material was a commercial AISI 321 austenitic 
stainless steel and its chemical composition was (in wt. %): 
C–0.022, Si–0.56, Mn–1.36, Ni–9, Cr–17.33, Cu–0.154, 
Mo–0.1, N–0.013, Ti–0.197, and Fe–71.264. Metastable 
austenitic stainless steels undergo deformation-induced 
transformation to the bcc martensitic structure during CR 
[22, 24, 33] to produce microstructures of different propor-
tions of α′-martensite and austenite. A plate specimen with 
an initial thickness of 3.5 mm was cold-rolled to produce 
five samples with reduced thicknesses by up to 0%, 10%, 
25%, 35%, and 55% at 298 K, (the equivalent strain (εr) ∼ 
0, 0.12, 0.33, 0.49 and 0.92, respectively). The equivalent 
strains on the CR specimens are expressed as follows:

where  t0 and t represent the thicknesses of the plate speci-
mens before and after CR, respectively. Following the CR, 
specimens were prepared under various conditions of met-
allography and phase analysis (10 × 10 mm), ASTM G99 
testing (disc of 40 mm diameter), and tensile testing (sample 
geometry A25). The longitudinal dimension of the sample 
was oriented in the rolling direction through wire electric 
discharge machining to preserve the original microstructure 
of the samples.

2.2  Characterization of Microstructures

To apply the backscattered electron (BSE) and X-ray dif-
fraction (XRD) techniques, all samples (10 × 12 mm) were 
polished following the standard metallographic procedure 
and electropolished (Electromet4) at 298 K and 20 V for 
20 s. A mixture of 700 ml glacial acetic acid  (CH3COOH) 
and 100 ml perchloric acid  (HClO4) was used as the elec-
tropolishing solution.

The microstructures for five different thicknesses were 
characterized through backscattered-electron imaging BSE, 
(JEOL JXA 8530F) at 20 kV.

Quantitative estimation of the relative volume fraction of 
martensite and austenite was obtained from X-ray diffraction 
patterns (Bruker, D8 Discover) through ASTM E975-03 in 
the Bragg–Brentano geometry, focusing the monochroma-
tor on the secondary beam at a scanning rate of 0.03◦s−1 in 
the 2θ range from 40° to 100°. The integrated total intensity 
of all diffraction peaks for each phase is proportional to the 
volumetric fraction of the phase. The integrated intensity 
from any single diffraction peak crystalline plane is also 
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proportional to the volume fraction of that phase. The inte-
grated intensity ‘I’ of any diffraction peak from phase ‘i’ is:
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(hkl) plane of i-phase, i: γ and α', K: the instrument factor; 
Ri

hkl: material scattering factor that depends on θ, interplanar 
spacing of hkl, and the composition and crystal structure of 
the phase i,  Vi: volume fraction of phase i, v: volume of unit 
cell, Fhkl: structure factor for reflecting plane (hkl), p: mul-
tiplicity factor, e−2 M: temperature factor, λ: the wavelength 
of incident X-ray beam, μ: linear absorption coefficient, A: 
cross sectional area of incident X-ray beam, I0: intensity of 
the incident beam, r: radius of diffractometer circle, e,m: 
charge and mass of electron.

Therefore, for a steel containing fcc-austenite (γ) and bcc 
martensite (α'), Eq. (2) may be written as,

If martensite and austenite are the only two phases pre-
sent in a steel, then:

The diffraction patterns used for this analysis were the 
(200) and (220) reflections of the γ phase and the (200) and 
(211) reflections of the α′ phase. The crystal structure of 
each phase is known and the lattice parameters can be cal-
culated from the peak positions and Bragg reflection angles. 
The volume fraction of martensite  (Vα′) for the ratio of 
measured integrated intensities of martensite and austenite 
peak to R-value is:

Equation (4) enables simultaneous calculation of the vol-
ume fraction of austenite and α'-martensite in 321 stainless 
steel from a single XRD scan by measuring the integrated 
intensity of each reflecting plane of the respective phases 
and calculating the parameter R for each phase.

2.3  Measurement of Mechanical Properties

The tensile test (Shimadzu, AGS-X) was repeated three 
times for each condition. The dimensions of the gauge 
segment of the tensile test piece were 1.6 mm (width) and 
25 mm (length) parallel to the rolling direction. The thick-
ness of the tensile specimens was 3.5, 3.15, 2.62, 2.28, and 
1.57 mm. The microhardness measurements were carried 
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out using a Vickers indenter (KB3000BVRZ-SA) at a load 
of 10 N. Each experiment was repeated three times, and the 
results were averaged.

2.4  Tribological Test

The experiments were performed on a ball-on-disk tribom-
eter (MFT5000, Rtec USA) at 298 K in air with a relative 
humidity of 30%. The ball-on-disk test was performed to 
produce and evaluate the two-body abrasive wear behav-
ior of specimens containing various volume fractions of 
α′-martensite. To reduce the chemical and physical interac-
tions between the surfaces, tungsten carbide (WC) balls of 
diameter 10 mm were used as the friction pair; the micro-
hardness of the balls was 1400 HV, which was higher than 
that of the steel under examination. The size of the balls was 
adequate for providing a wear track that made it feasible 
to observe the wear mechanisms developed during testing. 
Before the wear test, the surface of the disc specimen was 
polished following the standard metallography preparation 
and cleaned using an ultrasonic cleaner. The roughness 
analysis of the initial surfaces was performed using a verti-
cal scanning white-light interfering profilometer. The root 
mean square roughness of the initial surfaces was 0.21 μm. 
To generate measurable and accurate wear, dry sliding wear 
tests were carried out at constant loads of 50 and 25 N at 
a mean linear velocity of 0.314 m/s, which corresponds to 
initial maximum Hertzian contact pressures of 2.3 and 1.8 
GPa, respectively. The radius of the circle of the wear trace 
was 12.5 mm, and the sliding distance was 2000 m.

To determine the wear volumes, the profiles of the worn-
out surfaces were measured following each test using a verti-
cal scanning white-light interfering profilometer (MFT5000, 
Rtec USA). The wear track width was determined using the 
profiles of the worn-out surfaces. The wear volume was 
determined using this width according to Eq. (5), provided 
in ASTM standard G99 – 17.

where  wd is the wear volume of the disk, R is the wear track 
radius (0.125 m), d is the wear track width and r is the radius 
of the ball. Each test was repeated three times to verify the 
results.

2.5  Microstructural Changes in the Tribo‑Layer

The worn-out samples were cleaned ultrasonically using eth-
anol for 10 min to investigate the morphology of the worn-
out surface. The worn-out surfaces were characterized using 
scanning electron microscopy (SEM).

The scratch hardness test [42] was used to investigate the 
relationship between the hardness of the worn-out surface 

(5)wd = 2�R
[
r2 sin−1

(
d

2r

)
−

d

4

(
4r2 − d2

)0.5]



 Tribology Letters (2023) 71:7

1 3

7 Page 4 of 12

and the wear resistance caused by wear. A large diamond 
Rockwell indenter with a tip radius of 100 μm and a cone 
angle of 120° was employed for the test. The indenter was 
pressed onto the center of the worn-out surface under a con-
stant force, which caused the test sample to rotate slowly 
and uniformly. The geometric dimensions of the scratches 
developed were analyzed using a vertical scanning white-
light interfering profilometer, and the result of the scratch 
hardness test was determined as follows:

Significant changes are often seen in the microstructure 
under the surface layers, referred to as the transformed tribo-
logical area (TTZ), owing to severe plastic deformation. The 
microstructures of the cross-section of the surface layer were 
characterized using backscattered electron (BSE) at 20 kV 
to investigate the distance up to which severe deformation 
occurs under the surface.

A 10gf Vickers microhardness tester (FM-700) was used 
to measure the hardness of the cross-sectioned specimens at 
a long distance from the worn-out surfaces. This was done 
to estimate the depth of the tribo-layer caused on the subsur-
face by the wear tests. Thus, the thickness of the hardened 
layer was defined as the distance from the surface to the 
area in which the hardness value reaches that similar to the 
bulk material.

(6)HS =
load

projected load bearing area

3  Results and Discussion

3.1  Initial Microstructures

The microstructures with various thickness reductions 
produced by CR are shown in Fig. 1. A large quantity of 
α′-martensite was obtained in the CR samples owing to the 
strain-induced α′-martensite transformation[23, 25, 28, 29, 
33] in metastable austenitic stainless steel. The microstruc-
ture of the as-received specimen is mainly composed of 
randomly oriented, equiaxed austenite grains and a certain 
amount of α′-martensite. The CR formed parallel lamel-
lar structures. With an increase in the reduction caused by 
the CR, the deformation and lamellar structure become 
more evident, and the deformed structures become more 
homogeneous.

It is difficult to use metallographic techniques to evalu-
ate the α′-martensite volume fraction. The XRD patterns 
recorded for samples of 321 stainless steel before and after 
CR are presented as Fig. 2a. When ε = 0, the (111) γ reflec-
tion is strong and the (110) α′ reflection is so weak that the 
peak almost disappears. When ε is increased from 0 to 0.92, 
the intensities of the (110) α′ reflection increase and the ratio 
of the (110) α′ peak strength to that of (111) γ also increases. 
The integrated intensity (area of peak above background) 
for martensite peaks (200) and (211) and for austenite peaks 
(200) and (220) were determined. The measured integrated 

Fig. 1  SEM(BSE) micrographs captured after electrolytic polishing of a 2 vol.%, b 33 vol.%, c 55 vol.%, d 76 vol.%, and e 85 vol.% 
α′-martensite
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intensities and values of R for each peak are illustrated in 
Table 1.

Figure 2b depicts the variation in the volume fraction 
of α′-martensite as a function of equivalent strain. The as-
received specimen consists primarily of an austenite phase 
(98 vol.%) and rarely an α′-martensite phase (2 vol.%). 

The volume fraction of α′-martensite as a function of the 
equivalent strain increases monotonically, as reported pre-
viously[31, 32, 43]. With an increase in the rolling strain, 
the volume fraction of martensite is 33%, 55%, 76% and 
the maximum volume fraction of α′-martensite reaches 85 
vol.% at ε ≈ 0.9. When the equivalent strain exceeds 0.33, 
the microstructures change from the main austenite phase to 
the main α′-martensite phase.

3.2  Mechanical Properties

The engineering stress–strain curves of various α′-martensite 
volume fractions are depicted in Fig. 3a. The yield strength 
(YS), ultimate tensile strength (UTS), elongation, and bulk 
hardness as functions of the initial α′-martensite volume 
fraction under all the conditions are depicted in Fig. 3b. 
321-austenite stainless steel has a low YS of 340 MPa, UTS 
of 740 MPa, and large elongation of ∼50%. An increase in 

Fig. 2  The α′-martensite volume fraction of pre- and post- cold-rolling specimens: a X-ray diffraction patterns using Cu  Kα radiation for the as-
received and CR samples based on electrolytic polish, b change in α′-martensite volume fraction as a function of the equivalent strain

Table 1  R-value and the measured integrated intensity of martensite 
and austenite peaks

Peak α′ (200) α′ (211) γ (200) γ (220)

I (ε = 0) 106 818 87,957 21,566
I (ε = 0.12) 11,384 7386 30,347 21,766
I (ε = 0.33) 38,360 31,492 8089 52,579
I (ε = 0.49) 53,979 63,908 1002 35,553
I (ε = 0.92) 124,340 164,204 171 45,535
R 251.4 457.95 566.7 326.7

Fig. 3  Mechanical properties: a typical tensile curves and b YS, UTS, elongation and bulk hardness as functions of the α′-martensite volume 
fraction in the microstructures
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the initial fraction of the α′-martensite volume increases the 
tensile strength and bulk hardness, whereas the elongation 
typically decreases. This indicates a monotonic increase in 
the hardness from 215 to 328 HV depending on the initial 
α′-martensite volume fraction.

The stress–strain curves are classified into three types, as 
depicted in Fig. 3a. The Type 1 curves represent 76 and 85 
vol.% initial α′-martensite and indicate high susceptibility to 
sudden fracture owing to hard and brittle martensitic phases. 
The work-hardening property almost disappears, leading to 
the micro-fracturing of the surface layers during the wear. 
A limited amount of plastic strain and work-hardening is 
caused by wear, as depicted in Type 2 curves, which repre-
sent 33 and 55 vol.% initial α′-martensite. The results indi-
cate that the α′-martensite represented by the Type 2 curves 
is able to withstand wear. The Type 3 curves represent 2 
vol.% initial α′-martensite, which is soft and has high duc-
tility. Although these materials exhibit high strains before 
fracture, these strains are generated at low stress levels. The 
low-level wear conditions create stresses that immediately 
cause the surface to shear beyond the critical strain, resulting 
in more material loss during wear. Therefore, the materi-
als represented by Type 1 and 3 stress curves have no wear 
potential.

3.3  Tribological Properties

The volume loss under loads of 50 and 25 N is plotted in 
Fig. 4a as a function of the hardness. In the beginning, the 
volume loss of the steel decreases with increasing hard-
ness. It then reaches a minimum and increases again with 
a further increase in hardness. The hardness of the sample 
corresponding to the best wear resistance is referred to as 
the optimum hardness. The results indicate that the rela-
tion between hardness and volume loss is V-shaped. The 

optimum hardness is 328 and 280 HV, corresponding to 55 
and 33 vol.% of the initial α′-martensite tested at normal 
loads of 50 and 25 N, respectively. The minimum volume 
losses are 18.5 and 6.96  mm3 at 55 and 33 vol.% of initial 
α′-martensite, respectively. These results indicate that the 
initial hardness cannot accurately predict wear behavior. 
Other properties such as the work-hardening capability of 
the material needs to be considered as well. Detailed dis-
cussions on the hardening capability characterization can 
be found later.

The pre-wear surface corresponds to the break-in stage, 
and the high wear rate cannot accurately reflect the wear 
resistance. The worn-out surface is the contact surface for 
the real workpiece. Consequently, scratches are used to 
characterize how the worn-out surface reacts to wear. The 
scratch hardness test was used to evaluate the hardness of 
the worn-out surface; the results are presented in Fig. 4b. 
With an increase in the initial α′-martensite volume frac-
tion, the scratch hardness first increases and then decreases. 
The maximum value of scratch hardness corresponding to 
optimum wear resistance is identified for the 55 and 33 vol.% 
initial α′-martensite samples with normal loads of 50 and 
25 N, respectively. For the same initial structure, increasing 
the normal load increases the hardness of the worn-out sur-
face. Equation (7) indicates that the hardness of the worn-out 
surface is directly proportional to the normal load.

where H is the hardness of the worn-out surface, P is the 
normal load, d is the diameter of the friction pair, and p is 
the depth of penetration of the friction pair. The hardness of 
the worn-out surface under a normal load of 50 N is superior 
to that under a normal load of 25 N.

(7)H ∝ P(d∕p )2

Fig. 4  Tribological properties: a volume loss as a function of bulk hardness and b scratch hardness of the pre- and post-wear surfaces
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The major factor impacting the wear resistance is the 
hardness of the worn-out surface. In the case of 85 vol.% 
α′-martensite, the hardness of the worn-out surface is lower 
than the pre-wear surface hardness, and the wear causes sof-
tening. We conclude that the wear resistance of the 321 aus-
tenitic stainless steel is highly dependent on both the scratch 
resistance of the worn-out surface and the applied working 
conditions.

3.4  Morphological Characteristics of the Worn‑Out 
Surface

Figure 5 presents representative SEM images of the mor-
phology of the worn-out surfaces under various load condi-
tions. A failure analysis was carried out to understand the 
main wear mechanism. As depicted in Fig. 5a, the wear 
track of the 2 vol.% initial α′-martensite under maximum 
wear conditions (F = 50 N) shows a large area of mate-
rial detachment owing to softening of the alloy during the 
wear process. A large area of separation of the material 
indicates delamination, which is the main characteristic of 
adhesive wear. In Fig. 6a, owing to a high degree of defor-
mation below the worn-out surface the adhesive wear is 
more significant, and surface cracks occur on the worn-out 
surface. The lower the degree of deformation beneath the 
worn-out surface, the lower the adhesive wear, as depicted 
in Fig. 5b–d. When the high shear deformation of the tribo-
layer, it favors plastic deformation and delamination, and 
adhesive wear is the primary wear mechanism. As shown 
in Fig. 5f, under minimum wear conditions (F = 25 N), the 
worn-out surface of 55 vol.% initial α′-martensite displays a 
pitting pit, created as a crack propagates to the final fracture. 
The overall damage process occurs under small-scale plastic 
deformation, and macroscopically, the worn region appears 
free from plastic deformations. The main wear mechanism 
is contact fatigue. As depicted in Fig. 5e, the worn-out sur-
face of 55 vol.% initial α′-martensite under the maximum 
wear conditions (F = 50 N) displays delamination and pits. 
Its wear mechanism is mostly adhesive wear mixed with a 
low amount of contact fatigue. Independently of the nor-
mal load, the tribo-layer disappears for the 76 and 85 vol.% 
α′-martensite samples. Owing to high brittleness, the subse-
quent formation and propagation of lateral cracks can lead 
to the formation of wear fragments through spallation. The 
material is primarily removed by micro-cutting. Therefore, 
abrasion wear is the primary wear mechanism for 76 and 
85 vol.% initial α′-martensite, as indicated in Fig. 5g–j. The 
wear mechanism is closely related to the modification of the 
size of the tribo-layer.

3.5  Plastic Deformation of Deformed Tribo‑Layer

The morphologies of the tribo-layer of the microstructures 
with 2–85 vol.% initial α′-martensite tested at normal loads 
of 50 and 25 N are presented in Figs. 6a–e and 7a–e, respec-
tively. The morphologies of the tribo-layer and the matrix 
are different. Because the tribo-layer is hardened by wear, 
its hardness is higher than that of the matrix. The hardness 
of the cross-section relative to the depth of the surface is 
depicted in Fig. 8a and b for all the types of steel. When the 
initial α′-martensite is less than 55 and 33 vol.% under the 
wear conditions of the normal loads of 50 and 25 N, respec-
tively, the wear is dominated by plasticity. The tribo-layer 
is extremely complex and heterogeneous; its grains close to 
the surface can be refined to the nanometer level (through 
mechanical milling).

Under a normal load of 50 N, the depth of the tribo-layer 
for 2, 33 and 55 vol.% initial α′-martensite is 120, 50 and 
20 μm, respectively. Under a normal load of 25 N, the depth 
of the tribo-layer for 2 and 33 vol.% initial α′-martensite is 
40 and 30 μm, respectively. The hardness close to the worn-
out surface is higher than that of the matrix, and a clear 
work-hardening occurs. As the depth increases, the hardness 
and strain decrease. Under the contact Hertzian stress, plas-
tic strains are imposed only on the top tribo-layer where the 
local stress exceeds the elastic limit. The plastic deformation 
is concentrated in the tribo-layer with a high strain gradi-
ent along the depth. A higher normal load leads to a higher 
contact Hertzian stress. For the same sample, the depth of 
the tribo-layer increases as the normal load increases. Under 
the contact Hertzian stress, the plastic strain can be initiated 
in the tribo-layer, where the local stress exceeds the elastic 
limit, and the elastic limit decreases with increasing depth. 
As the volume fraction of the initial α′-martensite increases 
and the work-hardening capacity decreases, the elastic limit 
increases, and the plastic strain gradient gradually decreases. 
The strain beneath the worn-out surface disappears when the 
local stress is lower than the elastic limit. The tribo-layer of 
55 vol.% initial α′-martensite cannot be manufactured by 
wear under a normal load of 25 N. When the normal load 
increases to 50 N,  Fdef is large enough to deform below the 
worn-out surface of 55 vol.% initial α′-martensite. When 
the bulk hardness exceeds the optimum hardness, there is 
no tribo-layer beneath the worn-out surface, as depicted 
in Fig. 6d, e and 7 (c—e). The material is removed from 
the worn-out area only. The results indicate that there is no 
evident work-hardening beneath the worn-out surface. The 
depth of the tribo-layer depends on the wear conditions rela-
tive to the bulk hardness and work-hardening of the steels.
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3.6  Work‑Hardening of Tribo‑Layer

When metals are subjected to a ‘tribological challenge’, their 
response depends on their pre-wear properties. Surfaces 

subjected to wear undergo extreme hardening, thereby 
increasing the hardness of the worn-out surface. The wear 
rate is the ratio of the volume loss to the normal load and 
wear distance. The wear resistance referred to in this study is 

Fig. 5  SEM images of the 
worn-out surfaces of a 2 vol.%, 
c 33 vol.%, e 55 vol.%, g 76 
vol.%, and i 85 vol.% initial 
α′-martensite at a normal load 
of 50 N and b 2 vol.%, d 
33 vol.%, f 55 vol.%, h 76 
vol.%, and j 85 vol.% initial 
α′-martensite at a normal load 
of 25 N
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calculated using Eq. (8) given below, which is the reciprocal 
of the wear rate. Figure 9a presents the correlation of wear 
resistance with scratch hardness on the worn-out surface. It 
is evident that the wear resistance increases as the scratch 
hardness on the worn-out surface. There is a general ten-
dency for wear resistance to increase as the hardness of the 
worn-out surface increases. However, a correlation between 
wear resistance and bulk hardness could not be detected. It 
can be inferred that the wear resistance is related to the bulk 
hardness and the scratch hardness on the worn-out surface, 

which depends on the work-hardening properties and the 
normal load.

In addition to bulk hardness, work-hardening behavior 
is also significant. The stress distribution in the tribo-layer 
varies depending on the differences in bulk hardness and 
work-hardening properties. This leads to various strain 

(8)wear resistance =
normal load × wear distance

volume loss

Fig. 6  Typical cross-section BSE micrographs of the tribo-layer under a normal load of 50 N for a 2 vol.%, b 33 vol%, c 55 vol.%, d 76 vol.%, 
and e 85 vol.% α′-martensite

Fig.7  Typical cross-section BSE micrographs of the tribo-layer under a normal load of 25 N for a 2 vol.%, b 33 vol%, c 55 vol.%, d 76 vol.%, 
and e 85 vol.% α′-martensite
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states in the friction transition zone, which leads to differ-
ent worn-out surface hardnesses. The stress–strain curve in 
Fig. 3a indicates that as the volume fraction of the initial 
α′-martensite increases, the work-hardening rate decreases. 
Due to the severe plastic deformation in the tribo-layer 
caused by wear, we investigated the strain-hardening expo-
nent n linked to the deformation properties. Figure  9b 

presents the strain-hardening exponent n as a function of 
the volume fraction of the initial α′-martensite. As the initial 
volume fraction of the α′-martensite increases, the value of n 
increases first and then decreases. The maximum value of n 
corresponds to 55 vol.% initial α′-martensite. This indicates 
that the material has a high uniform deformation ability and 
that the potential for local fracture is reduced. As the n value 

Fig. 8  Hardness of the cross-
section obtained in relation to 
the depth of the surface: a nor-
mal load of 50 N and b normal 
load of 25 N

Fig. 9  Worn-out surface hardening caused by wear: a correlations of wear resistance with scratch hardness on the worn-out surface and b strain-
hardening coefficient n as a function of the α′-martensite volume fraction
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increases, the local plastic deformation capacity of the mate-
rial is improved, which is more conducive to improving wear 
resistance.

4  Conclusions

This paper presents the results of an experimental study on 
the dry sliding wear resistance in cold-rolled 321 austenitic 
stainless steel samples. The wear resistance was evaluated 
using the standard test method ASTM G99. The key findings 
of this study are summarized as follows:

1. The initially low wear resistance is attributed to the low 
bulk strength. The decrease in the wear resistance caused 
by the reduction of thickness owing to CR is attributed 
to the low hardening capability of the material and loss 
of material because of brittle fracture. The optimum 
wear resistance was achieved when the bulk hardness 
was high enough to resist the wear load, and a decent 
strain-hardening capability was still present to harden 
the material as wear proceeded. This study reports the 
existence of an optimum hardness–strain hardening bal-
ance. The optimum wear resistance was identified in 55 
and 33 vol.% initial α′-martensite at normal loads of 50 
and 25 N, respectively.

2. The scratch hardness can reflect the wear resistance of 
the worn-out surface. Wear resistance increased as the 
scratch hardness on the worn-out surface increased. 
The wear resistance is linked to the strain-hardening 
exponent n. As the n value increases, the local plastic 
deformation capacity of the material improves, which 
is more conducive to improved wear resistance. The 
scratch resistance of the 321 austenitic stainless steel 
was highly dependent on the work-hardening properties 
and the applied working conditions.

3. For 2 and 33 vol.% initial α′-martensite, the high shear 
deformation of the tribo-layer, which favored delamina-
tion, and adhesive wear was the primary wear mecha-
nism. Under a normal load of 25 N, the worn-out surface 
of 55 vol.% initial α′-martensite displayed a pitting pit 
and the main wear mechanism was contact fatigue. For 
55 vol.% initial α′-martensite, under a normal load of 
50 N, the wear mechanism was mostly adhesive wear 
mixed with a low amount of contact fatigue. Owing to 
high hardness and brittleness, abrasion wear was the 
primary wear mechanism for 76 and 85 vol.% initial 
α′-martensite.
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