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Abstract
The running-in period during dry sliding wear might determine the evolution to steady-state wear behaviour. To this end, the 
running-in period during sliding wear of austenitic stainless steel, AISI 316L stainless steel, and Hadfield steel were studied 
through the testing pin (flat-ended)-on-disk configuration. The effects of the normal load, sliding speed, and alloy type were 
assessed, and the specific wear rate and strain hardening characteristics were determined. The wear rate was correlated with 
wear mechanism, friction coefficient, hardening, and roughness to characterize the changes occurring during the running-in 
period. These changes could influence the responses of these materials to wear during the steady-state period. The stabiliza-
tion of the specific wear rate and hardness was noted to align with the end of the running-in period.
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1 Introduction

When plotting a mass losfs curve as a function of dis-
tance travelled for two surfaces in sliding contact, three 
characteristic regions of the curves with different stages 
are present: (i) the initial region known as the running-in 
period, (ii) the second region known as the steady period, 
and (iii) the last region known as the wear-out period. This 
behaviour occurs at the laboratory level and in industrial 
components. The running-in period is related to all the 
processes that occur before steady state is achieved, and 
these processes are usually accompanied by a wear rate 
change [1] or a friction coefficient change [2]. Conversely, 
this period can affirm that the steady-state regime occurs 
when the friction coefficient, wear rate, and surface rough-
ness reach relatively constant levels. Despite the impor-
tance of the running-in period in machine elements that 
present sliding wear, such as piston rings with cylinders, 
bearings, and gears, few scholars have discussed this phe-
nomenon [3–12]. Khonsari et al. [3] conducted a literature 
review and highlighted that the steady-state period has 
received significantly more attention than the running-
in period. Argatov et  al. [13] developed a macroscale 
approximation of the wear process during the running-
in period. The scholars used the theory of elasticity and 
Archard’s equation of wear to formulate the wear con-
tact problem. Simple closed-form approximations for the 
running-in period and sliding distance were provided in 
that paper. These approximations can be useful for esti-
mating the running-in period in wear, but further experi-
mental validation is needed. By using a pin-on-disk test 
rig configuration featuring pins made of hardened steel 
and disks made of St37 steel, Ghatrehsamani et al. [11] 
showed that the transient behaviour during the running-in 
period is significantly influenced by the loading condi-
tions. When the steady-state period begins, the surface 
roughness, wear coefficient, and friction coefficient all 
plateau. In other words, the loading condition during the 
running-in period has a significant impact on the behav-
iour of the system. Later, the same authors [14] claimed to 
have developed a model that can predict the variations in 
wear rate, friction coefficient, and surface asperities dur-
ing running-in and validated their experiments. Recently, 
Ding et al. [15] studied the running-in behaviour of 7075 
aluminium alloy during a burnishing process through a 
reciprocating tribometer. The scholars introduced a quan-
titative parameter dmax to study the running-in period. This 
parameter is defined as the maximum distance between 
phase points, and it is introduced as a metric to quantify 
the extent of the phase trajectory. The magnitude of dmax 
serves as an indicator of the phase trajectory’s conver-
gence. Notably, these discussions are framed within the 

context of Takens’ Theorem (1981), also referred to as the 
phase space reconstruction theory. This theorem is a math-
ematical framework that facilitates the comprehension of 
complex systems, such as those involving friction [16]. For 
comprehensive insight, the reader is encouraged to refer 
to Takens’ original work [17]. By using a sphere-on-flat 
configuration, Hsia et al. [18] showed that the running-in 
period is a complex system, where a transition in the wear 
micromechanisms from ploughing to adhesion and mild 
wear of both contacts occurs, leading to a more stable fric-
tion response. In other words, the behaviour of friction is 
determined by the wear of the asperities and the effect of 
their presence on the pressure between the contact surfaces 
once most have worn.

Understanding the running-in period and its duration is 
an important topic that researchers are proposing differ-
ent methods [19] beyond the current criteria based on the 
surface roughness, friction coefficient, and wear rate sta-
bilization. Notably, the running-in period has a significant 
impact on the steady-state performance of a tribological 
system. Researchers have found that factors such as sur-
face roughness and wear rate during the running-in period 
can directly affect the steady-state friction coefficient and 
wear behaviour. In fact, researchers have emphasized the 
need to further investigate the running-in process in terms 
of load, speed, and the duration needed to reach a steady 
state to determine the optimal operating conditions dur-
ing running-in, which can result in the best steady-state 
performance. The abrasive wear is commonly subdivided 
into 2-body and 3-body abrasion or into low-stress and 
high-stress abrasion, according to Gates [20]. Recently, 
a study of the running-in period for austenitic steels was 
conducted under abrasive wear conditions [21], where a 
correlation between the stabilization of the hardness and 
the achievement of steady-state wear was found. In this 
work, it has been postulated that factors beyond hardness 
influence the running-in period for austenitic steels. For 
instance, the strain hardening of steel during the running-
in period exhibits a strong correlation with the wear 
coefficient.

Running-in is a complex phenomenon that simultane-
ously involves elastic‒plastic deformation in the asperities 
and microstructural and chemical changes in the mating 
surfaces. Because this phenomenon occurs in the indus-
trial components that present slip between them, further 
study is needed to understand the nature of the running-in 
period. For this study, the changes occurring during the 
running-in period in austenitic steels varying the load and 
speed are correlated with the wear rate, wear mechanism, 
friction coefficient, hardening, and roughness. The selec-
tion of materials and operating conditions is essential for 
the control of the running-in period.
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2  Material Characterization

2.1  Materials

The samples of Hadfield steel used in this work were 
extracted from the section of a hammer from the scrap shred-
der. The Hadfield steel section (material that comes from a 
casting process) of the hammer was extracted from a place 
that was not affected by the impact loads to which the ham-
mer is subjected daily, as shown in Fig. 1. The extracted area 
of the Hadfield steel and the AISI 316L stainless steel were 
subjected to a solubilization treatment at 1100 °C for 2 h, 
using coal and metal shavings to avoid oxidation and decar-
burization of the surface, and then quenched in water. The 
selected material to serve as a counterbody in this work was 
an ASTM A36 steel (Sect. 2.4). The ASTM A36 disks were 
cut using a laser cutting process from an initially purchased 
ASTM A36 plate measuring 1 × 1 m. Several disks were 
produced with dimensions of 15 ± 0.01 mm in diameter and 
5 ± 0.01 mm in thickness, achieving a Ra of 0.5 µm.

Pins of austenitic Hadfield steel and AISI 316L stainless 
steel were cut by electrodischarge machining (EDM) to the 
following dimensions: a 3 mm diameter and 33 mm length. 
Prior to the tribological tests (Sect. 2.4), the pins and disks 
were cleaned using ethanol and compressed air at a pressure of 
100 Psi on their surfaces. The chemical composition is given 

in Table 1. These steels were selected based on two criteria. 
These criteria included the commercial availability, which 
facilitated the reproducibility of the present results by other 
research groups, and the well-known strain hardening capacity 
during deformation and wear [21, 22] due to the relatively low 
mechanical stability of the austenite, i.e. stacking fault energy 
[23–25]. This characteristic could facilitate the understanding 
of matrix strain hardening, wear behaviour, and running-in.

The Hadfield and AISI 316L steels possess austenitic 
microstructures (f.c.c. crystal structures) as depicted in Fig. 2.

2.2  Hardness

Micro-Vickers hardness (Buehler 1600 Series) testing was con-
ducted with a load of 0.98 N for 15 s. To identify the change in 
hardness during the sliding test, the microhardness was meas-
ured every 30 m to the full length of 180 m. Hardness measure-
ments were conducted using distinct pins for each test to ensure 
accuracy. After each stop, the pin was detached from the tri-
bometer and subjected to mass and roughness measurements as 
required. Subsequently, the pin was placed in the microhardness 
tester where it was indented on the affected surface. A minimum 
of 10 hardness measurements were performed under each stop 
to ensure data reliability. The margin of error for these tests 
was determined with a 95% confidence interval. For subsequent 
tests, a new pin was employed to accurately ascertain changes 
in hardness.

2.3  Roughness Measurement

Surface roughness was determined before and after the sliding 
wear test for each steel using a profiler tester (Taylor Hobson 
model Talysurf CCI). A recorded area of 0.8 mm × 0.8 mm 
on the surface of each pin during each stop (Sect. 2.4) was 
utilized to ensure a more meaningful statistical significance 
regarding the roughness parameter that was determined. The 
operating parameters of the profilometer are given in Table 2. 
Ra represents the average roughness, calculated as the arith-
metic mean of deviations from the roughness profile’s central 
line. In this study, the selection of the Ra parameter over other 
areal parameters, such as Sa, Sq, Ssk, and Sku, was driven 
by its universal acceptance and the facilitation of compara-
tive analysis across diverse studies and industrial applications. 
The Ra parameter is recognized as a foundational metric for 
assessing surface roughness, providing a consistent basis for 
comparison, particularly pertinent when aligning results with 

Fig. 1  Hadfield steel hammer from a scrap shredder, highlighting the 
area from which pins were extracted using electro-discharge machin-
ing (EDM)

Table 1  Chemical compositions 
of the studied alloys and 
counterbody (wt%)

Alloy C Mn Cr Ni Si P S Mo Cu

Hadfield 1.453 14.928 2.277 0.068 0.409 0.062 0.062 0.031 0.188
AISI 316L 0.032 2.002 18.030 10.010 1.012 0.045 0.031 2.010 –
ASTM A36 0.260 0.530 – – 0.290 0.040 0.050 – 0.200
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an extensive corpus of existing data that similarly employs 
Ra. This choice ensures that our findings are both comparable 
and compatible with the broader scientific and engineering 
communities, thereby enhancing the reproducibility and reli-
ability of our work. The R-profile measures the optical inten-
sity of the current beam, while the Pc50 filter manages light 
polarization, essential for analysing interference patterns with 
a spacing of 1e−005 µm. The non-measured points (NMP) 
ratio, at 0.1611%, reflects the proportion of points excluded 
from roughness calculations, indicating effective scanning 
coverage. The cut-off length, determined by Gaussian filters, 
distinguishes between roughness and waviness deviations.

2.4  Tribological Test

A Plint & Partners tribometer, model TE79 (Fig. 3), was 
used to conduct the sliding wear test. The selection of the 
test methodology was based on the guidelines presented in 

the ASTM G99 standard [26]. However, ASTM A36 steel 
was selected as a counter body with a hardness of 137 ± 0.15 
HV. This steel was selected to avoid quick strain hardening 
on the pin surfaces and to prolong the running-in period 
during the tests as much as possible to be able to record 
the roughness and hardness changes. The experimental 
procedure was conducted under two distinct normal loads 
and two sliding speeds: 6 N and 12 N, and 0.18 m/s and 
0.70 m/s, respectively. The environmental conditions during 
the tests were maintained at a temperature of 30 °C and a 
relative humidity of 50%. Significant research related to the 
running-in in the context of sliding wear was conducted by 
Queener et al. [27]. This research established that total wear 
comprises two components: one linear (steady state) and the 
other transient (breaking-in or running-in). A model was 
proposed in this study and discussed in light of experimental 
results conducted by the same authors, as well as previous 
results from the literature. It was concluded that the transient 
contribution (running-in) to total wear is proportional to the 
initial surface roughness. Based on that research, in the pre-
sent study, the initial surface values for all evaluated condi-
tions were set to be the same, as it will be described shortly, 
in order to mitigate the influence of the initial surface on the 
running-in period in terms of wear coefficient, friction, or 
hardness. Prior to the tribological test, a settlement process 
was implemented. This process utilized a normal load of 
1 N over a travel distance of 5 m, employing a 1200 grit 
SiC abrasive paper. The objective was to homogenize the 
surfaces of the interacting materials, thereby mitigating any 
influence of each coupon’s initial roughness on the devel-
opment of the running-in phase. Following this process, 
the Hadfield and AISI 316L pins achieved a Ra roughness 
of 0.0873 µm and 0.1016 µm, respectively, while the disks 
achieved a roughness of 0.5 µm. Henceforth, these surface 

Fig. 2  Optical micrographs of the a Hadfield Steel and b AISI 316L steel

Table 2  Profilometer parameters (pin roughness measurement)

Parameters Values

Roughness parameter Ra

Velocity of displacement 0.25 mm/s
Measuring range 100 μm (resolution 0.1 μm)
Measured profile/filter R-profile/Pc50
Spacing 1e−005 µm
Relation of non-measured points (NMP) 0.1611% (1689)
Height (measuring range) 31.97 µm (35.2 µm)
Resolution XY 0.82 µm
Visual field 0.842 mm
Lens 20 × (WD 4.7 mm)
Cutting length (cut-off) 0.8 mm
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finishing conditions will be considered as the initial rough-
ness conditions.

To monitor the alterations during the initial phase of 
the running-in, preliminary tests were implemented. It was 
established that to attain adequate statistical validity, six 
interruptions should be incorporated during each test con-
dition. This implies that interruptions were scheduled every 
30 m until a total distance of 180 m was covered. Further-
more, to ensure the validity of the results, three repetitions 
of the tribological tests were conducted, strictly following 
the methodology described in [21]. In particular, each tri-
bological test and characterization (including wear coeffi-
cient, hardness, roughness, etc.) was performed at least 3 
times at each predefined stop. As a result, the error bars 
depicted in each graph correspond to this deviation. Addi-
tionally, to ensure the precision of the test, the equipment 
was programmed to halt at each predetermined stop, con-
duct the necessary mass, hardness (Sect. 2.2), and roughness 
measurements, and then resume the tribological test until 
the next stop.

The specific wear rate, which is expressed as the vol-
ume removed per unit load per unit sliding distance (k), was 
determined by employing Eq. (1) [21]:

where Δm is the change in weight before and after wear 
for each type of steel (five measurements of weight change 
were conducted, and the mean value of these measurements 
was used in this analysis), ρ is the density (the density of 
Hadfield steel is 7.8 g/cm3, while the density of AISI 316 
steel is 7.9 g/cm3), FN is the normal load, and L is the sliding 
distance. For clarity, it is important to mention that we are 
utilizing accumulated k values. In other words, Eq. 1 is cal-
culated considering the total mass loss and the total distance 
travelled up to each stop. The wear coefficient K, as high-
lighted by Stachowiak [28], has two commonly used mean-
ings in the literature which could be puzzling. One is under 

(1)k
(

mm
3
/

Nm
)

=
Δm

�LFN

,

the Archard postulate, which introduces the proportionality 
constant (dimensionless [29]) between the real contact area, 
sliding distance, and the wear volume, i.e. V = KAr l = KlW/H, 
where: V is the wear volume  [m3]; K is the proportionality 
constant; Ar  is the real area of the contact  [m2]; W is the load 
[N]; H is the Vickers hardness of the softer surface [Pa]; l 
is the sliding distance [m]. The other meaning of k is the 
specific wear rate, which is defined as k = V/W × L, where: k 
is the specific wear rate (sometimes called the ‘wear factor’) 
 [m3/Nm]; V is the wear volume  [m3] or the same as Δm∕� ; 
W is the normal load [N]; L is the sliding distance [m]. Note 
that in this latest definition, k does not include hardness. 
Since in this work, the hardness evolved significantly dur-
ing the running-in period, and a single bulk initial hardness 
(static hardness) of the steel would have led to difficulties 
in interpreting the data, the latter meaning of the wear coef-
ficient was considered in this work.

3  Results and Discussion

3.1  Wear Results

The wear coefficient (k) vs. travelled distance was plotted 
for all evaluated conditions. The dashed lines in the graphs 
indicate that the specimens have reached a constant wear 
rate, allowing for the differentiation of the running-in and 
steady-stage periods. However, the authors wish to empha-
size that determining the steady state or the conclusion 
of the running-in period based solely on the k values is 
somewhat arbitrary. The choice of this point was made 
considering the minimal difference in the mean value 
before and after the stop being analysed. It is important 
to consider other factors when establishing the running-in 
period, which will be discussed in the following sections.

Fig. 3  Test device used in pin 
(flat-ended)-on-disk configura-
tion
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3.1.1  Hadfield Steel

Figure 4 shows the wear coefficients (k) as a function of 
the sliding distance (m) of Hadfield steel tested at sliding 
speeds of 0.18 and 0.70 (m/s) for normal loads of 6 N and 12 
N. Two general trends from this graph can be drawn. First, 
as the normal load increases from 6 to 12 N for all sliding 
speeds, the k value increases by one order of magnitude, 
which is expected with the well-known role of increasing the 
normal load in wear. Second, increasing the sliding speed 
(m/s) from 0.18 to 0.70 increased the k value regardless of 
the normal load used. When analysing the results at a more 
detailed level, it can be seen that the sliding speed has an 
effect on the running-in period (from the k point of view). 
For instance, Fig. 4a shows that the running-in period for 
0.18 m/s is approximately 120 m, while for 0.70 m/s, it is 
approximately 150 m. On the other hand, as the normal load 
increases from 6 to 12 N, Fig. 4b illustrates that the running-
in period for the condition tested at 12 N with a speed of 
0.18 m/s is longer than the condition tested at 6 N with the 
same speed, as shown in Fig. 4a.

Notably, the k values stabilize at approximately 120 m 
and 150 m for the conditions tested at 6 N and 12 N at a slid-
ing speed of 0.18 m/s, respectively. This finding coincides 
well with the stabilization of hardness, as will be shown 
later (Fig. 14a, b).

3.1.2  AISI 316L Steel

Figure 5 shows the wear coefficients (k) as a function of the 
sliding distance (m) of the AISI 316L steel tested at sliding 
speeds of 0.18 and 0.70 (m/s) under normal loads of 6 N 
and 12 N. Similarly, as in the Hadfield steel (Sect. 3.1.1), 

increasing the sliding speed from 0.18 and 0.70  m/s 
increases the k value regardless of the normal load used. 
However, a noticeable difference from what occurred in 
the Hadfield steel (Sect. 3.1.1) is that as the normal load 
increases from 6 to 12 N, the k value decreases for the condi-
tion tested at a 0.70 m/s sliding speed.

In addition, it is worth mentioning that the k value sta-
bilizes at approximately 150 m and 60 m for the conditions 
tested at 6 N and 12 N at a sliding speed of 0.18 m/s, respec-
tively. This finding is in agreement with the stabilization of 
hardness, as will be shown later (Fig. 15a, b).

3.1.3  Instantaneous Wear Rate Discussion

The cumulative k values discussed in the previous section 
showed that the values stabilized after a certain sliding dis-
tance for both Hadfield and AISI 316L stainless steel, irre-
spective of the normal load or sliding speed used. However, 
the running-in period could also be analysed from another 
perspective that is, using instantaneous values. The follow-
ing analysis is based on the work of Peter Blau [6], where it 
is concluded that the wear rates (i.e. the slope of the curve 
connecting the beginning of the test with its endpoint) can 
vary significantly depending on the interval chosen to define 
the test duration. In Fig. 6, the volume loss  (mm3) versus 
sliding distance (m) for both Hadfield and AISI 316L stain-
less steel is shown.

In Fig. 6a, different red lines are drawn to assess the slope 
and determine if the running-in period has finished and the 
steady state has begun for the condition of 6 N and 0.70 m/s 
in the Hadfield steel. For example, line OB represents a high 
wear rate condition typically associated with the running-in, 
where its slope (SOB) is 1.21, equivalent to the instantaneous 

Fig. 4  Wear coefficient (k) as a 
function of the sliding distance 
(m) of Hadfield steel at sliding 
speeds of 0.18 and 0.70 m/s 
under normal loading: a 6 N 
and b 12 N
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wear rate (W). Similar comments apply to line OC, where 
the slope (SOC is 1.01). The line DE, the slope (SDE) is 0.56, 
suggesting that the running-in period has probably finished. 
Finally, line OA represents the case where the test ends only 
after a transition to a high rate of wear-out. The slope of 
that line is clearly affected by the wear-out phase. At the 
distance of 90 m, the steady-state period determined from 
the instantaneous wear rate of the condition coincides with 
the hardness stabilization of this material at 90 m, as will 
be discussed in Sect. 3.4.1. Following a similar analysis for 
the AISI 316L stainless steel tested at 6 N and 0.18 m/s, 
as shown in Fig. 6b it is clear that the slope of line EF 

drastically decreases compared to the slope values in the 
initial meters of the sliding distance. When calculating the 
slope of the subsequent straight line from point F to point A, 
the slope value was 0.59, which confirms that the stabiliza-
tion of the instantaneous wear rate was achieved. Lastly, but 
not least, it is of utmost importance to mention that the end 
of the running-in period and the start of the steady state in a 
tribosystem are not necessarily defined solely by the stabili-
zation of the wear rate. Other key factors such as the steady 
state of hardness, surface roughness, and friction coefficient 
could also mark the end of the running-in period, as this 
work demonstrates.

Fig. 5  Wear coefficient (k) as a 
function of the sliding distance 
(m) and of the AISI 316L steel 
at sliding speeds of 0.18 and 
0.70 m/s under normal loads: a 
6 N and b 12 N
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3.2  Friction Coefficient

Figure 7 displays the average friction coefficient (µ), deter-
mined from three friction curves, plotted against distance 
(m) for both AISI 316L steel and Hadfield steel under two 
different sets of conditions: 6 N and 0.18 m/s and 12 N and 
0.7 m/s. The results show that the lowest sliding speed leads 
to the lowest friction coefficients. A strong correlation can 
be observed between µ and surface roughness (Fig. 13). For 
example, the µ for Hadfield steel tested at 6 N and 0.18 m/s 
is significantly lower than that tested at 12 N and 0.70 m/s. 
This trend is also reflected in the average surface rough-
ness (Ra) values, as shown in Fig. 11, where the Ra for Had-
field steel tested at 6 N and 0.18 m/s is much lower than 
that tested at 12 N and 0.70 m/s. This correlation is evident 
for AISI 316L SS, where the µ for AISI 316L SS tested at 
6 N and 0.18 m/s is much lower than that tested at 12 N 
and 0.70 m/s. The Ra for AISI 316L SS tested at 6 N and 
0.18 m/s is much lower than that tested at 12 N and 0.70 m/s.

The different steady-state µ values acquired from Fig. 7 
for both AISI 316L steel and Hadfield steel under two dif-
ferent sets of conditions, 6 N and 0.18 m/s and 12 N and 
0.7 m/s, are shown in Fig. 8. While it is generally expected 
that the wear coefficient and friction coefficient are load- and 
speed-independent, there are numerous studies in the litera-
ture that have reported a dependence of these coefficients 
on load and speed under certain conditions. For instance, 
studies by Yokohata et al. [30], Xu et al. [31], and Zambrano 
et al. [32] have shown that for certain materials and under 
specific operating conditions, the wear and friction coef-
ficients can be load and speed-dependent. In this study, a 

similar trend was observed for austenitic steels in a pin-on-
disk configuration. This could be attributed to several factors 
such as the operating conditions, the specific tribological 
system used in these experiments, and the material prop-
erties such as strain hardenability and plastic deformation 
mechanisms that may significantly alter the contact mechan-
ics between asperities.

The friction coefficient results shown in Fig. 8 agree with 
the wear surfaces (Sect. 3.1). Under low loads and speeds, 
the AISI 316L steel has a higher µ than the Hadfield steel, 
and the surface of the AISI 316L steel shows more severe 
plastic deformation, microcutting, and particle adherence.

3.3  Roughness

Figure 9 shows the topographic profile of the pins of Had-
field steel under normal loads of 6 N and 12 N at sliding 
speeds of 0.18 m/s and 0.70 m/s after the test (180 m). 
Figure 10 shows the topographic profiles of the pins of 
AISI 316L stainless steel under normal loads of 6 N and 
12 N at sliding speeds of 0.18 m/s and 0.70 m/s after the 
test (180 m). Figure 11 shows the variation in the average 
roughness (Ra) with respect to the sliding distance. For AISI 
316L steel (Fig. 11a), the sliding speed is the main variable 
that affects the average roughness of worn surfaces, regard-
less of the normal load. The sliding speed of 0.70 m/s has 
a greater effect on increasing the sizes of the peaks than 
0.18 m/s. The effect of sliding speed is particularly notice-
able under a normal load of 6 N, as shown in (Fig. 11a). The 
peak heights change significantly, as observed on compar-
ing Fig. 10a, b. In addition, it is reasonable to infer that Ra 
has a good relationship with the k value. There is a higher k 
value for AISI 316L SS at 6 N and 0.70 m/s than at 12 N and 
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steel at 6 N with the lowest sliding speed and 12 N with the highest 
sliding speed. The initial roughness condition (Ra) is shown

Fig. 8  Friction coefficient (µ) values of the AISI 316L steel and Had-
field steel at 6 N with the lowest sliding speed (0.18 m/s) and 12 N 
with the highest sliding speed (0.70 m/s)
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0.70 m/s, corresponding to high and low Ra values, respec-
tively. Conversely, it is relevant to mention that for the tests 
carried out with Hadfield steel (Fig. 11b), the sliding speed 
is the factor with the greatest influence on the increases in 
average roughness and worn topography. The conditions that 
have the greatest influence on the variability of the average 
Ra in tests carried out with Hadfield steel are the highest 
load (12 N) and the highest sliding speed (0.70 m/s). This 
finding is in agreement with the greatest friction coefficient 
observed in Fig. 7, 8 and with the high Ra values meas-
ured in Fig. 9d. Notably, by analysing the wear coefficient 
(Fig. 5) and the roughness (Fig. 11a) of AISI 316L steel, it 
appears that a relatively high load for the AISI 316L steel 
decreases the running-in distance (perhaps due to its low 
hardness, indicating the rapid deformation of asperities). A 
faster stabilization of roughness is observed at high loads 
(short peak-to-valley distance), which is consistent with the 
results of Sjöberg et al. [33]. In a similar line of analysis, by 
reviewing the wear coefficient of the Hadfield steel (Fig. 4), 
it is evident that the condition with the highest k (Hadfield 
12 N and 0.7 m/s) has the highest roughness at the end of the 
running-in period (125 m); it seems that this phenomenon 
is the case with the AISI 316L SS. These observations are 
consistent with the discussion of Akbarzadeh et al. [34].

Figure 12 shows the final roughness values (after 180 m) 
for both steels. The 316L steel exhibits greater roughness 
and greater surface damage than Hadfield steel, as can be 
observed by SEM (and respectively).

Figure 13 presents the comparative analysis of the average 
friction coefficient (µ) against roughness Ra (µm) for AISI 
316L steel and Hadfield steel under two distinct conditions: 
a load of 6 N at the minimum sliding speed, and a load of 12 
N at the maximum sliding speed. A discernible correlation is 
evident within each steel type between the steady-state fric-
tion coefficient and the roughness at 180 m. Furthermore, an 
increase in either the normal load or the sliding speed results 
in a corresponding increase in both the friction coefficient 
and roughness. This observation underscores the interde-
pendent relationship between these variables.

3.4  Hardness

3.4.1  Hadfield Steel

Figure 14 shows the hardness profile of Hadfield steel 
using sliding speeds of 0.18 m/s and 0.70 m/s under nor-
mal loads of 6 N and 12 N, respectively. The first point 
to note is that inc reasing the normal load from 6 to 12 N 

Fig. 9  Topographic profiles of the pins of Hadfield steel at the end 
of the test (180 m) under a normal load of 6 N at sliding speeds of a 
0.18 m/s and b 0.70 m/s and under a normal load of 12 N at sliding 

speeds of c 0.18 m/s and d 0.70 m/s. The initial roughness condition 
(Ra) for the Hadfield steel is 0.0873 µm
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drastically increases the hardness during the running-in 
period. Nonetheless, the effect of the normal load in delim-
iting the running-in period is more obscure. At a sliding 
speed of 0.70 m/s, increasing the normal load from 6 to 
12 N has a negligible effect on the running-in period and 

the maximum hardness achieved during the steady state. 
In contrast, for the conditions tested at a sliding speed of 
0.18 m/s, the effect of the normal load can be appreci-
ated; that is, as the normal load increases, the maximum 

Fig. 10  Topographic profiles of the pins of AISI 316L steel after 
the test (180  m) under a normal load of 6 N at sliding speeds of a 
0.18 m/s and b 0.70 m/s and under a normal load of 12 N at sliding 

speeds of c 0.18 m/s and d 0.70 m/s. The initial roughness condition 
(Ra) for the AISI 316L steel is 0.1016 µm

Fig. 11  Change in roughness 
(Ra) during the sliding wear test 
as a function of normal load (N) 
and sliding speed (m/s) for a 
AISI 316L stainless steel and b 
Hadfield steel (H)
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hardness achieved increases, and the running-in period 
seems to be longer under a load of 12 N.

The hardness of the Hadfield steel stabilizes at 120 m 
under a load of 6 N and a speed of 0.18 m/s, while it stabi-
lizes at 90 m under a load of 6 N and a speed of 0.70 m/s. At 
12 N, the Hadfield steel stabilizes at approximately 150 m at 
0.18 m/s, while it stabilizes at 90 m at a speed of 0.70 m/s. 
Based on these results, it seems that the sliding speed has 
a relevant impact on the strain hardenability, a topic that is 
discussed in Sect. 3.4.3.

3.4.2  AISI 316L Steel

Figure 15 shows the hardness profile of the AISI 316L steel 
using sliding speeds of 0.18 m/s and 0.70 m/s under normal 
loads of 6 N and 12 N, respectively. Similarly, as in the 
case of the Hadfield steel (Sect. 3.4.1), as the normal load 
increases from 6 to 12 N, the hardness increases drastically 
during the running-in period. For instance, for 316L steel 
tested under the conditions of 6 N and 0.70 m/s at 30 m, the 
hardness increases from ⁓ 250 to ⁓ 325 HV. However, for 
316L steel tested under the conditions of 12 N and 0.70 m/s 
at 30 m, the hardness increases from ⁓ 250 to ⁓ 425 HV. 
Thus, the normal load plays an important role in the strain 
hardening rate of austenite during the running-in period. 
Another important effect is the sliding speed. At either 6 N 
or 12 N, when the sliding speed increases, the slower sliding 
speed leads to the quicker strain hardening of the austenite.

The hardness of the AISI 316L stainless steel stabilizes 
at 90 m under the conditions of 6 N and 0.18 m/s. Later, 
steel stabilizes to 150 m due to the strain hardening layer 
detachment. Similar oscillatory behaviour is observed for 
the condition tested at 0.70 m/s. At 12 N, the AISI 316L SS 
stabilizes at approximately 60 m at 0.18 m/s, while it stabi-
lizes at 150 m at 0.70 m/s. Based on these results, it seems 
that the sliding speed has a relevant impact on the strain 
hardenability, especially during the running-in period, which 
is discussed in Sect. 3.4.3.

3.4.3  Hardness Changes During the Running‑in Observed 
for the Hadfield Steel and AISI 316L Stainless Steel

In addition to the running-in period in both austenitic 
steels, it is interesting to observe that the maximum hard-
ness reached during the studied conditions in the Hadfield 
steel is much higher than that reached by the AISI 316L 
steel. Here, it is convenient to discuss the concept of the 
stacking fault energy (SFE) [35], which determines the 
stability of austenite and its susceptibility to deformation-
induced transformations and strain hardening capacities 
that can increase the plasticity during deformation. The 
SFE affects the formation of microstructural features, such 
as ε-martensite, α′-martensite, mechanical twins, and slip 
dislocations. Different authors have reported SFE value 
ranges, where these deformation mechanisms are predomi-
nant. Plastic deformation mechanisms can generally be 
classified based on the SFE value: transformation-induced 
plasticity (TRIP) occurs when the SFE is below 20 mJ/m2, 
twin-induced plasticity (TWIP) occurs when the SFE is 
between 20 mJ/m2 and 40 mJ/m2, and microband-induced 
plasticity (MBIP) occurs when the SFE is above 40 mJ/
m2 [23, 24, 35, 36]. The SFE of the Hadfield steel is esti-
mated to be approximately 23 mJ/m2 at 298.15 K [37], 
which is lower than the estimated 40–64 mJ/m2 for AISI 

Fig. 12  Final roughness (Ra) of AISI 316L steel and Hadfield steel 
as a function of normal load (N) and sliding speed (m/s). The initial 
roughness condition (Ra) for the Hadfield and AISI 316L steels are 
0.0873 µm and 0.1016 µm, respectively
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316 stainless steel [22, 38]. Therefore, it is reasonable to 
expect that the operation of twinning can lead to higher 
hardness increases in the Hadfield steel under the condi-
tions imposed in this study. However, the formation of 
microbands and some twinning can occur in the AISI 316L 
stainless steel, which can be less effective as a disloca-
tion barrier than predominant twinning. Therefore, it is 
reasonable to expect that the AISI 316L steel can reduce 
the strain hardening rate capacity compared with that of 
Hadfield steel. These results align very well with those 
recently presented in [39], where the strain hardening per-
centage after abrasion wear of austenitic alloys decreases 
from 66 to 53% as the SFE of the austenite increases from 
30.96 to 52.36 mJ/m2. Therefore, it is reasonable to expect 

that AISI 316L steel can have a lower strain hardening rate 
capacity than Hadfield steel.

It is important to note that the strain hardening behav-
iour of austenitic steels during wear conditions is a complex 
phenomenon that is influenced by a multitude of factors; 
the specific chemical composition of the steel plays a sig-
nificant role. High-Mn austenitic steels, for instance, have 
been shown to exhibit excellent mechanical properties and 
adjustable strain hardening behaviour due to different defor-
mation mechanisms [35, 40]. The SFE, which is influenced 
by the chemical composition and temperature, is a key fac-
tor in determining these deformation mechanisms. Another 
point to consider is that the tribological system employed in 
the experiments can have an impact on the strain hardening 

Fig. 14  Hardness profile of 
Hadfield steel at sliding speeds 
of 0.18 m/s and 0.70 m/s under 
normal loads of a6 N and b12 N
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behaviour. For example, it was observed that the resistance 
to wear and corrosion of 316L austenitic stainless steel 
enhanced following strain hardening [41]. Concurrently, the 
average friction coefficients of the stainless steel showed a 
reduction as strain hardening increased. In summary, the 
strain hardening phenomena observed in austenitic steels 
under wear conditions is a complex interplay of various fac-
tors. These include the chemical composition of the mate-
rial, the conditions under which the material operates, the 
specific tribological system in use, and the inherent prop-
erties of the material itself. To fully elucidate these intri-
cate relationships and their subsequent effects on the wear 

performance of austenitic steels, additional scientific inves-
tigation is warranted.

3.5  Wear Surfaces

3.5.1  Hadfield Steel

Figure 16 shows the wear surfaces of the Hadfield steel at 
different distances—30 m, 60 m, 90 m, and 180 m—under 
the conditions tested at 6 N and 0.18 m/s. At 30 m, the wear 
surface shows characteristics of fine grooves caused by 
microcutting. At 60 m, in addition to microcutting, some 
presumable microcracking and/or material detachment can 

Fig. 16  Wear surfaces of Hadfield steel under a normal load of 6 N at a sliding speed of 0.18 m/s for different distances: a 30 m, b 60 m, c 90 m, 
and d 180 m



 Tribology Letters (2024) 72:7070 Page 14 of 16

be observed. At 90 m, noticeable plastic deformation is 
observed, which is most likely due to the intimate contact 
with the counterbody after the asperities are settled; this 
settlement and some particle adherence occur during micro-
cutting. At 180 m, similar features as in the case before can 
be observed, and the main difference is a less pronounced 
operation of plastic deformation. It is worth noting that there 
is a reasonable agreement among the k value during running-
in and stabilization periods (Fig. 4a), the strain hardening 
caused by plastic deformation observed in Fig. 14a, and the 
wear micromechanisms observed.

Under this condition, the Hadfield steel seems to show a 
roughness stabilization of approximately 60 m (Fig. 11b), 
and not much fluctuation from the roughness viewpoint can 
be observed. This rapid stabilization matches the relatively 
uniform and homogenous changes in the micromechanism 
of the wear surface observed in Fig. 16.

3.5.2  AISI 316L Steel

Figure 17 shows the wear surfaces of the AISI 316L SS at 
different distances of 30 m, 60 m, 90 m, and 180 m under 

Fig. 17  Wear surfaces of AISI 316L steel under a normal load of 6 N at a sliding speed of 0.18 m/s for different distances a 30 m, b 60 m, c 
90 m, and d 180 m
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the conditions of 6 N and 0.18 m/s. It is interesting that at 
30 m, the wear surface only shows features of microcracking 
and microploughing. However, at distances of 60 m, 90 m, 
and 180 m, the identified wear micromechanisms, such as 
microcracking, microploughing, and adherence of particles 
from the counterbody, are quite similar.

It is worthwhile to mention that under this condition, 
the AISI 316L SS does not show roughness stabilization 
based on Fig. 11. However, there are wide fluctuations in 
amplitude due to the detachment or peeling off the mate-
rial, matching the observations found through SEM in 
Fig. 17.

4  Conclusions

In this research, the running-in periods of austenitic steels 
in sliding wear are analysed using a pin-on-disk configura-
tion. The following conclusions can be drawn:

The point at which the specific wear rate and hardness 
stabilize was observed to coincide with the end of the 
specified running-in period.
The lowest sliding speed leads to the lowest friction 
coefficient, roughness, and wear coefficient values.
During the running-in period, the wear surfaces of both 
Hadfield steel and AISI 316 stainless steel exhibit a 
strong correlation with changes in roughness.
The stability of the austenite, which is related to the 
stacking fault energy, appears to play a significant role 
during the running-in period of hardness in austenitic 
steels. This, in turn, is strongly associated with the 
running-in period observed during wear.
The k value for Hadfield steel increases by a factor of 
approximately 3 when the normal load is doubled from 
6 to 12 N. However, for the AISI 316L steel, the same 
increase in the normal load only causes a slight increase 
in the k value within the same order of magnitude. Nev-
ertheless, the k value is always lower for the Hadfield 
steel than for the AISI 316L steel.
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