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A high-strain scratch tester was employed to investigate the abrasive behavior of four different
ferrous microstructures with similar bulk hardness levels. The microstructures revealed unique
groove characteristics and significant deformation in their sub-surface layers. Bainite and
pearlite displayed superior abrasive wear performance in comparison with martensite and
tempered martensite microstructures. The characteristics of microstructure constituents were
responsible for the distinct groove characteristics and material removal mechanisms. The effect
of normal load was influential in the transition of the material removal mechanism from
ploughing to cutting. The sub-surface layer of microstructures revealed significant deformation
(i.e., nanostructure formation), which was largely determined by the initial microstructure
characteristics. The occurrence of work-hardening phenomenon in the sub-surface layer
demonstrated a positive impact during abrasion.
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I. INTRODUCTION

ABRASIVE wear is a predominant wear phe-
nomenon that is observed especially in mining- and
mineral-processing industries. This phenomenon takes
place when a hard particle abrades a relatively softer
surface resulting in severe material damage, thereby
leading to a financial loss.[1–4] In general, a tribological
abrasive system is governed by two major components,
namely the material (i.e., microstructure) and abrasive
environment characteristics. Apart from the abrasive
environment, the abrasive resistance of a ferrous alloy
(i.e., steel) is greatly determined by a combination of its
mechanical properties such as hardness, fracture tough-
ness etc., which are predominantly influenced by the
metallurgical structures/phases in a steel alloy.[5–9]

Extensive studies have been reported to formulate a
direct correlation between the abrasive wear resistance
and the bulk hardness of ferrous microstructures.[10–18]

However, this theory holds largely true for single-phase
materials.[19]

During the abrasive process, the microstructure char-
acteristics progressively alter, resulting in a change in the
mechanical properties.[20–25] In general, the sub-surface
layer of a ferrous alloy often experiences severe defor-
mation leading to an increase in its hardness. This
implies that the microstructure is quite dynamic in
nature, and its abrasive resistance cannot be only bulk
hardness dependent.[26,27] Moreover, in the case of a
multiphase microstructure, this observation is more
complex as each individual metallurgical structure also
play a vital role on their abrasion wear behavior.[28]

Therefore, it is essential to understand the impact of the
microstructure constituents on the process of material
removal during abrasion process.
One of the major drawbacks in the existing two-body

abrasive wear tests (e.g., pin-on-disk testing) is that the
abrasive environment (i.e., abrasive particle character-
istics) undergoes appreciable changes (particle deterio-
ration) during the course of a test.[29–32] In addition, the
restricted abrasive particle movement and repeated
traversals of the material on the same region raises a
series of arguments on the abrasive particle efficiency in
two-body wear tests.[33] This elucidates the complexities
involved in existing laboratorial two-body abrasive wear
tests. Consequently, this restricts the capabilities of
simulating an actual industrial abrasive wear.[34–37]

Moreover, the extent of deformation and impact of an
industrial abrasive action (i.e., digging and excavating)
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is very minimally replicated in the current laboratory
tests.[38] Eventually, this dictates the need for a labora-
tory set-up that can mimic the severity of abrasion
process in terms of deformation and high loads.

To address this issue, a high-strain abrasive scratch
testing was chosen for the current study, as it provided a
better understanding on abrasion and the process of
material removal.[39–41] During the test, a robust inden-
ter abraded the microstructure surface creating wear
tracks (i.e., grooves) under the action of a normal load.
This test offered more control over the abrasive envi-
ronment (i.e., very limited changes in the indenter
geometry during the course of the test), simulated
high-strain abrasive conditions and offered better repro-
ducibility of results. The current study investigated the
abrasive behavior of bainite, pearlite, martensite and
tempered martensite microstructures with similar hard-
ness levels under the above controlled abrasive scratch
test. The grooves made during the scratch test were
characterized using electron microscopy and an optical
profilometry. Sub-surface layers (i.e., region beneath the
grooves) were carefully examined to understand the
abrasive response of the microstructures.

II. EXPERIMENTAL PROCEDURES

Three steel alloys with different chemical composi-
tions were used in the current study (Table I). Different
heat treatment schedules were conducted on steels I and
II to obtain three distinct microstructures, namely
bainite, tempered martensite and martensite. As-re-
ceived ingots were initially hot-rolled in a temperature
range of 1050 �C to 1100 �C to reduce their thickness to
~ 17 mm. The hot-rolled samples were then homoge-
nized at 1250 �C for 24 hours in a controlled Argon
atmosphere followed by furnace cooling. To produce a
bainitic microstructure, steel I was austenitized at
1000 �C for 30 minutes, followed by an isothermal
transformation at 300 �C for 5 hours in a salt bath
furnace. A tempered martensitic microstructure was
obtained by the process of rapid water quenching a fully
austenitized steel I at 1000 �C. Then, it was subjected to
the tempering treatment at 500 �C for 3 hours. Samples
from steel II was austenitized at 900 �C for 5 minutes,
followed by a rapid quenching in a brine solution to
produce a fully martensitic microstructure. Steel III was
as-received with a fully pearlitic microstructure.

Struers, Dura Scan micro-hardness machine was
employed to carry out the bulk hardness measurements
on the heat-treated microstructures (i.e., prior to the
scratch tests) at 0.01 N with a dwell time of 15 seconds.
After the wear tests, the sub-surface investigations (i.e.,
micro-hardness measurements) were also carried out
along the sub-surface layer at a distance of ~ 3 lm
below the sample edge. Six hardness measurements were
undertaken for each sample condition and an arithmetic
average was considered. Scanning electron microscope
(SEM, SUPRA 55 VP FEG operated with SE2 detector
at 20 kV) was extensively used for the microstructure
and sub-surface characterization. For the microstruc-
tural characterization, the samples were subjected to

standard metallographic sample preparation techniques.
The ground steel samples were polished in a series of
polishing pads using a diamond paste of 9, 6, 3 and
1 lm successively in a Tegra-Force semi-automatic
polishing unit. The samples were ultrasonically cleaned
between the different stages of polishing. The immer-
sion technique-ASTM 407[42] was used to etch the
samples using a 4 vol pct nital solution. The time
required to etch the sample varied depending on the
microstructure.
The abrasive resistance and the process of material

removal in different microstructures were evaluated
using an in-house abrasive scratch test instrument. This
instrument was designed to have a controlled scratch on
the surface of interest (~ 45 mm 9 55 mm 9 7 mm)
using a robust indenter. The indenter was conical in
shape with a spherical tip and radius of ~ 1.1 mm and
was made from cemented tungsten carbide (i.e.,
WC-10 pct Co). Similar abrasive scratch studies have
been carried out using the above instrument and a more
detailed operation of this set-up has also been explained
elsewhere.[43] The scratches were performed on the
polished surface at a constant sliding speed of 1 mm/s,
a sliding distance of 30 mm at five different normal
loads, namely 200, 500, 1000, 1500 and 2000 N. The tip
of the indenter was cleaned after each pass to avoid
debris attachment. The instrument was interfaced with a
PC, which enabled ease of control over load and
displacement of the indenter.
On completion of the scratch tests, Alicona

InfiniteFocus optical profilometer was employed to scan
the scratch length of 30 mm at 20 times magnification
for all conditions, negating ~ 2.5 mm either side of the
scratch (i.e., at the start and the end of the scratch). At
20 times magnification, the profilometer takes ~ 4 hours
to scan one single scratch with a high step accuracy.
Each wear groove profile was collected (i.e. average
depth and width of the scratch) from one complete scan
of the entire scratch (Figure 1(a)). This was specifically
undertaken to understand the response of the
microstructures towards an abrasive action by a normal
load. Moreover, four individual sections (i.e., ~ 6 mm
long sections from 1 to 4, Figure 1(a)) of the 30 mm
scratch were further analyzed to calculate the average
volume of material loss and depth of penetration. The
current study has undertaken a significant wear groove
area for analysis (i.e. 24 mm, 6 mm 9 4) to have a
reliable measurement. The volume of the material
removal, Vrem, during the scratch test for a given
condition was calculated based on the equation, Vrem =
[Vg – (V1 + V2)], where, Vg is the volume of the groove
(mm3), V1 and V2 are the volume of the built-up edges
(mm3) (Figure 1(b)). In addition, the degree of penetra-
tion, Dp, was determined based on the equation,
Dp = 2d/w, where, d and w are the depth and width
of the groove (mm)[9] (Figure 1(b)). The surface rough-
ness, Ra of the grooves was quantified based on the
characteristics of the wear groove profile along the
sliding direction.[44] Average arithmetic roughness, Ra of
the groove profile was calculated over a defined length
(i.e., ~ 14.5 mm) and an average was reported for all
conditions.
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The sub-surface layer was further examined using
electron microscopy (JEOL JEM-2100F) fitted with a
NanoMEGAS ASTAR automated crystal orientation
and phase mapping system. The microscope operated at
200 kV coupled with a Gatan Orius SC1000 fast-rate
acquisition high-resolution camera of 11 Mpixel. The
data was exported to the HKL Technology/Oxford
instruments Channel 5 software for post processing. The
TEM samples (i.e., TEM lamellae) were prepared from
the deformed regions at the sub-surface layers with a
size of ~ 6 9 8 lm2 through Focussed Iron Beam (FIB)
technique using FEI Quanta 3D FEG FIB-SEM
(Figure 1(c)). This technique involved a series of precise
steps namely, identifying the region of interest, platinum

deposition, bulk-out, U-cut, lift-out, mounting, thinning
and cleaning.

III. RESULTS AND DISCUSSION

In this section, the impact of microstructure charac-
teristics in a controlled highabrasive scratch testing is
discussed. Specifically, the groove characteristics [i.e.,
volume of material removal (Vrem), degree of penetra-
tion (Dp) and surface roughness (Ra)], scratch hardness,
and sub-surface deformation layers of four different
microstructures at different loading conditions were
compared, analyzed and discussed.

1
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3
4

-200    -150    -100     -50        0        50      100     150     200
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Fig. 1—(a) Topographical analysis on the wear groove of pearlite microstructure subjected to 1500 N, (b) cross-section of a scratch with built-up
edges and (c) TEM foil region from the sub-surface region in schematic representation.

Table I. Chemical Composition of the Steels (in Weight Percent)

Material C Si Mn Cr Mo Ni Al Co

Steel I 0.261 1.61 3.51 1.05 0.275 1.69 0.78 0.49
Steel II 0.046 0.26 1.84 0.007 0.251 0.008 0.070 0.0066
Steel III 0.844 0.27 0.67 0.02 0.006 0.04 0.002 0.004
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A. Microstructural Characterization

Four distinct microstructures with similar bulk hard-
ness levels were produced through distinctive heat
treatment schedules (Figure 2). A fully martensitic
microstructure consisting of highly dislocated laths
was formed in steel II with a hardness level of
355 ± 3 HV0.01N (Figure 2(a)). The tempered marten-
site microstructure formed in steel I consisted of ferritic
laths with low dislocation density and cementite (i.e.,
recovery, Figure 2(b)) with a bulk hardness of 350 ± 2
HV0.01N. Isothermal transformation of steel I at 300 �C
for 5 hours resulted in a bainitic microstructure with a
hardness of 363 ± 1 HV0.01N. The microstructure con-
stituted of bainitic ferrite (BF) and 11.5 pct of retained
austenite (RA) (Figure 2(c)). Steel III was a fully
pearlitic microstructure consisting of ferrite (a) and
cementite lamellae (CL), having a hardness level of
326 ± 2 HV0.01N (Figure 2(d)).

B. Groove Morphology and Material Displacement

The scratches (or wear tracks) formed on the
microstructures at different normal loads were topo-
graphically analyzed using an optical profilometer
(Figures 3 and 4). These three-dimensional images also
demonstrated that the amount of material removed
from the grooves was proportional with the applied
normal load. This was largely evident with an increase in
the scratch depth and width (Figures 3 and 4) with
increasing normal load. In general, the depth of the
scratch was highest for martensite followed by tempered
martensite, pearlite and bainite (Figures 3 and 4).
Material displacement in martensite was observed

through the formation of step in the groove (as shown
by arrows in Figures 3(b) and (c)). However, in the case
of tempered martensite, this step formation was less
significant than martensite microstructure and mostly
observed at 2000 N (as shown by an arrow in
Figure 3(f)). Meanwhile, bainite and pearlite displayed
fairly shallow grooves (Figures 4(a) through (f)), i.e., the
depth of the grooves was relatively less in comparison
with martensite and tempered martensite. This indicates
a possible superior abrasive performance of bainite and
pearlite microstructures.

C. Groove Profile Characterization

The scratch profiles extracted from the optical pro-
filometery scans were plotted at different normal loads
(Figure 5). As expected, the depth of the scratches
increased with an increase in normal load. In addition,
the material displaced to the sides (i.e., built-up edges)
was progressively increased to some extent, beyond
which it was significantly reduced. In some cases, there
was a non-uniformity in the built-up volume across the
scratch edges. In the case of martensitic microstructure
at 1500 N, the built-up volume on the left was
substantially smaller than the built-up edge on the right
in martensite microstructure (as shown by an arrow in
Figure 5(a)). This trend was more dominant with an
increase in the normal load, i.e., > 500 N. Generally,
martensite and tempered martensite microstructures
exhibited wider and deeper grooves compared with
bainite and pearlite for a given load condition. At lower
load regimes (i.e., 200 to 1000 N) bainite and pearlite
microstructures displayed shallow wear grooves (i.e.,

Fig. 2—SEM images of microstructures at different heat treatment conditions with similar hardness levels 330-370HV0.01N: (a) Steel
II—martensite, (b) Steel I—tempered martensite, (c) Steel I—bainite and (d) Steel III—pearlite. Phase labels: M martensite; Fe3C cementite, RA
retained austenite; BF bainitic ferrite, CL cementite lamellae, a ferrite.
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Fig. 3—Topographical analysis on the scratch tracks of martensite (a) through (c) and tempered martensite microstructures (d) through (f)
subjected at different normal loads (200, 1000 and 2000 N). Note The scale bar (lm) is different for each microstructure.

Fig. 4—Topographical analysis on the scratch tracks of bainite (a) through (c) and pearlite microstructures (d) through (f) subjected at different
normal loads (200, 1000 and 1500 N). Note The scale bar (lm) is different for each microstructure.
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smaller depth) indicating a lesser material loss in
comparison with other microstructures. However,
with an increase in the normal load (e.g., 1500 N),
their groove profile (i.e., ~ 450 lm-width and
~ 1160 lm-depth) largely matched the groove profile
(i.e., ~ 450 lm-width and ~ 1250 lm-depth) of tempered
martensite (Figures 5(b) through (d)) for the corre-
sponding load. This could possibly indicate the differ-
ential abrasive behavior of microstructures with respect
to the normal loading.

D. Scratch Hardness

To investigate how the materials resist during the
scratch test, the scratch hardness was measured by
dividing the load on the half of the projected area of the
contact[45]:

Hs ¼
8F

pw2

where w is the average width of the scratches and F is the
normal load.

The scratch hardness values normalized by the
indentation hardness were plotted as a function of load
(Figure 6). As seen, unlike the indentation hardness, the
scratch hardness Hs/H varied with the load, depending
on the type of the microstructure. In general, the scratch

hardness Hs/H decreased with an increase in the normal
load. For a given load, bainitic sample showed the
highest scratch hardness followed by pearlite, tempered
martensite and martensite. At the lowest load (200 N)
for all microstructures, the scratch hardness values were
close to the indentation hardness values, as reported
elsewhere.[45–47] However, the scratch hardness

Fig. 5—A comparative groove characteristics of different microstructures as a function of the normal load: (a) martensite, (b) tempered
martensite, (c) bainite and (d) pearlite.

Fig. 6—Scratch hardness normalized by indentation hardness for
different microstructures as a function of load.
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significantly dropped with an increase in the normal
load for martensite and tempered martensite microstruc-
tures. Moreover, the scratch hardness remained largely
similar for bainite and pearlite microstructures up to
1000 N load and then it decreased (Figure 6). This could
be attributed to the increase in the width of the scratches
as the normal load increases (i.e., Hs � 1/w), thereby
resulting in a decrease in the scratch hardness. It is also
important to note that a similar behavior with respect to
the geometry of the indenter is observed elsewhere,[41]

where Hs/H values decreased with an increase in the
attack angle using diamond cones with different apical
angles of the indenter.

E. Material Loss

The microstructures subjected to the scratch testing
were further investigated to analyse the volume of
material removal, Vrem, and the degree of penetration,
Dp, as a function of the applied normal load (Fig. 7). In
general, the volume of material removal was directly
proportional to the normal load for all the microstruc-
tures (Figure 7(a)). Martensite displayed the highest
amount of material removal, followed by tempered
martensite across different loads. However, bainite and
pearlite exhibited a similar amount of material removal
at all load conditions. These observations clearly con-
firm that the single-phase microstructures (i.e., marten-
site and tempered martensite) exhibit a higher material
loss compared with multi-phase microstructures, bainite
(bainitic ferrite and retained austenite) and pearlite
(ferrite and cementite lamellae, Figure 7(a)). It was
interesting to note that at 1500 N, the volume of
material removal of bainite and pearlite became com-
parable to that of tempered martensite. Moreover, this
validates that bainite and pearlite had a better abrasive
wear resistance at lower load regimes (i.e., 200 to
1000 N, Figure 7(a)).

Additionally, the degree of penetration, Dp as a
function of normal load mostly revealed a sigmoidal
behavior for all microstructures, whereas for martensite,
the sudden rise in the depth of penetration occurs at a

relatively lower normal load in comparison with other
microstructures (Figure 7(b)). In addition, the increase
in the degree of penetration was not proportional across
other microstructures. In the case of tempered marten-
site, the degree of penetration increased from ~ 0.085 at
500 N to ~ 0.275 at 2000 N. Meanwhile, the pearlite
experienced a higher degree of penetration across all
loads (i.e., 200 to 1500 N) compared with the bainite
microstructure (Figure 7(b)). It is also important to note
that the continual increase in the degree of penetration
could also be attributed to an enhanced attack angle of
the indenter with an increase in the normal load,
thereby, resulting in the formation of deeper wear
grooves and increased material loss.[48,49]

F. Mode of Material Removal

For an in-depth understanding, the fraction of mate-
rial removal (i.e., Vrem/Vg = f), was plotted against Dp

for all microstructures (Figure 8). The process of mate-
rial removal was identified based on the value of f, i.e.,
ploughing, f ~ 0 and cutting, f ~ 1).[9,48] The mode of

Fig. 7—(a) Volume of material removal and (b) degree of penetration in different microstructures as a function of load.

Fig. 8—Fraction of material removal, f and degree of penetration,
Dp of different microstructures as a function of normal load. The
dashed lines are drawn to guide the reader.
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material removal (i.e., cutting or ploughing) was highly
dependent on the microstructure characteristics and the
normal load (Figure 8). From the current study, it
appears that the transition from ploughing to cutting
occurs at a higher Dp value for the bainite sample in
comparison with the martensite microstructure. In
addition, the mode of material removal is predomi-
nantly ‘cutting’ in the case of tempered martensite
microstructure. Earlier works have shown that[50] for a
given Dp value, the f value depends on the tempering
condition and the bulk hardness of the ferrous
microstructure. However, the process of material
removal also changes for microstructures with similar
hardness in this study (Figure 8). This could be
attributed to the characteristics of the microstructure
constituents. In other words, the combined action of
brittle and ductile phases lead to a better abrasion
response, i.e., bainite and pearlite microstructures.
Meanwhile, the martensitic microstructure offers very
little resistance against the abrasion due to their brittle
nature of their highly dislocated martensitic laths.[27]

G. Groove Roughness

The average arithmetic surface roughness, Ra, was
calculated along the groove for different microstructures
across the load regime. Overall, the average surface
roughness of the groove profile augmented with an
increase in the normal load (Figure 9). Martensite and
tempered martensite microstructures displayed a
remarkably high Ra in comparison with bainite and
pearlite microstructures. In general, the groove profile
characteristics (i.e., peaks and valleys) of the microstruc-
tures grew wide and deep at critical loads (i.e., transition

in surface roughness—as shown by dotted boxes in
Figure 9(a)). For instance, there was a steep increase in
the average surface roughness, Ra, for martensite at
500 N, followed by a gradual rise with the normal load
(Figure 9(b)). There was a prominent display of peaks
and valleys in comparison with other microstructures
(Figures 9(b) through (d)). However, in the case of
tempered martensite, the steep rise was observed up to a
load of 1000 N, beyond which the curve began to attain
a near steady state (Figure 9(c)). The augmentation of
the surface profile, i.e., peaks and valleys over the
transition region (i.e., martensite: 200 to 500 N and
tempered martensite: 500 to 1000 N) could possibly
indicate the change in material removal mechanism (i.e.,
ploughing to cutting) with respect to the normal load.
For instance, ‘cutting’ wear modes are usually accom-
panied by higher material loss. Moreover, the mechan-
ical properties of the displaced material (i.e., deformed
and brittle nature) makes them more prone to detach as
wear debris. As a result, this increased material removal
leads to an increase in the average surface roughness,
Ra, of the groove profile for martensite and tempered
martensite microstructures.
Meanwhile, bainite and pearlite microstructures

revealed a gradual surface roughness increase from
~ 2.5 lm at 200 N to ~ 5 lm at 1000 N and then
suddenly rose to 15 lm at 1500 N. This identifies a
transition in the surface roughness behavior (shown by
the dotted box C in Figure 9(a)) and change in material
removal mechanism (ploughing to cutting) for pearlite
and bainite microstructures at a relatively higher normal
load in comparison with the rest of the microstructures
(Figure 9(d)). This once again endorses the change in
material removal mechanism with respect to normal

Fig. 9—(a) Average surface roughness, Ra of the scratch track in different microstructures as a function load. (b) through (d) Comparison of the
groove profiles along the sliding direction at the transition loads: (b) martensite (200 to 500 N) labelled as A in (a), (c) tempered martensite (500
to 1000 N) labelled as B in (a), and (d) bainite (1000 to 1500 N) labelled as C in (a).
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load and microstructure characteristics as shown earlier
(Figures 4 through 8).

H. Sub-surface Characteristics

Sub-surface (i.e., region beneath the grooves) analyses
revealed substantial deformation in comparison with the
bulk microstructure (Figure 10). The sub-surface layer is
often subjected to a severe deformation during the
grooving action, leading to the morphological changes
(Figure 10) in the microstructure. The thickness of the
sub-surface layer showed an increased dependence on
the normal load applied during the scratch test
(Figure 10). The severity of the abrasion (i.e., high-s-
tress) rises with an increase in the normal load,
subsequently leading to an increase in the thickness of
the plastically deformed sub-surface layer. It was also

observed that the hardness of the sub-surface layers
increased substantially in comparison with the bulk
microstructure hardness after the scratch tests. In
addition, there was a progressive increase in the
sub-surface layer hardness with the deformed sub-sur-
face thickness (Fig. 11). For a given normal load
condition, the bainite revealed the highest hardness
value followed by the pearlite, tempered martensite and
martensite microstructures.
In general, the tempered martensite and pearlite

displayed the highest and lowest amount of deformation
(i.e., average thickness of the deformed layer) amongst
all microstructures at their corresponding normal loads,
respectively (as shown by the continuous and dashed
lines in Figure 10). On closer examination, highly
deformed sub-surface layers with fine grain structures
were observed in martensite and tempered martensite

Fig. 10—Sub-surface characteristics of (a) through (c) martensite, (d) through (f) tempered martensite, (g) through (i) bainite, and (j) through (l)
pearlite microstructures subjected to scratch tests.
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microstructures (Figures 10(c) and (f)). In addition,
porosity/inclusion (i.e., black circles in Figure 10(c))
was quite severe in the case of martensite. In the case of
tempered martensite, there was also a sudden increase in
the sub-surface layer thickness at 1500 N, i.e. ~ 22 lm
at 1000 N to ~53 lm at 1500 N (Fig. 11). Tempered
martensite microstructure with a relatively lower dislo-
cation density can accommodate more strain[51] result-
ing in a significantly increased sub-surface hardness than
martensite (Figure 11), which is quite brittle in nat-
ure.[33] The work-hardening behavior could also be
extended for the pronounced increase in the sub-surface
layer thickness (i.e., plastic deformation) in tempered
martensite (Figures 10(a) through (f)). On the other

hand, an extensive and careful TEM characterization of
the martensite sub-surface layer revealed severe defor-
mation resulting in rows of finely segmented martensitic
laths (Figure 12). These highly dislocated martensitic
laths have undergone very little plastic deformation in
their sub-surface layer[52] (Figure 12), leading to minor
sub-surface hardness increments (Figure 11).
The superior abrasive response of both bainite and

pearlite microstructures at a load range of 200 to 1000 N
(Figure 7) can also be observed through a comparatively
smaller sub-surface layer thickness (Figure 11) and
groove characteristics (Figures 4, 5(c) through (d), 6,
7(a), 8 and 9). At high loads, (e.g., 1500 N), both bainite
and pearlite displayed a distinct sub-surface layer. In the
case of former, the sub-surface is a highly deformed
structure (Figure 10(i)), whereas the phenomenon of
microstructural realignment (i.e., coalescence of ferrite
and cementite regions) is dominant in the latter
(Figure 10(l)). The sub-surface layers of bainite and
pearlite at 1500 N, displayed signs of detachment from
their bulk microstructure (as shown by arrows in
Figures 10(i) and (l)). In addition, bainite displayed a
highly deformed sub-surface layer that could be hardly
resolved, along with several cracks propagating perpen-
dicular to the groove direction. The presence of retained
austenite in bainite (Figure 2(c)) enhances the
work-hardening through the strain-induced martensitic
transformation of retained austenite, so called TRans-
formation Induced Plasticity (TRIP) effect.[53–58] This
ultimately leads to the formation of a highly dislocated
fresh martensitic region, which is in good correspon-
dence with the paramount hardness increment (i.e.,
bainite-125.3 pct at 1500 N) in the sub-surface layer
hardness (Figure 11). In addition, the lower formability

Fig. 11—Sub-surface layer thickness and hardness of different
microstructures subjected to scratch tests as a function of normal
load.

Fig. 12—(a) TEM and (b) EBSD characterization of the martensite sub-surface layer subjected to a scratch test at 2000 N.
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of freshly formed martensite creates a weak bond (i.e.,
multiple cracks along the sub-surface layer, Figure 10(i))
at the interface with the bulk microstructure. This could
have resulted in the detachment of the sub-surface layer
in the bainitic microstructure (Figure 10(i)).

A careful observation on the pearlite sub-surface layer
revealed regions of cementite and fine ferrite grains
agglomeration (Figure 13). The sub-surface layer of
pearlite demonstrated a coalescence of its microstruc-
tural constituents (i.e., the amalgamation of ferrite and
cementite regions, Figure 10(k)) making it harder to
resolve. The hard cementite lamellae offer resistance
towards the penetration of the indenter and the ductile
ferrite favours the realignment of lamellae. Due to the
continuous strain-induced deformation during the
scratch testing, the ferrite is severely work-hardened
(i.e., high dislocation density) and the cementite
becomes fragmented into small segments in the sub-sur-
face layer (Figure 10(k)). In addition, an augment in the
ferrite dislocation density leads to an increase in its
carbon solubility. Thereby, the cementite is partly
dissolved into the deformed ferrite (Figure 13).[59,60]

Meanwhile, the undissolved brittle cementite particles in
ferrite are vulnerable regions, leading to the formation
of micro-voids that act as potential sites for the crack
initiation and propagation, leading to the detachment of
the sub-surface layer (Figure 10(l)). These sub-surface
layer observations demonstrate the positive impact of
work hardening in effecting improved abrasive wear
resistance in microstructures, similar phenomena have
been observed elsewhere.[61]

Above observations and findings clearly indicate the
dominant role of the microstructure characteristics, and
other contributing factors such as normal load in
determining their abrasive response. In the current
study, the multi-phase microstructures (i.e., bainite
and pearlite) displayed better abrasive resistance than
the single-phase microstructures (i.e., martensite and
tempered martensite) during a scratch test. In bainite
and pearlite microstructures, the collective effort of both
phases (i.e., brittle and ductile) often becomes the
driving force for their superior abrasive performance.
Conversely, the single-phase microstructures (either
brittle or ductile) appears to be more vulnerable to the
abrasive action of the indenter. In addition, the abrasive
behavior of the microstructures shows an increased
dependence on the normal load applied during a scratch
test.

IV. CONCLUSIONS

Four distinct microstructures, namely bainite, pear-
lite, martensite and tempered martensite with similar
bulk hardness levels were subjected to a
high-strain-abrasive scratch testing in this study. The
grooves made during the scratch testing revealed that
the abrasive behavior was greatly influenced by the
microstructure characteristics and the severity of the
abrasive conditions, i.e., normal load. The following
conclusions can be drawn from this study.

1. Generally, multiphase microstructures, i.e., bainite
and pearlite, displayed relatively low volume of
material removal, Vrem, compared with the marten-
site and tempered martensite mostly consisting of a
single phase. It should be noted, though, the bainite
and pearlite had better abrasion resistance at loads
lower than 1000 N.

2. The groove characteristics (i.e., width, w, depth, d,
scratch hardness, Hs/H and average surface rough-
ness, Ra) of the microstructures were significantly
influenced by the properties of the microstructure
constituents and the normal load. Moreover, an
enhanced attack angle with an increase in the load
could also have contributed for a higher material
loss.

3. Despite microstructures with similar bulk hardness
values, their scratch hardness values were different
and varied as a function of load. In addition,
the critical depth of penetration, Dp, correspond-
ing to the transition of ploughing to cutting
mechanism was found to be the highest for bainite
followed by pearlite, tempered martensite and
martensite.

4. The distinct sub-surface characteristics of the
microstructures were a clear indication of their
response to the abrasive scratch test. The amount of
work-hardening (i.e., increase in the sub-surface
hardness) had a direct and positive correlation with
respect to the abrasive behavior of the
microstructures.

Fig. 13—TEM characterization of the pearlite sub-surface layer
subjected to a scratch test at 1500 N. ‘‘A’’ represents cementite
fragmentation region, and ‘‘B’’ cementite dissolution in a highly
dislocated ferrite region.
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