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Abstract: In the current study, an as-cast 26% Cr high chromium cast iron (HCCI) alloy was subjected to
dry-sliding linear wear tests, under different loads. The loads were selected based on analytically computing
the critical load (Pc) i.e., the load necessary to induce plastic deformation. The Pc was calculated to be 15 N and
accordingly, a sub-critical load (5 N) and an over-critical load (20 N) were chosen. The influence of increasing
the load during the wear test was investigated in terms of the matrix microstructural behaviour and its ability
to support the surrounding carbides. The morphological aspects of the wear tracks, and the deformed matrix
microstructure adjacent and underneath the track was analysed by confocal laser scanning microscope (CLSM)
and scanning electron microscope (SEM), respectively. No evidence of plastic deformation of the matrix was
observed below Pc. On the contrary, at loads equal to and higher than Pc, the austenitic matrix plastically
deformed as evidenced by the presence of slip bands. Electron backscattered diffraction (EBSD) measurements
in terms of grain reference orientation deviation, and micro-Vickers hardness of the austenitic matrix indicated
a deformation depth of about 40 pm at the maximum applied load of 20 N. The active wear mechanisms during
sliding were a combination of both adhesive and abrasive wear, although increasing the load shifted the
dominant mechanism towards abrasion. This was primarily attributable to the increased propensity for
carbide cracking and fracturing, combined with the inability of the hardened austenitic matrix surface and
sub-surface to adequately support the broken carbide fragments. Moreover, the shift in the dominant wear
mechanism was also reflected in the wear volume and subsequently, the wear rate.

Keywords: high chromium cast iron; unlubricated sliding; plastic deformation; wear resistance; carbide spallation;
matrix hardness

1 Introduction and mineral industries [3]. Their applicability in ore

crushers, ball mill liners, and pulverizing equipment

The ASTM A532 describes high chromium cast irons
(HCCIs) as alloys containing 15-30 wt% Cr and
2.4-4 wt% C (with minor additions of Mn, Ni, Cu, and
Mo), belonging to the Fe-Cr-C ternary system [1, 2].
They were created in the 1930’s, with continuous
improvements made over the years and are already
being used in applications that demand excellent
wear resistance and moderate toughness in coal

is mainly due to the presence of hard, dispersed
chromium-iron carbides, in the as-cast state. Moreover,
combining the hard carbides with the relatively softer
matrix surrounding it, and the overall associated
cost, makes it an attractive choice to be used in these
industries [4-7].

In HCCI alloys, increasing the Cr content will
modify the type and nature of the eutectic carbides
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(EC), from a continuous MsC type to a discontinuous
M-Cs type [8, 9]. Given the inherent brittleness
associated with the carbide, continuous precipitates are
not favoured for abrasion resistance and therefore, the
discontinuous, and relatively tougher MsCs carbides
are advantageous [10]. The MsCs hardness is about
1,200-1,600 HV depending on the chemical composition
and the orientation, which, is much higher than
austenitic or martensitic matrix structures encountered
in hypoeutectic HCCI variants [11]. Additionally,
(CVF) and the
orientation of the carbides influence the overall

the carbide volume fraction

wear resistance [12, 13].

Several works focus on the influence of alloying and
CVF on the final wear properties of the HCCI alloys,
and studies are devoted to find the optimum CVF for
a given chemical composition to obtain the maximum
wear resistance [13-17]. Initially, the resistance to wear
was thought to be mainly influenced by the hardness
of the material, as empirically demonstrated by
Archard [18]. It is now understood that a lot of factors
contribute to the overall wear resistance, such as the
carbide’s type, morphology, volume fraction, and its
interaction with the host matrix. Therefore, the overall
wear resistance can be thought of a synergistic
contribution between both the carbide and the matrix
that surrounds it [19, 20].

Despite the crucial contribution of the hard MsCs
carbides in improving the overall wear resistance
of the HCCI alloy, the degree of mechanical support
provided by the matrix structure plays a pivotal role
[21, 22]. This was evident in the study carried out by
Dogan et al. [23], where the increase in the CVF did
not necessarily increase the wear resistance in the
examined HCCI alloys. Therefore, it can be said that
the wear behaviour of a material is not an inherent
property but is defined wholly by the system and in
this regard, the carbides” hardness contributes partly
to the wear resistance [24].

As far as the matrix structure is concerned, pearlitic
and ferritic matrix is avoided as their presence will
reduce both wear and fracture resistance [10, 25].
Austenite in general is thought to provide a better
mechanical support for the carbides compared to
pearlite/bainite due to its ability to absorb the crack
propagation and strain harden progressively during
service [26-28]. This was apparent in the work carried

out by Dogan et al. [23], where it was observed that
the HCCI with an austenitic matrix and CVF of 28%
showed a decrease in the volume wear rate by almost
50% compared to the alloy with a pearlitic/bainitic
matrix having a CVF of 45%.

It was shown in several studies that heat treatment
modifications made to the as-cast HCCI alloy have
improved the wear resistance [29-33]. On the other
hand, there are studies which indicate that a harder
martensitic matrix might not be the most optimal
choice [23, 25]. Moreover, numerous studies indicate a
tendency of increasing wear resistance with increasing
CVF when an abrasive softer than the M7Cs carbide
is used, although there is no consensus among the
community when the hardness exceeds that of the
carbide (Si02/Al20s) [26, 34]. Thus, the wear behaviour
is not only influenced by the microstructure of the
HCCI alloy, but also by other factors such as the
experimental environment, loading conditions, the
relative movement of the contact surface, the abrasive
type, and hardness [21]. This just elucidates the com-
plexity and the variables associated with tribological
testing.

Among a multitude of studies dealing with wear
in cast irons, only a limited number of investigations
dealt with sliding wear [21, 35, 36] and even fewer
studies emphasised on the matrix modifications taking
place during sliding [14, 24]. It is thought that in
addition to the dislocation interactions, the formation
of strain induced martensite (SIM) also contributes
to the work hardening behaviour of austenite [37].
Although the transformation from austenite to
martensite under abrasion is mentioned by Pokusova
et al. [38], it is not described as such. The ability of
the austenite matrix to plastically deform during
service and its ability to form SIM gives scope for
further improvement in creating a self-replacing wear
resistance surface, increasing the longevity of the wear
parts [10, 25].

In the current work, an attempt was made to
investigate the microstructural evolution of an as-cast
26% Cr HCCI alloy under three different loading
conditions during dry-sliding. The loads were selected
after performing analytical calculations based on the
materials’ parameters using Hertzian contact theory.
The wear tracks were subjected to confocal laser
scanning microscopy (CLSM) and scanning electron
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microscopy (SEM) to examine the morphological aspects
of the tracks and ascertain the acting wear mechanisms.
This was further complemented by performing electron
backscattered diffraction (EBSD) measurements on the
regions adjacent to, and underneath the wear tracks.
Furthermore, quantification of wear, in terms of wear
rate, and the coefficient of friction (COF) evolution with
increasing loads, were assessed. In the current alloy, as
the matrix is predominately austenitic, understanding
its behaviour under the given tribological conditions
will bolster the alloy’s further development in
applications involving sliding wear such as liner plates
and vertical roller mill liners [5, 21].

2 Materials and methodology

The bulk chemical composition (in wt%) of the 26% Cr

Table 1 Bulk chemical composition (wt%) of the HCCI alloy.

HCCI alloy was determined by optical emission
spectroscopy (GNR Metal Lab 75/80; G.N.R. S.r.1,,
Agrate Conturbia, Novara, Italy) and is presented in
Table 1. The specifics of the casting are mentioned in
[39]. An abrasive disk was used to cut the cast samples
measuring 20 mm x 20 mm x 10 mm and later, hot
embedded using a conductive resin for microstructural
characterization. Standard metallographic procedure
was followed as detailed in Ref. [40], to obtain a scratch-
free, mirror polished surface. The microstructure of the
as-cast sample composed of M7Cs (~ 30%) (M: Cr, Fe)
eutectic carbides (EC) dispersed in an austenitic matrix
(Y) (~ 60%), and a thin layer of martensite («”) (~10%)
sandwiched between the EC and v, as depicted in
Fig. 1(a). Further microstructural analyses, concerning
the phase fraction and elemental composition has
previously been carried out [39, 40]. The presence of

C Cr Mn Ni Mo

Si Cu P S Fe

2.53 26.60 0.66 0.26 0.24

0.37 0.03 <0.01 0.04 Bal.
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Fig. 1 (a) Representative CLSM micrograph of the as-cast HCCI sample in the unworn state, with the austenitic matrix (y), M;C; EC,
and interfacial martensite (o) indicated; (b) 3D view of the topographical map along with the height range; and (c) height profile taken

across the sample surface.
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martensite between the v—M-Cs interface is a common
occurrence during the casting of HCCI alloys and is a
well-documented phenomenon [9, 31, 41, 42].

Dry-sliding wear tests in a linear reciprocating
motion were conducted using a ball-on-disc micro-
tribometer (CSM Instruments), while the whole setup
was placed in an environmental chamber to control
the temperature and humidity. 3 mm alumina (Al20s)
balls (99.00%—99.99 % purity; Grade GD28) were used
as the sliding counter-body. The roughness of the
sample and balls was measured using a LEXT OLS
4100 Olympus CLSM (Olympus Corporation, Tokyo,
Japan). The CLSM uses a laser with 405 nm wavelength
and, a lateral and vertical resolution of 120 and 10 nm,
respectively. Figure 1(b) depicts a 3D topographical
map of Fig. 1(a), and Fig. 1(c) represents the height
profile taken across the sample surface. It is worth to
mention that height variation is a direct consequence
of the difference in the removal rates between the
matrix and carbide phase during metallographic pre-
paration, owing to their dissimilar hardness. This is
reflected in the sample roughness. The roughness,
described by the root mean square (RMS) value, Sq,
was 0.07 + 0.01 pm for the sample, measured in an
area of 650 pm x 650 um. The ball roughness was
0.250 + 0.05 um. It should be noted that before com-
mencement of the wear testing, the balls were rinsed
in an ultrasonic bath separately with acetone and
isopropanol for 10 minutes each.

The value of the critical load (Pc) i.e., the load at
which the outset of plastic deformation takes place
in the material, was determined applying the Hertzian
contact theory, using Egs. (1) and (2) [43, 44]. It should
be noted that the values considered while carrying
out these approximations are of the material that fails
first. Since the matrix is the relatively softer phase
compared to the M7Cs carbide, it will yield first. Hence,
the Pc calculations were carried out by considering
the properties of the alumina ball and the austenitic

matrix.
4(RY(C °
P=2=1[Zns 1
-3(5) (5 g
_ 2 _ 2
L 1w 17V e 005exp(0.736)  (2)
E~ E L

where Pc is the critical contact force at yielding (N),

R is the radius of the alumina ball (m), E’ is the
equivalent elastic modulus (GPa), E1 and E: represent
the elastic modulus of the alumina ball and the
austenitic matrix, respectively, v1 and v2 are the
Poisson’s ratio of the ball and the matrix, respectively,
C is the yield strength coefficient and Sy is the yield
strength of the matrix. The hardness (H) and Young’s
modulus (E) values of the austenitic matrix (in GPa)
were obtained from nano-indentation measurements
(Hysitron TI 900 TriboIndenter), using a Berkovich
tip, with a tip depth of 200 nm used in displacement
mode. A loading/unloading rate of 50 was maintained
and the scan size was approximately 30 pum [39].
Each indentation time was 2 min, and the values
were averaged over 25 readings. The Sy of the matrix
was determined from the H using a variant of the
Tabor relationship (Sy=H/2.84) [45]. The values of
the parameters used in the Egs. (1) and (2) are given
in Table 2.

The Pc was found out to be ~ 15 N and accordingly,
three loads (P), 5, 15, and 20 N, were chosen for the
wear tests. Moreover, the specifics concerning the
tribological testing parameters are given in Table 3.
Three trials were performed for each load.

Table 2 Parameters used for the critical load calculations.

Parameter Value
R (m) 1.50 x 107
E, (Pa) [46] 3.65 x 10"
E, (Pa) 238 x 10"
vy [47] 0.22
v, [48] 0.28
E’ (Pa) 1.54 x 10"
H (Pa) 5.60 x 10°
S, (Pa) 1.97 x 10°
C 1.5914
Table 3 Tribological testing parameters.
Parameter Value
Temperature (°C) 25
Relative humidity (%) 45
Load (N) 5,15,20
Sliding velocity (m/s) 0.02
Stroke length (mm) 5.5
No. of cycles 2,000
Data acquisition frequency (Hz) 50

www.Springer.com/journal/40544 | Friction



1262

Friction 10(8): 1258-1275 (2022)

CLSM was used to analyse the evolution of the wear
tracks with increasing load and the corresponding
morphological aspects, whereas the fine microstructural
details were observed using a FEI Helios Nanolab
field emission scanning electron microscope (FE-SEM).
The SEM was operated at an acceleration voltage of
5-15 kV and a beam current of 1.4 nA. Moreover, a
high sensitivity backscattered electron detector (vCD)
was used to obtain a better contrast between the phases.
Energy-dispersive X-ray spectroscopy (EDS) was used
to evaluate the chemical composition of the worn,
and unaffected surfaces. Furthermore, to observe
the deformed microstructure underneath the wear
track and to prevent further modifications from the
mechanical sectioning and polishing, the surface was
electrolytically coated with Ni.

EBSD was used to investigate the local deformation
and the strain distribution in the austenitic matrix,
adjacent and beneath the wear track. The measurements
were performed at an acceleration voltage of 20 kV and
a beam current of 11 nA, using a field emission gun
in the FE-SEM workstation equipped with an EDAX
Hikari EBSD camera. Kernel average misorientation
(KAM) measurements were carried out to extract
orientation data within the deformed regions. Owing
to the very small step size (30-50 nm), 24 neighbour
KAM with a 5° threshold was considered for the
analysis. Additionally, grain reference orientation
deviation (GROD) analysis was performed within the
austenitic regions to obtain the orientational variation,
with increasing cross-sectional depth. The EBSD data
was analysed using the Orientation Imaging Microscopy
(OIM™ v, 7) Data Analysis software by EDAX Inc.

Furthermore, the hardness of the austenitic matrix
adjacent and underneath the wear track, was deter-
mined using the Vickers method. A Struers Dura
Scan 50 microhardness tester (Struers Inc., Cleveland,
OH, USA) with a load of 0.09807 N (HV 0.01) was
used for this purpose. During the testing, the dwell
time was 15s and an average of 15-20 readings
were considered. The load was chosen such that the
surrounding entities are not participating in the
evaluation of the matrix hardness and the indenta-
tion mark was clearly resolvable using the optical
microscope.

Wear quantification was described in terms of wear
rate, and it was proceeded by calculating the volume

loss encountered in each track, using the LEXT
software. The entire wear track, including the ends
were considered in the calculations, and Eq. (3) was
used to compute the wear rate. Similar variations of
Eq. (3) were used in other studies to quantify wear,
where mass loss and density had been considered
[49-51]. In Eq. (3), V represents the wear volume (mm?3),
[ is the total sliding distance (5.5 x 2 x 2,000 mm), P is
the applied load (N), and K represents the wear rate
(mm3/(N-mm)).

®)

3 Results and discussions

3.1 Microstructural characterization of the worn
samples

Figures 2(a)-2(c) represent the CLSM micrographs of
the sample surface with a 50% overlay of the height
profile, for the increasing loads, after wear. The
‘composite’ CLSM micrograph was divided based on
height (left-half) and intensity (right-half) to have a
better visualization across the wear track. The height
range (pertaining only to the height profile) and the
sliding direction (SD) is also mentioned for reference.
The variation in the height from the wear track edge
towards the centre, with increasing load, can be clearly
observed. The depth profile, taken across the wear
track (as indicated by the horizontal red dashed line),
is graphically represented in Fig. 2(d). Additionally,
the wear width increased with increasing load, as
shown in Fig. 2(e).

3.1.1 Sub-critical load (P=5 N)

Figure 3 represents the SEM micrographs of the worn
surface morphology after subjecting it to sliding at
5 N. Initially, as the Al>Os ball traverses over the sample
surface, some material transfer takes place owing to
the high contact pressure established by the ball’s
asperities, causing adhesion [27, 52]. Furthermore,
the reciprocating effect of sliding and the subsequent
shearing action results in adhesive wear and the
formation of wear debris as indicated in Fig. 3(a). A
closer examination of the wear track in Fig. 3(b) reveals
carbide micro-cracking, primarily perpendicular to the
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Fig.2 CLSM micrographs of the wear tracks with a 50% overlay of the height profile for (a) SN, (b) 15 N, and (c) 20 N. The part of
the CLSM micrograph based on height, and intensity is indicated within the micrograph for reference. The height range (pertaining only
to the height profile) and the sliding direction (SD) is also mentioned. (d) Depth profile taken across the wear tracks for the different
load as indicated by the horizontal red dashed line in the differently loaded micrographs. (e) Average wear track width for each load.
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Fig.3 (a) and (b) SEM micrographs in secondary electron (SE) mode of the wear track loaded at 5 N, with the various wear track

aspects delineated within the micrograph. The austenitic matrix

(y) and the eutectic carbides (M,Cs) are indicated in (a). The orange

solid rectangle represents the micro-cutting phenomena whereas the orange dashed ellipse indicates the carbide micro-cracking. The
wear debris generated is indicated by the yellow dashed rectangle whereas the yellow solid ellipse represents the ploughing of the austenitic

matrix. The SD is also mentioned for reference.

sliding direction. Even though the load used currently
is below Pc, given the higher hardness of the Al2Os
balls (~ HV 1,500) compared to the M7Cs carbides
(~ HV 1,200), they are able to crack and fracture the
carbides, in addition to affecting the matrix [10, 25].
The carbide cracking and fragmentation eventually
leads to its ejection. The fractured carbides can then

act as third-body entities, causing further grooving in
the material, leading to the phenomenon of micro-
cutting and micro-ploughing, characteristics of abrasive
wear, as delineated in Fig. 3(a). It is also worth to
note that the majority of MsCs carbides were cracked,
but not ejected from their position. This was attributable
to the ductility of the austenitic matrix which provided
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adequate mechanical support, preventing carbide
spallation. Subsequently, it was concluded that the
active wear mechanisms were adhesion with mild
abrasion.

Although no evidence of plastic deformation of
the austenitic matrix adjacent to the wear track
was observed from the SEM micrographs, EBSD
measurements indicated the sporadic presence of
slip lines adjacent to the track, as seen in Fig. 4(a).
Comparing the image quality (IQ) map (Fig. 4(a)) to
the phase map (Fig. 4(b)), the slip lines were seen to
be originating from the martensitic area adjacent to the
wear track and not directly from the austenite. Hence,
this can be thought more of a local deformation caused
by the compressive nature of the hard martensite
present in between the carbide and austenite, rather
than a shear deformation induced by the ball. The
material flow stemming from the wear testing, com-
bined with the associated presence of martensite at
the carbide-austenite interface could impart some
compressive action leading to a slight local deformation,
resulting in the occurrence of slip traces.

Figures 4(c) and 4(d) represent the IPF and KAM
maps of the austenite matrix, respectively. KAM is
basically the average misorientation between each pixel
and the chosen neighbours. Increased misorientation
indicates the accumulation of strain inside the material
and it is used to study the sub-structures [53]. It
is evident from both maps that no misorientation
within the austenite matrix has occurred. Indeed,
the misorientation at the periphery of the matrix is
higher than the centre which can be attributable to
the presence of the martensitic layer, engulfing and
straining the matrix. However, it must also be
noted that the uncertainty associated with filtering

the artefacts at the edge boundaries can also play
arole.

3.1.2 Critical load (P=15 N)

The wear was conducted at the critical load, and the
SEM micrographs depicting all the effects that resulted
during the wear test are represented in Fig. 5. Similar
to Fig. 3, characteristics of both adhesive and abrasive
wear was seen on the wear tracks, as indicated in
Fig. 5(a). Owing to the increased load, plastic de-
formation of the austenitic matrix adjacent to the
wear track took place, as evidenced from the presence
of slip traces, and predicted by the calculations. These
slip traces are formed to accommodate the deformation
endured by the austenitic matrix owing to the tangential
forces exerted by the ball during the test [54]. Moreover,
a second set of slip traces was revealed adjacent to the
wear track, present closer to the martensite layer and
can be visualised in Fig. 5(b). The second slip system
activation could take place to accommodate the higher
local deformation exerted by the shearing action of
the ball and due to the increased local strain closer to
the martensite layer. The carbide micro-cracking and
ejection can be visualized in Fig. 5(c). It was observed
that the proportion of the spalled carbides had
increased compared to the wear testing under 5N
load, resulting in a shift in the active wear mechanism
towards abrasive wear. Unlike the previous case,
where the austenitic matrix was mainly undeformed,
the increased load resulted in its plastic deformation
rendering it unable to support the fractured carbides.
This led to an increased occurrence of micro-cutting
and micro-ploughing, as indicated by the orange solid
rectangle and the yellow solid ellipse, respectively.
Furthermore, the difference in brightness between

—— v (Austenite) .
—— a' (Martensite)
MyC3 (Carbide) | 10HMm

10 um 2
e

Fig. 4 EBSD measurements on the region adjacent to the 5 N track with (a) IQ map of the scanned region with the respective phases
indicated, (b) phase map with the phases marked in different colours, (c¢) inverse pole figure (IPF) map of the austenite matrix, and (d)

KAM map of the austenite matrix.
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the deformed and the undeformed austenite, as
observed in Fig. 5(d), stems from the orientational
gradients during the plastic deformation. Additionally,
the two different sets of slip traces are marked, as
indicated in Fig. 5(e). The increased matrix hardening
associated with the higher load combined with the
increased propensity for carbide cracking, could prove
detrimental to the overall wear behaviour of the alloy.
This is evident in Fig. 5(a) where the carbides have
been cracked and removed, resulting in the formation
of debris, and as seen further, wear loss. Hence, it was
concluded that the active wear mechanism had shifted
from a primarily adhesive wear with mild abrasion,
to an abrasion-dominated wear with signs of mild
adhesion in the track.

Analogous to the 5 N wear track, EBSD analysis was
performed on the 15 N track, with particular emphasis

>
M7C3

being placed on the austenite matrix adjacent to the
wear track. The influence of using a higher load can
be acknowledged. It seems that the slip lines terminate
as they reach the martensite phase, as depicted in
Fig. 6(a), which can be attributed to the difference in
the crystal structure and higher hardness. The IPF
map of the austenite matrix, in Fig. 6(c), indicates a
variance in the crystal orientation especially at regions
where the two sets of slip lines intersect. The same
can be visualized from the KAM map, in Fig. 6(d),
wherein a higher misorientation is present where the
intersection of the slip lines takes place.

3.1.3 Ower-critical load (P =20 N)

Finally, wear testing at 20 N was carried out and the
SEM micrographs of the wear track in BSE mode
are shown in Fig. 7. It was observed from Figs. 7(a)

> 1% set

Y contrast difference

A

> 2 get

Fig.5 (a) SEM micrograph in SE mode of the wear track loaded at 15 N, with the austenitic matrix (y), M;C; carbides, oxides, and the

wear debris delineated within the micrograph. The presence of slip traces along with the martensite phase (o), and the phenomenon of

adhesion is indicated in (b) whereas, the partially cracked and removed carbide is observed in (c). The orange solid rectangle represents

the micro-cutting phenomena, and the yellow solid ellipse represents the ploughing of the austenitic matrix. (d) SEM micrograph in the

backscattered electron (BSE) mode where, the varying contrast between the deformed and undeformed austenite is observed and finally,

the two sets of slip planes are indicated in (e).
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—— ¥ (Austenite)
—— ' (Martensite)
M7C3 (Carbide)|

L|—|5 pm | 001

Fig. 6 EBSD measurements on the region adjacent to the 15 N track with (a) IQ map of the scanned region with the respective phases
indicated, (b) phase map, with the phases marked in different colours, (c) IPF map of the austenite matrix, overlayed with the local
lattice rotation, and (d) KAM map of the austenite matrix.

R g
Fig. 7 (a) SEM micrograph in BSE mode of the wear track loaded at 20 N wherein the orange solid rectangle represents the micro-cutting
phenomena. The partially cracked and removed carbide is observed in (b). (¢) SEM micrograph in the BSE mode where the austenitic
matrix (y), M,C; carbides, martensite phase (o), and the slip traces are delineated and finally, the three different sets of slip planes are
indicated in (d).
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and 7(b) that the proportion of cracked and spalled
carbides increased compared to the previous loads.
Expectedly, in addition to the presence of slip traces,
a third set of slip planes was activated, as observed in
Fig. 7(c) and marked in Fig. 7(d). The increased load
would increase the amount of plastic deformation
undergone by the austenitic matrix and thereby, to
accommodate the increased dislocation activity, a third
set was activated. This third system might have a
higher critically resolved shear stress (CRSS) and hence,
a larger load was necessary to activate it [54, 55].
Figure 8(a) represents the SEM micrograph of the
region adjacent to the wear track where the EBSD
measurements were carried out. The IQ map in
Fig. 8(b) clearly indicates the variance in the slip
band directions, and its consequence is reflected in
the IPF map depicted in Fig. 8(d). A variation in
the crystal orientation is seen within the austenite,
especially at regions where two or even three sets of
slip traces intersect, as evident from the crystal lattice
rotations in Fig. 8(d). Depending upon the direction
of the slip bands with respect to the neighbouring
region and the associated strain incompatibilities, a

localized lattice rotation occurs within the region [56].

As a result of this, the local misorientation also varies,
as observed in the austenite KAM map in Fig. 8(e).
Moreover, the difference between the misorientation
within the austenite region and the mean orientation
was visualized by performing the GROD measure-
ments, as represented in Fig. 8(f). A clear orientational
difference between the austenitic region bordering
the wear track and the rest of the austenite can be
observed. This was further elucidated by calculating
the point-to-point and point-to-origin misorientation
profile chart across the austenite grain, as represented
in Fig. 8(g). The line profile is marked in Fig. 8(f) as
the horizontal white dashed line. Clearly, while
crossing over the point at approximately 2 pm from
the origin, a spike can be seen in the blue curve, which
indicates the orientational difference. Furthermore, the
point-to-origin curve indicates a maximum gradient
of about 40° within the austenite region. The different
regions within the austenite rotate independently
depending on the number of slip systems activated
and the direction of the slip bands, to accommodate
the imposed plastic strain.

From the SEM micrographs, cracks and grooves

were visible on all the worn surfaces. Comparing Fig. 2
with the respective magnified SEM micrographs for
all loads, it was evident that the wear mechanism
was a combination of both adhesive and abrasive
wear. At loads below Pc, adhesion was the dominant
wear mechanism with signs of mild abrasion, but at
loads equal to and above Pc, a shift was observed
with the dominant wear mechanism being abrasion.
Given the inherent ductility of the austenitic matrix,
micro-ploughing ensued whereas micro-cutting affected
the harder, more brittle M7Cs EC, owing to its inability
to plastically deform. The M~Cs carbides had cracked
and fractured owing to the higher hardness of the
abrasive, and the inability of the hardened austenitic
matrix in adequately providing the necessary
mechanical support resulted in its spallation. The
spallation of carbides results in the formation of voids
that can act as a reservoir to trap the particles
generated during the wear process, potentially altering
the wear behaviour during sliding [57, 58]. Moreover,
the cracked carbide could act as a third body which
can affect other carbides as well, leading to the
formation of grooves in the leading edge of the carbide
during abrasion [23, 59]. Therefore, the likelihood for
micro-cutting increased with increasing load and
it could be attributed to the higher propensity for
carbide spallation combined with the increased rate
at which the austenite plastically deforms. As the
micro-cutting mechanism causes a greater loss in
the material [10, 60], and given its proclivity with
increasing load, it could be postulated that a higher
volume loss can be expected.

Furthermore, the increased rate of the strain
hardening of the austenitic matrix was reflected in
the hardness values that were measured vicinal to
the wear track, as indicated in Table 4. Compared to
the hardness value of the undeformed austenitic matrix,
an increase in the matrix hardness was observed at
regions adjacent to the wear track and as the load
increased, the average hardness value increased as
well. This was attributable to the increase in the
dislocation activity within the austenite leading to the
activation of multiple slip systems and increased strain
hardening, and subsequently, a higher hardness.

In addition to the oxide-based counter-body used
in the current study, given the environmental con-
ditions of testing (25 °C and 45% humidity), there
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Fig. 8 (a) SEM SE micrograph of the region adjacent to the 20 N wear track where the slip traces and wear debris are marked for
reference. The red dashed enclosure in (a) represents the area where the EBSD measurements were carried out, with (b) IQ map of the
scanned region with the respective phases indicated, (c) phase map with the phases marked in different colours, (d) IPF map of the
austenite matrix, overlayed with the local lattice rotation, (¢) KAM map of the austenite matrix, and (f) GROD map of the austenite
matrix. The variation of the misorientation angle across the austenite grain, following a path (0 — 14 pm) indicated by the dashed white

line in (f), is graphically represented in (g).

Table 4 Matrix hardness adjacent to the wear tracks for the different loads.

Matrix hardness adjacent to wear track

Undeformed matrix hardness
5N

15N 20N

3366 354+7

375+ 7 406 + 19

is a high tendency for oxidation to occur [61]. This can
be qualitatively appreciated in the EDS measurements.
Figure 9(a) represents the SEM micrograph with a
50% overlay of the oxygen EDS concentration map
for the wear track loaded at 20 N. It indicates the
preferential accumulation of oxides at areas where
the carbides were cracked and spalled. As the wear
mechanism is abrasion-dominated, micro-cutting and
ploughing contribute to surface deterioration resulting
in the generation of numerous defects such as cracks
and voids. This is a crucial factor to consider, as
the rate of carbide removal essentially indicates the

rate at which the oxides accumulate and eventually
breakdown, altering the subsequent wear behaviour
[37]. Additionally, Fig. 9(b) represents a closer view
of the oxide accumulation at the location where the
M~Cs carbide was ejected and from the elemental EDS
concentration maps (Figs. 9(c)-9(e)), it can be deduced
that oxide formed is iron-chromium oxide.

Another important aspect to take into consideration
is the temperature rise at the contact interface (i.e.,
flash temperature) between the ball and the sample
surface, as it could engender structural changes and/or
phase transformations [59]. The flash temperature
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was previously estimated by several researchers who
demonstrated that under similar conditions, the rise in
temperature was not significant [62-65]. Nevertheless,
the peak flash temperature was calculated for the
current study, based on the equations provided
in Ref. [27] and it yielded a value of 17K for the
maximum load (20 N). This value can be considered
very minimal for any thermally induced structural
changes and/or phase transformations to occur [66].

Therefore, it can be conclusively stated that the
thermal effects emanating during the dry sliding
tests are negligible and the microstructural changes
occurring around the wear track are predominately
mechanically induced. It is also worth to note that as
the diffusivity of oxygen is faster under mechanically
driven conditions, oxidation is favoured [61, 67].

To observe the deformed microstructure directly
beneath the wear track, transverse cuts were made
across the track to obtain the desired cross-sections.
Prior to cutting, the sample surface was protected
by electrolytically coating it with Ni. The evaluation
of the deformed microstructure and deformation
depth, especially under the centre of the track would
be beneficial for further analysis, as the maximum
stress is experienced at the centre of the wear track
width [57, 65].

Figure 10 represents the cross-section microstructure
of the sample after subjecting it to sliding at the
maximum load (20 N). It was observed that the EC
closer to the worn surface had broken whereas the EC

located further below are intact despite belonging to
the same EC, as indicated in the orange dashed ellipse.
Nevertheless, the presence of the uniformly coated
Ni layer protected the carbides from ejection during
the mechanical cross-sectioning and preparation.

The extent of deformation depth was visualized
with the help of EBSD measurements. Figure 11(a)
represents the SEM micrograph of the area underneath
the wear track loaded at 20 N and Fig. 11(b) focuses
on the area considered for the EBSD measurements.
The scanned area was 10 um x 120 um. In addition
to the IQ and the phase map, GROD analysis of the
austenitic regions was carried out to obtain the variation
in orientation within each grain with increasing
cross-sectional depth, as represented in Fig. 11(e).
Moreover, considering the undeformed austenite as
the starting point, point-to-origin misorientation graph
was plotted, as shown in Fig. 11(f).

The GROD maps in Fig. 11(e) clearly indicate the
evolution of the microstructure directly beneath
the wear surface. It starts with an increase in the
misorientations within the grain and presence of slip
bands as seen from the IQ maps. The austenite grain
has clearly undergone plastic deformation owing to
the stress exerted on it and moreover, it has extended
across the carbide, towards the austenite grain
located below. Comparing Fig. 10 with the IQ map
in Fig. 11(c), it can be assessed that even though
the eutectic carbides are broken, they are fairly
supported by the highly dislocated austenitic matrix.

Chromium

Fig. 9 (a) SEM micrograph in SE mode, with a 50% overlay of the oxygen EDS concentration map. The SEM SE micrograph of a
magnified region in the wear track is represented in (b) whereas, the EDS concentration maps pertaining to oxygen, chromium, and iron,

are indicated in (¢), (d), and (e), respectively.
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Fig. 10 Representative SEM micrograph in BSE mode of the
cross section of the worn sample coated with Ni and loaded at
20 N. The orange dashed ellipse represents the carbide micro-
cracking.

The point-to-origin misorientation plot indicates a
maximum misorientation of about 13°, between the
undeformed austenite and the austenite that was
heavily deformed. As the strain experienced by the
austenite decreases with increasing depth, from the
above measurements, the deformation depth was
estimated to be about 40 pm.

Additionally, the hardness of the austenitic matrix
with increasing cross-sectional depth was measured
using the Vickers method and is graphically represented

r

b (0]

a (e)

in Fig. 12. An exponential decrease in hardness with
increasing distance from the wear surface was seen.
Likewise, it was observed that the matrix hardness
rapidly approaches the mean undeformed matrix
hardness after about 40 um from the wear surface.
This further signifies that the deformation depth is
around 40 pm under the wear track loaded with
20 N.

In addition to the ability of the austenitic matrix
to plastically deform owing to the dislocation
interactions, its ability to transform to martensite
(SIM) during service is also thought to contribute to
the work hardening behaviour [37]. Nevertheless, the
EBSD measurements on the wear track loaded
maximally (20 N), did not show the presence of SIM
at the deformed zone, adjacent (Fig. 8) or under the
wear track (Fig. 11). This could be attributable to two
reasons: (1) low strain rate in the present study and
(2) the absence of shear band intersections, which
act as potential nucleating sites for SIM formation
[66, 68, 69]. In fact, the formation of shear bands in
the microstructure usually stems from application of
high strain rates which lead to local plastic instability.
They are narrow regions of intense shear, resulting in
inhomogeneous deformation, possessing orientations
that are quite different from the parent matrix
orientation [70]. Additionally, EBSD scanning over
areas consisting of shear bands would lead to ‘black
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Fig. 11 (a) SEM micrograph in the SE mode of the area beneath the wear track loaded at 20 N, with the red dashed rectangle indicating
the region (10 um x 120 um) considered for the EBSD measurements, as seen in (b). The IQ map of the scanned region is indicated in
(c) whereas (d) represents the phase map, with the respective phases marked. The GROD maps of only the austenite regions are represented
in (e). The red dashed vertical line within (e) indicates the line profile followed to obtain the misorientation angle as a function of the

distance from the wear surface, as graphically represented in (f).
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Fig. 12 Variation of matrix hardness with increasing distance
from the surface of the wear track, loaded at 20 N.

spots” which is categorized as unable-to-index
pixels [60].

In the current study, the formed ‘lines’ adjacent
and underneath the wear track were inferred as
slip traces based on the minimal orientation change
between the slip band boundary and the austenitic
matrix, as evidenced by EBSD. Moreover, it was
possible to index the entire region that included the
slip bands.

3.2 Wear rate and friction behaviour

The average wear volume (mm?) calculated using
the LEXT software and the wear rate, computed
using Eq. (3), for each load is presented in Fig. 13. As
expected, increasing the load led to an increase in the
wear volume and consequently, the wear rate.

The increased load led to increased plastic de-
formation, dislocation activity, and the subsequent
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Fig. 13  Average wear volume and wear rate for each load.

activation of multiple slip systems resulting in a harder
austenitic matrix, as evidenced from the hardness
values adjacent to the wear track. Moreover, given
that the hardness of the counter-body used is higher
than the M7Cs EC, carbide micro-cracking ensued,
leading to eventual ejection from the surface [25, 26].
This, in conjunction with the inability of the deformed,
harder austenitic matrix to mechanically support the
broken carbide fragments proved deleterious thereby,
increasing the wear rate of the system. Furthermore,
the oxidation taking place at the contact surface,
preferentially accumulating at areas where the carbides
have been removed, can also lead to increased wear
activity, owing to its inherent brittleness.

The frictional behaviour of the samples under
varying loads is expressed in terms of COF. The mean
COF was plotted for each load and is represented in
Fig. 14. In all cases, the curves initially rose quickly
to reach a peak (running-in), before decreasing
and reaching a steady state behaviour. The COF
development within the first 100-200 cycles is similar
for all cases, resembling a type b curve from those
shown by Blau, which is a characteristic of non-
lubricated dry metallic sliding systems [71]. This
evolution is characterized by the removal of the
initial asperities of both contact bodies, which results
in higher local contact pressures and consequently,
higher friction. The running-in behaviour could be
further explained by the surface compositional changes
caused due to the sliding action between the ball
and the sample surface [52, 71]. Once conformality is
achieved, the COF is settled at its steady state value.
It is also interesting to note that the running-in and
steady state behaviour is achieved earlier for the 5 N
compared to the other loads and this can be due to
the lower damage sustained by the ball thereby,
establishing a stable contact faster. With increased
load, the contact radius increases, and more dynamic
processes transpire leading to a delay in reaching
steady state. Nevertheless, the steady state COF is
observed to be about 0.4 in all cases. In the case of the
20 N sample, stronger COF fluctuations are observed
during the steady state. This might be related to
the heterogeneity of the contact interface (Figs. 1(b)
and 1(c)), consisting of a larger amount of the
matrix and the carbides, which destabilize the COF
development [72].
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Fig. 14 Evolution of COF with increasing cycles for the differently
loaded wear samples.

In both Figs. 13 and 14, the standard deviations
pertaining to 20 N are more spread out. Given the
increased propensity for carbide cracking, an oxide
layer is formed (as suggested from Figs. 9(a) and 9(c)),
which temporally increases in thickness until reaching
a critical value. Upon reaching a critical thickness
value, the shear stresses exerted during the wear is
large enough to cause film rupture. This process
continues, inducing a dynamic cycle of oxide layer
formation and breakage [72]. The ensuing breakage
also aids in the formation of wear debris which
is visible in the SEM micrographs. Moreover, the
geometrical orientation of the EC with respect to the
sliding direction could also play a crucial role.

4 Conclusions

In the current study, dry-sliding linear reciprocating
tribological tests were performed on a 26% Cr as-cast
HCCI alloy with varying loads. The influence of
increasing the load on the matrix microstructural
evolution and the subsequent wear behaviour of the
alloy was examined and the following conclusions
were drawn.

1) The determination of Pc by analytical calculations
were in accordance with the microstructural
observations carried out using SEM. No evidence of
plastic deformation of the austenitic matrix adjacent
to the wear track was observed for 5N, whereas the

wear tracks loaded with 15 and 20 N showed the
presence of slip traces (evidence of plastic deformation).
Moreover, the number of activated slip systems
increased with increasing load.

2) The deformation of the austenitic matrix beneath
the wear track was successfully visualized using
electron backscattered diffraction (EBSD). Grain
reference orientation deviation (GROD) and image
quality (IQ) maps indicated a decrease in the
misorientation and deformation, respectively, with
increasing depth.

3) At loads below Pc, adhesion was the dominant
wear mechanism with signs of mild abrasion, but at
loads equal to and above Pc, a shift was observed
with the dominant wear mechanism being abrasion.
The increased tendency for spalling combined with
the strain hardening proclivity of the austenitic matrix
led to poor mechanical stability being imparted.

4) The shift in the dominant wear mechanism was
also reflected in the wear volume and the wear rate,
which increased with increasing load.

5) The running-in and steady state behaviour is
achieved earlier for samples tested with 5N, com-
pared to the other loads. This can be attributed to
the stable contact established by the lower load, and
the increased tendency for plastic deformation and
associated effects at higher loads.

To sum up, Hertzian contact theory was used to
determine the critical load based on the materials’
properties and accordingly, the loads were defined.
The calculated values were in good correspondence
with the microstructural and/or morphological
observations. Moreover, a clear shift in the dominant
wear mechanism was identified owing to the behaviour
of the austenitic matrix and the carbide during the
wear process. Consequently, this methodology can be
further extended to other alloys in the high chromium
cast iron (HCCI) family to establish the load limits
and to better understand the interaction between the
different components in the system.
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