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Abstract

By employing destabilization heat treatments (HT), it is possible to create microstructures possessing different fractions
of carbides, martensite, and austenite, which lead to varying tribological responses in abrasion-resistant high-chromium
white cast irons. In the current work, the destabilization temperature was kept constant at 980 °C, whereas the time was
varied from O to 90 min. As a result, the microstructure of the 26 wt% Cr white cast iron had a mixture of M,;C,4 secondary
carbides (SC), martensite, and a decrease in the amount of retained austenite (RA) with increasing destabilization holding
time. The microstructures as well as their tribological characteristics were evaluated by combining confocal laser scanning
microscopy, SEM, XRD, and EBSD, together with dry-sliding linear reciprocating wear tests. Results show that the volume
fraction of SC were statistically comparable in samples destabilized for 0 and 90 min, although the average size was almost
two-fold in the latter. This had direct implications on the wear properties where a decrease of up to 50% in the wear rate of
destabilized samples compared to the non-treated material was observed. Furthermore, the sample with the lowest increase in
the matrix hardness (~20% higher than non-treated), showed the highest wear resistance. This was attributed to a favourable
distribution of the RA (~10%) and SC volume fraction (~5%), in combination with the harder martensitic matrix. Finally,
the results obtained from this study shed light on the ability to alter the HT parameters to tune the microstructure depending
upon the application prerequisite.

Keywords High chromium cast iron - Destabilization heat treatment - Retained austenite - Secondary carbides - Wear rate -
Microstructural tailoring

1 Introduction

Almost 25% of the world’s energy production is spent in
overcoming tribology-related issues [1]. Additionally, the
friction and wear-related failures in the mining and mineral
sector alone constitute for about 6% of the global energy
consumption [2]. To reduce the energy and economic loss
faced during operation run-time, scientists are constantly
on the look out to develop better wear-resistant materials by
understanding the wear mechanisms [3-5]. The application’s
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longevity can be extended by either employing new materi-
als apt for wear-related applications or suitably modifying
the existing material’s microstructure.

High chromium white cast irons (HCWClSs) are alloys pri-
marily belonging to the Fe-Cr—C ternary system, containing
15-30 wt% Cr and 2.4-4 wt% C (with additions of Ni, Cu, Mn
and Mo), as described by the ASTM A532 [6, 7]. Their micro-
structure is characterized by the presence of Cr-rich M,C;
type carbides and a modifiable (ferrite, austenite, martensite)
matrix. This combination of hard carbides (1200-1600 HV)
dispersed in a versatile matrix enables it to be used in a wide
variety of applications such as ore crushers, ball mill liners and
pulverizing equipment, in the coal and mineral sector [7-10].
The versatility of the matrix stems from the ability to modify
it by employing suitable heat treatments such as destabilization
and/or sub-critical treatments [11, 12]. During destabilization,
the precipitation of fine secondary carbides (SC) takes place,
in addition to the transformation of the austenitic matrix to
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martensite during cooling [7, 13]. Moreover, the character-
istics of the SC are highly dependent on the destabilization
specifics and the Cr/C ratio [14, 15].

Several works found in the literature evaluate the wear
properties of HCWCI alloys as a result of varying the alloying
elements [16—19] and heat treatment (HT) [11, 12, 20-23],
where a strong correlation between the microstructural
characteristics and wear resistance was observed. Although
it was thought that a high hardness (i.e., maximum carbide
precipitation and martensite formation) was the primary
dictating factor for improving the wear resistance, it is now
understood that a synergistic contribution between the carbide
and matrix is key [4, 24]. This was evident in the studies
carried out by Zum Gabhr et. al. [25] and Dogan et. al. [26],
wherein an increase in the hardness/carbide volume fraction
(CVF) did not correspond to an increase in the wear resistance.
Notwithstanding the contribution of the hard M,C; carbides in
improving the overall wear resistance of the HCWCI alloy, the
degree of mechanical support provided by the matrix structure
plays a crucial role [27, 28]. Furthermore, the stereological
characteristics of the SC (size, type, volume fraction, etc.) may
have an influence on the overall wear behaviour, as in the case
of low-stress abrasion applications [29-31].

As far as the matrix structure is concerned, austenite in
general is thought to provide good mechanical support to the
carbides due to its ability to absorb the crack propagation
and strain harden progressively during service [25, 32, 33].
Some studies indicate that the presence of retained austenite
(RA) helps in improving the wear resistance by virtue of its
inherent ductility [26, 32] and others suggest possessing a
harder martensitic matrix might be the better option owing
to the mechanical support it could provide [12, 22, 34-36].
Nevertheless, there is often conflicting information in the
literature whether heat treatment modifications made to the
as-cast hypoeutectic HCWCI alloy has improved the wear
resistance or not. Additionally, numerous studies indicate
a tendency of increasing wear resistance with increasing
CVF when an abrasive softer than the M;C; carbide is used,
although there is no consensus among the community when
the hardness of the abrasive (SiC/Al,O5) exceeds that of the
carbide [3, 25], which elucidates the complexity associated
with tribological testing [27]. Among a multitude of studies
dealing with wear in cast irons, only a limited number of
investigations dealt with sliding [19, 27, 37] and even fewer
studies placed emphasis on the differential response of each
individual microstructural constituent to the tribo-system after
conducting dry-sliding wear tests [18, 38].

In the present work, an attempt was made to derive a
mutual relationship between the volume fraction of RA,
the stereological characteristics of SC precipitates and
the matrix hardness of a 26 wt% Cr white cast iron, with
the wear rate (WR), when destabilization holding time is
increased. Subsequently, a destabilization HT was experi-
mentally conducted wherein the samples were heated to
980 °C, held for various times ranging from O to 90 min,
followed by air cooling. Microstructural characterization
was performed on all the samples by confocal laser scan-
ning microscopy (CLSM) and scanning electron micros-
copy (SEM). Additionally, the stereological characteristics
of the SC precipitates were assessed in terms of volume
fraction, size and near neighbour distance (nnd), and their
respective distributions, by conducting image analysis on
the SEM micrographs. To quantify the amount of RA pre-
sent in heat-treated samples, X-ray diffraction measure-
ments were combined with Rietveld analysis. The samples
were later subjected to dry-sliding linear reciprocating
wear tests to determine the wear volume loss and subse-
quently, the WR. Finally, SEM was used for the characteri-
zation of the wear tracks to correlate the improved wear
resistance with the associated changes taking place during
the destabilization treatment.

2 Experimental Methodology
2.1 Material and Heat Treatment

The bulk chemical composition (in wt%) of the HCWCI
alloy used in the current work was determined by optical
emission spectroscopy (GNR Metal Lab 75/80) and is
presented in Table 1, whereas the specifics of the casting
are mentioned in [39].

An abrasive disk was used to cut the cast samples meas-
uring 20 X 20 X 10 mm. Moreover, the smaller sample
thickness ensures a quick thermal equilibration with the
furnace and a uniform heating during the destabilization.
Three samples were subjected to a destabilization heat
treatment at 980 °C for 0 (Q_0), 30 (Q_30) and 90 (Q_90)
minutes followed by air cooling and later, hot mounted
in a conductive resin for metallographic preparation. The
metallographic protocol as specified in [40] was followed
to obtain a scratch-free, mirror polished surface. The sche-
matic of the HT is represented in Fig. 1.

Table 1 ‘]E.Sulk chemical C Cr Mn
composition (Wt%) of the

Mo Si Cu P S Fe

HCWCI alloy used in this study 253 26.60 0.66

0.26 0.24 0.37 0.03

<0.01 0.04 Bal
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Fig. 1 Schematic of the destabilization heat treatment employed

2.2 Tribological Tests

Dry-sliding linear reciprocating wear tests were conducted
on the as-cast (AC) and the HTed samples 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 (Al,O5) balls
(99.00%-99.99% purity; Grade GD28) were used as the
sliding counter-body. Table 2 represents the tribological
testing parameters used during the test. Presently, a load of
20 N was used based on a previous work wherein the critical
load was obtained using Hertzian contact theory based on
the material that deforms first [41]. Moreover, at least three
trials were performed for each sample.

2.3 Microstructural and Wear Track
Characterization

Optical microscopy (OM) observations of the AC and HTed
samples were carried out using a LEXT OLS 4100 Olympus
CLSM. The CLSM uses a laser with 405 nm wavelength
and, a lateral and vertical resolution of 120 and 10 nm,
respectively. The fine microstructural details of the samples

Table 2 Tribological testing parameters

Parameters Value
Temperature (°C) 25
Relative humidity (%) 45
Load (N) 20
Sliding velocity (ms™") 0.02
Stroke length (mm) 5.5
No. of cycles 2000
Data acquisition frequency (Hz) 50

were obtained using a FEI Helios™ Nanolab 600 field
emission SEM (FE-SEM) in conjunction with a Thermo-
Fisher Helios™ G4 PFIB (Plasma Focused-Ion Beam)
CXe DualBeam™ FIB/SEM. The SEM was operated at an
acceleration voltage of 5-15 kV and a beam current of 1.4
nA. The AC microstructure is characterized by the presence
of Cr-rich M,C; type intergranular eutectic carbides (EC)
(~30%) dispersed in an austenitic matrix (y) (~60%), and
a thin layer of martensite (a’) (~ 10%) sandwiched between
the EC and v, as indicated in Fig. 2. The phases present in
the microstructures are colour-arrow coded throughout the
paper according to the following terminology:

Austenite (y): Red arrow pointing downwards

Martensite (a’): Green arrow pointing upwards

M,C; carbide (EC): Yellow arrow pointing right

M,;C, carbide (SC): Blue arrow pointing left

The back-scattered electron (BSE) micrographs obtained
from the SEM were used in determining the stereological
characteristics (volume fraction, size, nnd etc.) of the
SC, using the open-source image analysis software,
FIJI (Fiji Is Just Imagel]) [42]. Prior to obtaining the
BSE SEM micrographs, the samples were etched with a
modified Murakami’s reagent (4 g K;[Fe(CN)4] potassium
ferricyanide + 8 g NaOH sodium hydroxide + 100 mL H,O
water) at RT for 15 s [40]. The micrographs were captured
at a magnification of 2500x (~50x 50 pm?) and at least
5 micrographs were considered in each case. A threshold
segmentation was applied to the BSE micrographs to obtain
a binarized image comprising of the carbides and the matrix.
This was followed by selectively eliminating the larger EC
from the image and performing the particle analysis on the

Fig.2 Representative SEM micrograph of the AC sample after etch-
ing with Vilella's reagent. The various phases are marked for refer-
ence
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SC. Considering the magnification and resolution of image
acquisition, all pixelated particles having a diameter less
than 100 nm were excluded from the analysis. Further details
concerning the determination of the SC specifics is given
in [43].

It was assumed that the carbide size and nnd’s were
log normally distributed as evidenced by the presence of
skewness in the raw data. Moreover, an additional factor
namely the coefficient of variation (COV) was introduced
to measure the homogeneity of the SC distribution based
on the log normal distribution data of the nnds [44, 45]. In
Eq. (1), oy, is the standard deviation of the nnd data after a
natural log transformation. It is worth to note that lower the
COV value, more homogeneous the sample data.

COV = Veoin — 1 (1)

X-ray diffraction measurements of the AC and the HTed
samples were carried out at room temperature using a
PANalytical Empyrean diffractometer system equipped
with a novel Bragg Brentano'™® module (to obtain a
monochromatized divergent incident beam) and an ultra-
fast PIXcel®P detector (used in linear scanning mode).
An X-ray tube with cobalt (Ka=0.1791 nm) as the anode
material was utilized as the radiation source along with a
0—20 scan geometry. The acceleration voltage and current
applied during the measurements were 40 kV and 40 mA,
respectively. The scans were made over a 20 range of 40°
to 130° with a step size of 0.013° and a counting time of
250 s, constituting a total scanning time of approximately
2 h. Moreover, the pulse height distribution settings were set
to a range of 25.5% (3.53 keV)-80% (11.09 keV). The peak
positions and phase identification was performed using the
X’Pert High Score Plus software. Additionally, the volume
fraction of the RA in the HTed samples was estimated by
the Rietveld refinement approach [46], using the software
Material Analysis Using Diffraction (MAUD) [47].

The matrix hardness was determined using the Vickers
method using a Struers Dura Scan 50 microhardness tester
with a load of 0.9807 N (HVO0.1). During the testing, the
dwell time was 15 s and the readings were averaged over
15-20 measurements. The load was chosen ensuring that
the surrounding entities (EC and/or the interfacial o’) are
not participating in the evaluation of the matrix hardness
and, the indentation mark was clearly resolvable using the
optical microscope.

The morphological aspects of the wear tracks as well as
the acting wear mechanisms were ascertained using CLSM
and FE-SEM. A high-performance ion conversion and
electron detector was employed during the SEM analysis
to obtain a better phase contrast and emphasize on certain
regions of interest within the wear track. Energy-dispersive
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X-ray spectroscopy (EDS) was used to chemically map the
worn and the unworn surface.

The local deformation and the strain distribution at the
vicinity of the wear track was investigated by electron
backscattered diffraction (EBSD). The measurements were
performed at an acceleration voltage of 20 kV and a beam
current of 11nA, using the FE-SEM workstation equipped
with an EDAX Hikari EBSD camera. The EBSD data
was analysed using the Orientation Imaging Microscopy
(OIM™ v. 7) Data Analysis software by EDAX Corporation.
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), 2nd
neighbour KAM with a 5° threshold was considered for
the analysis. Additionally, misorientation profile analysis
was performed around the deformed region to obtain the
orientational variation.

Wear quantification was described in terms of WR, and it
was proceeded by calculating the volume loss encountered
in each track using the proprietary LEXT software in the
CLSM. The entire wear track, including the ends were
considered in the calculations, and Eq. (2) was used to
compute the WR, where V represents the wear volume
(mm?), 1 is the total sliding distance (5.5 X2 X 2000 mm),
P is the applied load (N), and WR represents the wear rate
(mm? N~! mm™).

\Y

WR=—
IxP 2)

3 Results and Discussion

3.1 Microstructural Characterization
of the Destabilized Samples

Figure 3 represents the micrographs obtained from CLSM
and SEM, and the EBSD phase maps for the destabilized
samples. The HTed microstructure is characterized by the
presence of a primarily martensitic matrix («’), finely pre-
cipitated SC (M,;Cq type), the original (as-cast) EC (M,C;
type) and RA. The EC (in terms of volume fraction and size
refinement) are relatively immune to the HT considering
their thermal stability [7, 13, 48] and the destabilization tem-
perature used in the present work. Hence, it is assumed that
all the changes are taking place predominately in the matrix.

Comparing the CLSM micrographs (a.1, b.1 and c.1 in
Fig. 3) of the HTed samples, a reduction in the RA content
(white patches) was observed with increasing destabilization
holding time. Moreover, the SEM micrographs (a.2, b.2 and
c.2 in Fig. 3) give a visual perspective of the SC distribution
throughout the material. In fact, the precipitation of SC and
the reduction of RA is an interdependent process [11, 12].
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Fig.3 Micrographs of the
destabilized samples obtained
using CLSM (1) and SEM (2),
and the EBSD phase maps (3),
for Q_0 a, Q_30b and Q_90
¢, respectively. The phases are
accordingly colour and arrow-
labelled for reference

CLSM

During destabilization, the increased driving force for alloy
redistribution results in the precipitation of M,;C, type SC
[49]. In the Q_O sample, they are primarily located at the
periphery of the matrix, whereas in the case of Q_30 and
Q_90, they are also located within the body of the matrix.
This indicates that the precipitation initially occurred at
the periphery and proceeded inwards into the body of the
matrix. This sequence was also observed in other studies
[13, 14, 50, 51].

Additionally, the variation in the size and shape of the
SC indicate that they may have precipitated at different
times during the destabilization heat treatment. In a recent
work, simulations using MatCalc predicted that precipita-
tion started during heating at approximately 800 °C and
additional precipitation took place during the initial cool-
ing phase (980-750 °C) [49]. Considering the sample size
used in the present work and the fact that it was kept inside
the furnace during the heating, and not inserted once the
intended destabilized temperature was reached, precipita-
tion had taken place during the heating. Consequently, the
stability of the austenite is reduced owing to the depletion
in carbon, leading to a partial transformation to martensite
upon cooling.

SEM

5
= v (Austenite}
@ (Martensite)
M;C3 (Cacbide)
—— M23C¢ (Carhide)

Y (Avstenite)
— a’ (Martensite)
3 (Carbid

Furthermore, the EBSD phase maps (a.3, b.3 and ¢.3 in
Fig. 3) of the matrix region indicate both the reduction in
the RA with increasing destabilization holding time, and
the distribution variation in the SC precipitates. Although
the CLSM and SEM micrographs can be considered
representative, it is worth to note that the EBSD phase map
was obtained from a very small region and should be treated
with caution. Nevertheless, the correlative microscopy
(CLSM—SEM—EBSD) approach was very useful in the
assessment of the destabilized microstructure.

The X-ray diffractograms of the AC and HTed samples
are presented in Fig. 4a wherein the various phases are
indexed for reference. Moreover, the 20 values ranging from
51° to 54° (as indicated by the dashed-black enclosure in
Fig. 4a) were subjected to peak deconvolution and fitting, as
represented from Fig. 4b—e. A clear shoulder is seen for the
AC sample which was separated into two individual peaks
of M,C; and o’ using a pseudo-Voigt function. Comparing
the most intense peak of the HTed samples i.e., the (110)
martensite peak, a shift in the peak position is observed.
The (110) o peak in Q_O is slightly shifted at a higher 20
angle compared to the Q_30 and Q_90 which is an indica-
tion of lower carbon in the martensite phase. The presence of
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Fig.4 a X-ray diffractograms of the AC and HTed samples. b—e rep-
resent a corresponding magnified view of the peaks and the associ-
ated peak deconvolution from 20 values ranging from 51° to 54°, as
indicated by the dashed black enclosure in a

a higher amount of carbon in the martensite lattice distorts it
even more increasing the interplanar spacing. Considering
the inverse relationship between the interplanar spacing and
the Bragg’s angle in the Bragg equation, this leads to a shift
in the peak towards lower 20 values which is observed in the
X-ray diffractograms. Considering the similarity between
the positions of the (110) o’ peaks in Q_30 and Q_90, a
larger lattice deformation compared to the Q_0 sample can
be inferred, which should lead to a harder martensitic phase
[52].

The calculated CVF (%) and average size (pmz) of the SC
are represented in Fig. 5. A decrease in the CVF is observed
in the first 30 min and later, it increases from Q_30 to Q_90.
The CVF values of Q_0 and Q_90 is statistically compara-
ble, although the average size increased two-fold in the lat-
ter. Comparing Q_0 with the Q_30 sample, even though the
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Fig.5 The secondary carbide volume fraction (%) and the corre-
sponding average size (um?) for the destabilized samples

CVF reduced (~40%), the average size remained within the
tolerance interval (Mean + S.D.)—(Mean—S.D.)). Addi-
tionally, the distribution of the SC in terms of size and nnd
can also provide crucial information in understanding the
precipitation specifics [7, 11, 51].

The log normal size distribution (in terms of particle
count vs. area (um?)) for the three HTed samples is graphi-
cally represented in Fig. 6a. The average size for the cor-
responding samples is indicated in the inset table in Fig. 6a.
The cumulative distribution curve is plotted in Fig. 6b which
shows that for a given size, the percentage of particles falling
within that size range decreases from Q_0 to Q_90. This is
further exemplified by the distribution-rug plot in Fig. 6c,
plotted on a log—log scale for better visualization, where it is
indicated that the Q_90 sample possesses a higher number of
particles with larger sizes, whereas the particle distribution
between Q_0 and Q_30 is similar. Combining the informa-
tion obtained from Fig. 6a concerning the reduction in par-
ticle count, with the rug plot in Fig. 6c, it is evident that the
average size increases from Q_0 to Q_90.

As the precipitation takes place by nucleation and growth
phenomena, they need to overcome a certain activation
barrier to achieve a critical size to nucleate. Moreover,
new phases tend to favour precipitating on heterogeneous
surfaces such as defect clusters, sub-grain boundaries, etc.,
where it is thermodynamically more favourable [53, 54]. The
fresh precipitation could be presumed to have taken place
during two stages of the HT i.e., heating and cooling. During
heating, the transformation of the interfacial martensite to
austenite at the periphery results in the austenite possessing
a large number of defects. This stems from the stresses
generated owing to the differences in coefficient of thermal
expansion between the hard M;C; EC and the austenitic
matrix. This generation of defect clusters at the periphery
reduces the activation energy required to achieve the critical
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Fig.6 a log normal size distribution of the SC for the HTed sam-
ples with the inset table representing the average size for each of the
destabilized samples. The peak of the distribution curves signifies the
corresponding modes. The cumulative distribution curve is plotted

size, resulting in a large number of small-sized carbides
nucleating at those regions [48, 50]. Subsequently, some of
the freshly precipitated carbides can also partially redissolve
into the matrix. This can be thought to take place in the first
30 min (Q_0— Q_30) wherein the particle count and CVF
is decreasing with the average size remaining statistically
within range, as indicated in Figs. 5 and 6. Simultaneously,
the continuous alloy redistribution taking place during the
isothermal holding results in the growth and coalescence
(Ostwald ripening) of SC in other regions of the matrix.
This is expected to take place from Q_30— Q_90, as evident
from Fig. 6, where the average size and CVF is increasing,
and the number of particles is decreasing. Nevertheless,
the presence of small-sized carbides at the periphery of all
the HTed samples is indicative of the fact that additional
precipitation took place during the cooling stage, but no time
was given to facilitate their growth [49, 55].

The nnd distribution was also log normally plotted and is
represented in Fig. 7a. The inset table in Fig. 7a indicates the
mean nnd value for the three HTed samples, being the lowest
for the Q_0 amongst all the conditions. Although the mean
nnd values of the HTed samples fall within the tolerance

in b and, ¢ distribution-rug plot plotted on a log—log scale, which is
indicative of a histogram with zero-width bins and used to visualise
distribution of the data

interval, analysing their distribution gives information on
their homogeneity. Figure 7 (b) and Fig. 7c represent the
nnd cumulative distribution curve and the nnd distribution-
rug plot, respectively. The COV was determined for each of
the HTed samples considering the standard deviation of the
log normally distributed nnd values (c,,) and using Eq. (1).
Sample Q_0 had a COV of about 40% whereas the Q_30 and
Q_90 samples showed COV values of 49% and 47%, respec-
tively. It also worth to mention that although the COV value
of Q_0 is the lowest indicating that the dispersion of SC
precipitates relatively more homogeneous, this should not
be considered as the sole deciding factor. This approach fails
to consider the fact that in the Q_0 sample, most of the pre-
cipitates are located around the periphery of the matrix and
therefore, are considerably more closely spaced compared
to the Q_30 and Q_90 samples. In the case of the Q_30 and
Q_90 samples, the particles are also predominately present
at the body of the matrix (Fig. 3). The slight increase in the
COV value of Q_30/Q_90 could be explained by the dis-
solution of the carbides at the periphery and the presence
of carbides in the matrix body, leading to a higher absolute
average nnd value. This trend is also exemplified in the rug
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Fig.7 a log normal near neighbour distance (nnd) distribution of the SC for the HTed samples with the inset table representing the average nnd
for each of the destabilized samples. The cumulative distribution curve is plotted in b and, ¢ distribution-rug plot plotted on a linear scale
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plot in Fig. 7c) where the increased dispersion in the red ver-
tical lines (Q_30) can be observed. The information obtained
from the homogeneity calculations should also be combined
with the size and nnd analysis to explain the changes taking
place during the HT.

The estimation of the RA content in AC and HTed sam-
ples, along with the measured matrix hardness is given in
Table 3. A clear trend is visible with respect to the RA con-
tent i.e., increasing the destabilization holding time results in
the reduction of the RA, as also indicated by the correlative
microscopy analysis of Fig. 3. Moreover, the implications of

Table 3 The values of the retained austenite estimated using MAUD
and the corresponding matrix hardness (HV0.1). The RA value of the
As-cast was determined metallographically*, whereas Rietveld analy-
sis by MAUD** was used for the HTed samples

Sample Retained austenite (MAUD)  Matrix
(%) hardness
(HVO.1)
As-cast* 58.1 347424
Q_0** 10.2 412+31
Q_30%* 7.1 759 +22
Q_90#* 5.1 775+33

»
micro-cutting

Fig.8 a—c SEM secondary electron (SE) micrographs of the wear
track for the AC sample with the various aspects of the wear track
delineated and the corresponding magnified SE micrographs of the
dashed-green and the dashed-blue areas. The y, o’ and M;C; (EC)
phases are marked in d, along with the wear debris. e SE micrograph
of the dashed-orange enclosure marked in d. The slip traces, in addi-

@ Springer

M7C3 ejection

the SC distribution and the associated y — o’ matrix trans-
formation on the hardness is evident. The presence of a large
number of small-sized carbides located at the periphery of
the matrix renders the central part of the matrix primarily
austenitic, as observed from Fig. 3 (a.1) and Fig. 3 (a.3). As
a result, the hardness of the Q_0 sample is increased mar-
ginally compared to the AC. With increasing holding time,
the precipitation proceeds inwards into the matrix tending
to grow and coalesce. This results in more of the austenite
being transformed to martensite upon cooling and eventually
a substantial increase in the matrix hardness, as evidenced
from Table 3. Furthermore, it could be deduced from XRD
that the martensite formed in the Q_30 and Q_90 samples is
harder compared to the Q_0O owing to the shift in the (110)
o’ peak, contributing to the two-fold increase in the matrix
hardness. The similitudes in the hardness of the Q_30 and
Q_90 could be attributed to the like nature and distribution
of the microstructural constituents.

Adhesion

Y ploughing "\ g 4
y i TR B 3 Adhesion
v ploughing e { »

M7C3 micro-cracking
> ¥
<% .
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~ Slip traces

a . Debris =
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tion to the three different sets of activated slip planes are indicated
in e. The solid-orange enclosure and solid-yellow ellipse is indicative
of the micro-cutting and austenite (y) ploughing phenomena, respec-
tively. The sliding direction (SD) is also mentioned for reference
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3.2 Tribological Response of the AC and HTed
Samples

3.2.1 As-Cast

Figure 8a—c represents the SEM SE micrograph encompass-
ing the entire track width, together with the corresponding
magnifications of the dashed-green and dashed-blue enclo-
sures. From the micrographs, it was observed that the wear
track had shown traits of adhesion especially at the matrix-
carbide interface. Moreover, micro-cutting of the carbide
and micro-ploughing of the austenite matrix (as evidenced
by the presence of grooves bordered by lateral ridges), char-
acteristic mechanisms of abrasive wear, was also observed.
Figure 8d represents the SE SEM micrograph of the wear
track with emphasis on the matrix region adjacent to the
wear track and the corresponding magnified micrograph of
the dashed-orange enclosure is depicted in Fig. 8e. Plastic
deformation of the austenitic matrix can be observed, evi-
denced by the slip traces at the region adjoining the wear
track, which are a manifestation to accommodate the defor-
mation endured by the austenite. As a result of micro-cutting
and micro-ploughing, cracking, and ejection of small frag-
ments of EC ensue, as detailed in a previous work dealing
with the analysis of the microstructural evolution of the AC

Oxides  ~A © ot
< Slip traces

Ty

Fig.9 a SEM SE micrograph of the wear track for the Q_0 sample
when the matrix adjacent to the track is primarily martensitic. b mag-
nified SE micrograph of the dashed-orange enclosure marked in a. ¢
SEM SE micrograph of the wear track when the austenite phase is
adjacent to the wear track, indicating the adhesion, carbide micro-

26 wt% Cr white cast iron under identical sliding conditions
[41].

3.2.2 Destabilization for 0 min (Q_0)

The SEM SE micrographs of the Q_0 wear track is rep-
resented in Fig. 9. Two scenarios are depicted depending
on whether the matrix adjacent to the wear track was mar-
tensite (Fig. 9a, b) or austenite (Fig. 9c, d). The presence
of slip traces is a clear indication of the austenite deforma-
tion and is marked in Fig. 9¢c, d. On the contrary, no slip
traces were observed when the martensite was adjacent to
the wear track, owing to its inability to plastically deform
considering the load used in the present study [41, 56].
The phenomenon of adhesion was observed, as in the AC
condition, primarily at the matrix-carbide interface. The
O EDS concentration map (Fig. 9¢) indicates the preferen-
tial accumulation of oxides where the carbides have been
cracked and/or ejected [41, 57].

Figure 10a represents the SEM SE micrograph of the
area adjacent to the wear track edge where the EBSD
measurements (dashed-blue enclosure) were carried out.
The phase map in Fig. 10b clearly shows that the area
adjacent to the wear track was primarily austenitic and the
manifestation of slip bands is an indication of the austenite
deformation, as marked by the dashed-orange enclosure in
Fig. 10a. Comparing Fig. 10a, b, the slip lines terminate

Oxides , |

cracking and ejection. d magnified SEM micrograph of the dashed-
green enclosure in ¢. The wear debris, the deformed austenite and
ploughing effect is marked in d. e O EDS concentration maps of the
micrograph presented in ¢. The SD is also mentioned for reference
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Fig. 10 a SEM SE micrograph of the wear track for the Q_0, with the
various phases and the deformed y delineated. b EBSD phase map of
the dashed-blue enclosure in a, ¢ KAM map of the austenite region.
The variation of the misorientation angle (point-point and point-ori-

upon encountering the martensite phase. This is attrib-
utable to the difference in crystal structure and a higher
hardness. Figure 10c indicates the KAM map of the iso-
lated austenite region. The orientational variation of the
adjacent austenite region was exemplified by calculating
the point-to-point and point-to-origin misorientation pro-
file chart, as represented in Fig. 10d. A variation of about
4° was observed between the deformed and undeformed
austenite region. This rotation of the austenite crystal lat-
tice allows a quantitative evaluation of the local plastic
deformation [58].

Fig. 11 a SEM SE micrograph
of the wear track for the Q_30
sample, with the phases and
various aspects of the wear
track delineated. The wear
debris, the oxides and the
unaffected EC is marked in a.

b magnified SE micrograph

of the dashed-orange enclo-
sure marked in a, wherein the
phenomenon of adhesion along
with the carbide micro-cracking
and ejection is indicated. The

O EDS concentration maps is
indicated in ¢ of the micrograph
presented in a. The SD is also
mentioned for reference

@ Springer

gin) across the austenite region starting from the point O following a
path indicated by the dashed-white line in ¢ is graphically represented
in d. The SD is also marked for reference

3.2.3 Destabilization for 30 min (Q_30)

Figure 11 represents the SEM SE micrograph of the Q_30
wear track with Fig. 11b indicating a magnified micro-
graph of the dashed-orange enclosure in Fig. 11a. Unlike
the Q_O0 sample where the region adjacent to the wear
track could be either RA or martensite, the Q_30 sample
had a predominately martensitic matrix, and no austenite
was visible next to the wear track. Since the martensite
is not able to undergo plastic deformation, no slip traces
are visible next to the track. Moreover, as the hardness of
the alumina counter body (~ 1500 HV) is higher than the

Unaffected M7C3‘€ ?xu:es
%

’ £ g
M7C3 ejection
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HCWCI material and/or the Cr-rich M,C; carbide hard-
ness (~ 1200 HV), the carbides are prone to micro-cracking
[32, 33]. Additionally, the presence of the unaffected M,C;
carbide in Fig. 11a is an indication that not all carbides
had undergone cracking. This could be attributed to the
carbide’s geometric orientation and the increased load-
bearing capacity of the martensite [59-62]. Comparing
the O EDS concentration maps of Q_0 (Fig. 9¢) and Q_30
(Fig. 11c), it can be qualitatively appreciated that the latter
possesses a greater area where oxides have accumulated
throughout the wear track.

3.2.4 Destabilization for 90 min (Q_90)

The SEM SE micrographs of the Q_90 wear track and the
O EDS map is represented in Fig. 12. No major differences
were observed between the wear behaviour of Q_30 and
the Q_90 sample. Similar to the Q_30 sample, the wear
track had shown indications of adhesion, micro-cutting,
and ploughing, as well as carbide spallation and ejection.
From Fig. 12c, it was observed that the carbide crack-
ing had taken place perpendicular to the sliding direction.
This is a commonly observed phenomenon in HCWCls in
response to the tangential stresses acting during the sliding
process, leading to brittle fracture [59, 60]. Moreover, the
similarities in the values of the matrix hardness and RA
are suggestive that the samples show a similar wear rate.

SD

A Unaffected M7C3
G(
M7C3 ejection
V

4

CAy S

V-
Adhesion

Fig. 12 a SEM SE micrograph of the wear track for the Q_90 sample,
with the micro-cutting phenomenon delineated. The wear debris, the
oxides and the unaffected EC is marked in a. b depicts the magnified
SE micrograph of the dashed-orange enclosure marked in a, wherein
the various phases, wear debris and the phenomenon of micro-cutting
and ploughing is indicated. ¢ magnified SE micrograph of the dashed-

Although the microstructural constituents of the HTed
samples are identical, the differences in their amounts and
distribution had a consequence on the final tribological
behaviour of the alloy. In the case of the samples pos-
sessing a higher amount of austenite (as-cast and Q_0),
the wear mechanisms can be thought of a combination of
mild adhesion and abrasion (as evident from the micro-
cutting and ploughing) although, the influence of oxidation
cannot be completely dismissed. Whereas, in the Q_30
and Q_90 samples, in addition to adhesion and abrasion,
oxidation also plays a big role in the wear behaviour due
to the detachment of secondary carbides from the matrix,
as evident from the EDS concentration maps (Figs 11 and
12) and as seen further, the frictional behaviour.

3.2.5 Wear Rate and COF

The mutual dependence of the WR (mm> N~ mm™") on
the rest of the microstructural characteristics for all sam-
ples is graphically represented in Fig. 13a, and two major
observations were made. Firstly, all the destabilized samples
had shown a lower WR compared to the AC sample and
secondly, a harder matrix did not necessarily guarantee a
better wear resistance. Interestingly, the Q_0 sample with
the lowest hardness among all the HTed samples, showed
the lowest WR (i.e., highest wear resistance). Compared to
the AC sample, the Q_0 showed a reduction of about 50%,
whereas in the Q_30 and Q_90 samples, a decrease of up

“Debris " - ,

: ’-M23C5_"»' :

i+ MgaCe, ot s

green enclosure in a where the phenomenon of adhesion along with
the carbide micro-cracking and ejection is visible. d A magnified SE
micrograph of the dashed-blue enclosure in a. The EDS concentration
maps of O is indicated in e of the micrograph presented in d. The SD
is also mentioned for reference

@ Springer



Metals and Materials International

0.024 As-cast w Q0 0300090
s00 /(@) _--m--SC CVF (%) L7
—_ 0.022 . A- - Matrix Hardness (HV 0.1) E -
'TE 0.020 = - -@- - Wear Rate (mm® N'mm™) ; e
170042 Y K
& 2, & , K -5
= 0.018 - < e ot Y R S
o 600 @ S A R
4 5] ! KRN 8 75
g 0.016 @ AN 2 i
E s Y . : L3 %)
@ 0.014 - 500 . ! &
= s A PSS | e 2 9
ﬁ" / LU 2
. 0.012 Rt .
=) 4004 E ~ L1
W I . L
Z 00104 s I/ -- Y.~
F * o
0.008 4 390
T T A} T T l

Retained Austenite (%)

(b)| | AC Qo Q_30

Mean coefficient of friction (p)

0 500 1000 1500 2000
Cycles

Fig. 13 a Graphical representation of the RA, WR, SC CVF (%) and
matrix hardness (HV 0.1) values and b Mean coefficient of friction
(COF) evolution for all the samples

to 35% was observed. Moreover, no major differences in
the WR between the Q_30 and Q_90 samples were seen as
hypothesized based on the microstructural characterization.

The frictional behaviour of the samples (expressed in
terms of mean coefficient of friction (COF)) is represented
graphically in Fig. 13b. In all cases, the curves reach a peak
(running-in) before decreasing and reaching a steady state
(SS). It is interesting to note that apart from the AC sample,
all the HTed samples show a ‘double running-in’ behaviour.
The initial peak is reached after about 75-100 cycles before
showing a slight decrease after which it again ramps up to
a higher peak value after about 250 cycles before settling
at a SS value. The mean SS COF values of the AC and the
Q_0 sample is comparable whereas the corresponding val-
ues of Q_30 and Q_90 are similar, indicating a distinction
between the two groups. The main distinguishing feature is
the presence of a relatively higher percentage of austenite in
the AC and Q_O sample compared to the latter two. In the
Q_0 sample, the relatively higher amount of austenite could
be thought to have provided additional mechanical support
to the surrounding carbides by undergoing plastic deforma-
tion during the wear test. This was evident in Figs. 9 and 10
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where the slip lines are visible emanating from the austenite
region. In the Q_30 and Q_90 samples, the predominately
martensitic matrix is unable to plastically deform compared
to the austenitic matrix and thus incapable of providing the
necessary support for its surrounding carbides leading to
carbide micro-fracture and eventual ejection. The increased
carbide ejection results in an increasing number of voids
allowing the oxide to accumulate in those regions and fur-
ther influence the wear behaviour [41]. This can be appre-
ciated in the steady state behaviour of the Q_30 and Q_90
samples, wherein the continuous fluctuations indicate the
formation and breakage of the oxide layer [63]. Although
these fluctuations stop after about 1000 cycles for the Q_30
sample indicating conformality has reached, they continue
for the Q_90 sample for the whole duration of the wear test.

As the matrix is worn out by the abrasive process, the
support it offers to the carbides dwindles, resulting in an
increased abrasive wear volume loss [64]. In the Q_90
sample, even though the CVF is comparable to that of the
Q_0 sample, the decreased amount of RA and the increase
in the average carbide size led to a higher probability of
SC being ejected, leading to a change in wear mechanism
towards oxidative wear and an increase in the WR. A
decrease in the average carbide size for a constant carbide
volume shortens the mean distance between the carbides,
thereby minimizing the matrix exposure to contact damage
[31].

Another factor for the lower WR of the HTed samples
compared to the AC could be attributed to the cracking
of the large EC. It was markedly higher in the AC sample
compared to the HTed samples. Although the M,C; type of
EC has a higher inherent fracture toughness, the assumption
that the EC are unaffected during the heat treatment implies
the reduced prevalence of cracking is due to the changes
taking place in the matrix during destabilization. This could
be attributed to the presence of the hard martensite which
improves the load-bearing capacity, thereby reducing the
tendency for carbide micro-fracture [12, 29]. Additionally,
the varying size distributions of the finely dispersed SC
led to smaller SC particles participating in the intermixing
of the tribologically transformed zone whereas the larger
particles assisted in distributing the load. Although at higher
destabilization holding times, the increasing average size
of the SC made its ejection more probabilistic, especially
with a martensitic matrix surrounding it. This led to the
wear mechanism tilting in favour of oxidation, negatively
impacting the WR. Nevertheless, the presence of a harder
martensitic matrix and the distribution of SC throughout
the HTed samples ensured an increased wear resistance
compared to the AC sample.
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4 Conclusions

In the current study, dry sliding linear-reciprocating wear
tests were performed on a destabilized 26 wt% Cr white
cast iron. The effect of increasing the destabilization holding
time on the microstructural evolution and the subsequent
tribological behaviour of the alloy was examined and the
following conclusions were drawn.

e Microstructural observations revealed that destabilization
resulted in the precipitation of fine SC and a temporal
increase in the transformation of austenite to martensite,
whereas the EC remained relatively immune to the HT.

e Stereological characterization of SC indicated a
decrease in the CVF in the first 30 min and later, an
increase from Q_30 to Q_90. The CVF values of Q_0
and Q_90 is statistically comparable, although the
average size increased two-fold in the latter.

e The matrix hardness of the HTed samples increased
up to 125% compared to the AC sample (owing to the
presence of SC and a martensitic matrix) although,
there was no significant rise between the Q_30 and
Q_90 sample, indicating stagnation.

e All the HTed samples showed a reduction in the WR
compared to the AC sample, with the Q_0 sample
presenting the highest reduction (50%).

e The Q_0 sample showed the lowest WR, even though
it did not present the highest matrix hardness among
all the samples. This sheds light on the importance of
an optimal distribution between the microstructural
constituents after destabilization.

e Selection of the right heat treatment is highly
dependent on the intended application. Samples Q_30
or Q_90 could be chosen if having a high hardness
is a prerequisite as both the samples show a hardness
of about twice that of the Q_0 sample. Hence, for
applications where a high hardness is a requirement,
it is recommended to destabilize for a longer period to
ensure the amount of RA is reduced whereas for wear
resistant applications, the presence of ~10% RA in
addition to the precipitated SC (~5%) is advantageous.
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