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Abstract

In the current study, electrolytic deposition using two different electrodes, copper (Cu) and nickel (Ni) was investigated
with the aim of protecting the worn surface during mechanical sectioning and polishing, for a posterior examination of the
sub-surface microstructure. The efficacies of the two coatings were visually assessed based on its adhesivity and the ability
to protect the wear tracks of an as-cast 26% Cr high chromium cast iron (HCCI) alloy. It was observed that electrodeposition
using Cu as the electrode was ineffective owing to a poor adhesivity of the coating on the HCCI surface. The coating had
peeled off at several regions across the cross-section during the mechanical sectioning. On the other hand, Ni electroplating
using Ni strike as the electrolyte was successfully able to protect the wear track, and the sub-surface characteristics of the
wear track could be clearly visualized. A uniform coating thickness of about 8 um was deposited after 30-40 min with the
current density maintained between 1 and 5 A/dm?. The presence of the Ni coating also acted as a protective barrier prevent-

ing the ejection of the broken carbide fragments underneath the wear track.

Keywords Surface protection - Electrolytic deposition - Nickel coating - Sub-surface microstructure/characterization -
Unlubricated sliding - Particle ejection - High chromium cast iron

1 Introduction

Nearly a quarter of the world’s energy produced is spent in
overcoming issues related to tribology [1]. Moreover, the
failures associated with friction and wear in the mining and
mineral sector alone constitute for about 6% of the annual
global energy consumption [2]. To mitigate the monetary
and energy loss encountered during the operation, research-
ers are constantly seeking to understand the wear mecha-
nisms and subsequently, improve the material in use [3, 4].
In addition to employing new materials apt for wear-related
applications, existing materials can be microstructurally
modified, or coated with a suitably wear resistant material
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such as high chromium cast iron (HCCI) to increase their
longevity [5].

HCCISs are alloys containing a dispersion of hard M,C,
(M: Cr, Fe) type carbides in a supportive, modifiable matrix
(austenite, martensite, ferrite), enabling it to be used in a
wide variety of applications in the mining and mineral sec-
tor, such as ball mill liners, pulverizing equipment, feeders,
etc. [6-9].The versatility in the alloy’s applicability in wear
and/or corrosion resistant applications stems from the flex-
ibility to vary the amount of chromium during the alloy’s
solidification [10-12].

A thorough characterization of the worn surface is imper-
ative for understanding the ensuing wear mechanisms aid-
ing in the subsequent development of better wear resistant
materials. In addition to the wear-induced microstructural
modifications taking place at the sample surface, examin-
ing the microstructure underneath the wear track would be
beneficial for further analysis [13, 14]. The interaction of the
various phases during the wear adjacent and underneath the
wear track can shed further light as the wear resistance is
not an inherent property. In the specific case of HCClIs, the
overall wear behaviour is a synergistic contribution between
the hard carbide and the matrix that surrounds it [3, 11].
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As the maximum stress is experienced at the centre of the
wear track [15, 16], it would be necessary to make a trans-
verse cut across the entire track. Using a focused ion beam
(FIB) to cut such a large section is both time and resource
intensive [17]. In this regard, mechanically sectioning
the sample would facilitate a complete observation of the
sub-surface microstructure beneath the wear track. As the
mechanical sectioning of the samples might induce certain
undesired microstructural modifications, it is essential that
the wear track and the underlying microstructure be suitably
protected.

Electrodeposition, also known as electroplating, has long
been carried out on various materials to impart certain char-
acteristic properties [18, 19]. It involves passage of a direct
current between the substrate and the metal electrode whilst
they are immersed in a solution of the metal. It is one of the
few surface-finishing techniques wherein the requirements
of both functional and aesthetic applications can be satisfied
[20, 21]. Moreover, owing to the high degree of controllabil-
ity obtainable by varying the experimental parameters, it is
gaining a lot of attention from the scientific community [22,
23]. Indeed, the deposit characteristics are highly dependent
on various factors such as current density, deposition time
and temperature, bath composition, pH, etc. [24, 25].

Amongst a multitude of potential electrodes, copper (Cu)
and nickel (Ni) are widely used owing to their availability
and versatility in the deposition process [2, 20, 22, 26]. To
prevent inaccurate analysis and erroneous interpretation,
electroless Ni coating was employed in coating the oxide
layers generated during the wear of a TWIP steel [13]. More-
over, edge retention during the metallographic preparation
of two porous implants was also possible by electroless Ni
coating [27]. This sheds light on the versatility of the coat-
ing methodology. Furthermore, the importance of protecting
the sub-surface during mechanical sectioning can be clearly
visualized in [14] where a lack of surface protection resulted
in the ejection of the carbide. Therefore, it is imperative to
coat the worn surface to protect the deformed sub-surface
generated during the tribological testing.

The main objective of the current work was to develop
a simple, yet effective approach to coat the worn surface of
an HCCI sample in order to investigate the deformed micro-
structure underneath the wear track. Subsequently, electro-
deposition was carried out using Cu and Ni as the electrodes,
and their efficacies were tested. Different parameters were
varied throughout the course of obtaining an optimal coating
on the wear track to protect it from the ensuing mechanical
sectioning and damage. Optical microscopy (OM) and scan-
ning electron microscopy (SEM) were employed to visually
assess the uniformity and adhesivity of the coatings. Addi-
tionally, EDS was used to chemically map the cross-section
containing both the coating and the sub-surface. Finally,
electron backscattered diffraction (EBSD) measurements
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were carried out to observe the deformation behaviour of
the HCCI alloy underneath the wear track.

2 Materials and Methodology

For this work, an as-cast 26% Cr HCCI alloy (~Cr: 26.6
wt%; C: 2.5 wt%; Fe: Bal.), measuring 12X 15x 10 mm?>
was subjected to dry sliding linear reciprocating tribologi-
cal tests. The tests 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 (Al,O5) balls
(99.00-99.99% purity; Grade GD28) was used as the slid-
ing counter-body. The bulk chemical composition and the
microstructural characterization of the HCCI alloy are given
in [28], whereas the specifics of the tribological tests are
described in [29]. The microstructure of the as-cast sample
composed of M,C; (~30%) (M: Cr, Fe) eutectic carbides
(EC) dispersed in an austenitic matrix (y) (~60%), and a
thin layer of martensite (o) (~ 10%) sandwiched between
the EC and y.

Two electrolytic depositions with Cu and Ni as elec-
trodes were tested. Initially, the electrodeposition with Cu
was tested owing to the ease of availability and non-toxicity
in handling the Cu electrolyte and later, with Ni. A gen-
erator was used to apply of voltage of up to 1.5 V whereas
a multimeter was used to monitor the current during the
process. Figure 1 represents the schematic of the Ni elec-
trolytic coating setup. Prior to coating, the worn sample was
de-embedded from the resin and then positioned about 1 cm
away from the electrode making sure the surfaces are paral-
lel to each other.

Different parameters were varied throughout the course
of obtaining an optimal coating on the wear track to pro-
tect it from the ensuing mechanical sectioning and damage.
Tables 1 and 2 represent the various coating parameter vari-
ations employed with Cu and Ni, respectively. During both
the electrodeposition processes, a voltage of 1.5 V and a
current density (J) between 1 and 5 A/dm? was maintained.

For the Ni electro-deposition, a Ni strike electrolyte
(hydrochloric acid, nickel dichloride) from Schlotter GmbH
was used. It is important to note that the Ni strike electrolyte
is highly toxic and hence, proper protective gear and precau-
tionary measures have to be considered.

The coated samples were then mechanically sectioned to
obtain the transverse section which contains the sub-surface
region underneath the wear track. An abrasive disk (Struers
50A20) rotating at 2500 rpm, with a feed rate of 0.03 mm/s
was used to obtain the cross-section of the coated samples.
The transverse section was embedded in a conductive resin
(WEM REM, Cloeren Technology GmbH, Germany) and
metallographically prepared following the instructions
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Fig. 1 Schematic of the nickel electrodeposition process

Table 1 Cu electrodeposition parameters

Coating Electrolyte Time (min)
Cu#l 120 mL H,0, 24 g CuSO,-5H,0 10

Cu#2 120 mL H,0, 24 g CuSO,-5H,0 20

Cu#3 3 min gold sputtering on worn surface + Cu #1

Cu#4 240 g/L H,SO,4, 110 g/L CuSO,-5H,0,H,0 5

Cu#5 240 g/L H,SO,, 110 g/L CuSO,-5H,0, H,0 10

Cu#6 3 min gold sputtering on worn surface + Cu #4

Cu #1 and Cu #4 represents the specifics of the electrolyte used as
can be seen in the first row and fourth row, are given in bold

Table 2 Ni electrodeposition parameters

Coating Electrolyte Time (min)
Ni #1 Nickel strike (HC1+ NiCl2) 3
Ni #2 40
Ni #3 30

presented in [30] to obtain a scratch-free, mirror polished
surface.

The quality of the coatings was assessed using a Leica
CTR6000 optical microscope (Leica Camera AG, Wetzlar,

Germany) coupled with a Jenoptik CCD camera (Jenoptik
AG, Jena, Germany), and FEI Helios Nanolab 600 field
emission scanning electron microscope (FE-SEM; Ther-
moFisher Inc., Waltham, MA, USA, formerly FEI Com-
pany, Hillsboro, OR, USA). 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 elec-
tron detector (vCD) was used to obtain a better contrast
between the phases. Finally, energy-dispersive X-ray spec-
troscopy (EDS) was used to chemically map the cross-
section containing both the coating and the sub-surface.

The local deformation and the strain distribution within
the austenitic matrix underneath the wear track was inves-
tigated by electron backscatter diffraction (EBSD). The
measurements were performed at an acceleration volt-
age 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 (EDAX Corporation,
Mahwah, NJ, USA). Additionally, misorientation profile
analysis was performed within the austenitic region to
obtain the orientational variation, with increasing cross-
sectional depth. The EBSD data was analysed using the
Orientation Imaging Microscopy (OIM™ v. 7) Data Anal-
ysis software by EDAX Corporation.

3 Results and Discussion

The passage of an electric current between two electrodes
immersed in an electrolyte is the essentiality of electro-
deposition. During the electrolytic process, metal atoms
lose electrons at the anode (oxidation) and get deposited
at the cathode (reduction). The electrolyte contains ions,
which migrate towards the electrodes with the opposite
charge (positively charged ions to the cathode and nega-
tively charged ions to the anode). The ion mobility results
in the generation of a current flow, owing to the transfer
of electrons, thus completing the electrical circuit [24, 26,
31]. Equations 1 and 2 represent the general half-cell reac-
tions that take place at the anode and the cathode, respec-
tively, where M is the metal atom, M"* is the metal ion, n
is the valency, and e™ is the electron charge.

M - M" 4+ ne” (1

M + ne" =M 2)

The properties and structures of the electrodeposits are
closely related to the electrolyte composition and electro-
plating parameters [26, 32]. In the current study, only the
type of electrode (Cu/Ni), electrolyte, and time was varied
to reduce the degrees of freedom.
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3.1 Copper Electrodeposition

Figure 2 represents the optical micrograph (OM) of the sam-
ples’ sub-surface after Cu electrodeposition using recipe #4
(Table 1). The bright field (BF) (Fig. 2a) mode of the optical
microscope was used in conjunction with the differential
interference contrast (DIC) mode (Fig. 2b) to reveal the vari-
ous characteristics of the sub-surface and the Cu coating.
The different phases present in the HCCI sample is indi-
cated in Fig. 2a, whereas the inherent topography present
between the EC and the matrix was visualized using the
DIC mode, indicated in Fig. 2b [33, 34]. From Fig. 2b, a
lack of adhesion of the Cu coating with the HCCI substrate
was observed. Consequently, the coating was peeled off at
several regions across the cross-section during the mechani-
cal sectioning. The dashed yellow ellipse in Fig. 2a is indica-
tive of one such incidence. Despite a lack of adhesivity, the
coating thickness was fairly uniform across the surface, and
it was measured to be 6.5+0.3 um.

During the electrodeposition process, oxidation of Cu
takes place at the anode resulting in the generation of cop-
per ions (Cu®*) and free electrons (e”). The copper salt
(CuS0O,-6H,0) present in the electrolyte dissociates into
the respective copper and sulphate ions (SO,>). When the
potential is applied, the mobile copper ions combine with
the free electrons to form metallic copper at the cathode
(HCCIT substrate). In addition to the generation of copper
ions, the dissociation of water also generates hydrogen ions

Fig.2 OM of the cross-section
of the sample surface after Cu
#4 electrodeposition where: a
BF micrograph indicating the
various phases within the HCCI
microstructure as well as the Cu
coating. A non-uniformity in
the coating is represented by the
dashed yellow ellipse and b DIC
micrograph wherein the dashed
yellow rectangle indicates a lack
of adhesion of the Cu coating
with the HCCI substrate (Color
figure online)
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(H") ions. As the cationic activity of Cu** ions are higher
than H* ions, its tendency to gain electrons is higher and
hence, Cu is formed at the cathode [24, 25]. Similarly, the
anionic activity of OH™ is higher than SO,?~ and therefore,
loses its electron more readily. Finally, the H" ion combines
with the SO,?~ ion to form H,SO,, a colourless liquid.

The lack of adhesion could be attributed to: (i) the sul-
phate bath’s acidity combined with the high activity of Cu
resulting in the formation of a non-adherent immersion
deposit upon solution contact [24] and/or (ii) the presence
of an inherent passive oxide film on the HCCI substrate and
the inability of the sulphate-based electrolyte to destroy
it. The passive oxide layer could hinder the formation of a
mechanically stable copper/oxide interface. The HCCI fam-
ily of alloys owe their superior wear and corrosion resistance
to the presence of chromium, which contributes to the for-
mation of hard chromium-based carbides within the micro-
structure, and an impervious oxide film on the surface [6,
71. This allows them to be used in applications in the mining
and mineral industries, where both dry and/or wet corrosive
environments are encountered [8, 11, 35]. Additionally, it
was reported in [36] that a chromium content of above 16
wt% will generate an oxide layer of the type FeO-Cr,05. In
the current alloy, the bulk Cr composition is about 26 wt%
which is distributed between the EC and the matrix. It is
worth to note that the formation of the oxide film is depend-
ent on the chromium content present in the matrix alone [7,
36]. In a previous study [28], the chromium content of the
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matrix was calculated using electron probe micro analysis
(EPMA) and MatCalc simulations, and it was found to be
around ~ 18 wt%. Hence, in the current alloy, an oxide film
consisting of a complex mixture of iron and chromium can
be expected. Although an iron-based oxide film could be
removed by immersion into sulphuric acid, the chromium-
based oxide is impervious to it [31].

It must be noted that in all the cases, the Cu coatings
were extremely fragile and not adherent on the HCCI sample
substrate. The lack of adhesion of direct Cu on steel sub-
strates was also seen in other studies [37]. Cu #4 coatings
were relatively better compared to the rest which could be
attributed to the presence of sulphuric acid and the increased
concentration of the CuSO, salt. The sulphuric acid ensures
an increase in conductivity and a corresponding decrease in
the anode and cathode polarization, preventing the precipita-
tion of basic Cu salts [26]. Nevertheless, the inability of the
coating to protect the wear surface as observed from Fig. 2,

Table3 Remarks on the coating characteristics for the Cu elec-
trodeposited samples with varying parameters

Coating Remark
Cu#1 No adhesion. Fragile coating
Cu #2 No adhesion. Fragile coating
Cu #3 No adhesion. Fragile coating
Cu #4 Sporadic adhesion. Better
results than #1, #2 and #3
Cu #5 Sample corroded due to
sudden voltage increase
to 18 V
Cu #6 No adhesion

Fig.3 Representative BSE micrograph of the sub-surface after a
3-min Ni electrodeposition with a low magnification image showing
the Ni coating along with the characteristics of the sub-surface after
the tribological test, b, ¢ showing the sporadicity in the adhesion of

renders it ineffective. Table 3 sums up the remark for each
case with the final observations.

Alternatively, it is reported that usage of an alkaline or a
cyanide-based bath would aid in the initial deposition of a
thin (< 2.5 pm) adherent layer on the surface of active metal
(iron, in our case). Further increase in the deposit thick-
ness can be facilitated using an acid sulphate bath [24, 38].
Nonetheless, considering the toxicity and the health hazards
associated with cyanide and its handling, it was decided to
proceed with Ni electrodeposition.

3.2 Nickel Electrodeposition

In the present study, a pure Ni plate was used as the anode
and the electrolyte was a Ni strike solution. The Ni strike
contains soluble nickel salts (NiCl,-6H,0) along with other
constituents (HC1+ additives). The dissolution of the salts
produces positively charged, divalent nickel ions (Ni**) and
upon the application of an electric potential, the positive
ions react with the free electrons (e™) to convert to metallic
Ni at the cathode surface (HCCI substrate), as schematically
shown in Fig. 1.

3.2.1 Ni Electrodeposition: 3 min

Figure 3 represents the SEM backscattered electron (BSE)
micrographs of the sub-surface after a 3-min Ni electro-
lytic deposition. The deformed austenitic matrix under
the worn surface is clearly visible and the Ni coating is
uniform across the surface with a measured thickness of
0.7+0.1 um. Despite the uniformity in the coating thick-
ness, the adhesiveness is sporadic as visualized by compar-
ing Fig. 3b and c. Moreover, the dashed red enclosures in

Ni coating

the Ni coating. The coating is fairly uniform with a thickness of about
0.7 pm. The dashed red circles indicate the presence of a black pits
which could be a consequence of hydrogen evolution during the elec-
trolytic process (Color figure online)
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Fig. 3 indicate the presence of black pits inside the coat-
ing which could be a consequence of hydrogen evolution
at the cathode [25, 39, 40]. In the case of Ni electroplating,
hydrogen co-deposition is practically unavoidable as Ni ions
are thermodynamically more stable in aqueous solutions
than hydrogen ions. Therefore, the reduction of hydrogen
to hydrogen gas is thermodynamically more favourable and
will occur simultaneously in conjunction with the reduc-
tion of Ni ions [41, 42]. As the present electrolyte used is
acidic in nature, hydrogen ion reduction (2H* +2e"—H,1)
preferentially occurs compared to the reduction of water
molecules (2H,0 +2e™—H,1+20H") [23, 31]. Moreover,
considering that the experiment was carried out in air, the
aqueous solution will facilitate in the reduction of oxygen
too (O, +4H" +4e™—2H,0). All of these reactions result
in a decrease in the cathodic current efficiency (CCE). As
the CCE is less than 100%, there is a tendency for the pH to
increase temporally as the H* ions are discharged to liberate
hydrogen gas (H,).

The co-deposition of hydrogen in the metallic substrate
occurs initially as H atoms and not as H, molecules. The
reduced hydrogen ions can seep in through the broken pas-
sive oxide layer, facilitating hydrogen absorption and with
time, they may congregate in vacancies or voids leading
to hydrogen embrittlement [20]. The hydrogen bubbles
evolved at the vicinity of the cathode cling to the freshly
electrodeposited surface in an adsorbed state (H, ), result-
ing in the development of gas pores in the deposit [39].
Consequently, they could act as an obstacle for subsequent
deposition, resulting in the formation of black pits as seen in
Fig. 3 [38]. Moreover, the presence of additives in the elec-
trolyte could also contribute to the formation of gas pores
due to their ability to modify the surface tension. The proton
electronation and the hydrogen evolution at the cathode can
be broken down as the following [31, 39—41]:

H+ +e — Hads (3)
Hy + H +e - H, 4)
2H,, — H, 1 )

Despite the presence of hydrogen and its impact during
the Ni electrodeposition, the improved adhesivity of the Ni
coating compared to its Cu counterpart could stem from the
breakage of the passive oxide film by the chloride ions (CI7),
which is elucidated further.

3.2.2 Ni Electrodeposition: 40 min
3.2.2.1 Unworn Surface Figure 4a represents the SEM BSE

micrograph of the transverse section of the HCCI surface,
away from the wear track after a 40-min Ni electrodeposi-
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tion. The various phases present within the HCCI micro-
structure along with the Ni coating is marked for reference.
Figure 4b represents a magnified image of the dashed orange
enclosure indicated in Fig. 4a, where the EDS measurements
were carried out. Three EDS select area scans, focusing on
the Ni coating (Area 1), the austenitic matrix (Area 2), and
the EC (Area 3), in addition to two EDS line scans (A and
B) were performed as delineated in Fig. 4b. The resulting
EDS spectra along with the semi-quantitative phase analysis
for the three corresponding areas (1, 2, and 3) is represented
in Fig. 4c—e. Finally, the results of the EDS line scans with
A and B as the starting points is graphically represented in
Fig. 4f and g, respectively.

Visual observations from Fig. 4a and b indicate that the
Ni coating was uniform and adherent across the substrate,
with a measured thickness of 8.0 um +0.9 pm. Compar-
ing Figs. 3 and 4b, the amount of pitting has significantly
decreased and intuitively, the coating thickness has increased
about ten-fold. Moreover, the sporadicity of adhesion as seen
in Fig. 3 is not observed here, as enough time was given for
the coating to adhere and grow.

The improved adhesivity can be attributed to the ability
of the chloride ions (C17) to breakdown the tenacious chro-
mium oxide-based passive film (unlike the SO42_), inher-
ently present on the HCCI surface [36, 43—47]. This results
in the exposure of a fresh, oxide-free surface towards the Ni
reduction, enabling an adherent coating during the electro-
deposition. As the electrolyte used in the current electrodep-
osition consists of a chloride-based nickel salt (NiCl,-6H,0),
the chloride ions present in the bath displaces the water mol-
ecules and forms various complexes increasing the bath’s
acidity, thereby damaging the complex chromium-iron oxide
layer. The temporal increase in the bath’s acidity (decrease
in the pH) has a dual effect, of lowering the film breakdown
potential (making it easier for film rupture) and increasing
the substrate passivation potential (making it difficult for re-
passivation) [19, 31]. Granted that re-passivation can take
place, the presence of HCI prevents it [48]. Moreover, the
removal of the passive layer may trigger a localized corro-
sion of the underlying metallic surface, but the presence of
the M,C; chromium carbides (EC) in combination with the
chromium and molybdenum in the matrix can greatly inhibit
this [7, 12, 49].

Depending on whether the select area scan falls inside the
coating (Fig. 4c), matrix (Fig. 4d) or the carbide (Fig. 4e),
the corresponding EDS spectra evidenced an abundance in
nickel, iron and chromium, respectively. The EDS line scans
in Fig. 4f and g depicts a decrease in the Ni intensity while
crossing over from the coating to the substrate. Compar-
ing the line scans, a sharper drop in Ni is seen when the
carbide is present at the interface. Whenever a matrix or
the carbide is encountered, a corresponding increase in iron
or chromium is observed. Nevertheless, the integrity of the
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Fig.4 a BSE micrograph of the sub-surface away from the wear track
with the various HCCI phases and the Ni coating labelled for refer-
ence; b represents the magnified image of the dashed orange square
marked in a where the EDS select area scans and line scans were per-
formed; c—e represent the resulting EDS select scan spectrum with

coating seems to be uniform across the entire interface with
no difference if it is in contact with the matrix or the car-
bide. Furthermore, the EDS line profile does not indicate
any diffusion of Ni into the substrate suggesting that the
sub-surface chemistry is unaltered by the presence of the
Ni coating.

3.2.2.2 Worn Surface The SEM BSE micrograph of the
transverse section encompassing both the worn and the
unworn region is represented in Fig. 5a, with a visualiza-
tion of the sub-surface characteristics. The dashed orange
vertical line represents the wear track edge, and the vari-
ous phases are marked for reference. Focusing on the left
side of the wear track edge, the area immediately under-
neath the track was categorized as a tribologically trans-
formed zone (TTZ), owing to the refinement that had taken
place [16, 50]. The TTZ contains austenitic regions that
were heavily deformed and is delineated with a dashed
red enclosure in Fig. 5a. Figure 5b represents a magni-
fied image emphasizing on the worn region and the TTZ.
Although no significant refinement had taken place in the
austenite region away from the wear track, it showed signs
of plastic deformation. Additionally, the extent of plas-
tic deformation diminished as we moved away from the
wear track edge, finally reaching the undeformed austen-

keV Distance from point B (um)

the semi-quantitative analysis of the phases indicated in the respec-
tive graphs and finally, f, g represent the results of the EDS line scan
performed with A and B [marked in (b)] as the starting point (Color
figure online)

ite. Further characterization and elaboration concerning
the deformation behaviour of the alloy under dry sliding
can be found in [29]. Comparing the coating on either side
of the wear track edge, no significant differences in the
thickness and adhesivity of the coating is visible, indicat-
ing uniformity. The coating was able to cover the worn
surface completely despite the presence of a topography
and a higher roughness compared to the unworn region.
The existence of a distinct deformed and undeformed aus-
tenite across the entire sub-surface indicates that the met-
allographic preparation of the transverse section did not
induce any additional deformation. Consequently, it can
be stated that the austenitic deformation is solely due to
the tribological testing.

Figure 6a represents the SEM BSE micrograph of the
sub-surface directly under the wear track with the various
constituents delineated. A magnified image of the dashed
yellow and orange enclosures marked in Fig. 6a, is presented
in Fig. 6b and c, respectively. From Fig. 6b, small black pits
(marked with the dashed red enclosure) were observed at
the contact interface which could be attributed to the hydro-
gen adsorption (H,,,) during the electrodeposition process,
as elucidated before. The location and morphology of the
pits suggest they could be bridged pores, as nomenclated by
Dini [38]. Even though the efficiency of the Ni deposition is
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Fig.5 a SEM BSE micrographs
of the transverse section encom-
passing both the worn and the
unworn regions. The dashed
orange vertical line represents
the wear track edge. The respec-
tive HCCI microstructural
phases are marked for reference
along with the Ni coating. The
dashed red enclosure represents
the tribologically transformed
zone (TTZ); b Magnified BSE
micrograph of the worn area as
indicated in (a). The Ni coating
is marked for reference and the
dashed enclosure indicates the
TTZ (Color figure online)

1
1
4
1
1
1
]
1
i

affected by H, 4, its presence did not hinder the formation of
a compact metallic deposit [40], and the subsequent protec-
tion of the material s sub-surface.

In addition to the plastic deformation undergone by the
austenite during the tribological testing, the EC had also suc-
cumbed to micro-cracking, as indicated within the dashed
orange ellipse Fig. 6¢. This behaviour of the EC during
the tribological testing can have an influence on the over-
all wear behaviour of the alloy [51, 52]. Interestingly, it is
observed that the Ni coating had infiltrated these crevices
and acted as an anchor to prevent the carbide’s ejection dur-
ing the mechanical sectioning, post-wear. This can be clearly
visualized in Fig. 6¢ and also from the nickel EDS map in
Fig. 6d. Additionally, the elemental distributions pertaining
to chromium, iron and carbon are represented in Fig. 6e—g,
respectively.

Increasing the deposition time facilitated a uniform adhe-
sive Ni coating and ultimately allowed to characterize the
material volume just below the worn and unworn surface.
The coating had helped in preservation of the edge where
the deformed structure was visible in the as-is condition.
Chemical and structural analysis was carried out to assure
no changes due to the Ni electrodeposition had occurred.

Figure 7a represents the SEM SE micrograph of the
region underneath the wear track and the orange dashed
enclosure is indicative of the area where the EBSD
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measurements were performed. It is worth to note that in
the current study, dry sliding wear tests were carried out at
a load of 20 N, which is higher than the critical load (P)
of the HCCI alloy under study. More information concern-
ing the critical load calculations is given in [29]. From the
image quality (IQ) map in Fig. 7b, the plastic deformation
of the austenitic region can be clearly visualized, and its
consequence is reflected in the inverse pole figure (IPF)
maps in Fig. 7c and d. Additionally, the variance in the
slip directions is marked with the red-dashed lines in the
IQ map for reference. The activation of slip traces is a
manifestation to accommodate the deformation endured by
the austenitic matrix during the tribological test [53-55].

Owing to the identical Bravais lattice structure of aus-
tenite and Ni, i.e., face centered cubic (FCC), it was not
possible to distinguish them using the EBSD phase map.
However, from the IQ (Fig. 7b) and EDS map (Fig. 6), a
distinction between the two could be made. It was also
observed that the Ni coating had not been subjected to
deformation during the metallographic preparation of
the specimen. Moreover, the identicality of the crystal
structures of austenite and Ni could influence the coat-
ing’s growth characteristics. As seen from the IPF map
in Fig. 7c, the Ni coating grows in a columnar fashion,
although further discussion on this aspect is out of scope
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M7C3 micro-cracking
and Ni infiltration

Fig.6 a BSE micrograph of the sub-surface under the wear track
with the various HCCI phases and Ni coating labelled for reference;
b, c represent the magnified BSE micrographs of the dashed yellow
and orange rectangle, respectively. The red circles in b indicate the
formation of black pits (hydrogen pitting), an unwanted product dur-

for the present work. Nevertheless, the integrity of the
coating across the entire substrate is intact.

Furthermore, the variation in the orientation across the
austenite grain was elucidated by calculating the point-to-
point and point-to-origin misorientation profile (MP) chart,
as represented in Fig. 7e. The point O (as marked in Fig. 7d)
was selected as the origin point, as it lies away from the
immediate wear surface and the MP measurements were car-
ried out proceeding closer towards the deformed austenite.
The point-to-origin plot indicates a maximum gradient of
about 12° between the undeformed and deformed austenite
region.

Finally, to visualize the influence of Ni electrodeposi-
tion in protecting the wear track, a piece of transparent
tape was applied to half of the worn sample, effectively
inhibiting the Ni coating. The Ni electrodeposition was

BN

3

Deformed vy

Carbon

ing the electrolytic deposition. Carbide microcracking is visible in
(c) along with the Ni infiltration in between the cracks. d—g represent
the EDS concentration maps of Ni, Cr, Fe and C, respectively, of the
micrograph presented in (¢) (Color figure online)

carried out for 30 min by keeping the rest of the param-
eter’s constant. Figure 8a and b represent the SEM BSE
micrographs of the two opposite surfaces underneath the
wear track with, and without the Ni coating, respectively.

Clearly, the presence of a uniformly coated Ni layer has
protected the worn surface and prevented the chipping of
the brittle EC during the sectioning. The coating thick-
ness was measured to be 7.9+ 0.3 um which was similar
to the Ni electrodeposition at 40 min, indicating a satura-
tion level. It was seen from Fig. 8a that the EC closer to
the worn surface had cracked owing to the stress exerted
on them and moreover, the Ni coating had infiltrated the
cracks acting as an anchor to prevent their ejection. On
the other hand, Fig. 8b shows that the fragmented carbides
were ejected during the mechanical sectioning process (as

@ Springer
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Fig.7 a SEM SE micrograph of
the region underneath the wear
track, with the respective phases
marked. The dashed orange rec-
tangle in a represents the area
where the EBSD measurements
were carried out, with b IQ
map of the scanned region, with
the red-dashed lines indicating
the various slip traces in the
deformed austenitic matrix. ¢, d
represent the IPF map overlayed
with the local lattice rotation of
the entire region and the single
austenitic region, respectively.
The variation of the mis-
orientation angle across the
austenite grain from the point

O following a path indicated by
the dashed blue line in (d), is
graphically represented in (e)
(Color figure online)

Point-to-point

Point-to-origin 12

10

() 2[Sue UOHRJUSLIOSTIA

Distance from origin (um)

M7C3 ejection

Fig.8 Representative SEM BSE micrographs of the cross-section tion of the M,C; carbide, respectively. It can be visualized from a that
of the worn sample a with the electrolytic Ni deposition for 30 min, the presence of the Ni coating layer has protected the spalled carbides
and b without Ni electrodeposition. The dashed orange ellipse and from being ejected (Color figure online)

the dashed yellow ellipse in b indicates the fragmentation and ejec-
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indicated in the dashed yellow ellipse), thus emphasizing
the benefits of Ni electrodeposition.

4 Conclusions

In the current work, electrolytic deposition was carried out
on the worn surface of an as-cast HCCI alloy to prevent any
unwanted microstructural modifications during the mechani-
cal sectioning and polishing, in order to examine the micro-
structure of the sub-surface. The efficacies of electrodepo-
sition using Cu and Ni as the electrode were assessed by
changing various experimental parameters and the following
conclusions were drawn:

1. Electrodeposition using Cu did not yield satisfactory
results as the coatings were non-uniform and poorly
adhered to the substrate and were hence deemed inef-
fective.

2. Nielectroplating using the Ni strike electrolyte produced
a uniform and adherent coating with a thickness of about
8 um after 30-40 min with the current density main-
tained between 1 and 5 A/dm? for the HCCI sample.
Furthermore, this coating methodology was successfully
applied to other ferrous alloys such as 316L stainless
steel and a low-carbon steel with 5 wt% Ni. The Ni coat-
ing had helped in preserving the sample edge and the
sub-surface characteristics underneath the wear track
could be clearly visualized.

3. EDS maps clearly show the presence of a uniform Ni
layer whereas the line scan across the interface shows
no chemical alteration of the surface in the sub-micron
range. No significant differences in the integrity of the
coating were observed between a Ni-matrix and a Ni-
carbide contact.

4. The Ni infiltration into the broken carbide fragments
acted as an anchor preventing its ejection during the
mechanical sectioning and polishing, as evident from
Figs. 6 and 8.
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