Arch. Metall. Mater. 65 (2020), 2, 565-574

DOI: 10.24425/amm.2020.132794

T. VELMURUGAN", R. SUBRAMANIAN? G. SUGANYA PRIYADHARSHINI? R. RAGHU!

EXPERIMENTAL INVESTIGATION OF MICROSTRUCTURE, MECHANICAL AND WEAR CHARACTERISTICS
OF Cu-Ni/ZrC COMPOSITES SYNTHESIZED THROUGH FRICTION STIR PROCESSING

Friction Stir Process (FSP) was employed to develop Cupro-Nickel/Zirconium Carbide (Cu-Ni/ZrC) surface composites. Five
different groove widths ranging from 0 to 1.4 mm were made in CuNi alloy plate to incorporate different ZrC volume fraction
(0, 6, 12, 18 and 24 %) to study its influence on the structure and properties of Cu-Ni/ZrC composite. Processing was performed
at a Tool Rotational Speed (TRS) of 1300 rpm, Tool Traverse Speed (TTS) of 40 mm/min with a constant axial load of 6 KN. The
study is performed to analyse the influence of ZrC particles and the volume fraction of ZrC particles on the microstructural evolu-
tion, microhardness, mechanical properties, and tribological characteristics of the Cu-Ni/ZrC composite. The fracture and worn-out
surfaces are analysed using Field Emission Scanning Electron Microscope (FESEM) to identify the fracture and wear mechanisms.
The results demonstrated a simultaneous increase in microhardness and tensile strength of the developed composite because of
grain refinement, uniform dispersion, and excellent bonding of ZrC with the matrix. Besides, the wear resistance increases with
increase in volume fraction of ZrC particles in the composite. The surface morphology analysis revealed that the wear mechanism
transits from severe wear regime to mild wear regime with increase in volume fraction of ZrC particles.
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1. Introduction

Cupronickel (90% Cu and 10% Ni) is a widely used mate-
rial in coinage, measuring instruments, electrical engineering
components, heat exchanger, shipbuilding and pipe materials
manufacturing [1]. It has high formability, corrosion and wear
resistance [1-2]. However, it is vulnerable to mechanical failure
under severe tribological conditions. Consequently, the surface
characteristics of the metal can be modified appreciably while
retaining the properties of the base metal [3-4] by reinforcing
the same with hard second phase particles [5]. Thus, Surface
Metal Matrix Composites (SMMCs) are owing to their enhanced
strength and wear resistance without affecting the thermal and
electrical conductivity of the parent metal [6-7]. In the current
study, Zirconium Carbide (ZrC) has been used as a surface
reinforcement owing to its high hardness, oxidation resistance,
better strength, thermal conductivity and toughness [8].

Several processing routes are available for fabricating
SMMCs [9-11]. Among those methods, a novel method is FSP,
working under the principle of Friction Stir Welding (FSW),
a severe plastic deformation technique employed to modify

surface properties of metals and alloys for intensive applica-
tions [12-13]. FSP was pioneered by Mishra et al. [14] in which
a groove was made to the required width and depth in the base
metal, is filled with ceramic particulates and a rotating tool
(non-consumable) having specific diameter and shoulder was
plunged into the plate and moved along a chosen direction. This
process results in refinement of microstructure, better wear re-
sistance and enhanced creep and fatigue strength [15-16]. Saini
et al. [17] carried out FSP on the grooved surface of Al-Si alloy
incorporated with Zn and MoS, and studied on grain refinement,
also distribution of hard phase particles. Further wear studies
were also done with surface composite layer.

Sathishkumar et al. [18] examined the effects of processing
parameters along with the ceramic particle dispersion quantity
on the copper reinforced carbide composite and concluded that
as the volume fraction increases, the microhardness increases
and wear rate decreases. Also, Arulmoni et al. [19] stated that
FSP facilitates the production of homogencously distributed
particles, throughout the surface composites since, it eliminates
clusters, in contrast to centrifugal casting and powder metallurgy
process. Furthermore, Gan et al. [20] fabricated bulk composites
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through FSP and reported that good bonding existed between
the particulates and the matrix. Thus, it was demonstrated that
FSP enhances hardness, strength and homogenous particulate
distribution. Dadashpour et al. [21] investigated on the influence
of heat treatment on strength of Friction Stir (FS) processed alloy
and reported that grain formation upon different heat treatment
process has a high impact on Tensile Elongation (TE) and Ulti-
mate Tensile Strength (UTS) of the composite. They concluded
that grain refinement leads to enhanced UTS and TE of the alloy.
Priyadharshini et al. [22] in their research work have compared
the influence of different ceramic powders on the microstructure,
sliding wear and surface modified area in the FS processed region
of 90Cu-10Ni composites and reported that TTS, TRS, groove
width and types of ceramic particulates has significant influence
over the properties of composites.

Cavalieri et al. [23] studied the influence of FSP on fatigue
strength of Zr-modified 2014 aluminium alloy and stated that the
resulting refined microstructure aids in significant enhancement
of fatigue strength. Morisada et al. [24] stated that Stir Zone
(SZ) of FS processed AZ31 samples have grain refinement,
which in turn improved the microhardness of the FS processed
specimens. Barmouz et al. [25] found that the microstructural
changes produced by the FSP, characterised by fine and equiaxed
grain owing to recrystallization produced by two crucial factors
namely frictional heat as well as simultaneous concurrent severe
plastic deformation. Wang et al. [26] produced wider and deeper
5A06A1/SiC MMC using FSP, in this study addition of SiC par-
ticles to the substrate leads to increase in hardness of the surface
composite layer in parallel to there was significant improvement
in mechanical strength. Aluminium based sandwich structured
composite was produced using Al-Ni-La amorphous and micro-
hardness and tensile strength were found to be increased along
the surface composite layer [27].

From the extensive literature survey, it was observed that
difficulties involved in liquid phase technique have led to the
evolution of solid-state processing approach. Most of the re-
search studies carried out using FSP are related to aluminium,
magnesium and copper, only limited papers were found using
cupronickel (CuNi) alloy. CuNi alloy is the most commonly
used material in marine applications such as sea water piping
and nuclear waste disposal. This alloy is extremely susceptible
to mechanical failure due to challenging and harsh tribological
conditions. To meet such demanding mechanical and surface
property requirements, materials can be subjected to surface
modification technique. Since ZrC possess high hardness along
with high thermal and electrical conductivity, it was chosen
as a reinforcement for the current study. Hence in the present
study, CuNi/ZrC composite has been synthesized through
FSP to study the influence of groove width on microstruc-
ture characteristics, mechanical properties, and sliding wear
behaviour.

2. Materials and methods

Cupronickel (90% Cu and 10% Ni) alloy was selected as
the matrix, and its chemical composition was determined through
Optical Emission Spectrometer (OES). A small amount of Fe and
Mn serves to improve overall strength and corrosion resistance.
C70600 copper alloy plate of Length-100 mm, Width-50 mm
and Thickness-6 mm were selected as the matrix material. The
chemical composition of the alloy is displayed in Table 1. Zir-
conium Carbide (ZrC) particles having an average size of 5 um
was chosen as the reinforcement material. The FESEM exami-
nation of CuNi alloy and ZrC particles is performed to observe
the microstructural features (Fig. 1).

TABLE 1
Chemical composition of the alloy
C Cu Fe Pb Ni P S Zn
<0.050% 85.6-90% 1-1.8% <0.020% <1% 9-11% <0.020% <0.020% <0.50%
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Fig. 1. SEM micrograph of (a) Cu-Ni alloy and b) ZrC particles
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Wire EDM (Mitsubishi FA 10 S EA 8) was used to prepare
the groove of depth 2.7 mm in the middle of the plate. The groove
was compacted with ZrC powder and a pin-less tool (WC) was
utilized to cover up the top of the groove to avoid the particles
from overflowing while FSP [28]. Two-stage FSP of plates was
carried out by employing Friction Stir Welding (FSW) machine.
During the first stage, a tungsten carbide ((WC)— K10 series) pin-
less tool was used to close the channel to avoid spilling of ceramic
particles during FSP. In the subsequent stage, an FSP tool made of
WC material with the specification as follows: Shoulder diameter
25 mm, taper pin profile — @5: @3 mm and length 2.7 mm, as
shown in Fig. 2 was used to produce the surface composite. An
FSW machine was utilized to conduct the trials and following
process parameters were finalized: TRS: 1300 rpm, TTS: 40
mm/min, Tilt angle: 2° and axial force of 6 kN.
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Fig. 2. Tungsten carbide (K10 Series) tool for FSP of CuNi alloy

Dimensions ¢re in mm

Five different plates were used for FSP with different groove
width to incorporate different volume fractions of ZrC particles
(0, 6, 12, 18 and 24 Vol %) is shown in Fig. 3. The actual and
theoretical volume fractions of ZrC elements were estimated
using the following relation [29].

Theoretical Volume Fraction (Vt) =
= (Area of groove/Projected area of tool pin) x 100 (1)

Actual Volume Fraction (Va) =
= (Area of groove/Area of surface composite) x 100 (2)

Area of groove = (Groove With) x (Groove Depth)  (3)
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X 1 2 3 4 5
Groove Width (mm) 0 035 0.7 1.05 140

Fig. 3. Schematic illustration of Groove width

The Projected area of tool pin =
= (Pin Diameter) x (Pin length) 4

Based on the process parameters, the FSP was carried out
using the prepared plates. Specimens cut from the center of FS
processed plates were metallographically polished and etched
prior to observation, for 30 s. Macrostructure of prepared CuNi/
ZrC composite was done utilizing digital optical scanner. Olym-
pus BX-51 optical microscope and FESEM were used to conduct
the microstructural investigations of the specimens.

Microhardness was determined using Vickers hardness
machine by applying a force of 1000 g for 15 s in the Stir Zone
(SZ), Heat Affected Zone (HAZ), Thermo-Mechanically Af-
fected Zone (TMAZ) as well as the Base Metal (BM) of surface
composites. Tensile specimens were prepared (ASTM B557M)
and tested using Universal Testing Machine (UTM) at a speed
of 1 mm/s. FESEM was used to examine the fractured surface.
Surface composite CuNi/ZrC was tested as per ASTM G99-04
for the sliding wear behaviour in pin-on-disc setup. The speci-
men was kept contact with EN31 steel disc counter-face having
60 mm track diameter and the loading system was used to keep
the pin in continuous contact to the counter-face. A typical load
of 15 N and a sliding velocity of 1.4 m/s were used for evaluating
the wear behaviour of the surface composites. FESEM was used
to study the worn-out surface of the composites.

3. Results and discussion
Microhardness, UTS and wear rate of Cu-Ni/ZrC compos-

ite fabricated through Friction Stir Processing as a function of
groove width is given in Table 2.

TABLE 2
Results of the Cu-Ni/ZrC Composite
. Theoretical vol. fraction . Ultimate Tensile ‘Wear Rate

S. No Groove width (mm) (%) Micro Hardness (HV) Strength (MPa) (x 105 mm®/m)

1 0 0 120.23 285.37 316.16

2 0.35 6 139.72 (16.21%) 294.53 (3.21%) 281.01 (11.11%)

3 0.7 12 158.63 (31.94%) 301.23 (5.56%) 245.71 (22.28%)

4 1.05 18 174.55 (45.18%) 311.52 (9.16%) 210.51 (33.42%)

5 1.4 24 192.34 (59.98%) 319.34 (11.90%) 175.31 (44.55%)
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Microstructural investigations on FS processed zone

Grain size of the base metal was found to be reduced from
~40 um to ~5 pum as shown in Fig. 4, reduction in grain size can be
attributed due to dynamic recovery, geometric and discontinues
recrystallization as report by Arulmoni et al. [19]. During FSP,

the uniform dispersion of ZrC in the plasticized matrix nucleated
the Cu grains during recrystallization. The ZrC also restricted
the growth of the recrystallized Cu grains. The stirring action
fragmented and homogeneously dispersed the phases in the
matrix. Hence, the microstructure of the specimen had refined
grains. The Fig. 4 shows the transition zone between the base
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Fig. 5: Microstructural examination of a) Groove width — 0 mm (0%) b) Groove width — 0.7 mm (12%) and c¢) Groove width — 1.4 mm (24%)




material and the stir zone. The microstructure analysis confirmed
the non-agglomeration of ZrC particles in the composite.
Microstructural features of the FS processed CuNi alloy
and CuNi/ZrC composite examined using FESEM is shown in
Fig. 5. Composite processed with a groove width of 0 mm (i.e.,
no reinforcement) confirmed the absence of defects (Fig. 5(a))
indicating that FSP produces high-quality surface area. The
surface (Fig. 5(b)) processed with a groove width of 0.7 mm
(12% ZrC) shows a finer distribution of ZrC particles in the
matrix. Composite (Fig. 5(c)) reinforced with the high-volume
fraction of ZrC particles (24%) reveals the distribution of the ZrC
reinforcement in the matrix confirming that FS processed zone
shows mild agglomeration in few regions. It is also observed that
FSP processed composite possess a high degree of interfacial
bonding between the matrix and the reinforcement without any
defects. This is expected to improve the mechanical properties
of the composites. Increase in groove width leads to increase
in volume fraction of ZrC particles. Increase in ZrC particles,
increases the flow stress of the plasticized CuNi alloy which
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leads to inadequate flow of the CuNi alloy. When the particles
increases, higher flow stress will be created that leads to uneven
distribution of the particles to the substrate CuNi alloy. At 0.7 mm
groove width, the distribution of the hard phase found to be
finer. Plasticized CuNi and flow of CuNi plays a significant role
in distribution of the hard phase particles to the parent metal.
In addition to the microstructural examination, EDS analysis of
the composite confirms the existence of reinforced ZrC in the
CuNi matrix as given in Fig. 6.

Microhardness of FS processed zone

Microhardness along the stir zone obtained for composites
having different groove width of 0, 0.35, 0.7, 1.05 and 1.4 mm
is shown in Fig. 7. From the plot, it can be seen that as the
groove width increased, the micro-hardness also increased up
to 60% (i.e., from 120 HV to 192 HV). Increase in hardness was
attributed to the grain refinement and fine dispersion of hard
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Fig. 6. EDS of the Cu-Ni/ZrC composite
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Fig. 7. Variation of microhardness with a groove width

ceramic phase in the stir zone. Reduction in grain size leads to
increased hardness according to hall-petch relationship as stated
by M. Barmouz et al. [25]. The increased hardness can also be
attributed to the Orowan’s strengthening mechanism, which is
predominant in case of composites. The ZrC particles along
the stir zone hinder the movement of the dislocation during the
plastic deformation process and result in increased dislocation
density in the matrix. The volume fraction of ZrC reinforcement
particles increases as the groove width increases, which leads to
more number of dislocations with less interparticle spacing. As
aresult, the interaction of the dislocation with the ZrC reinforce-
ment particles results in the higher hardness of the composite,
and similar behaviour is reported [18].

Microhardness variations along the width of the FS pro-
cessed alloy and CuNi/ZrC composite in various regions such
as BM, SZ, HAZ, TMAZ was also measured (Fig. 8). It can be
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observed that micro-hardness is higher in the stir zone compared
to the other zones. Friction stir processing in CuNi produces
an annealing effect and resulted in softening. However, higher
hardness was attained in the stir zone due to hindering of the an-
nealing effect by the incorporation of the reinforcement particles.

Enhancement in the microhardness of stir zone is due to (i)
hindering of grain growth by ZrC reinforcement particles and
formation of finer grains at the stir zone, (ii) uniform distribution
of particles due to adequate frictional heat and proper material
flow across the stir zone, and (iii) greater bonding of Cu with
ZrC particles.

Tensile behaviour

Tensile tests were performed on the FS processed CuNi
alloy and CuNi/ZrC composites to study the influence of groove
width on tensile strength (Fig. 9). This study shows that UTS
gets enhanced with increase in the groove width, which indicates
that UTS increased with increase in the volume fraction of ZrC

particles. The UTS increased by about 11%, from 285 MPa to
319 MPa for a groove width of 1.4 mm. The increase in parti-
cles increases the dislocation density and also results in more
hindrance to the dislocation movement both macroscopically
as well as microscopically and consequently resulted in higher
UTS values. Similar behaviour has been observed by several
researchers [30-31]. The increase in strength can also be at-
tributed to the uniform distribution of the reinforcement in stir
zone for all groove widths. Dinaharan et al. [32] have reported
a similar trend in the case of FSP composites. Thus, FSP has
a better ability to distribute the particles uniformly in stir zone
for all volume fractions, due to efficient material mixing and
severe plastic deformation during stirring action.

Fracture morphology studies of FS processed zone
The fractured specimens obtained after the tensile test were

observed under FESEM to study the fracture morphology. The
fractured surface, Fig. 10(a), of the FS processed CuNi with
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groove width of 0 mm (i.e., 0% volume fraction of ZrC) re-
vealed numerous large dimples network, secondary cracks, and
deformation zone in the fractographs of the base material, which
indicates the ductile fracture mode of the base material. A high
deformation zone indicating the predominant ductile failure of
the base material. Similar behaviour with other materials is re-
ported elsewhere [33-36]. This study shows that extensive plastic
deformation occurred prior to the failure of the specimen. The
fractured surface of the CuNi/ZrC composite at 0.7 mm groove
width is shown in Fig. 10(b). A relatively smaller network of
dimples compared to that of the unreinforced CuNi matrix is
seen which shows that addition of the ZrC reinforcement parti-
cles aids in the refinement of the alloy. Besides, quasi-cleavage
and cleavage like facets were observed in the fractographs of
the composite [37-38]. The fractographs also show a significant



decrease in the deformation zone, which supports the decreased
ductility of the composite specimen. This indicates the combined
ductile — brittle mechanism in the composite, which is attributed
to the presence of hard ceramic phase ZrC particles in surface
composite layer. The surface of the composite is observed
comparatively flat to that of FS processed CuNi alloy, which
shows that there is ductility loss after FSP of the composite.
Fractured surface of CulNi/ZrC composite having a groove width
of 1.4 mm and reinforcement fraction of 24 % in (Fig. 10(c))
shows tiny dimples. The size variation of the dimples is might be
due to the synergic effect of intense stirring by tool rotation and
reinforcement particles addition. In summary, the predominant
failure modes that occur in FS processed composites include (i)
particle detachment from the matrix (ii) void nucleation and (iii)
growth of void and its coalescence, analogous results are reported
in case of FS processed AA6061/ZrB, and AA6061-T6/AIN
composites [32,35]. The failure mechanisms identified in these
composites are void nucleation, growth and its coalescence due
to brittle fracturing of the reinforcement particles and removal
of particles from the interface.

10 pm EMT = 1000 kY Signal A = InLens
H WO = 8.6mm Mag= 100KX
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Wear behaviour of FS processed zone

Wear test on the specimens were conducted using pin-
on-disc tribometer for the load of 15 N and sliding velocity of
1.4 m/s. Wear rate for the specimens with different groove width
were obtained (Fig. 11). The wear rate of FS processed CuNi
alloy and CuNi/ZrC composite at 24% volume fraction were
316.16 x 10> mm*/m and 175.31 x 10 mm>/m respectively.
It can be observed that wear resistance has improved with an
increase in groove width, which is evident from the fact that in-
corporation of ZrC as reinforcement reduces the wear rate signifi-
cantly. This is due to increase in hardness of the composite upon
refinement of grains and homogeneously dispersed ZrC. The
increase in hardness increases the wear resistance of the material,
as the hard surface has high resistance to plastic deformation. It
can also be seen that the wear resistance is linearly proportional
to that of hardness, which is explained by an improvement in
hardness (around 60%). In addition, both good interfacial bond-
ing as well as uniform distribution of the reinforcement played
a significant role in the enhancement of wear resistance. Further
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wor 0T we Mag= 100KX

WD = 108 mm
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Fig. 10. Fracture morphology of the specimens with groove width a) 0 mm b) 0.7 mm and ¢) 1.4 mm
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Fig. 11. Variation of wear rate with respect to groove width

ZrC reinforcement particles also contribute to the enhanced wear
resistance by reducing direct contact of counter-face with the
matrix surface compared to that of the unreinforced FS processed
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CuNi alloy; similar behaviour is attained in the investigation of
wear behaviour of FS processed Cu/SiC composites [39,6]. In
these studies, the drastic reduction of direct contact is observed
in the composites when compared to the pure copper because
of the load-bearing action of the SiC reinforcement particles.
The contribution of the factors mentioned above has led to an
increase in the wear resistance as a function of groove width and
volume fraction of ZrC particles.

Worn out surface morphology

The FESEM micrographs of the worn-out surfaces are
shown in Fig. 12.

Worn out surfaces of the FS processed CuNi alloy shown
in Fig. 12(a), shows a large number of deep and continuous
grooves, due to the relatively soft surface. A high degree plastic
deformation leads to increased material removal can be observed
in comparison to the worn-out surface of composites with groove
widths of 0.7 mm and 1.4 mm respectively (Fig. 12(b) and (c)).
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Fig. 12. FESEM micrograph of worn out specimens with groove width a) 0 mm b) 0.7 mm and ¢) 1.4 mm



This difference in material removal can be primarily attributed to
the difference in their microhardness of the surface [40-41]. The
unreinforced surface is exposed to direct contact with the counter
face as there are no hard particles to resist wear with the incorpo-
ration of reinforcements in the CuNi alloy (Fig. 12(b) — Groove
width-0.7 mm), plastic deformation of surface is inhibited and
results in lower rate material removal during the sliding process.
With the further increase in ZrC particles (Fig. (12(c) — groove
width-1.4 mm) the extent of deformation decreases drastically
as seen from shallow ploughing on the worn-out surface.

4. Conclusions

The surface composite of Cu-Ni/ZrC was developed suc-
cessfully by friction stir processing technique with various
reinforcement fractions. The results demonstrate the following:
*  Defect free CuNi/ZrC surface composites were produced

within the selected range of parameters

»  The Cu-Ni/ZrC composite with 24% volume fraction of
ZrC has microhardness of 192 HV which is 60% higher
than that of the base material. Microhardness was higher
in the stir zone compared to BM, HAZ, and TMAZ.

*  UTS of the composite increased from 285 MPa at 0%
Volume fraction to 319 MPa at 24% volume fraction as the
groove width increased from 0 to 1.4 mm.

»  Fractography surfaces revealed large dimples network with
predominant ductile failure at low groove width (0 mm) and
showed tiny dimples as the groove width reaches a maxi-
mum (1.4 mm).

*  Wear rate obtained for the CuNi alloy (groove width-0 mm,
volume fraction — 0 %) and CuNi/ZrC composite (groove
width-1.4 mm, volume fraction — 24%) are 316.16 x 107>
Cu.mm/m and 175.31 x 10> Cu.mm/m respectively indi-
cating a significant increase in wear resistance.

*  Worn out surface of FS processed CuNi alloy (Groove width
— 0 mm) show more significant plastic deformation with
more material removal whereas ZrC particles reinforced
surface (groove width of 1.4 mm) revealed the lesser degree
of deformation with shallow ploughing.

*  In overall, it is concluded that reinforcing hard ZrC par-
ticles in the CuNi alloy through FSP at groove width of
1.4 mm will aid in significant improvement of hardness,
tensile strength and wear resistance of the composite. The
developed FSP CuNi/24% ZrC composite can be utilized
for marine applications.
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