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Abstract The present study discusses the effect of CNT on
the solution treatment temperature for Al alloy (AA), i.e.
Al-4.4Cu-0.5 Mg, Al alloy-CNT (AC) and Al alloy—Ni-
coated CNT (ANC) composites fabricated by mechanical
milling and hot extrusion. Differential scanning calorime-
try indicated that dispersion of CNT in Al alloy increased
the dissolution temperature of  phase precipitates. X-ray
diffraction (XRD) and scanning electron microscopy
illustrated complete dissolution of 0 phase in both AA and
AC samples when solution-treated at 520 °C, whereas
ANC sample exhibited the same behaviour at 500 °C itself.
XRD patterns of ANC sample revealed the presence of an
additional intermetallic Al;CuyNi phase, which remains
undissolved even after the solution treatment at 540 °C.
Utilisation of Cu atoms to form Al,Cu,Ni phase resulted in
significant reduction in size and number density of 0 phase
in ANC. The hardness of AC and ANC samples was found
to be higher compared to AA owing to dispersion
strengthening by CNT and Al;CuyNi particles.
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1 Introduction

Even though the age (precipitation) hardening of alu-
minium alloys was serendipitously discovered by Wilm in
1906 [1], the reason for an increase in hardness of Al-Cu
alloy was not fully understood until transmission electron
microscopy (TEM) and X-ray diffraction (XRD) tech-
niques unravelled the presence of finer and uniformly
distributed CuAl, precipitates [2]. These precipitates
impede the movement of dislocations, thereby increasing
the hardness and strength of Al alloy. The phenomenon of
precipitation hardening stimulated tremendous interest
amongst researchers to produce new and improved variants
of Al alloys. This led to the development of Al alloy (Al-
3.5Cu-0.5 Mg—-0.5Mn) in the trade name ‘Duralumin’,
which emerged as front-runner for automotive and aircraft
components due to its outstanding specific strength [2].
Since then, the precipitation hardening mechanism is
recognised as a major strengthening and design criterion in
heat-treatable Al alloys (2xxx, 6xxx and 7xxx series) [3].
Precipitation hardening essentially involves three steps: (1)
solution heat treatment, to obtain a single-phase (o-Al)
solid solution by the dissolution of alloying elements, (2)
quenching, to obtain a supersaturated solid solution (SSSS)
of solutes and vacancies at room temperature and (3)
ageing treatment, to allow the precipitation of finer
(nanometre-sized) and uniformly distributed second-phase
coherent/semi-coherent (8" and ') particles with adequate
volume fraction [2, 4]. Superior mechanical properties of
precipitation-hardenable alloys are obtained only when the
solution heat treatment is carried out appropriately to
maximise the dissolution of solutes without compromising
local or incipient melting [5, 6].

However, to increase the fuel efficiency and load car-
rying capacity of engines/vehicles, there is a need for a
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Table 1 Chemical composition (wt.%) of samples in this study

Sample Description Cu Mg

CNT Ni Mn Fe Al

AA Al alloy 44 0.5
AC Al alloy-CNT 44 0.5
ANC Al alloy-Ni-coated CNT 4.4 0.5

- - - 0.17 Bal.
0.16 Bal.
1.5 2.25 - 0.1 Bal.

further enhancement in strength, wear resistance and ele-
vated homologous operating temperature capabilities of Al
alloys that appear to be vital. These considerations lead to
the development of composites based on Al and Al alloys
with proper reinforcement materials such as hard particles,
ceramics, fibres, or whiskers [7]. Although solution treat-
ment temperature as well as mechanisms of heat-treat-
able wrought and cast Al alloys are well established
[2, 3, 8, 9], similar details with regard to Al alloys and its
composites produced through powder metallurgy (P/M) are
comprehensively not available.

Recently, carbon nanotubes (CNTs) have emerged as
efficient reinforcement materials in Al alloys due to the
significantly extended strength and modulus limits [10, 11].
Even though CNT-reinforced Al matrix composites exhibit
superior mechanical properties than the corresponding Al
matrix due to dispersion and grain boundary strengthening
mechanisms [12—15], these composites can not match their
performance with the predicted levels. Based on the
reported literature, it is understood that dispersion of CNT
in AI/Al alloy increases the strength, but at the cost of its
ductility. The reduction in ductility is due to weak inter-
facial bonding between Al matrix and CNT. In order to
improve the interface bond, Cu- or Ni-coated CNTs are
being used instead of bare CNTs [16—18]. It is reported that
the Cu-coated CNT-reinforced Al alloy composites man-
ufactured by milling and SPS exhibit more than 200%
increase in strength as compared to wrought Al [17].
Enhancement in strength levels is also reported in Al (0-1
wt.%)—Cu-coated CNT composites produced by ultrasonic
mixing, mechanical milling of powders followed by hot
rolling [18]. However, it is observed that the dispersion of
Cu-coated CNT in Al matrix does not appreciably improve
the ductility [18]. In another work, Carvalho et al. pro-
duced Al-Si alloy—Ni-coated CNT composites by ball
milling followed by pressing at 550 °C under vacuum
[19, 20]. It is found that the rupture shear and yield
strengths of Al-Si alloy-Ni-coated CNT composites
increase by 12 and 27%, respectively, as compared to the
base alloy without any reinforcement. The significant
improvement in strength in the Al or Al alloy composites
containing Ni-coated CNT is due to the formation of Al3Ni
at the interface which facilitates effective load transfer to
the matrix [17, 18, 20, 21].
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Fig. 1 DSC thermograms of AA, AC and ANC composites solution-
treated at 500 °C. The observed peaks correspond to: A—GP zone
formation, B—GP zone dissolution, C—@' phase formation, D—¢0’
phase dissolution, E—6 phase formation, F—6 phase dissolution, and
G—incipient melting

Although CNT-reinforced Al matrix composites are
well studied, there is no information about the influence of
dispersion of CNT or Ni-coated CNT on the dissolution
characteristics of precipitates in Al alloys. Therefore, this
paper aims at the optimisation of solution treatment tem-
perature and the resultant dissolution characteristics of Al
alloy, Al alloy—-CNT and Al alloy-Ni-coated CNT com-
posites processed by mechanical milling and subsequent
consolidation using hot extrusion.

2 Materials and Methods

Aluminium master alloy (Al-22Cu-0.5 Mg) was produced
using high-energy planetary ball milling of commercial
aluminium, copper and magnesium powders for 20 h [22].
The specifications of each of these powders and multi-
walled carbon nanotubes (CNT) are given elsewhere [23].
Nickel-coated carbon nanotubes (Ni-coated CNT) of pur-
ity > 98% having an outer diameter of 50-80 nm and
length 10-20 pm procured from US Research Nanomate-
rials, Inc., USA, was also used in the present study. Al
alloy, Al alloy—-CNT and Al alloy-Ni-coated CNT com-
posites (details of the composition are given in Table 1)
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were prepared by blending the aluminium master alloy
with the required quantities of Al, Mg, CNT and Ni-coated
CNT powders. The blended powders were further sub-
jected to mechanical milling in horizontal attrition mill for
4 h at 700 rpm under argon atmosphere using methanol
(0.5 wt.%) as process control agent. Stainless steel balls of
5 mm diameter were used as milling media, and ball-to-
powder weight ratio was maintained at 15:1 for all the
samples. Milled powders were annealed at a temperature of
500 °C under a vacuum level of 1 x 10~* mbar and sub-
sequently filled in aluminium cans. The annealed powders
were degassed at 300 °C under a vacuum level of
1 x 107> mbar and sealed. Upset forging of powder-filled
cans was carried out at 500 °C, 350 MPa, and hot extrusion
was carried out at 500 °C, 510 MPa, with an extrusion
ratio of 16. Solution treatment was carried out on all the
samples by heating at three different temperatures (500,

520 and 540 °C) for 2 h and water-quenched to room
temperature. All the samples were stored in refrigerator to
mitigate natural ageing and were exposed to ambient
conditions only during characterisation. For ease of dis-
cussion, Al alloy, Al alloy—-CNT and Al alloy—Ni-coated
CNT composites are designated as AA, AC and ANC,
respectively. Inductively coupled plasma optical emission
spectroscopy technique was employed to analyse the
chemical composition of the consolidated samples, and the
details are given in Table 1.

Differential scanning calorimetry (DSC, STA 449 F3
Jupiter, Netzsch GmbH, Germany) was carried out on
solution-treated samples from room temperature to 620 °C
with a heating rate of 5 °C/min under argon atmosphere.
XRD (Brukers AXS D8, Germany) analysis was performed
using Cu-Ka radiation (4 = 1.5406 A) with a step size of
0.05° 20 per sec. Lattice parameters of as-extruded and
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Fig. 2 XRD patterns of: a AA, b AC and ¢ ANC samples in as-extruded and solution-treated conditions. E represents as-extruded, and S 500 °C,

S 520 °C and S 540 °C represent solution-treated conditions
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solution-treated samples were estimated using Nelson—Ri-
ley extrapolation function, i.e. (cos’o/sina + cos’o/x),
where o is the Bragg angle of diffraction [24, 25]. Samples
were mounted and metallographically polished as per stan-
dard procedure and etched using modified Keller’s reagent.
Scanning electron microscopy (SEM, Hitachi S4300 SE/N,
Japan) was carried out on all the samples in as-extruded as
well as solution-treated conditions to observe the changes in
size and distribution of second-phase particles. The chemi-
cal composition of the precipitates was analysed using
energy-dispersive spectroscopy (EDS) attached to SEM.
The number density and particle size of undissolved 6
(CuAl,) particles were estimated using ‘Image analysis
software’ from randomly taken SEM images. Samples for
TEM were prepared by mechanical grinding to 100 um
followed by dimpling up to 30 um and ion milling with
argon at 4 kV. These samples were examined in a FEI

SRe s

Al,Cu,Ni

Tecnai G> TEM operated at an acceleration voltage of
200 kV. Matrix grain size of all the samples was measured
from TEM dark-field images, and about 300 grains have
been considered to estimate the average grain size of each
sample. Measurement of hardness was carried out as per the
ASTM E-384 standard using Vickers hardness (Leitz-
112473, Germany) tester at a load of 5 N, and the average
value of 15 measurements was reported.

3 Results and Discussion
3.1 DSC Analysis of Solution-Treated Samples
The sequence of phase formation and its transformation in

Al-Cu-Mg alloy during ageing treatment is: formation of
GP/GPB zones > 0"/5" > 0'/S' > 0/S phase, where 0 and
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Fig. 3 TEM micrographs showing nanocrystalline: a CuAl,, b Al4C; and ¢ Al;CuyNi particles. SAED patterns are shown as inset of

corresponding figures
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Fig. 4 Variations in lattice parameter of Al matrix measured at room
temperature for samples in as-extruded and solution-treated
conditions

S (Al,CuMg) are the equilibrium phases, while the others
are metastable phases [26-28]. In order to understand the
formation and dissolution of various phases, DSC has been
carried out on samples which are solution-treated at 500 °C
and thermograms are shown in Fig. 1. In the case of AA
sample, the exothermic region A in the temperature range
of 50-85 °C and endothermic region B in the temperature
range of 85-180 °C indicate the formation and dissolution
of GP zones, respectively [29, 30]. This broad endothermic
region includes the dissolution of undissolved 0" also. The
0’ phase, which is the main strengthening phase, is found to
form in the exothermic region C (180-225 °C). Subse-
quently, 6 precipitates get dissolved in the endothermic
region D (225-315°C) [31]. Exothermic region E
(315430 °C) and endothermic region F (430-490 °C)
correspond to the precipitation and dissolution of 6 phase,
respectively [32]. The exothermic peak at E is observed to
be broad, probably due to the presence of undissolved 6
phase even after solution treatment. An endothermic peak
G at 601 °C is also observed due to the local or incipient
melting of 0 phase. It is reported that the melting of 0 phase
generally commences at 540 °C [6], and the same gets
completed over a range of temperature of 540-610 °C
[6, 33].

In the case of sample AC, GP zone formation and dis-
solution events fall in similar regions as that of AA sample.
However, AC samples show a shift of both exothermic and
endothermic peaks (regions C and D) towards the left
indicating precipitation and dissolution of ¢’ phase at lower
temperatures when compared to AA sample. This is due to
the generation of additional dislocations arising from the
difference in thermal coefficient of expansion between Al
alloy matrix and CNT [34], which provide more nucleation
sites [35-37]. The complete dissolution of O phase in

sample AC has occurred slightly at higher temperature
(505 °C) compared to AA. This shifting of thermal event
from 490 °C in AA sample to 505 °C in AC may be
attributed to the formation of Al,C; phase [38].

In contrast to AA and AC samples, a distinct exothermic
peak (H) is observed at 420 °C in ANC samples due to the
formation of an intermetallic Al;CuyNi phase, which is
confirmed by XRD (Sect. 3.2). In order to have a clear idea
about the chemistry of phase formation and its dissolution,
a series of further confirmatory tests have been carried out
using SEM and XRD for all the samples under as-extruded
as well as solution-treated conditions.

3.2 Phase Formation in As-Extruded and Solution-
Treated Samples

XRD patterns of AA, AC and ANC samples in as-extruded
and solution-treated conditions are shown in Fig. 2a—c,
respectively. All the samples exhibit aluminium peaks at
the Bragg angle positions 38.454°, 44.708°, 65.0866°,
78.2306° and 82.415° corresponding to lattice planes (111),
(200), (220), (311) and (222), respectively (ICDD# 04-012-
7848), in both as-extruded and solution-treated conditions.
As-extruded samples also show peaks corresponding to 6
phase (ICDD# 04-001-0923). However, the intensity of 6
peaks reduces after solution treatment at 500 °C and its
absence at 520 and 540 °C indicates complete dissolution.
However, a new phase, Al4C; (ICDD# 04-008-7186) is
observed apart from 6 in AC and ANC samples under as-
extruded condition itself as shown in Fig. 2b [39]. It is
reported that during mechanical milling, the graphitic
structure of CNT get damaged severely due to repetitive
high kinetic impacts. These damaged ends undergo
chemical reaction with Al to form Al,C; when exposed to
high temperature during upset forging and hot extrusion
[23, 38—40]. The fraction of Al4C; phase is observed to
increase with solution treatment temperature. The presence
of Al;CuyNi phase (ICDD# 04-007-2210) is the significant
feature observed in ANC samples besides 6 and Al4Cs, as
shown in Fig. 2c. As per the Al-Cu-Ni ternary phase
diagram, the intermetallic Al,CuyNi phase forms at higher
Cu content [41]. Even though the Cu content is low, the
formation of Al;CuyNi phase in the present study can be
attributed to the preparation of ANC sample by mechanical
milling, which is a well-known non-equilibrium process
[42-44]. Al;CuyNi phase is also identified in Al alloys with
Cu composition similar to the one employed in this study
[45—47]. ANC samples exhibit the complete dissolution of
0, in contrast to other samples, when solution-treated at
500 °C itself. The lower dissolution temperature of 6 phase
can be due to the utilisation of some quantity of Cu atoms
towards the formation of Al,CuyNi in addition to 6 phase.
TEM micrographs along with selected area electron
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Fig. 5 Microstructures of bulk samples after solution treatment: a AA, b AC and ¢ ANC samples imaged using bright-field mode, and d AA, e

AC and f ANC samples imaged using dark-field mode

diffraction (SAED) patterns, shown in Fig. 3a—c, also
confirm the presence of CuAl,, Al4C; and Al;CuyNi par-
ticles in ANC sample. It may be noted that the AA sample
exhibits Al4C; peak when the solution treatment tempera-
ture is more than 500 °C and this is due to the reaction of
carbon from PCA with Al. Suryanarayana also reported
that the presence of PCA can lead to the formation of
carbides in the metal matrix [48].

@ Springer

3.3 Variations in Lattice Parameter
with Composition and Solution Treatment

In order to understand the effect of solution treatment
temperature on the dissolution behaviour of Cu and Mg in
Al matrix, lattice parameter of Al is calculated from the
maximum intensity peaks of XRD patterns of the respec-
tive samples and its variation as a function of solution
treatment temperature is shown in Fig. 4. It can be
observed that the lattice parameter of Al in all the samples,
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Fig. 6 SEM images of AA samples in: a as-extruded and solution-treated at b 500 °C, ¢ 520 °C and d 540 °C. EDS spectra of matrix (indicated
as 1) and CuAl, (0) particles (indicated as 2) are also shown in the figure. All samples were deep-etched with modified Keller’s reagent, 5000X

in general, decreases with increase in solution treatment
temperature and reaches a steady state beyond 520 °C and
the lattice parameter of Al in ANC sample is much lower at
500 °C as compared to AA and AC samples. Such a
behaviour can be attributed to dissolution of Cu and Ni
atoms in Al matrix of ANC at this temperature. It is
reported that the expansion or contraction of Al lattice
depends on the relative atomic size of solutes (lattice
expansion for bigger atoms and contraction for smaller
atoms) [25]. Al lattice (atomic radius = 1.429 A) contracts
when Cu (atomic radius = 1.276 10%) and Ni (atomic
radius = 1.244 A) are dissolved and it expands when Mg is
dissolved (atomic radius = 1.598 A) [49]. The resultant
lattice parameter depends entirely on the percentage of
dissolved Cu and Mg atoms [50, 51]. As the concentration
of Mg is lower (0.57 at.%) when compared to Cu (1.92
at.%) in all the samples, the resultant lattice of Al will
shrink. Therefore, upon increasing the temperature, the Cu

atoms diffuse from the precipitated 0 phase and form a
solid solution that shrinks the Al lattice. It is observed that
there is no significant reduction in lattice parameter when
the solution treatments are carried out above 520 °C. This
suggests that the dissolution of 0 has occurred at 520 °C
in AA and AC samples and at 500 °C in ANC sample,
which is also confirmed by the XRD results, as shown in
Fig. 2a—c.

3.4 Microstructural Evaluation

Microstructures of bulk solution-treated samples obtained
from TEM are shown in Fig. 5. Ultrafine grains of
332 + 62, 220 £ 83 and 172 £ 66 nm are observed in
AA, AC and ANC samples, respectively. It is reported that
during mechanical milling, the refinement of grains occurs
due to generation and rearrangement of dislocations
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Fig. 7 SEM images of AC samples in: a as-extruded and solution-treated at b 500 °C, ¢ 520 °C and d 540 °C. Similar to Fig. 6, EDS analysis of
the particles revealed the presence of 6 phase, and hence the spectrum is not given here. All samples were deep-etched with modified Keller’s

reagent, 5000X

[44, 48]. Also, the formation and subsequent dispersion of
oxides into the matrix are expected during milling of Al
and its alloys [43, 52], which pin the grain boundaries,
thereby helps in retaining ultrafine grains even after solu-
tion treatment.

Figure 6a—d shows SEM micrographs of AA samples
under as-extruded and solution-treated conditions. The
chemical composition of matrix (grey background) and
particles is given in EDS spectra 1 and 2, respectively. It is
found that the particles distributed uniformly throughout
the matrix are made up of a Cu-rich phase (Fig. 6a) and are
confirmed to be 6 phase by XRD spectra (Fig. 2a). These
particles are found to be slightly elongated along the
extrusion direction. When solution-treated at 500 °C, the
number density of 0 particles reduces substantially due to
the dissolution of Cu in Al (Fig. 6b), while the shape of
undissolved 0 particles is observed to be spherical. Com-
plete dissolution of 6 is evident after solution treatment at
520 and 540 °C, as clear from Fig. 6¢, d. These results are
in complete agreement with that of XRD analysis of AA
samples reported in the present study.

Morphologies of AC samples in as-extruded and solu-
tion-treated conditions are shown in Fig. 7a—d. Similar to

@ Springer

AA samples, 6 phase particles are also observed in AC
samples and there is no significant change in the shape of
particles. However, when solution-treated at 500 °C, AC
sample exhibits only moderate dissolution of 6 particles as
compared to AA. The remnant 0 particles present in AC are
observed to be more in number and coarser than that of
particles found in AA. AC sample also demonstrate com-
plete dissolution of 0 after solution treatment at 520 and
540 °C.

Figure 8a—d shows the morphology of ANC samples in
as-extruded and solution-treated conditions. EDS analysis
indicates some particles corresponding to Al (Ni, Cu) phase
(markings 2 in Fig. 8), in addition to 6 in the as-extruded
condition. These Al (Ni, Cu) particles are confirmed to be
an intermetallic Al,CuyNi phase, as shown in Fig. 2c.
However, Al;,CuyNi particles are found to be undissolved
even after solution treatment at 520 and 540 °C. In contrast
to other samples, complete dissolution of 6 occurs in ANC
sample when solution-treated at 500 °C. SEM observations
are in line with the results obtained from XRD (Fig. 2c)
and lattice parameter measurements (Fig. 4).

In order to quantify the dissolution characteristics, the
particle size and number density (ND) of undissolved 0
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Fig. 8 SEM images of ANC samples in: a as-extruded and solution-treated at b 500 °C, ¢ 520 °C and d 540 °C. EDS spectra of particles
corresponding to 0 (indicated as 1) and Al;CuyNi (indicated as 2) phases are also shown in the figure. All samples were deep-etched with

modified Keller’s reagent, 5000X

phase in all the samples have been measured from SEM
images using image analysis software. SEM images are
used for this estimation so that a larger area of observation
is obtained than the TEM images. Moreover, nanoscale
precipitates are assumed to dissolve during the solution
treatments. It is found that the particle size and number
density of undissolved 6 phase particles decreases from as-
extruded to solution-treated condition at 500 °C as shown
in Fig. 9a, b, respectively. Under as-extruded condition, the
average size of 0 is found to be similar in both the samples,
i.e. 713 &= 242 nm and 707 & 272 nm for AA and AC,
respectively. Even though the average particle size in both
the samples is similar under as-extruded condition, the
number density is found to be higher in AC sample. The
size of remnant 0 after solution treatment at 500 °C is
considerably reduced in AA (415 £ 85 nm) when com-
pared to AC (516 £ 102 nm) but still the ND of particles

in the former case is found to be lesser. It is well known
that the dissolution of phases in a matrix depends upon the
diffusion coefficient of solute and solvent atoms, defects
(grain boundaries, dislocations, vacancies, etc.) and the
operating temperature [4]. Since AA and AC samples are
solution-treated at the same temperature, the lone deciding
factor is the availability of quenched-in vacancies for the
diffusion to occur. Coarser remnant 6 particles are
observed in AC due to the formation of an additional Al,C;
phase, which must have consumed some amount of avail-
able vacancies [53]. In the case of ANC, only as-extruded
condition is considered for the calculation of average par-
ticle size and ND of 0 phase, as 0 phase is found to dissolve
at 500 °C itself (Figs. 2c, 8). ANC sample exhibits the least
particle size (490 £+ 84 nm) amongst all the samples in the
present study. The lower dissolution temperature for 6
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particles exhibited by ANC can be rationalised based on
their smaller size driving faster dissolution into the matrix.

3.5 Hardness of Solution-Treated Samples

Variation in hardness of all the samples with respect to
different solution treatment temperatures are shown in
Fig. 10. Hardness of the samples follows the order of
AA < AC < ANC. It is to be noted that the hardness of
AA sample is higher than that of wrought and cast AA2024
reported for same conditions of solution treatment [3]. This
can be attributed to the presence of finer grains in AA
sample that offer more grain boundaries as impediments to
the moving dislocations, thus contributing to the increased
hardness according to the Hall-Petch relationship [54, 55].
The observed insignificant reduction in hardness values
even after the solution treatment of P/M-processed samples
is due to the retention of ultrafine grains, as shown in
Fig. 5. Amongst all the samples studied, AC and ANC
exhibit higher hardness than AA owing to the dispersion of
CNT [23, 56]. Marginally higher hardness observed in
ANC as compared to that of AC sample may be attributed
to the presence of Al;CuyNi particles.

4 Conclusions

Age-hardenable Al-4.4Cu-0.5 Mg Al alloy (AA), Al
alloy—CNT (AC) and Al alloy—Ni-coated CNT composites
(ANC) were produced by mechanical milling followed by
hot extrusion. Different solution treatment temperatures
(500, 520 and 540 °C) were carried out to optimise the
dissolution of 6 (CuAl,) precipitates. The conclusions
based on the research work carried out are given below:

1. DSC thermograms indicated the dissolution and
incipient melting of 6 phase precipitates in the
temperature range of 420-500 °C and 550-605 °C,
respectively, in AA, AC and ANC samples.

2. Complete dissolution of 6 phase occurred in AA and
AC samples when solution-treated at 520 °C. The
same behaviour was observed at 500 °C itself for ANC
sample, as lower fraction of Cu atoms was available
due to the formation of an intermetallic Al,CuyNi
phase.

3. The reduced lattice parameter of Al matrix after
solution treatment at 520 °C in AA and AC samples,
and 500 °C in ANC sample further confirmed the
dissolution of 6 phase at the respective temperatures.

4. Particle size of 0 phase consistently decreased from as-
extruded to solution-treated conditions for AA, AC and
ANC samples
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Without any exception, the hardness of AC and ANC
samples were higher as compared to that of AA sample
under all the conditions due to the presence of CNT,
Al4C; and Al;CuyNi phases.
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