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Abstract: Aluminum alloy matrix composites have found a predominant place in research, and their applications are explored in almost all
industries. The aerospace industry has been using precipitation-hardenable alloys in structural applications. However, insufficient literature is
available on the influence of multiwalled carbon nanotubes (MWCNTS) on precipitation-hardenable alloy composite materials; thus, this
work was designed to elucidate the effect on MWCNT reinforcement on AA2219 with and without precipitation hardening. Reinforcement
with MWCNTs has been reported to accelerate precipitation and to achieve greater hardness within a much shorter time. The addition of
0.75wt% MWCNTs resulted in maximal hardness at 90 min, which is approximately 27% of improvement over the maximum hardness
achieved by the corresponding monolithic alloy after 10 h of aging. The sample reinforced with 0.75wt% MWCNTs showed an improve-
ment of 82% in hardness by solutionizing and aging compared to that achieved by sintering.
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1. Introduction

Metal-matrix composites (MMCs) have been reported to
demonstrate excellent toughness and ductility of the metal ma-
trix and remarkable stiffness and strength with ceramic rein-
forcements. Because of their higher specific strength, MMCs
have found applications in aerospace, military, automotive, and
marine industries. Researchers in almost every industry are
continuously exploring the possibilities for reducing weight
without compromising other properties. The fact that the auto-
motive industry is under pressure to improve fuel economy and
reduce emissions while using materials with high specific
strength and the ability to operate under high temperatures ne-
cessitates the development of suitable reinforcements to achieve
these objectives. AA2219 alloy has been used in several space
vehicles because of its weldability. Multiwalled carbon nano-
tubes (MWCNTSs) have been garnering attention as a rein-
forcement material because of their unusual thermomechanical
and electrical properties [1]. Because most AA2219 alloys un-
dergo heat treatment and secondary processing before being
used in structural applications, studies on the solutionizing and
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aging behavior of MWCNT-reinforced AA2219 composites
and their effects on microstructure are appropriate. The me-
chanism of precipitation hardening and the effect of MWCNTs
on precipitation hardening have received less attention
among researchers [2]. Nam et al. [1], Meng et al. [2], and
Choi et al. [3] have indicated the potential of MWCNTs in
accelerating the precipitation rate during aging. ‘“Precipitation
hardening” or “age hardening” is a process by which strength
and hardness of some metal alloys are improved via the for-
mation of extremely small and homogeneously dispersed sec-
ondary-phase particles within the original phase matrix.

At higher volume fractions of MWCNTs, achieving a
uniform distribution becomes a substantial challenge be-
cause MWCNTs tend to agglomerate rather than disperse.
Semi-molten-state processing with a low pressure and a
short sintering time is desirable for achieving good disper-
sion. Powder metallurgy achieves uniform dispersion of
reinforcement particulates and improves the overall proper-
ties of MMCs. Spark plasma sintering (SPS) [4-9] provides
rapid heating along with spark impact pressure and electrical
field diffusion at the particle interface, which greatly en-
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hances the sintering rate with efficient densification. High
heating and cooling rates with a short holding time will
consolidate powder, without allowing sufficient time for ag-
glomeration or grain growth [10].

2. Experimental methods

Gas-atomized pre-alloyed AA2219 powder (average par-
ticle size 42 um) with high purity from AMPAL, USA and
MWCNTs supplied by Redex India as per the specifications
given in Table 1 were used in the present work. The chemical
composition of the AA2219 alloy powder is listed in Table 2.
Field-emission scanning electron micrographs of the AA2219
alloy powder and MWCNTs (as received) are shown in Fig. 1.
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Table 1. MWCNT specifications

Purity >97%
Bulk density 1.3 g/em®
Outer diameter ~20 nm
Inner diameter ~5nm
Aspect ratio ~1000
Specific surface area 350 m¥/g

Table 2. Chemical composition of the AA2219 alloy powder
wt%

Al Cu Si Mn Fe Zn Ti Zr
Balance 5.56 0.07 02 0.08 0.01 0.07 0.18

Fig. 1. Field-emission scanning electron microscopy (FESEM) images for (as received) AA2219 alloy powder (a) and MWCNTs (b).

The alloy powder was reinforced with 0.75wt% of
MWCNTs. Agglomeration of CNTs can be reduced through
the use of suitable mixing techniques. Solid diffusion be-
cause of the high impact energy of high-energy ball milling
occurs during mechanical alloying of MWCNT-AA2219
powders [11-12]. Even though MWCNTs are embedded in
the alloy matrix, the dispersion is not adequate. Sonication
was effective in achieving a uniform dispersion of MWCNTSs
because it breaks down the clusters [13—14]. Effective disper-
sion was achieved by first dispersing MWCNTs in an ethanol
solution via ultrasonication for 30 min; this process was re-
peated for next 1 h by adding alloy powder to the MWCNT
solution, followed by wet ball milling (using methanol as
the process control agent) in a laboratory planetary ball mill
in a 250-mL cylindrical tungsten carbide jar with a
ball-to-powder weight ratio (BPR) of 4:1 and at a speed of
250 r/min for 4 h. Sonication with subsequent ball milling can
achieve better homogeneity than ball milling alone [13]. Fig.
2 shows a schematic of the synthesis of the AA2219—CNTs’
metal matrix composite. A Dr. Sinter spark plasma sintering
machine (SPS-625, SPS Syntex Inc., Japan) was used for
powder consolidation. Premixed and ball-milled powders
were filled into the graphite die and subjected to uniaxial

pressing at 50 MPa and 500°C with a soaking time of 15
min. Here the heating rate was 100°C/min under vacuum
and the heat source was pulsed DC; a sintered specimen of
20 mm in diameter and 10 mm in thickness was obtained.
To prevent oxidation, the specimen was kept inside the va-
cuum chamber until the temperature was less than 70°C.
The sintered samples were subjected to a T6 heat treat-
ment, as shown in Fig. 3. Spark-plasma-sintered samples
were solutionized at 535°C for 70 min, as per American so-
ciety for metals (ASM) recommendations [15]. Rapid cool-
ing by quenching resulted in a supersaturated solid solution
(SSSS) with trapped Cu atoms at room temperature. In the
case of an AA2219 specimen with a 10-mm thickness, the
quenching delay should not exceed 15 s and the quench
should not exceed 37.7°C [15]. The solubility of Cu in Al at
room temperature is only 0.1wt% [16]; the AA2219 alloy
with 5.56wt% of Cu, upon rapid quenching after solutioniz-
ing, carries 55.6 times as much Cu as it is expected to carry
at room temperature. This solubility variation induces preci-
pitation. After solutionizing, artificial aging was carried out
at 177°C for 10 h, as per ASM recommendations. In the
present study, one set of samples was aged at 1.5 h to study
the effect of MWCNTSs on the acceleration of precipitation.
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Fig. 2. Schematic representation of the synthesis of the AA2219-CNT nanocomposite.
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Fig. 3. T6 heat treatment and artificial aging for AA2219 and
0.75wt% MWCNT-reinforced composites.

The micrographs at each stage of solutionizing and aging
were captured using optical microscopy (De-wintor inverted
trinocular metallurgical microscope). Keller’s reagent was
used for etching sintered samples to resolve the grain boun-
dary and the grains. Powder and bulk sample morphologies
were characterized using scanning electron microscopy (SEM)
(ZEISS EVO 18 Research) and FESEM (FESEM-SUPRA 55
- CARL ZEISS, Germany). The volume fraction of the preci-
pitates was determined and analyzed with an elemental map-
ping system using energy-dispersive spectroscopy (EDS).
FESEM micrographs show the MWCNT distribution in the
AA2219 matrix after sintering, illustrating how the MWCNTs
promote precipitation and result in improved hardness. X-ray
diffraction (XRD) (Panalytical, The Netherland) was used for
phase analysis. Mechanical properties were investigated using
microhardness tests according to ASTM standard E384—16.
The microhardness of the etched surface was measured by a
Vickers microhardness tester (Shimadzu microhardness tester,

HMV-G20) with test force HV(; (980.7 mN) and a holding
time of 15 s. Each composite was indented five times and
the average value was reported.

3. Results and discussion

The relative density decreased from 99.71% to 94.84%
with the addition of 0.75wt% MWCNTSs because of the limited
applied pressure during SPS [17]; however, excellent sintera-
bility in a monolithic alloy gives good bonding with reduced
porosity. The density of the AFMWCNT samples might have
been lower than the theoretical density because of the inco-
herency between the MWCNT particles and the Al matrix.

The microstructures of precipitation-hardening alloys
change during heat treatment [18]. The etched matrix sam-
ples of AA2219 (Fig. 4(a)) retained the quantity of pores
with clear fused boundaries. The effective fusion of grains at
a uniform heating rate, a short soaking time, and a uniform
thermal distribution reduced the number of pores. The effect
of solution treatment close to the dissolution temperature of
Cu in Al resulted in an SSSS. The alloy matrix after solutio-
nizing at 535°C for 70 min (Fig. 4(b)) and aging (Figs.
4(c)-4(d)) did not show reduction or an increase in pores, as
revealed by the pores not being affected even after sintering.
Fig. 4(c) shows grain boundaries that are completely fused,
without voids; it also shows primary alloy phase grains with
precipitates. The increase in aging time to 10 h, where the
structures are shown in Fig. 4(d), resulted in increased density
of precipitates in each grain. Semi-coherent, disc-shaped,
optical microscopically resolvable 6’ precipitates were ob-
tained from coherent intermediate 6" precipitates [18].
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Fig. 4. Etched optical micrographs of AA2219 and AA2219 + 0.75wt% MWCNTs: (a,e) without heat treatment (as sintered); (b,f)
after solution treatment; (c,g) after 90 min of aging; (d,h) after 10 h of aging.

From Figs. 4(a) and 4(e), the addition of CNTs resulted in
the formation of more pores between the grains because of
MWCNT clustering at grain boundaries (Fig. 5(b)). Pore
formation decelerates the aging kinetics [17]. SPS
processing can provide a better sinterability than conven-
tional methods and can achieve improved peak hardness.
Fig. 4(f) shows the reduction in porosity because of melting

and fusion of the primary matrix. After solutionizing, very
fine grains were formed between larger grains, which re-
sulted in porosity reduction. A 90-min aging of AA2219 al-
loy with MWCNTs (Fig. 4(g)) increased the density of pre-
cipitates inside each grain with thick grain boundaries be-
cause of the accumulation of MWCNTs. A micrograph of
the sample subjected to 10 h of aging (Fig. 4(h)) shows a
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higher quantity of large CuAl, precipitates throughout the
matrix. This result is an indication of over-aging. Finally, at
low elastic strain, an incoherent 6 (CuAl,) equilibrium pre-
cipitate will form [18], which will soften the alloy.
High-temperature aging and over aging cause easy forma-
tion of O precipitates [18]. MWCNTs accelerate the aging
kinetics; thus, 6 precipitates will form within a short aging
time.

FESEM micrographs of SPS-processed AA2219 rein-
forced with MWCNTs are shown in Fig. 5. Fig. 5(a) shows
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CuAl, as bright particles scattered over the surface, and Fig.
5(b) shows some MWCNT clustered in grain boundaries of
the sintered samples. The density difference between rein-
forced CNTs and the AA2219 matrix and the large size dif-
ference of the aluminum alloy powder will hinder the dis-
tribution of MWCNTs. During solutionizing, the scattered
CuAl, particles aggregated around the grain boundaries,
along with ALO; (Fig. 5(c)). More oxidation is also ob-
served in these regions. Similar effects are observed in sin-
tered monolithic alloys. In the grain boundaries of

Fig. 5. FESEM images of sintered AA2219 +
0.75wt% MWCNTs: (a) uniformly scattered CuAl,
particles on the primary matrix; (b) CNT cluster-
ing on the grain boundaries of sintered samples; (c)
CuAl, loop on a grain boundary after solutionizing
and aging; (d) the agglomeration of MWCNTs at
grain boundaries after aging; (e) magnified view of
CNT clustering; (f) distribution of MWCNTs in the
matrix; (g) XRD scan of AA2219 and AA2219 with
0.75wt% MWCNT composite samples after sin-
tering and aging.
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MWCNT-reinforced samples, MWCNT clustering is ob-
served (Figs. 5(b)-5(e)). However, the MWCNTs were un-
iformly distributed within the grains (Fig. 5(f)).

Solutionizing followed by aging did not induce any dras-
tic changes in the position of MWCNTs; thus, the MWCNTs
can hinder the grain growth during heat treatment. Accele-
rated nucleation and growth of precipitates were observed
when the grain size was reduced because fine grains can
enhance the aging kinetics [17]. The solutionizing and aging
sample showed a maximum hardness along grain bounda-
ries throughout the samples. The presence of CuAl, and
MWCNTs in grain boundaries contributed to the maximum
hardness across the grain boundaries after aging.

The MWCNT-bearing AA2219 sample subjected to SPS
processing exhibits a diffraction pattern similar to that of the
pure AA2219 under SPS, even after the addition of 0.75wt%
of MWCNTs. The XRD scan did not show any clear evi-
dence of carbide phase formation under SPS conditions and
solutionizing followed by aging. A possible reason for the
lack of carbide formation is that the MWCNTs are well dis-
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persed in the matrix without inducing any structural damage
and the amount of MWCNTs used was small. The XRD re-
sults show that the Cu elemental phase is converted into the
CuAl, phase during the procedure of sintering. We observed
that the CuAl, peak intensity in the XRD patters of both
reinforced and unreinforced samples was improved after
aging. The peak observed at 38.6° corresponds to the (111)
planes of sintered AA2219 and sintered AA2219 + 0.75wt%
MWCNT samples. The peaks were shifted to 37.9° after
solutionizing followed by 90 min and 10 h of aging. Simi-
larly, in the case of sintered monolithic and reinforced sam-
ples, observed peaks at 44.7°, 65.1°, and 78.4°, which cor-
respond to the (200), (220), and (311) planes, respectively,
shifted to 44.2°, 64.6°, and 77.8° after aging.

Precipitation of Cu atoms depends on the initial Cu con-
centration and the aging temperature [18]. Figs. 6(a)—6(f)
show the SEM images of AA2219 specimens subjected to
different heat-treatment conditions and the corresponding
Cu mapping images. Figs. 7(a)-7(f) show the SEM images
of the AA2219 with 0.75wt% MWCNT samples treated

(b)

Fig. 6. SEM images of AA2219 and corresponding Cu mapping images: (a,b) without heat treatment (as sintered); (c,d) after 90

min of aging; (e,f) after 10 h of aging.
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Fig. 7. SEM images of AA2219 + 0.75wt% MWCNTs and the corresponding Cu mapping images: (a,b) without heat treatment (as

sintered); (c,d) after 90 min of aging; (e,f) after 10 h of aging.

under different conditions and the corresponding Cu map-
ping images. The Cu EDS mapping images for the sintered
sample show the uniformly distributed CuAl, on grains after
sintering. After solutionizing, a drastic change was observed
in grain boundaries by the accumulation of CuAl, along the
grain boundaries. The coefficient of thermal expansion for
carbon nanotubes is lower than that of commercial pure
aluminum [19]. Solutionizing causes matrix particles to ex-
pand and MWCNTs to contract because of thermal mis-
match. It also causes the formation of microscopic gaps be-
tween MWCNT clusters as a result of the reduction in
bonding between the matrix and the CNTs [17]. This re-
duced bonding results in reduced hardness of the composite
after sintering and solutionizing; at the same time, it will
accelerate aging by giving a pathway for precipitates. EDS
mapping of solutionizing followed by aging indicates the
presence of Cu along the grain boundaries as well as in pri-
mary o grains. Peak hardness was observed at the coherent
intermediate 0" precipitate zone due to increased density of
coherent precipitates [18]. The MWCNT-reinforced 2219

alloy exhibits improved intensity of Cu in the EDS mapping
images, which indicates a substantial improvement in hard-
ness of approximately 34% compared with the hardness of
the monolithic alloy after 90 min of aging. The EDS map of
the 10-h-aged monolithic alloy shows an improvement in
intensity of precipitates, whereas the reinforced sample
shows the retardation of intensity of fine 6 precipitates.
Maximum hardness would occur at fine precipitates with
retention of the crystalline characteristics of the 0 phase [20].
If the distance between the precipitates is larger (low inten-
sity), rejoining of dislocations will occur through extension
of dislocations in the gap between precipitates, resulting in
further dislocation motions [20]. As a result of 10-h aging,
the monolithic alloy exhibited improved hardness; however,
the reinforced sample exhibited a reduction in hardness from
its peak hardness value because of over-aging. During
over-aging, the intermediate phase began to form, causing
recrystallization, softening, and a decrease in strength. The
hardness value (Fig. 8) varies with respect to the changes in
EDS mapping.
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Fig. 8. Hardness variations for reinforced and unreinforced
AA2219 (as sintered) and after aging.

Increased bonding resulted in better hardness in the mo-
nolithic alloy, whereas MWCNT agglomeration at grain
boundaries reduced the hardness of reinforced samples. So-
lutionizing followed by 90 min of aging of the monolithic
resulted in 25% of improvement in hardness, whereas the
0.75wt% MWCNT-reinforced samples achieved a substan-
tial improvement of 82% in peak hardness. Nano sized pre-
cipitates might have formed coherent or semi-coherent in-
terface structures with the matrix, resulting in a substantial
increase of hardness. The AA2219 alloy achieved 33% im-
provement in hardness and the reinforced samples showed
retardation in hardness after 10 h of aging. Similar effects
were observed for conventionally sintered AA2219 with
0.75wt% MWCNT. The CNT-reinforced samples sintered
by SPS and conventional methods show retardation in
hardness after 10 h of aging.

4. Conclusions

The microstructural and mechanical behavior of alumi-
num alloy AA2219 composites reinforced with MWCNTSs
fabricated by the SPS process were observed and investi-
gated; the effects of MWCNT reinforcement on the precipi-
tation-hardening behavior of AA2219 aluminum alloy were
investigated using FESEM, SEM-EDS, XRD, and a Vickers
microhardness tester. Following conclusions can be ob-
tained.

(1) Reinforcing with MWCNTs provides a dual advan-
tage of improved hardness compared with that of the mono-
lithic alloy and the additional benefit of achieving peak
hardness within a very short aging time.

(2) With a short aging period of 90 min, AA2219 with
0.75wt% MWCNTs exhibited a noticeable improvement of
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82% in hardness. By comparison, the unreinforced alloy
achieved an improvement of 33% in peak hardness at 10 h
of aging.

(3) The MWCNT-reinforced sample exhibited 27% im-
provement in hardness compared to the unreinforced sample
after the T6 heat treatment. This result means that MWCNT
addition accelerated the age-hardening kinetics of AA2219
alloys because of the increased dislocation density as a con-
sequence of the coefficient of thermal expansion mismatch
between the matrix and the CNTs during solutionizing. Also,
grain boundaries and MWCNTs provide a pathway for Cu
diffusion, stimulating the precipitate formation.
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