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Abstract

The combination of powder metallurgy and ball milling method has been widely regarded as the most beneficial route for
producing multi-walled carbon nanotubes (MWCNTs)-reinforced aluminum matrix composites. In this study, the effects
of different milling times (1, 2, 4, and 8 h) on the structural, morphological, and crystallographic properties of MWCNTs-
reinforced Al7075 composite powders were characterized by particle size analyzer, Raman spectroscopy, scanning electron
microscopy (SEM), high-resolution transmission electron microscopy (HR-TEM), and X-ray diffraction (XRD). After the
morphological and structural characterization of the milled powders, the microstructural and mechanical properties of the
hot-pressed composites were evaluated using an optical microscope, SEM, density, and Brinell hardness measurements.
Considering milled powder characterization, the MWCNTs were gradually distributed and embedded within the matrix as
the milling time increased. Milling for 8 h resulted in a minimum level of particle size (11 pm) with shortened and uni-
formly dispersed CNTs. Brinell hardness of the composite increased from 91 to 237 HB -a ~%160 after 8 h of milling. Such
a remarkable increment in hardness could be attributed to several concurrent strengthening effects related to dispersion,
solution, grain refinement, and Orowan looping mechanisms. However, relative density results revealed that the composite
produced by 2 h milled powders exhibited the highest density (%99.96). The observed differences between hardness and
density results were ascribed to powders’ deteriorated packing and sintering behavior due to an increment in the hardness
of particles and variation in particle size range and morphology, which resulted from following different milling protocols.

Keywords Aluminum - Carbon nanotubes - Ball milling - Hot pressing - Microstructural characterization

P< Munish Kumar Gupta Mustafa Acarer
munishguptanit@gmail.com macarer @selcuk.edu.tr
Kemal Dogan 1 .
kmldgn63@gmail.com Department of Nanotechnology and Advanced Materials,

} Institute of Science, Selcuk University, 42075 Konya, Turkey
Muhammed Thsan Ozgiin 2

miozgun @erbakan.edu.tr Metallurgical and Material Engineering Department,

Necmettin Erbakan University, 42090 Konya, Turkey
Halit Siibiitay 3

halit.subutay @selcuk.edu.ir Metallurgical and Material Engineering Department,

Technology Faculty, Selcuk University, 42075 Konya, Turkey

Ssr:ll:rzizfcuk eduir 4 Mechanical Engineering Department, Technology Faculty,
DA Selcuk University, 42075 Konya, Turkey

Y;jgrl (glgrcgakan eduir 5 Department of Mechanical Engineering, Faculty

y R of Engineering, Selcuk University, Aksehir, 42550 Konya,

Mustafa Kuntoglu Turkey

mkuntoglu@selcuk.edu.tr 6

Faculty of Mechanical Engineering, Opole University
Abdullah Aslan of Technology, 76 Proszkowska St., 45-758 Opole, Poland
aaslan@selcuk.edu.tr

@ Springer


http://orcid.org/0000-0002-0777-1559
http://crossmark.crossref.org/dialog/?doi=10.1007/s43452-022-00374-z&domain=pdf

55 Page2of17

Archives of Civil and Mechanical Engineering (2022) 22:55

1 Introduction

Metal matrix composites (MMCs) have emerged due to
the ineffectuality of traditional monolithic metals and
their alloys in achieving a combination of various cru-
cial features that are prerequisites in today’s production
technologies [1]. Among various MMCs, Al-based metal
matrix composites (AMCs) have received more attention
than conventional metal-based alloys thanks to their high
specific mechanical properties, good machinability char-
acteristics, lightweight, economical, and effortless accessi-
bility. The most commonly used matrix material among Al
alloys is the 7XXX series, which can be heat treated and
exhibit higher mechanical properties than other aluminum
alloys thanks to their minor alloying elements (Zn, Mg,
Cu) [2]. Recently, aluminum metal matrix nanocompos-
ites (AMNCs), which are reinforced with different nano-
reinforcement materials (oxide, carbide, nitride), have
fascinated many researchers due to their superior overall
properties as compared to the AMCs [3]. These proper-
ties have stemmed from the grain refinement mechanism
provided by homogeneously distributed nano-sized rein-
forcements into the matrix.

The outstanding mechanical properties, high aspect
ratio, unique atomic structure, low density, excellent
chemical stability, and superior thermal and electrical
properties of CNTs make them the most suitable reinforce-
ment material for metal [4] and polymer [5] matrix com-
posites. To meet the accelerating demands of lightweight,
high specific mechanical properties, high corrosion resist-
ance, good machining performance, and easy accessibility
in material features for maritime, aerospace, and automo-
bile industries, numerous researches have been carried
out to explore new Al-based metal matrix nanocompos-
ites [6]. However, CNT/Al systems still encounter some
challenges due to the lower wettability and non-uniform
distribution of CNTs within the Al matrix [7]. Therefore,
different problems can be faced during the production of
these composites by conventional methods such as casting
and melting. Also, the formation of undesirable reactions
depending on the elevating process temperature in liquid
production methods such as stir casting, infiltration, and
spray deposition adversely affects the mechanical proper-
ties [8]. Providing good interfacial bonding between the
matrix and the reinforcement element is another main
issue, directly or indirectly affecting the performance,
fabrication, and application areas of materials [9].

Various processes such as metal injection molding
[10], casting process [11], in situ synthesis [12], spray
forming [13], physical and chemical vapor deposition
[14], and powder metallurgy [15] have been used to pro-
duce CNT/AI nanocomposites. Among these techniques,
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powder metallurgy (PM) is one of the most preferred pro-
cesses in producing Al-based metal matrix nanocompos-
ites (AMNCs). Although there are various PM methods
to consolidate powders, mechanical alloying (MA) can
eliminate segregation and aggregation of reinforcement
elements within the matrix and supply fine dispersion of
reinforcement particles into aluminum or different base
metal systems with the volume fraction [16]. Apart from
the MA method, various production methods, such as
blending [4], stir casting [17], acidification [18], organic
polymer process [19], arc melting [20], and subsequent
heat treatments [21], have been employed to disperse the
nanoparticles into the matrix. However, the techniques
mentioned above have improved the mechanical proper-
ties of AMNC:s to a limited extent, since most of the nano-
particles segregate and aggregate at the grain boundaries
and cause poor interfacial bonding (wetting) between the
reinforcement and matrix phase. The best sample for better
structural integrity consists of a fine powder, supersatu-
rated microstructure, or a dense homogenous distribution
of fine reinforcement particles [22]. In our previous study
[2], such microstructures for TiC-reinforced AMNCs was
achieved by a fruitful combination of mechanical alloying
and powder metallurgy routes.

Recently, MA has been widely applied to disperse the dif-
ferent types of carbide (TiC [2], B,C [23], SiC [24]), oxide
(AL,O5 [25], Y,05 [26]), and carbon-based (CNT [27],
SWCNT [28], FWCNT [29], MWCNT [30]) reinforcements
into Al-based composites. As a simple mechanical milling
system, MA provides uniform nanocrystalline materials and
nanocomposites due to excessive plastic deformation and
fracture mechanism under the impact of tiny and rigid balls
[15]. MA also effectually breaks the flexible tangled CNTs and
leads to homogenous dispersion of the CNTs within the matrix
[31]. Nevertheless, the structural and morphological evolution
of CNTs is hardly controllable in the MA process due to many
ball-milling parameters required to be optimized [32]. Esawi
et al. [33] examined the effect of the reinforcement ratio of
CNTs and their morphological structure on the mechanical
properties of AMCs produced by mechanical alloying. They
reported that the larger CNTs were distributed easier than
smaller ones, which have a more substantial agglomeration
potential. The composites’ hardness and tensile properties
improved profoundly with increased CNT content up to 2 wt.%
and then worsened as the CNT content increased. Li et al. [34]
produced Al matrix composites with different CNT content (1
and 2 wt.%) utilizing flake powder technology and hot extru-
sion process. They reported that enhanced strength and high
elongation values were achieved in both composites, especially
that the elongation value of the composite containing 2% CNT
was 30% higher than that of pure aluminum fabricated with
the same production history. They attributed this observed
increase in mechanical properties to the strong interfacial
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bonding between the shortened and homogeneously dispersed
CNTs and the matrix, the fine and nearly equal grains formed
during hot extrusion, and the formation of bridge-linked CNTs
along the extrusion direction. As a function of milling time,
Ostovan et al. [35] investigated the nanomechanical behavior
of CNTs-reinforced Al matrix composites utilizing nanoinden-
tation. They reported that the dispersion uniformity of CNTs
within the matrix was highly influential on nanocomposites’
mechanical properties. As the milling time increased, the
elastic modulus and hardness of nanocomposites improved.
However, they obtained lower hardness and Young’s modulus
in the early stage of milling due to the accumulation of CNTs
at the grain boundaries.

As mentioned above, while various aspects of mechanical
alloying in the context of Al alloys research were studied in
great detail, the milling time seems to have received cursory
attention, which is why we focus on it in this study to assess
its ramification to great depth. No comprehensive information
has been achieved about the effect of milling time on the dis-
persion behavior of CNTs, powder morphology, and crystal-
lographic structure of milled CNTs/Al7075 nanocomposites,
and their correlation between packing densities, consolidation
behaviors, and resultant mechanical properties of produced
MMCs have not been discussed. In this study, 1 wt.% CNTs-
reinforced Al7075 matrix nanocomposites were successfully
produced via a high-energy planetary ball milling followed
by hot pressing. We carried out a comprehensive study about
the effect of milling time on the powder morphologies and
dispersion and damage of CNTs based on SEM, particle size
and distribution, XRD (crystallite size, lattice strain, and dis-
location density), Raman spectrometry, HR-TEM, and energy-
dispersive spectroscopy. Furthermore, microstructures and
mechanical properties of the hot-pressed CNTs/A17075 nano-
composites were evaluated using optical microscopy, hardness,
and relative density results.

2 Materials and methods
2.1 Powder characterization

As-received Al7075 powders (99.9% purity, <43 pm par-
ticle size) and CNTs (about 5-10 nm in diameter and 5 pm
in length) were purchased from Nanografi Nanotechnology,
Co. Ltd., Ankara, Turkey, and employed in this study. The
chemical composition of the A17075 alloy powder is given in
Table 1. Figure 1 shows the morphologies of the initial mate-
rials. To achieve a uniform dispersion of CNT with lower
damage, the Al matrix was reinforced with 1 wt.% CNT. A

comprehensive literature search revealed that the CNTs con-
tent is preferred mainly between 0.2 and 2 wt.% for aluminum
and other different base metal systems. It was observed that
the addition of 1 wt.% CNT in the Al matrix significantly
improved the mechanical properties, as reported by Deng
et al. [36]. Kurita et al. [37] reported that the tensile strength
and elongation to failure reached a maximum value when the
CNT content was 1 wt.%. In this context, CNT content and
other process parameters were determined by our preliminary
tests, prejudice knowledge, and literature survey. As-received
Al7075 and CNT powders were mechanically alloyed (MA)
with tungsten carbide (WC) balls in a tungsten carbide jar uti-
lizing RETSCH-PM 200 planetary ball milling device at a
rotation rate of 450 rpm. The ball-to-powder (BPR) mass ratio
was selected as 5:1, and the ball milling time was chosen as 1,
2,4, and 8 h, respectively. To avoid cold working and clusters
of the powders during milling, 1 wt.% concentration methanol
was used as a process control agent (PCA). To prevent exces-
sive temperature during milling, the powders were milled for
20 min, then rested for 10 min, and then milled again, etc.,
until the desired milling protocol was completed.

The morphologies of unmilled (as-received A17075) and
milled powders (CNTs/Al17075) were examined utilizing a
field-emission scanning electron microscopy (SEM, Zeiss
EVO LS10) and a high-resolution transmission electron
microscopy (HRTEM, JEOL JEM-2100). Elemental analysis
of the milled powders was determined by energy-dispersive
X-ray spectroscopy (EDS). Besides, the average particle sizes
(APS) and particle size distribution (PSD) of the powders were
analyzed by particle size analyzer (Cilas 1190), using laser
light diffraction. The damage and dispersion behavior of the
CNTs were monitored by Raman spectroscopy (Renishaw,
inVia™ confocal Raman microscope). An X-ray diffractom-
eter (Malvern PANalytical, X’ Pert® Powder) was employed to
identify phase components, indexation of peaks of the milled
powders. XRD data were collected with Cu-Ka radiation at a
wavelength () of 0.15406 nm by using a step-scan procedure
with 0.1 degrees 2-theta per step and 10 s per step dwell time.

The crystallographic properties, namely average crystal-
lite size, lattice strain, and dislocation density of the milled
powders, were assessed by XRD data in conjunction with the
Williamson—Hall [38] and Williamson—Smallman [39] equa-
tions as follows:

P X cosO = (0.9 X A/D) + (4 X e Xsin6), (1)

Table 1 Chemical composition
of as-received Al7075 alloy

Element’s concentration

Mg Cu Fe Si Al

powders (wt. %)

2.78 1.65 0.12 0.14 Balance
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Fig. 1 a SEM image of the as-received Al7075 powders, b SEM, and (¢) HR-TEM images of the as-received multi-walled CNTs
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where 3, is the total broadening that was achieved by sub-
tracting the instrumental broadening from the observed
peak broadening, D is the crystallite size (coherently dif-
fracting domain size), which is determined from full-width
at half maximum (FWHM) of peaks, ¢ is the lattice strain
(microstrain), 6 is the Bragg reflection angle, and A is the
wavelength of Cu-Ka radiation. The dislocation density (5),
defined as the number of dislocation lines per unit volume
in the crystalline material, was calculated by Eq. 2, where
n~1 and D is the crystallite size [40].

2.2 Production process and composite
characterization

After the powder characterization, the milled powders
were compacted with the help of a hot pressing process,
performed under 300 MPa and 435 °C for 1 h. Firstly, the
milled powders were molded into the female die. Then, the
powders were held at a constant temperature (435 °C) for 1 h
in the female die for homogeneous temperature distribution.
After the heating process, the compaction of the powders
was achieved by the male dies’ synchronic movement, and
the MMCs were taken from the female die. The cylindrical
samples with a length of 10 mm and a diameter of 10 mm
were prepared. For comparison purposes, the as-received
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Al7075 (unmilled/reference) specimen was also consoli-
dated with the same producing history. However, the Raman
spectrum was excluded for as-received Al7075 powders
characterization since it is not suitable for the analysis of
pure metals and their alloys [41]. The schematic view of ball
milling process and production stage is illustrated in Fig. 2.
The Brinell hardness values of composites were measured
with a “Digirock-Lc-Rbov” tester under 62.5 kg load using
2.5 mm diameter indenter ball. The theoretical density of the
composites was assessed by rule of mixtures, and its experi-
mental density was measured with the “Precisa XB 220A”
precise scale, utilizing the Archimedes principle [2]. The
microstructural evolution of the composites was analyzed
using optical microscopy (OM, Nikon Eclipse MA100 N)
instrument.

3 Results and discussion
3.1 Effect of milling time on particle characteristics

Figure 3 shows the morphologies of the milled powders as
a function of milling time. The average particle size (APS)
of the 1 h milled powders was calculated as ~30 pm (as
described in Fig. 4), the morphology of which is shown in
Fig. 3a. After 1 h of milling, the particle shape of some pow-
ders changed to less spherical pieces (angular morphology),
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and some of them fractured into tiny pieces without any
cold welding (See Fig. 3a). After milling for 2 h, the APS
decreased to~27 pm (See Fig. 4) under the shearing effects
of balls, and they exhibited flake-like and fractured irregu-
lar particle morphology. When ball milling time was 4 h,
although a decrement in particle size was expected because
of the fragmented particles, the APS was increased ~31 pm

(Fig. 4) due to numerous flake-like particles, as shown in
Fig. 3c.

Further milling for 8 h resulted in a severe decrease of
the APS to~11 pm (See Fig. 4), and many mixture pow-
ders were fragmented and showed irregular morphologies,
as seen in Fig. 3d. This observed phenomenon originated
from a cold working mechanism induced by a long-duration
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shearing effect, leading to decreased ductility and resultant
fragmentation of particles. The dispersed reinforcements
(CNTs), on the other hand, concomitantly underwent a sig-
nificant reduction in particle size. The variation in particle
morphology to flake-like pieces (flattened particles) after 1,
2, and especially 4 h of milling was attributed to the repeti-
tive flattening under the impact of the tiny and rigid tungsten
carbide (WC) balls. In other words, the observed flattened
particle morphology was due to the severe ball-powder—jar
and ball-powder—ball collisions during the high-energy
planetary ball milling process. Similar observations regard-
ing flake-like morphology in the early stages of milling were
reported by some studies [42, 43] when ball milling of the
CNT-AI system. However, the milled powders experienced
a morphology vary from flattened structure to irregular
structure with prolonging milling time since a dynamic bal-
ance between fracture and agglomeration mechanisms was
achieved at the last phases of milling.

The particle size distribution (PSD) of the mixture pow-
ders as a function of milling time is shown in Fig. 5. One
observes that the PSD of as-received Al7075 powder was
monomodal and narrow, which means that the PSD curve
has only one maximum peak. Plus, the particle morphol-
ogy was almost entirely equiaxial as compared to 1, 2,
and 4 h milled powders, as can be confirmed by inspect-
ing Figs. 3a—c. At the same time, an extensive PSD was
observed in powders that were milled for 8 h, with the distri-
bution broadening as the milling time was prolonged from 1
to 8 h. Furthermore, the PSD tended to asymmetric behavior
with increasing milling time up to 4 h, as seen in inset of
Fig. 5. This behavior was ascribed to the plastic deforma-
tion and flattening of the powders due to extreme milling
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Fig.5 The changes of particle size distribution by volume with differ-
ent milling times

circumstances caused by WC ball collisions, which also
appeared to mask variations in the PSD of CNTs. As shown
in both Fig. 3d and Fig. 5, the trend mentioned above in mor-
phology and PSD entirely changed when milling time was
increased to 8 h. The PSD exhibited clear deflection toward
the smaller particles’ region due to the dominant fracture
mechanism at the final stage of milling. In other words, there
was a transformation from flake-like particle morphology
to a fine equiaxed particle morphology (see Figs. 3c, d).
Therefore, the monitored particle size of these milled pow-
ders, their distribution, and morphology, which were milled
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for 8 h, were attained due to severe work hardening of the
Al7075 matrix, resulting in fracture into small particles.
To investigate the dispersion behavior of CNTs more pre-
cisely within the AI7075 matrix, detailed SEM—EDS obser-
vations of surfaces of the milled powders were performed, as
shown in Fig. 6. For mapping observations, the copper tape
was used instead of carbon tape to evaluate the CNT distri-
bution more accurately. It was obviously seen that the dis-
persion uniformity of CNTs was gradually developed as the
milling time increased. Considering the initial milling stage
(1 h), the entangled CNT agglomerations were detected
on the matrix powder surface (Fig. 6a). When prolonging
milling time to 2 h, the amount of these agglomerations
decreased (Fig. 6b). Further milling time (4-8 h) resulted in
nearly no CNT agglomerations on the surfaces, and many of
them were dispersed on the surface and edges of the matrix
powders Figs. 6¢, d. As the milling time increased, CNTs
were shortened, and CNT agglomerations were fractured
and redispersed by effective shearing force. Plus, CNTs were
gradually embedded into the A17075 matrix by severe plastic

deformation of the matrix under the tiny and rigid WC balls
and a highly influential process control agent in the early
milling phase.

Figure 7a shows the XRD curves of the as-received
Al7075 and mixture powders as a function of milling time.
The observed five primary reflections appertain to the face-
centered cubic (fcc) structure of Al matrix ((JCPDS card
No. #98-006-4700), while no discernible reflections for
CNTs were observed. The absence of CNTs reflections and
matching, no intermetallic phases were related to their small
proportion of reinforcements and resolution limitation of
the X-ray to identify peaks with below 1 wt.%. The disper-
sion uniformity of CNTs within the A17075 matrix, undesir-
able strain circumstance, and amorphization of CNTs could
also be other factors for these peaks’ absence. According
to the X-ray powder diffractograms, the reflections’ peak
intensity was weakened and broadened as the milling time
increased except for 4 h of the milling process. This situation
was attributed to a decrement in crystallite size, resulting
from the development of structural defects originating from

MAC
I
I
I
[
[
[
[
I
I
I
I
I
i
I

Fig.6 SEM-EDS images of milled powders with respect to different milling times: a 1, b2, ¢ 4,andd 8 h
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Fig.7 a XRD patterns of as-received Al7075 and milled powders with different ball milling times, and b A closer examination of the (111) Al

main reflection showing peak shift

excessive plastic deformation mechanism with increasing
milling time. The compositional fluctuations, strain accu-
mulation vicinity of atoms, stacking faults, dislocations, and
other structural defects manifesting themselves as micro-
strain are also other significant parameters, as they directly
or indirectly affect the crystallographic properties reported
by Suryanarayana [44]. The XRD curves exhibited peak
broadness and the resultant decrease in peak intensities with
an increment in ball milling time. When the ball milling time
was 4 h, the main peak intensity tended to increase. This was
related to an increase in crystallite size (Fig. 8) on the fcc
of the Al matrix system and consequent texture formation.
As depicted in Fig. 8, while the crystallite size of the as-
received powder (unmilled) was measured as 37.21 nm, the
crystallite size increased to 41.54 nm when milling time was
reached to 4 h. This result complemented the particle mor-
phology image presented in Fig. 3c, where flake-like parti-
cles with ~500 nm thickness were observed in mixture pow-
ders that were milled for 4 h. The observed texture form was
attributed to the plastic deformation incurred by the particles
from the high-velocity impact of WC balls during the ball
milling process (See Fig. 3c). Different plastic deformation
methods such as cold/hot rolling, cold working, work hard-
ening, and ball milling could lead to such effects. A closer
examination of the main diffraction patterns of the powders
depicted in Fig. 7b showed a noticeable peak shift toward
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higher diffraction angles. Such a shift meant that the fcc
unit cell volume of the Al matrix decreased with increasing
milling time. This situation could have resulted from solid
solution, dissolution of CNTs or minor alloying elements
in the matrix, and stress accumulation on the lattice, which
are triggered by the ball milling system due to the severe
plastic deformation under the ball-powder—jar collisions.
Therefore, it could be stated that CNTs were appropriately
dissolved or embedded into the Al matrix through increasing
milling time. The aforementioned dissolution mechanism,
which leads to peak shifts, was restricted at the later milling
period due to the homogeneous distribution of CNTs; so,
the peak displacement showed lower deviation compared to
the earlier stage of milling. Moreover, it is noteworthy that
there is no encountered aluminum carbide (Al,C;) peak in
the present milling protocol since it is frequently observed in
the CNTs—Al hybrid system produced with liquid or powder
metallurgy. The assertion above can be substantiated by the
fact that the powders were milled for 20 min, followed by
10 min of resting to ensure no substantial temperature rise
had taken place. Hence, no chemical reaction of the matrix
and reinforcement elements were expected due to the lack of
thermal activation for diffusional processes. Similar observa-
tions were also declared by Basariya et al. [45] and Esawi
et al. [46] in ball milling studies in AI-CNT systems.
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Fig.8 The variation of crystallographic properties of milled powders as a function of milling time

Figure 8 shows the crystallographic properties, namely
crystallize size, lattice strain, and dislocation density of
as-received and milled powders for different milling times.
The crystallite size of the as-received Al7075 powder (no
milling) was calculated as 37.21 nm, as shown in Fig. 8. At
the final milling stage (8 h), the crystallite size decreased to
24.43 nm, which meant that the lattice strain and dislocation
density had further increased to~% 0.722 and 1.626 x 10"
line/m?, respectively. The observed decrement in crystallite
size was related to increasing dislocation density and stress
accumulation in the lattice with excessive plastic deforma-
tion due to high-energy ball milling. Besides, uniformly
dispersed CNTs in the Al matrix after 8 h of milling hin-
dered dislocation mobility and consequent higher dislocation
density. Zare et al. [47] reported that such an increment in
dislocation density triggered the formation of sub-bounda-
ries and grain refinement mechanisms. They also declared
that uniformly dispersed CNTs in the Al matrix prohibit the
easy diffusion paths of mobile dislocations. However, 4 h of
milling process could not commit such an effect on the crys-
tallographic properties. As depicted in Fig. 8, the continu-
ous decrease in crystallite size corresponding to increasing
lattice strain and dislocation density was interrupted at 4 h
of milling. Such characteristic was attributed to numerous
flake-like particles, which resulted in texture formation on
the fcc structure of the Al matrix. These outcomes were
also in harmony with the visible increase in intensity and
sharpness of the main reflections of the 4 h milled powders’
XRD spectra. As reported by Mokdad et al. [48], flakes and
resultant texture formation in the fcc crystal structure of Al
matrix was initiated by the deformation process, which is

herein particularly dominant plastic deformation resulting
from micro-rolling effects under the rigid WC balls.

To evaluate the destruction of the CNTs for different mill-
ing duration, Raman spectroscopic analysis was also per-
formed. In the Raman spectroscopy results given in Fig. 9
for different milling times, it was observed that the graphitic
(G) band peak intensity was lower than the defect (D) band
peak intensity. Evaluating this observation together with the
findings in SEM and TEM images, as shown in Fig. 6 and
Fig. 15, respectively, it was re-confirmed that CNTs used in
the present study were MWCNTs. In the Raman spectrums,
the D and G bands showed the characteristics of the CNTs

—— Al17075 + 1.0 wt.% CNT 8 h —— AI7075+ 1.0 wt.% CNT 2 h
——Al7075+1.0 wt.% CNT 1 h

D band

=
£
<
2
@]
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M~y
X
Q

Intensity (a.u.)

I,/1;=1.86
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.

500 1000 1500 2000 2500 3000
Raman Shift (cm™)

Fig.9 Raman spectrums of CNT/Al powders as a function of ball
milling time
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structure, and they typically located around at 1350 cm™!
and 1580 cm™', respectively. In general, the D band shows
the existence of defects in the CNTs, and the G band shows
crystalline carbon structures [49]. In other words, the inten-
sity of the G band indicates that the structure has sp> hybrid-
ization, and the D band indicates the presence of defects
(locating atoms, dislocations, residual stresses, etc.) in the
structure [50]. As the milling time increased, the relative
intensity of these peaks gradually decreased. Hence, the
fraction volume of trapped CNTs within the ductile matrix
was increased with prolonging milling time due to high col-
lisions of powders and balls. In mechanically activated pow-
ders, the intensities of these bands decreased and broadened
due to increased structural defects and resultant higher dislo-
cation density stemmed from excessive plastic deformation
with increasing milling time. They also gradually showed
a deflection toward the right side, indicating a peak shift.
Besides, the I5/I, ratio, which is calculated from the area
under these peaks, indicates the damage degree or quality
of the CNTs. Commercially graded CNTs showed an I/
ratio of ~1.11, which was adequate for various industrial
applications [43]. However, this study’s outcomes showed
that the I/l ratio increased with extended ball milling
time. This behavior was attributed that the structure quality
of CNTs underwent severe damage with increasing mill-
ing time. According to Ip/I; ratios shown in Fig. 9, there
was no substantial difference in the Ip/I; ratio of CNTs
after 2 h of milling, revealing no discernible damage on the
CNTs. However, at the earlier milling stage (1 h), the I,/
I value increased to 1.45, showing significant damage to
CNTs structures. As the milling time extended, although the
CNTs were more homogeneously distributed in the matrix,
the destruction of the CNTs became more severe regarding
Raman results. Hence, to achieve good structural integrity
or higher packing density, the ball milling process should
control in a precise manner with appropriate time intervals
to obtain homogenous dispersion of the CNTs with minimal
damage degree.

3.2 Effect of milling time on properties of sintered
composites

Particle characteristic (e.g., particle size and their distri-
butions and morphologies) is a very crucial point since it
significantly affects the sintered composites’ microstructure
and accompanying structural integrity. In this context, to
enhance powders’ sintering and packing ability, control and
optimization of their characteristics should be addressed
carefully. Figure 10 shows the optical microstructure (OM)
images of unetched pure Al7075 and Al7075-CNT com-
posites at different ball milling times. Bulk Al7075 alloy,
which is produced with as-received Al7075 powder, exhib-
ited spherical grains with a mean size of 40 pm, as shown in
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Fig. 10a. After 1 h of milling, some of these grains turned
into angular grains, while many of them remained spherical
with lesser grain size, as seen in Fig. 10b. The average grain
size of the 1 h milled powders was measured as~31 pm. As
the milling time increased up to 4 h (Figs. 10c, d), the grain
shape of the particles changed to flake-like morphologies.
Such morphologies resulted in an increment in grain size,
as shown in Fig. 10d. The mean size of the grains increased
to ~34 pm after milling for 4 h due to the formation of flake-
like particles as discussed before (as seen in Fig. 4). Further
milling for § h resulted in randomly fractured grain mor-
phology and concomitantly a considerable reduction in grain
size to ~ 12 pm due to the repetitive severe collisions of
the powders, as seen in Fig. 4 and Fig. 10e. As the milling
time increased, the grain size gradually decreased, which
shows good agreement with the SEM images and particle
size analyses of milled powders. Considering reported some
studies regarding the nanostructure formation during the ball
milling process [26, 51], it was reported that shear bands
were occurred in the early stage of ball milling due to exces-
sive plastic deformation mechanism under the high-energy
impact of balls. Figure 11 illustrates the schematic picture
of the nano-sized grain formation mechanism induced by the
ball milling process.

Porosity, which is reversely correlated with the pack-
ing ability of the powders, is an unavoidable outcome of
the consolidated products fabricated by powder metallurgy
(PM) routes [52, 53]. For this reason, SEM observation of
the etched bulk composite produced by 8 h milled pow-
ders was carried out to understand variations in structural
characteristics and pores dependent on the milling time, as
seen in Fig. 12. As mentioned in OM images, the sintered
samples’ grain size was decreased with increasing milling
time, and uniform dispersion of CNTs in the matrix was
achieved. However, when milling time was extended up to
8 h, it was observed that many micro voids and pores in the
structure, as depicted in Fig. 12. This resulted in poor inter-
facial bonding quality and structural integrity. The effects
of such microstructural changes on the relative densities of
sintered samples will be discussed in the following sections.

Figure 13 shows the relative densities of the sintered pure
Al7075 and Al17075-CNTs composites for different milling
times. The density of sintered parts, especially MMCs pro-
duced by PM methods, has been significantly influenced
by seven key parameters, namely; production parameters,
matrix and reinforcement properties, interfacial bonding,
structural integrity, distribution, destruction of reinforce-
ments, sintering ability, and perhaps most significantly pack-
ing ability [54]. The sintered specimen consisting of rela-
tively bigger particles cannot show the full density. Although
smaller particles are expected to be sintered effortlessly than
large ones with the same producing history, they cannot also
exhibit full density [2]. To obtain optimum packing density,
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Fig. 10 The OM images of
composites produced by a as-
received Al17075,b 1,¢2,d 4,
and e 8 h milled powders

Fig. 11 The grain formation Initial 1 hour 4 hours 8 hours
mechanism induced by the dif-

ferent ball milling times l

Increasing milling time

it is required to achieve the demanded particle size ranges  highest density due to the best packing and sintering abil-
and morphologies, as reported by German [55]. Consider- ity of these powders comprising both flake-like and small
ing relative density results in Fig. 13, it was observed that  grain formations, which led to better interfacial bonding and
the specimen produced by 2 h milled powders exhibited the = resultant rigid structural integrity. As mentioned in SEM
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Fig. 12 SEM image showing micro voids and pores in the 8 h milled
sample
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Fig. 13 The changes of the relative density of pure A17075 and CNT—
Al7075 composites with different ball milling times

results of both milled powders and sintered specimens, the
non-uniform dispersion of CNTs and CNT clusters at the
initial stages of the milling resulted in more inferior bond-
ing quality between CNTs and Al matrix interface. Such
microstructural observations led to an increased plastic
strain in the clustered regions, and these regions provided
void and pore forms in the material system. Even though the
final milling stage (8 h) enhanced the dispersion uniform-
ity of the CNTs within the matrix, severe plastic deforma-
tion caused by extending milling time created high hardness
in particles and changes in particle size and morphology.
Thus, this observed action adversely affected the sintering
and packing ability of particles. These outcomes were also
consistent with some studies in the literature stating that
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prolonging milling time increased hardness but decreased
plasticity due to the work hardening mechanism [56]. Work
hardening effect, resulting from severe plastic deformation
with increasing milling time, triggered numerous nano-sized
to micro-sized void formations in the composite produced by
8 h milled powders, as indicated in Fig. 10e. Dolata-Grosz
et al. [57] and Zebarjad et al. [58] also reported that the
pores in structure negatively affected structural integrity due
to their stress concentrator’s behavior.

The milling time dependence of the A17075-CNT com-
posites’ Brinell hardness is shown in Fig. 14. A~160%
remarkable increase in hardness from 91 to 237 HB was
observed for specimen produced by 8 h milled powders, sig-
nificantly larger than the plastically deformed materials by
conventional means. A nonlinear regression to the data in
Fig. 14 gives an empirical equation for the hardness—milling
time relation with an R? of 99.8%. The origin of the achieved
enhancement in hardness could be related to several simulta-
neous parameters: (i) increased lattice strain, resulting from
excessive plastic deformation during milling, and increased
dislocation density in particles; (ii) solid solution hardening
originating from the dissolution of CNTs and a minor alloy-
ing element in the Al matrix; (iii) the decrease in particle
size of the 8 h milled powder was small, i.e.,~11 pm, and it
can be calculated based on Hall-Patch equation, and thus the
probability of finding ways (voids and vacancies) is lower
than that for larger particles; (iv) the uniformly dispersed
CNTs with nanoscale dimensions in the Al matrix interrupts
dislocation mobility and provides strain hardening [59],
which can be explained by the Orowan mechanism within
the framework dispersion strengthening; (v) increase in the
particles’ hardness and brittleness due to dominant plastic
deformation with prolonging milling procedure; (vi) thermal
mismatch mechanism between reinforcement (CNTs) and
matrix (Al17075) due to significant differences in coefficient
of thermal expansion of CNTs and Al7075, which conse-
quently resulted in work hardening effect. However, the last
parameter (vi) effect was negligible in this experiment due
to the milled and rested milling protocol, which hinders ris-
ing temperature during milling. In conclusion, achieving a
significant increase in hardness was a combined influence of
the different strengthening mechanisms discussed in (i—vi).
However, mechanisms (i—iv) were speculated to be the domi-
nant ones according to previous analyses.

To further verify the hypothesis regarding strengthening
mechanisms (iii—iv), the elemental dispersion of reinforce-
ment (CNTs) and matrix (Al) was conducted employing
energy-dispersive spectroscopy (EDS) in the mapping
mode with high-resolution transmission electron micros-
copy (HR-TEM). As figured out in Fig. 15, the EDS sig-
nals from CNTs and Al were superposed on the cross sec-
tion of the 8 h milled powders surface. The dispersion of
CNTs was found to be homogenous throughout the matrix,
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Fig. 14 Brinell hardness of the
CNT-AI composites as a func- 260 -

tion of the milling time
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Fig. 15 HR-TEM-EDS mapping of 8 h milled powders, representing uniform dispersion of the CNTs in the Al matrix

which confirms our hypothesis about the contribution of
strengthening mechanisms (iii—iv). Finally, the homog-
enously dispersed CNTs would improve the hardening of
the matrix by the Orowan looping mechanism A schematic

illustration of the Orowan looping mechanism is illustrated
in Fig. 16. When gliding dislocation or dislocation pairs
throughout the matrix’s slip plane interacted or bypassed
with CNTs, they began to bend or left Orowan loop(s)
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Fig. 16 A schematic illustra- Al matrix
tion of the Orowan mechanism
showing dislocations loops

around the CNTs

1 >

-

Dislocation pairs /

Grain boundary

around CNTs. A higher force is required to drive more
dislocations to bypass the CNTs by leaving more Orowan
loops around the CNTs, resulting in an enhancement in the
hardness of the composites. Different researchers observed
similar Orowan loops surrounding the CNTs in the Al
matrix system. [60]. This observation, in turn, was also in
conformity to the Raman results of Fig. 9. Furthermore,
the inter-particle spacing among CNTs was monitored
to be uniform and on the order of the nanoparticle size
itself. Such short-ranged dispersions of CNTs hindered
dislocation movements, causing a higher dislocation den-
sity throughout even one minor particle, and concomitant
strain hardening because of the Orowan mechanism was
also observed by Yoo et al. [61] and Hassanzadeh-Aghdam
et al. [62] in the CNT-Al systems. As reported by George
et al. [63], increasing dislocation density also triggered the
grain refinement mechanism and supplied many refined
sub-grains into the matrix. The diverse arrangement of
adjacent sub-grains and a large amount of lattice distor-
tion locality at the grain boundaries prevented disloca-
tion movement in the certain slip plane, resulting in an
increment in the hardness. Other complementary benefits
associated with nanoscale dispersion of CNTs, such as
sub-grain formation leading to dislocation pinning, were
also reported [64]. What was observed in the present study
by using analytical methods such as Raman, XRD, SEM,
HR-TEM, and EDS agrees with the phenomena reported
in the literature. However, the result of this study distin-
guished itself in terms of the ~ 160% increase in hardness.
This achieved hardness value was profoundly higher than
ball-milled CNTs-reinforced Al matrix composite systems
reported by various researchers [65—73]. Such a remark-
able hardness increment was attributed to the combined
effect of different strengthening mechanisms currently in
the CNT-AI17075 composite milled for 8 h.
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4 Conclusions

The effects of ball milling time on the dispersion behavior
of CNTs within the A17075 matrix system were investigated
within the framework of strengthening mechanisms and via
ball milling. The influence of ball milling time on the struc-
tural and crystallographic properties of mixing powders and
their impacts on the microstructural evolution, hardness, and
relative density of produced CNT-A17075 composites was
thoroughly characterized by particle size analysis, particle
size distribution, SEM, XRD, HR-TEM, optic microscopy
analyses, and hardness and density measurements. The fol-
lowing main results and the conclusive remarks could be
drawn from the present study.

e As the ball milling time increased, the mean particle size
of mixture powders decreased. Raman spectrum, SEM,
and HR-TEM observations showed that the CNTs were
shortened to a large extent and uniformly distributed and
embedded into the ductile A17075 matrix. Also, TEM—
EDS mapping mode demonstrated that 8 h of milling
ensured the homogeneous dispersion of CNTs as nano-
scopic dimensions.

e The Orowan mechanism was assumed to be the dominant
hardening mechanism in the CNTs—Al17075 hybrid sys-
tem. A remarkable increment in Brinell hardness from
91 to 237 HB (~ 160%) was achieved in the composite
produced by 8 h milled powders. The observed ~ 160%
increase in hardness was ascribed to the high population
of uniformly distributed nanoscopic CNTs interior or
exterior regions of the powder particles, reduced particle
size, increasing lattice strain, and dislocation density.

e The combined effects of work hardening, dispersion
uniformity of CNTs, and increased hardness of pow-
ders improve the samples’ hardness. However, packing
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and sintering performance and resultant density values
were adversely affected by these circumstances due to
increased deformation hardening by further milling
process. Hence, a porous structure occurs, which has a
detrimental effect on density.

e Based on the above discourse, the present study’s out-
comes revealed that the production history of mixture
powders had a critical effect on the end of CNT-Al
product characteristics and performance, which still
remain a blind spot in the current literature.
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