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Abstract

In the present work, the 2024 aluminum alloy (Al2024) alloy has been produced by
mechanical alloying (MA). The alloy was then strengthened by dispersion of carbon
nanotubes (CNTSs) during different times. Thus, the effect of CNTs concentration and
milling time on the microstructure of the Al2024-CNTs composites was studied. The
results show a homogeneous dispersion of CNTs into the Al-matrix phase by
mechanical milling (MM). It was observed that the increment in the milling time, for a
fixed amount of CNTs, causes a reduction of the particle size of powders resulting from
MA. The finest particle size was obtained at 20 h of milling. These observations were
confirmed by scanning and transmission electron microscopy. After 10 h of milling, Cu,
Mg and other alloying elements constituting the Alzo24 alloy, form a solid solution and
only some remnant Mn particles were observed but not detected by X-ray diffraction.

Keywords: Carbon nanotubes, Aluminium composites, Mechanical alloying,
Microstructure.
Introduction

Mechanical properties of CNTs have attracted the attention of a large number of
researchers since their discovery in 1991 [1]. These materials are very useful
reinforcements for composites since they have a very high strength and very high

Young's modulus [2,3]. Therefore, they are used for the production of strong composites
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[3—7]. Their use as a strengthening phase has been evaluated in recent works where
aluminum was the matrix phase. This is because aluminum exhibits some unique
characteristics due to its low density. For instance, it can be strengthened by
precipitation of phases formed from the alloying elements (i.e., Cu, Mg and Zn) through
heat treatments. Additionally, it is possible to enhance the mechanical behavior of
aluminum alloys by reducing the particle size through milling processes based on
powders technology [8—10]. These microstructural features allow them to be used in a
wide range of aerospace and automotive applications. The production of composites by
CNTs dispersion into the metal matrix alloys has been investigated, lately [4,6,7,11-13].
However, it has been difficult to obtain an homogenous dispersion of the reinforcement
into the based-metal matrix. In the case of Al alloys, this problem has been solved by
milling process. Some researchers have studied the dispersion uniformity of CNTs
during short- and long-time millings, from few minutes to several hours, respectively
[7,12]. It has been found that, during this process, the reduction of the particle size is
determined by the milling time. However, another important factors that must be
considered during the synthesis of composites by MA are the concentration of CNTs
and the addition of a process control agent (PCA), which is used to avoid agglomeration
of particles during MM. High concentrations of CNTs (N10 wt.%) can cause a negative
effect on the mechanical behavior of the composites, as found by Feng et al. [4] during

fabrication of silver-matrix composites reinforced by CNTSs.
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Fig. 1. SEM micrograph ( SE image) showing the morfology of CNTs (reinforcement material ).

In the present investigation, CNTs have been dispersed homogeneously into an

Al2024 (produced from elemental powders) by MM.

Table 1

Content and milling time used for MA of Al12024-CNTs composites and alloys.
CNTs (wt, %) Milling time (h)

5 10 20 30

0.0 Apo Boo Coo Doo
0.5 ﬁ'ﬂf\ BDE CDS DDS
1.0 Ay Bio Cio D1g
20 Aag Bao Cao Do
3.0 Asg Bag Cao Dao
4.0 Aap Bao Cap Dao
5.0 Asp Bso Cso Dso

Finally, the effects of CNTs concentration and milling time on the microstructure
of Al2024-CNTs composites were investigated. The limit values used during the
production of the Al2p24-CNTs composites, were 5.0 wt.% and 30 h, of CNTs

concentration and milling time, respectively.
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Milling time (h)

CNTs concentration (wt. %)

Fig. 2. Effect of (NTs content and milling time on the morfology of Aluqsg-CNTs composites. From leftto right: CNTs concentration and from top to bottom: milling time. (a-c) Aqg, Ao
and Asy: (d-1) By, Bog and Bog: (g1} Cag, Con and Csq and (j-1) Dy, Do and Dgs, respectively.

Experimental

Powders of Al (purity of 99.5%,-200mesh), Cu (purity of 99.3%, —325 mesh), Mg
(purity of 99.8%, =325 mesh), Mn (purity of 99.3%, —325 mesh), Ti (purity of 99.3%,
—-325 mesh) and Zn (purity of 99.9%,-100 mesh)were used as the starting materials to
fabricate the Alo24 alloy. Mechanical-alloyed Al2o2a-CNTs composites have been
obtained using the Al2o24 alloy as the matrix phase and CNTs as the reinforcement
material. The later, has been produced by chemical vapor deposition (CVD) obtaining

bundleshaped fibres with an average diameter of ~80 nm (Fig. 1). Millings were
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performed in a high energy ball mill (SPEX-8000 M) during 5, 10, 20 and 30 h.
Concentrations of CNTs were 0.0, 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 wt.%, and an inert
argon atmosphere was used through the whole set of experiments to avoid oxidation.
Table 1 presents the processing parameters studied in this work as well as the
composites identification. The millings have been performed using hardened steel vials
and balls with a ball-to-powder weight ratio of 5:1, being the weight of samples 8.4 g.
Besides, methanol was used to avoid agglomeration acting as the process control agent
(PCA). The preparation of cross-sectionmilled powders was carried by hot mounting the
powders in bakelite and then prepared by conventional metallographic techniques. For
the study of the interaction between CNTs and Alzo24 particles a 0.5 g from the A50
composite were cold consolidated by using 1500 MPa during 1 min producing a sample
of 10mm of length and 5mm of diameter. Compacted sample was then held in liquid

nitrogen by 2 min and then caused a fracture for a further analysis.
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Fig. 3. Effect of milling time on the particle size distribution of samples milled during
(a) 5h, (b) 10 h, (c) 20 h and (d) 30 h of milling.

The patrticle size distribution was measured by the laser diffraction and scattering
method using a Mastersizer-2000 particle size analyzer. X-ray diffraction (XRD)
analyses were carried out in a Panalytical X'pertPRO diffractometer with Cu Ka
radiation (A=1.5406 A) operated at 40 kV and 35 mA in the 20 range of 20-100°. On the
other hand, scanning electron microscopy (SEM) characterization was performed using
two JEOL microscopes, a JSM5800-LV and a JSM7401F operated at 15 kV and 3-5
kV, respectively. Finally, transmission electron microscopy (TEM) characterization was
performed in a JEOL JEM-2200FS microscope operated at 200 kV. Samples were
prepared by focused ion beam (FIB) in a JEOL JEM 9320-FIB microscope operated at
30 kV and 25 mA.

Results and discussion
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Fig. 2 shows the effect of CNTs content and milling time on the microstructure of
the Alxo24-CNTs composites. As can be observed, the morphology and size of the
powders particles depend strongly on the amount of CNTs and milling time. In any case,
CNTs emerging fromthe powder particleswere observed(Fig. 2a, b and c)to display the
effect of CNTs content on the microstructure of the composites milled during 5 h (Aoo,
Azo, Asp). As can be seen, in Ag alloy, a uniform particle size was observed (Fig. 2a).
Increasing the CNTs concentration up to 2.0 wt.% (A20) does not appear to cause a
considerable change in the particle size (Fig. 2b). In contrast, when CNTs content was
increased up to 5.0 wt.% (Aso), a significantly reduction in the particle size was observed
(Fig. 2¢). Fig. 2d, g and j, shows the effect of milling time on the microstructure of alloys
without the reinforcement material (Boo, Coo and Doo). As can be seen, increasing the
milling time causes an increase in the particle size. Although PCA was used through the
millings, this result suggests that welding process is predominant during MA. As a
result, larger particles were observed. Nevertheless, when CNTs content was increased
up to 5.0 wt.% (Bso, Cso and Dso), smaller particles were obtained (Fig. 2f, i and |).
Therefore, it was clear that CNTs have a positive effect on the reduction of the patrticle
size.

Fig. 3 presents the particles size distribution and the median particle size value
(do:s) as a function of CNTs content and milling time. As can be seen, for the
unreinforced alloys (Aoo, Boo, and Coo), when milling time was increased from 5 to 20 h,
there was a small shift of the peaks to the left side. As a result, the dos value decreases
from 70.8 to 39.2 ym. However, when milling time was increased until 30 h (Doo), a

slight shift to the right side was observed and the dos value was increased up to 52.8
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Mm. The increase of the particle size was attributed to the dominant cold welding
process during MA. Fig. 3 also shows the effect of CNTs content on the particle
refinement.

The most prominent effect on the particle size reduction was noticed when CNTs
content was increased up to 3.0 and 5.0 wt.%. As can be seen in Fig. 3a, the patrticle
size of composites with 3.0 wt.% of CNTs was reduced from 70.8 to 40.6 ym. Thus, the
addition of the reinforcement material up to 3.0 wt.% results in a reduction of about 30
Mm compared with the unreinforced alloy (for the same 5 h of milling), see Aoo and Aso.

Fig. 3b shows the effect of CNTs content on the particles size distribution of
composites milled during 10 h. As can be seen, a similar behavior was observed, but in
this case, the particle size of the Bzg composite was around 13.9 ym smaller than that
observed in the Boo composite (42.8 vs 28.9 um). On the contrary, when the CNTs
concentration was increased up to 5.0 wt.%, a similar effect to that produced by milling
time was observed. In other words, an increment in the dos value was observed (Fig. 3a
and b).

Fig. 3c shows the effect of CNTs concentration on the particle size distribution of
composites milled during 20 h. As can be observed, there was a reduction of the
particle size, from 39.2 to 16.9 ym, when CNTs content was increased up to 5 wt.%,
compare C00 and C50 alloys. In contrast, for the same concentration of the
reinforcement material, but after 30 h of milling (Fig. 3d), the particle size was reduced

from 52.8 to 21.8 um, compare Dgo and Ds alloys.
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Fig 4. Cross-sectional microstructure (BSE image) of composites produced by MA: (a) Apg, (b) Asp, (¢) Dpg and (d) Dsg.

Then, according to Fig. 3, the smallest particles size in samples milled during 5
and 10 h, was obtained with additions of 3.0 wt.% of CNTSs, see Az and Bzo. On the
contrary, milling during 20 and 30 h causes the highest particles size reduction when a
5.0 wt.% of the reinforcement material was added, see Cso and Dso. A bimodal
distribution was observed in composites with 5 h of milling (Fig. 3a) where the small
peaks observed at ~1500 um, correspond to coarse patrticles. After 10 h of milling, the
coarse particles were presented for the Bio composite, but after 20 h of milling, all the
small peaks have been smoothed. In contrast, after 30 h of milling, a secondary peak
was observed indicating that the particles agglomeration during MA has occurred.

In general, the finest particle size was obtained with 20 h of milling for all CNTs
contents. Although some researchers have found that longer milling times can cause an

even greater powders refinement [14], it is known that prolonged milling times increase
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the accumulated work hardening, affecting the consolidation process. In addition, the
collection of finer powders could result in excessive reduction of the CNTs length.
Therefore, the optimum results can be obtained by an appropriate selection of the
processing parameters such as milling media, PCA and milling time, which are crucial
factors that must be considered during MM. For instance, Esawi et al.[12] observed that
CNTs kept their morphology after 48 h of milling using a low energy planetary ball mill
without using PCA.

Fig. 4 shows the microstructures of Ao, Doo, Aso, and Dso composites. As can be
seen, after 5 h of milling (Aoco), a lamellar structure was observed (Fig. 4a). This is
attributed to the repeated fracture-welding cycles that occur among the alloying
elements [15]. For the same milling time and additions of 5.0 wt.% of CNTs (Asp), a
different lamellar structure was observed (Fig. 4b). This effect was probably caused by
the interaction between the CNTs and the alloying elements during the milling process.
Therefore, a further analysis is necessary to carry out in order to confirm these
observations. For the same concentration of CNTs but after 30 h of milling (Doo and
Dso), smaller equiaxial structures with some remnant Mn particles were observed (Fig.
4c and d).

Fig. 5 shows the XRD spectra of the composites as a function of CNTs
concentration and milling time. For comparison, an unreinforced alloy without milling
(NM), was also analyzed. It was observed that only the Al, Cu and Mg signals were
detected in the NM alloy. However, the rest of the alloying elements were not detected
by XRD. This is related to their low concentration within the alloy. Fig. 5a shows the

XRD patterns obtained after 5 h of milling. The intensity of the Cu main peaks increases
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while the intensity of the Mg main peaks disappears. This is probably due to the
interference of the CNTs in the fracture-welding process that occur among the Al, Cu
and Mg powders during MA. At this milling stage, the formation of a solid solution has
not been reached. However, increasing the milling time until 10 h causes dissolution of
the alloying elements indicating the formation of a solid solution. A similar behavior was
observed after 20 and 30 h of milling. Fig. 5 shows that no peak broadening was
presented in any XRD pattern, independently of the milling time. Thus, the crystal size
reduction was not reached in any of the studied systems (despite the fact that a high
energy mill has been used). Therefore, the study of longer milling times (N30 h) on the
microstructural changes of these composites must be investigated. From XRD patters
(Fig. 5(a—d) there is no evidence of CNTs reflections at any composition this could be
explained because of the small amount of CNTs employed in the production of
composites.

In accordance with XRD results the increase in the milling time, as well as the
increase in the CNTs content are facts that were considered in order to understand the
effect on structure of the matrix composites. It was observed, in accord with XRD
analysis, that Cu, Mg and other alloying elements were dissolved into the aluminum
matrix, having reached a complete solid solution after 10 h of milling. No significant
changes on broadening of the peaks as a function of the milling time in the powders
here studied were observed. However, the SEM analysis indicates that there are some
Mn particles that due to their size were not detected by XRD and this implies the
possibility of a further studies about the increase in the milling time ( 30 h) for reach a

complete solid solution and as consequence its effect on the microstructural and
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mechanical properties (i.e.: grain size, crystallite size, lattice strain, hardness) of the

composites produced by milling routes.
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Fig. 5. XRD pattems from the Alyps-CNTscomposites. (a)5 h, (b) 10 h, (c) 20 hand (d) 30 h
of milling.

Even the composite material (Al2o2s-CNTS) is formed from the beginning of MA
process, a better dispersion of CNTs into Al matrix is gotten at longer milling times,
because to the welding and mainly to the fracturing events that occur during the milling

process.
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Fig. 6 displays SEM micrographs of two different zones of the A50 composite
particles after fracture. Due to the conditions of preparation of sample the sample,
dimples or cavities are not observed as occur in fractures from tensile test. Short
sections of CNTs appear well embedded in the Alxp24 matrix which indicates a strong
interfacial bonding between Alxo24 particles and CNTs. This interaction is observed in
detail in Fig. 6 (c and d). Observations carried out on the CNTs surfaces displays a
minimal damage in CNTSs structure after the first 5 h of milling.

Fig. 7 shows the microstructure (TEM-images) of samples with 5.0 wt.% of CNTs
milled during 5 and 30 h (Aso and Dsp). The presence of isolated nanotubes into the
matrix corroborates the homogeneous dispersion produced by milling process. When
milling time was increased from 5 to 30 h, a slight increment in the interplanar distance
of the CNTs walls was observed. The observation of the interplanar distance between
CNTs walls by TEM is given for three different zones, both for Aso and D50 composites.
In the inset of each figure, intensity pattern of the CNTs walls is presented. The
interplanar distance measured in the three zones in Fig. 7 (a—c), presents a constant
value about 0.339 nm. However, a slight increment in the interplanar distance of the
CNTs walls is observed from 5 to 30 h of milling. The interplanar distance measured for
Fig. 7 (d—f) is in the range of 0.384 to 0.413 nm in the three measured zones. Even
though defects in CNTs are presented during their synthesis, the damage effect
observed in the CNTSs structures displayed in Fig. 7 (d—f) can be attached to the MM
effect during their dispersion into the aluminum matrix.

This effect was caused by deformation of powder particles during MA (in the

high-energy ball mill). The outer walls of CNTs start being dissolved into the Al-matrix.
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This leads to the conclusion that a stronger interaction between the CNTs and the Al-
matrix is presented. By increasing the milling time, carbon atoms were pulled out from
the outer walls of the CNTs and form an amorphous AI-CNTs interface, which increases
as a function of the milling time. The amount of bonds formed between the Al and the
CNTs during milling, indicates a strong AI-CNTSs interaction, which is higher for longer
milling times. However, longer milling times (in a high energy ball mill) can destroy
completely the CNTSs, resulting in an amorphous phase of carbon dissolved into the Al-
matrix. Fig. 7 (a—c) shows the lattice fringes of the CNTs walls. However, an incipient
amorphization in the last wall of the CNTs was observed. On the other hand, after 30 h
of milling, the degree of amorphization was higher. Therefore, it was more difficult to
identify the last wall of the CNTs (Fig. 7 d—f). These observations suggest that the
mechanical bond between CNTs and the Al-matrix was strengthened with increments of
the milling time.
Conclusions

The results of the present investigation show that Alxo24-CNTs composites can be
produced successfully by milling process. A homogeneous dispersion of CNTs into the
Al>024 alloy was obtained. In general, the smallest particle size was obtained after 20 h
ofmilling for all of the CNTs contents. Moreover, a different response for a given milling
time was observed depending on the CNTs concentration. After 30 h of milling, an
increment in the particles size of the unreinforced alloy (D00) was observed. However,
with additions of CNTs up to 3.0 wt.% the smallest particles were obtained after 5 and
10 h of milling, while with 5.0 wt.%, the smallest particle size was reached after 20 and

30 h.
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100 nm

Fig. 6. CNTs embedded in the aluminum matrix in two different zones of the As; composite. (a) First zone, and (b) close- up to the CNT emerging from the Al matrix. (c) Second zone,
and (d) close-up to the CNT embedded into the aluminum matrix.

The results of SEM and XRD analyses show that Cu, Mg and other alloying
elements were dissolved into the Al-matrix and form a solid solution after 10 h of milling.
Apparently, there was not a significant peak broadening for any milling time. However, it
is necessary to study the effect of longer milling times (N30 h) on the crystallite size and
lattice strain.

The microstructures obtained by TEM show that there exist a strong interaction
between the matrix and the reinforcing phase. Furthermore, a slight increment in the
interplanar distance of CNTs walls was observed after 30 h of milling.
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