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Abstract: A new technique for the manufacture metal matrix composites has recently been
developed. This technique produces a structure of a metallic matrix banded structured-layers of
multiwall carbon nanotubes by a diffusive processes. To understand the increase in the volumetric
mechanical properties of the composite and the dispersion of the nano-reinforcement, a
nanomechanical characterization was performed by nanoindentation and atomic force microscopy.
From the mechanical tests performed, a stiffness and elastic modulus maps were made near the
reinforced areas, then the dispersion of the nano-reinforcements and the homogeneity of the
mechanical properties were accessed. The results showed an increase in the modulus of elasticity of
up to 150%; and a good dispersion of the nano-reinforcements in the reinforced zone, which
demonstrates the feasibility of the alternative manufacturing process for increasing the mechanical
properties of the composite.
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1. Introduction

Metal matrix composites (MMCs) have been important in the development of transport-related
technologies, in particular for aerospace and ground transport [1]. The main used matrices are those
based on materials with a high strength to weight ratio (S = R/W). In these matrices, a significant
increase in mechanical properties has been demonstrated through the use of both micron and nano
sized ceramic reinforcements such as fibers and carbon particles [2], boron [3], silicon carbide [4]
and glass [5]. The technological implementation of this kind of composites leads to a decrease in the
fuel consumption in transport systems and, therefore, to a decreasing of polluting emissions.

In general, the manufacturing processes of MMCs based on particulate reinforcements has some
drawbacks, particularly it is quite complex to obtain a good dispersion of the reinforcement into the
matrix; this problem is even more complex when carbon nanotubes (CNTs) [6] are a superior tensile
strength and elastic modulus than conventional engineering materials [7]. The CNTs have many
applications in industry and engineering such as: field emission probes [8], nano-devices and
nano-circuits [9], SPM (scanning probe microscopy) [10], sensors [11], photonics [12],
biotechnology [13], chemistry and materials science [14].

For the manufacturing of nano-reinforced metal matrix composites, several authors have used
powder metallurgy [15], liquid state processes [16] and diffusive processes [17]. However, for each
one of these processes, the dispersion of the CNTs into the matrix has been a challenge because they
are prone to suffer agglomeration. This is due to, among other causes, the high specific surface area
of the CNTs (~20 m?/g) and to the van der Waals forces developed between the matrix and
reinforcement. The agglomeration of the CNTS can cause voids and clusters that are stress raisers
and, therefore the mechanical performance of the composite is compromised.

Several authors have proposed modifications to the conventional manufacturing processes to
overcome some of the difficulties on the dispersion of CNTs in metal matrices. For example,
Esawi et al. [18] determined the appropriate conditions to disperse the CNTs in aluminum powders
and found the appropriate agitation time in the ball mill machine. In their work, they also studied the
chemical transformation of the reinforcements and its mechanical damage due to the process. In
another study, Esawi et al. [19] dispersed the CNTs in aluminum powders by ball mill at high energy
levels; subsequently the powders were compacted between copper plates and then hot rolled. It
produced a composite sheet with some alignment of the CNTs due to the deformation process,
leading to an increase on some of the mechanical properties in the rolling direction.

Regarding the use of powder metallurgy for the manufacturing of magnesium matrix composite
materials reinforced with CNTs, several authors have tried to integrate different techniques and they
have even manufactured hybrid materials in order to increase the properties of the composite
material. Li et al. [20] used the CNTs on NiO/Al,O; particles mechanically mixed with Mg powder,
compacted at 500 MPa and sintered at 500 °C for one hour. Finally, to enhance the hardness, the
mechanical strength and elastic modulus, the composite material was extruded. Other authors [21,22],
used AZ31 magnesium alloy and pure magnesium plus CNTs with the aim to study the fracture
behavior and the homogenization of the reinforcement in the matrix. They found that fracture
toughness increases due to the action of CNTs on AZ31 magnesium alloy, however, CTNs clusters
were found and therefore an optimization of the mechanical properties was not fully obtained.

Isaza et al. [23,24] manufactured by the sandwich technique two different composites: pure
aluminum and AZ31 magnesium alloy, both reinforced with MWCNTs. This technique takes
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advantage of the easiness to disperse and align the CNTs into polymeric matrices to finally bring the
reinforcement to the metal matrix through a sintering process [25], obtaining good dispersion and
some alignment degree of the CTNs into the matrix. Moreover, no harmful interphases were detected
at the interface of the reinforcement and the metallic matrix allowing suitable load transfer between
them. However, Zhou et al. [26], synthetized Mg—CNTs composites by powder metallurgy and
different types of aluminum carbides were formed at the interface, this finding decreases some
mechanical properties of the composite. Several of those studies have shown that poor dispersion of
nano-reinforcements produces negative effects on the mechanical response of the composite
material [27,28].

Another important aspect is the interface between the metallic matrix and the reinforcement.
Several authors have studied the interface in order to understand the mechanisms of load transfer
between the reinforcement and the metallic matrix. For such nano-mechanical characterization,
different techniques have been used, to mention some of them: Nanoindentation [29], micro and
nano-cantilever compression and flexion tests [30], nano-tension tests [31], in-situ HRTEM [32],
FESEM [32] and atomic force microscopy (AFM) [33]. AFM based Nanomechanical modes, such as
force modulation [34], force volume [35], lateral force microscopy [36], peak force tapping [32] and
tapping mode phase imaging [37], provide sample’s mechanical properties and surface topography.
The AFM force-distance (FD) spectroscopy acquires the tip applied force and its position in three
axis, it enables based on the force and tip vertical displacement to obtain some mechanical properties
such as hardness, elastic modulus, etc. and, for this to be possible an appropriate contact mechanics
model must be used [38].

Zhou et al. [39] studied the shear strength between metallic matrix and CNTs by an in-situ
pull-out technique. The MWCNT was pulled out from the Al matrix using a three-axis
nano-manipulator system installed inside an SEM chamber. The effective embedded length and
diameter of the MWCNTs incorporated in the Al matrix were evaluated by observing the pulled out
MWCNTs under HRTEM. The mechanical properties of the MWCNT/AI composites were in good
agreement with the estimated load transference efficiency of 60%. Other authors studied the
interfacial interactions between carbon nanotubes and aluminum and titanium matrixes [40,41], the
nano-mechanical measurements revealed a shear lag effect on the CNTs-Ti interface obtaining an
interfacial shear strength 32% higher compared to CNT—Al interface.

A recent AFM study performed by Zhang et al. [42] shows the capabilities of the AFM
technique to explore the mechanical behavior of nano-composites. They studied the elastic modulus
variation in a polylactic acid/polye-caprolactone reinforced with CNTs nano-composite. The authors
found that MWCNTs are mainly dispersed in the polyes-caprolactone phase which is adjacent to the
Polylactic acid phase. The elastic modulus distribution significantly changes with the introduction of
MWCNTs. No intermediate layers in the interfaces were observed, indicating weak interactions in
the polymer/MWCNTs interface. The same was concluded by Zhu et al. [43], they found a poor
miscibility between polye-caprolactone and cellulose acetate butyrate by AFM tapping mode.

This work presents a microstructural and nano-mechanical characterization of composites
synthetized by the sandwich technique made of AZ31 magnesium alloy and carbon nanotubes. A
quantification of the dispersion of the CNTs is performed by statistical methods. A nanomechanical
mapping characterization using AFM and nanoindentation was done in order to characterize the
hardness and elastic modulus in the reinforced zone.
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2. Materials and methods
2.1. Composites synthesis

MWCNTs were supplied by Nanostructured & Amorphous Materials Inc. (98% of purity),
which have outer diameters ranging from 10 to 40 nm, inner diameters between 10 and 20 nm and
lengths between 30 and 50 pm.

The composites were manufactured in two steps: initially multi-walled nanotubes (MWCNTs)
were dispersed into polyvinyl alcohol (PVA) in three different weight percentages (0.25, 0.5 and 1 wt%)
and mechanically aligned by stretching [25]. Then the stretched sheets of each PVA/MWCNTs
percentage were stacked with sheets of the AZ31B magnesium alloy and hot compacted in a
controlled atmosphere furnace. Thus, three composites were manufactured with different percentages
of MWCNTs added into metal matrix. For more details of the manufacturing process, see
reference [24].

2.2. Microstructural characterization

For microstructural characterization, the samples were cut and subsequently metallographically
polished. The microstructure observation was performed through a field emission scanning electron
microscope (FESEM) JEOL JSM-6701F. For metal matrix composites dispersion quantification,
representative images were divided into 10 x 10 grid lines along the horizontal and vertical
directions, then the spacing, both horizontal and vertical, between nearest MWCNTs were measured
at each grid intersection using a free software Gwyddion. These data were analyzed using the
statistical distribution model [25] shown below in Eq 1.

flx) = xnlznexp [—%(lnxn_m)z] for x > 0

)
f(x) =0for x <0

u? u2+g2 . . . .
where m = In N and n = |[ln —z o XIs the free-path distance, u is the mean and o is the

standard deviation for the free-path distance measured.

2.3. Atomic force microscope characterization

The composites samples were characterized by AFM in order to evidence the homogenous
dispersion of the MWCNTs into metal matrix. The tests were performed on a Park Systems® device
(Park NX10) and the PinPoint mode was used with a CONTSCR micro-cantilever using a constant
load of 20 nN. The pin point mode allows to obtain sample’s stiffness mapping through
force-distance (F-D) acquired at each pixel over the entire scan area. In this mode, the surface
morphology as well as the quantitative nanomechanical properties (i.e., modulus, adhesion,
deformation and dissipation) of the sample can be obtained, in other words this mode could allow
detecting phase changes. An Approach time of 3.0 ms, retract time of 2.0 ms, stiffness threshold
of 8.00 nN and FMR probe by Park System with force constant of 2.8 N/m and resonance frequency
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of 75 kHz were used as instrument setup. The spring constant and sensitivity calibration was
conducted on a bare Si wafer before to start the measurements. There, the deflection was converted
to a force using the spring constant of the cantilever (2.003 N/m). A tip sensitivity of 29.18 V/pm
was obtained. The AFM scanning were carried out in an area of 5 um X 5 pum in the reinforced zone
and the results will show the contrast mapping for elastic modulus in the interface between
magnesium layers; however, this result only allows a qualitative relationship between the composites
studied. Therefore, this map allows a direct comparison with the MWCNTs dispersion results
obtained by FESEM images and nanoindentation test as will be seen later.

2.4. Nanoindentation characterization

The nanoindentation tests were performed on an IBIS Authority Fischer-Cripps with a
Berkovich-type diamond tip in closed loop mode. It was scanned an area of 50 um % 25 um with a
maximum load of 1 mN producing a maximum depth of about 200 nm. Then, to obtain more detailed
information, it was scanned an area of 5 pm x 5 um with a maximum load of 0.3 mN producing a
maximum depth of about 50 nm. For both tests, the separation between indentations were more
than 5 times the maximum penetration in order to avoid the effect from surrounding indentations as
demonstrated Cheng et al. [44,45] (separations of 5 um and 250 nm for maximum loads of 1 mN
and 0.3 mN, respectively). The mechanical properties were deconvoluted using the Oliver and Pharr
method [44,45] and then plotted in contour curves shown in Figures 4 to 6.

3. Results and discussions
3.1. Microstructural characterization

Microstructures for each of the manufactured composites are shown in Figure 1. In the
reinforced zones (study zone or diffusion zone, that corresponds to the interface between the
magnesium sheets where the PVA sheet reinforced with MWCNTs were placed), MWCNTs are
embedded in the magnesium matrix as is shown in Figure 1b—d for the magnesium reinforced
with 0.25, 0.5 and 1.0 wt% of MWCNTs, respectively. Figure 1a shows the microstructure of the
material manufactured without reinforcement, that is, the material compacted by the sandwich
technique and, the diffusion area between the magnesium sheets is evidenced.

In the microstructures analyzed, it can be seen that the MWCNTSs are well dispersed in the
magnesium matrix. In addition, as seen in Figures 1a—d, pores due to the manufacturing process are
not evidenced. Therefore, an increasing in the mechanical properties at a volumetric level is
expected [24].
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Figure 1. FESEM micrographs. (a) 0 wt% MWCNTs, (b) 0.25 wt% MWCNTs, (c) 0.5
wt% MWCNTs, and (d) 1.0 wt% MWCNTs.

3.2. Quantification of the CNTs dispersion

For the dispersion quantification, the methodology described above (section 2.2) was used. The
data obtained from the measurements of the horizontal and vertical distances were plotted below the
micrographs as a histogram, which shows a lognormal distribution as seen in Figure 2a—c for each of
the manufactured composites. From the histograms, the degree of dispersion was calculated
following the procedure proposed in reference [25].

Figure 2a shows for the composite material reinforced with 0.25 wt% of MWCNTs an average
distance between MWCNTSs of 33.1 nm with a standard deviation of 19.25 nm. For this composite,
most of the data is in the range of 20—28 nm. Similarly, Figure 2b shows for the composite reinforced
with 0.5 wt% of MWCNTs, an average distance between MWCNTs of 22.2 nm with a standard
deviation of 23.4 nm, most of the data is in the range of 15-20 nm. Finally, for the composite
reinforced with 1.0 wt% of MWCNTs (Figure 2¢) reveals an average distance between MWCNTs
of 30.6 nm with a standard deviation of 29.8 nm, and most of the data is in the range of 20-30 nm. It
is important to mention that the differences in the image sharpness is due to the difference in the
CNTs depths respect to the surface level, in other words in some cases as Figure 2b CNTs are
completely exposed, while in the other cases they are beneath the surface covered by magnesium.
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Figure 2. CNTs dispersion: (a) 0.25% CNTs, (b) 0.5% CNTs, and (c) 1.0% CNTs.

The results show that the dispersion of MWCNTs has a similar behavior, i.e., their average
separations with the addition of MWCNTs in metal matrix are similar; this can be due to the
sonication energy ranges used. The quantification of the dispersion degree, which measures the
percentage of MWCNTs that are in a separation range (most of data that are within the range),
reveals values between 8.39 and 14.40%, much better values compared to other studies that reached
values of only 4% [46].

However, this quantification may vary between study areas for the same composites, among
other reasons, due to heterogeneities in the diffusive process. Clearly, there is a high standard
deviation, which is lower for low MWCNTs contents, which also means a better and more
homogeneous dispersion of the reinforcement. Therefore, a more detailed study of this parameter is
required for future research. In Table 1 is summarized the data obtained. This data can be compared
with the data reported in [25] for the polymer matrix composites reinforced with MWCNTSs, however,
during the hot compacted process, diffusion occurs and the MWCNTs distances can be change.

Table 1. Measured and calculated parameters for the Mg—MWCNTs composites.

Sample (wt% MWCNTSs) Average free path (nm)  Standards deviation (nm) Dy

Mg-0.25 wt% 33.1 19.25 14.40
Mg-0.5 wt% 222 234 8.39
Mg-1.0 wt% 30.6 29.8 9.01

3.3. AFM results

Figure 3 shows the results of the AFM pin point tests, which were analyzed with the Gwddion
software in its free version. The images show a mapping of the stiffness, bright colored zones
correspond to bigger stiffness. It must be kept in mind the measured stiffness is not accurate, because
it highly depends on: the cantilever tip roundness and on the choice of the region of the
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force-distance curve; we fixed these conditions so the bias is always the same extent for all the
samples. Moreover, the reported stiffness is influenced by the surroundings, included those beneath
the sampled surface, in other words the sampled zone can be thought as a system of parallel springs
where each phase has its own stiffness (like in a coated system). This can partially explain the
differences in the maximum values of the stiffer regions. This effect is minimized when the
penetration depth of the cantilever tip is increased as in the case of any indentation test: at higher
loads a mean effect of all the phases indented is sensed. Some profiles were also made, it is evident
that there is a dispersion of the areas with bigger stiffness; it suggests MWCNTs dispersion in the
matrix was appropriated allowing to obtain very good mechanical properties as shown in this
research.
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Figure 3. PinPoint AFM mode at the interface between magnesium sheets. (a) 0.25 wt%,
(b) 0.5 wt%, and (c) 1.0 wt% of MWCNTs. Bright colored zones correspond to bigger
sample stiffness.

3.4. Nanoindentation results
For the nanoindentation tests, two modulus mappings were performed as described in section
2.4. The first mapping was carried out in an area that evidenced the change between the base material

(sheets of Mg alloy) and the reinforced area (Mg plus CNTs or “diffusion zone”). The second
mapping, which is a close up of the initial mapping, was performed in the reinforced area with an
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increase in the resolution in the measuring of the mechanical properties.

Figure 4 shows the mapping (Figure 4a) and a detail mapping (Figure 4b) of the reinforced area
for the composite manufactured with 0.25 wt% of MWCNTs, besides the Figure 4c shows the
representative nanoindentation data curves for the maximum loads used (0.3 and 1 mN). Figure 4a
shows that the elastic modulus goes from 45 GPa for the base material up-to about 120 GPa in the
reinforced zone. In addition, in the reinforced zone shown in Figure 4b, it can be seen that the
reinforcing phase (that has an elastic modulus greater than the matrix) is properly dispersed. As has
been seen above, this has been validated by the microstructural characterization and by qualitative
AFM mapping.
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Figure 4. Nanoindentation data for composite reinforced with 0.25 wt% added into
metallic matrix. (a) Nanoindentation mapping in a scanned area of 50 um % 25 pm and a
maxima load of 1 mN, (b) detailed nanoindentation mapping in a scanned area of 5 pm
X 5 um and a maximum load of 0.3 mN, and (c¢) Representative data curve for both
(loads of 0.3 and 1 mN).

Finally, for composites manufactured with 0.5 and 1 wt% of MWCNTs, Figures 5 and 6 shown
a similar trend to the 0.25 wt% of MWCNTs composite, i.e, the elastic modulus change from 45 GPa
up-to about 100 and 120 GPa, respectively (Results obtained for nanoindentation load of ImN). In
addition, for these two composites, there is a decrease in the dispersion of the reinforcing phase, but
a greater elastic modulus with respect to the composite manufactured with 0.25 wt% of MWCNTs
was evidenced (Results obtained for nanoindentation load of 0.3 mN). This is consistent with what
was observed through AFM and FESEM analysis; in other words, MWCNTs are closer and are
present in more quantity for the composites reinforced with 0.5 and 1 wt% of MWCNTs. It is
important to clarify that the elastic modulus of the MWCNTs are about 800-1000 GPa, while the
data obtained in the composites even when the indenter tip is placed on top of a CNT are influenced
by penetration depth of the indenter tip, i.e., by the volume of the sampled zone. A very shallow
indentation (on the order of 2—5 nm) is required to obtain values closer to the CNTs.
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Figure 5. Nanoindentation data for composite reinforced with 0.5 wt% added into
metallic matrix. (a) Nanoindentation mapping in a scanned area of 50 um % 25 ym and a
maxima load of 1 mN, (b) detail nanoindentation mapping in a scanned area of 5 um

x 5 um and a maxima load of 0.3 mN, and (c) Representative data curve for both (loads
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Figure 6. Nanoindentation data for composite reinforced with 1.0 wt% added into
metallic matrix. (a) Nanoindentation mapping in a scanned area of 50-25 pum and a
maxima load of 1 mN, (b) detail nanoindentation mapping in a scanned area of 5 um

x 5 um and a maxima load of 0.3 mN, and (c) Representative data curve for both (loads
of 0.3 and 1 mN).

4. Conclusions

With the characterization techniques used in this study, it was possible to demonstrate the
increase of the mechanical properties in the reinforced zones by the action of reinforcement, this
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characterization validate the increase of mechanical properties in bulk shown in previous works. In
addition, it was possible to demonstrate a well dispersed MWCNTS in metal matrix by FESEM,
AFM and nanoindentation test. Although the ideal situation is to have a 100%-degree dispersion (all
reinforcements are the same distance), reaching a 10%-degree dispersion is promising compared to
other studies that show 3% and 4% dispersion degrees. This dispersion is reflected in the increase of
the mechanical properties at volumetric and micrometric level (as demonstrated by the qualitative
stiffness mapping through AFM and the quantitative elastic modulus mapping by nanoindentation
test).

Finally, the increase in the elastic modulus in the study area respect to the magnesium were:
100%, 110% and 130% for composites manufactured with 0.25, 0.5 and 1 wt% of MWCNTs added
into magnesium matrix. These increases are significant and evidence the appropriate dispersion of
the reinforcement achieved in the reinforced zone.
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