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CNT Reinforced Light Metal Composites Produced by Melt Stirring and by High Pres-
sure Die Casting
Qiangian Li, Christian A. Rottmair, Robert F. Singer

Institute of Advanced Materials and Processes, University of Erlangen-Nuremberg,

Dr.-Mack-Str. 81, 90762, Fuerth, Germany

Abstract

Light metal matrix composites are of great interest due to their potential for reducing CO,
emission through lightweight design e.g. in the automotive sector. Carbon nanotubes can be
considered as ideal reinforcements, due to their high strength, high aspect ratio and thermo-
mechanic properties. In this research, CNT reinforced light metal composites were produced
by melt stirring and by high pressure die casting, which can be both easily scaled up. The
light metal composites showed significantly improved mechanical properties already at small

CNT contents. The influence of CNT concentration on the composites was also studied.

Keywords: A. Carbon nanotubes (CNTs); A. Metal-matrix composites (MMCs); A. Nano

composites; B. Mechanical properties; E. Casting

1 Introduction

The issue of CO, emission has become more and more critical during the last decades. One of
the main sources of CO, emission is from transportation. One liter of petrol consumption in-
duces 2.34 kg CO; and the petrol consumption is directly connected to the average weight of
a car. European Commission has proposed to reduce the average CO, emission from new cars
to 130 g/km by 2012, which means a requirement of 5.6 | petrol / 100 km for a car. To fulfil

this regulation, one of the solutions is to reduce the weight of a car. An average weight for a



car of less than 800 kg is required. Therefore the use of light metals is becoming important.

Currently lightweight metal alloys are used in relatively small quantities in automotive appli-
cations due to their relatively low strength which limits their potential applications. To over-
come the limitations, much research has been done on producing light metal matrix compos-

ites to improve the mechanical properties by adding different reinforcements.

The reinforcing mechanisms considered to be most important in nano particle reinforced
metal matrix composites are load transfer, Orowan mechanism and thermal mismatch. In or-

der to obtain a high strengthening effect,

® Load transfer requires i) a high aspect ratio of the reinforcement ii) a much stronger

reinforcement so the load can be efficiently transferred;

e Orowan mechanism requires a small interparticle spacing, i.e. for a certain volume
fraction of the reinforcements, smaller particles yield smaller interparticle spacing as
the number of particles increases; Additionally rod shaped reinforcements cause more

strengthening compared to spherical reinforcements [1];

o Thermal mismatch needs a high difference of the coefficient of thermal expansion
(CTE) between the reinforcements and the matrix to create higher dislocation density

around the reinforcements.

To sum up, an ideal reinforcement to obtain a good strengthening effect in light metal matrix
should have high strength, high aspect ratio, small diameter, a rod shape and a different CTE
from light metal matrix, additionally with other good properties such as low density to keep
the composites as light as their alloys. Accordingly carbon nanotubes (CNTs) can be consid-
ered as ideal reinforcements, due to their: favourable geometrical properties (high aspect ratio,

high specific surface area), good physical properties and excellent mechanical properties.



Theoretical simulation [2-5] and experimental results [6-9] have indicated their extraordinary

strength (about 150 GPa) and Young’s modulus (about 1 TPa).

The main reason for introducing CNTs into light metal matrix composites is enhancement of
the mechanical properties but also the tailoring of density and hardness. Recent studies also
mentioned the modified electrical conductivity, tribological and friction behaviour, and coef-
ficient of thermal expansion. Because of the difficulties in introducing CNTs into-metal melts,
most work used powder metallurgical (PM) approaches [10-14] including hot pressing [15-
16], plasma spray forming [17-18] and hot extrusion [19-24]. Generally speaking, the prop-
erty improvement achieved in CNT/metal composites fabricated by PM techniques has not
fulfilled the expectations. This is commonly ascribed to the fact that CNTs are inhomogene-
ously dispersed and/or agglomerated at the grain boundaries of the metal matrix. A technol-
ogy capable of dispersing CNTs homogenously in the metal melts is expected to overcome
the problems listed above.

If few CNT are present, their reinforcing effect increases with increasing volume fraction. At
elevated CNT volume fractions, homogeneous dispersion becomes difficult as CNTs begin to
agglomerate. Hence, most research groups [25-27] pointed out that there is an optimum CNT

volume fraction which produces maximum enhancement of mechanical properties.

In this work, carbon nanotube reinforced light metal composites were produced by two differ-
ent methods. One is to produce CNT reinforced Mg AZ91 composites by a two-step process,
which has been described in our previous papers [28-29]. The two-step process includes: step
one is a pre-dispersing procedure of CNTs on the Mg, in order to break down big agglomer-
ates; step two is the fabrication of CNT/Mg alloy composite by a melt stirring technique. At
step one a block copolymer is used as a dispersing agent to pre-disperse CNTs on Mg alloy

chips. The block copolymer was chosen because it has already been proven in previous re-



search that it can improve the dispersion of CNT in ethanol [30-31]. In our previous paper, we
have already shown that by adding a small amount of CNTs (0.1 wt%), the mechanical prop-
erties of the composites have been improved. In this paper, we continue our research and use

different amount of CNTs to produce the Mg composites.

Another method is to produce CNT reinforced Al alloy composites by high pressure die cast-
ing process. High pressure die casting is an efficient and economic process manufacturing
complex shaped components in high quantities. Furthermore, the high-speed casting process
provides a high sheer speed to disperse carbon nanotubes homogenously into the Al alloy
melt. In this paper, we introduce high pressure die casting to produce CNT/Al alloy compos-

ites and investigate the resulting enhancement of mechanical properties.

2  Experimental

2.1 Melt stirring

The block copolymer Disperbyk-2150 (BYK Chemie GmbH) was first dissolved in ethanol in
a small beaker. Then multiwall CNTs (MWNTs, mass ratio to the block copolymer 1:1, Bay-
tubes® C 150P) were added to the as-prepared solution. This mixture was put at room-
temperature into an ultrasonic bath for 15 minutes. Then it was stirred for 30 minutes at 250
rpm. After adding Mg alloy chips (AZ91 D, ECKA), the suspension was further stirred at 250
rpmrinside a fume cupboard to evaporate ethanol and homogenize the mixture. After the mix-
ture-was dried, the MWNT coated chips were placed in a cylindrical sample crucible as show
in Figure 1 [28]. This crucible was placed into an oven used in our previous paper and heated
up to 670 °C under an inert gas atmosphere to avoid oxidation. When the Mg alloy chips were
molten, the liquid was mechanically stirred at 350 rpm for 30 minutes to further disperse

MWNTs. After stirring, the molten MWNT/Mg composite was poured into a mould. The



cooled sample was machined to cylindrical shaped specimens (diameter 5 mm X height 7 mm)
for subsequent compression tests. According to the described procedure, AZ91 composites
with different contents of MWNTs (0.1 wt%, 0.5 wt% and 1 wt%) were produced. Reference

samples were made using exactly the same procedure but from pure AZ91.

After the pre-dispersion step scanning electron microscopy (SEM) was used to observe the
microstructure on the surface of CNT coated Mg chips. The resulting samples were tested by
compression testing to determine the compression at failure, compressive yield strength and
ultimate compressive strength. Tests were conducted at ambient temperature using standard
tensile/compression testing equipment (100 kN load cell). Testing was performed at a con-
stant strain rate of 0.01 second™.

argon outlet
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Figure 1. Melt stirring equipment [28] Figure 2. High pressure die casting
2.2'High pressure die casting

MWNTs (0.05 wt%, Baytubes® C 150P) were weighted and then wrapped in Al foil to form
a ball. Four balls containing MWNTSs were set on the entrance of the die as shown in Figure 2.
The molten Al alloy (Al239D, AISi10Mg) was pushed into the die by the piston with a high
velocity. Because of the small cross section at the entrance, the melt is accelerated to a high

speed (as fast as 250 m/s), which leads to a turbulent flow in the die and could help the dis-



persion of MWNTs [32]. After cooling, the samples were cut to dog-bone shapes for tensile
testing. Tests were conducted at ambient temperature using standard testing equipment (In-
stron 4505, 100kN). Testing was performed at a constant cross-head speed of 5 mm/second.
X-ray diffraction (XRD, Philips X'Pert)) was conducted on the pure Al alloy and the MWNT

reinforced Al alloy to check for carbide formation in the composites.

3 Results and Discussion

3.1 Melt stirring

For Step 1, the pre-dispersion of CNTs on the Mg alloy chips, SEM analysis was used to
study the microstructure of the raw MWNTs and the MWNT coated Mg alloy chips. Figure 3
(a) and (b) are SEM images of the MWNTs as received. From the images, it can be observed
clearly that the raw MWNTs are agglomerated in big bundles. Figure 3 (c)-(f) exhibit the
SEM images of dispersed MWNTs on Mg alloy chips. Individual MWNTSs can be found on
the Mg surface after the pre-dispersion process. In the case of 0.1 wt% and 0.5 wt% of
MWNTs, no agglomerates can be observed. When increasing the amount of MWNTs, ag-
glomerates of entangled MWNTs with a size of up to 2 um can be observed (Figure 3f).
Therefore, we can conclude that for a small amount of MWNTSs, during step one, MWNTs
can be homogenously dispersed on the Mg chips. For the samples with increased amount of

MWNTs, agglomerates can still be found.



(b) MWNTSs as received_
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Figure 3.. SEM images of (a), (b) raw MWNTs as received; (c-€) MWNTs dispersed on the surface of the

AZ91 chips, where different nominal amounts of MWNTSs were added. (f) With increasing weight fraction of
MWNTs larger agglomerates can be observed, which are non-existent in the case of the 0.1 wt% and 0.5 wt%

MWNT/AZI1 chips.

For the MWNT reinforced AZ91 composites, mechanical properties were measured by com-
pression test. Typical stress-strain curves of the different MWNT/Mg composite and the pure
AZ91 Mg alloy are shown in Figure 4 (a). It is clear that the compression at failure and the
ultimate compressive strength were all increased by addition of MWNTSs. There is no obvious

change of compressive yield strength. And it can be seen that the mechanical properties for



the MWNT/AZ91 composites do not change significantly with an increasing amount of

MWNTs.

To improve the statistical significance of the results, 24 specimens were tested following the

same procedure. The properties for the composites are shown in Figure 4(b)-(d), as a function

of weight fraction of MWNTs. The properties of the AZ91 are also plotted for comparison.
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Figure 4. (a) Typical compression stress-strain curves of different MWNT AZ91 alloy composites (0.1 wt.%,
0:5 wt.% and 1 wt.%) and AZ91. Comparison of (b) compression at failure; (c) 0.2% yield strength and (d) ulti-

mate compressive strength averaged over 24 samples.

The compression at failure and the ultimate compressive strength increases significantly for
the MWNT/AZ91 composites compared to the AZ91 alloy by adding a small amount of
CNTs, as discussed in our previous paper [29]. An increase of the ultimate compressive

strength of 20 % has been reached by adding 0.1 wt% MWNTSs. An even higher increase was



observed for the compression at failure of the MWNT/AZ91 composites, which increased
about 40 % compared to the AZ91. The improvement of the mechanical properties of the
composites is contributed to excellent properties of carbon nanotubes. Moreover, combining
the SEM observation with the results of our mechanical testing, we attribute the improvement

of the mechanical properties to the good dispersion of MWNTs in the Mg metal matrix.

Compared to AZ91, adding MWNTs did not change the 0.2 % yield strength as dramatically
as other properties. The value of the 0.2 % yield strength for AZ91 is 130 MPa. For the

0.1 wt% MWNT/AZ91 composite, the 0.2 % yield strength is 125 MPa and does not signifi-
cantly change by increasing the amount of MWNTs, regarding the scattering of the data.
However, because of the limitation of the measured sample geometry, i.e. the top surface of
the cylinder sample was not perfectly parallel to the bottom surface, and the short gauge
length (7 mm in the case) in the compression test, the 0.2 % yield strength may not be very

accurate. 1 % or 2 % yield strength will be measured for comparison in our further study.

When increasing the amount of the MWNTs, there was no obvious effect on the mechanical
properties. This can be explained by the fabrication process. It has been observed that with an
increasing amount of MWNTs, not all MWNTs could be separated into individual MWNTs
during the pre-dispersion process (see Figure 3). Larger agglomerates may be incorporated
into the.composite. Hence, the mechanical properties remain the same when increasing the
amount of MWNTs, as the large agglomerates do not enhance the properties of the resulting

composites.

Furthermore, during the experiments it could be observed that by increasing the amount of
MWNTs, a larger amount separated to the top or bottom of the melt and did not reside in the

melt. Therefore it could be possible that the real amount of MWNTSs embedded in the com-



posites is similar for the nominal 0.1, 0.5 and 1.0 wt.% MWNT reinforced composites. As a

result, the mechanical properties are similar for all the composites.

3.2 High pressure die casting

Figure 5(a) shows typical stress-strain curves of the MWNT/AI alloy composites and the pure
Al alloys. It is clear that the tensile stress and the elongation at fracture were both increased
by addition of only 0.05 wt% MWNTs. To obtain accurate results, 14 samples were tested
following the same procedure. The results are complied in Figure 5(b) and (c). By adding
only 0.05 wt% of MWNTs, the elongation at fracture has increased 27% compared to pure Al
alloy; the tensile strength of CN'T/Al composites increased 8% compared to pure Al alloy.
Especially the elongation at fracture has also increased together with the tensile strength,

which is different from by using traditional reinforcements such as carbon fibres [33].
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Figure 5. (a) Typical tensile stress-strain curves of MWNT Al composites (two samples) and pure Al alloy (two
samples). Comparison of (b) elongation at fracture and (c) tensile strength as average of obtained 14 samples. (d)

dog-bone shaped sample.

In order to check for carbide formation in our composites XRD measurements were con-
ducted on pure Al alloy and the MWNT/AI composites [34]. As can be seen in Figure 6, the
XRD results of Al alloy and MWNT/AI composites show complete overlapping. The inten-
sity of the Al and Si peaks shows also no changes. The results indicate that there is no carbide
formation in our MWNT/AI composites, which may be due to the low content of CNTs (only
0.05 wt%) in the composites. It can be also explained that in our die casting process, the Al
melt has only limited contact time with the CNTs at high temperature (several seconds) before

the composite solidifies in the relatively cold die (200 °C).
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Figure 6. XRD scans of pure Al alloy and MWNT-AI alloy.

The lack of carbide formation indicates that the enhanced mechanical properties of the com-
posite can be attributed to the added carbon nanotubes. In the future further characterisation

by scanning electron microscopy and transmission electron microscopy would be desirable.



Combining the mechanical property improvements and the XRD results, we attribute the en-
hancement of all mechanical properties to the advanced mechanical properties of the carbon

nanotubes.

4 Conclusions

In this study, CNT reinforced light metal composites were produced successfully by two dif-
ferent methods: melt stirring and high pressure die casting. It demonstrated that CNT rein-
forced light metal composites can be produced by straight-forward procedures that can be
easily scaled up for industrial applications. These composites hold great potential for the use
in lightweight construction and through this for the reduction of CO, emission in areas like

transportation.

By adding only a small amount of CNTs, the mechanical properties of the light metal matrix
composites have all been improved. For the melt stirring method, research was carried out
following our previous study [27]. Compared to the AZ91 Mg alloy, the compression at fail-
ure of the MWNT/Mg composites could be improved up to 40 % and the ultimate compres-
sive strength could be improved up to 20 %. For high pressure die casting, tensile testing
showed that by adding only 0.05 wt% of MWNTs, the elongation at fracture has increased by
27% compared to pure Al alloy and the tensile strength of CNT/Al composites increased 8%
compared to pure Al alloy. XRD results indicate that there is no carbide formation in our
CNT/AI composites. We attribute the improvement of the mechanical properties to the excel-

lent properties of CNTs and relatively good dispersion of CNTs in the Mg matrix.

However, no obvious change was found for different amounts of MWNTs. This can be ex-
plained by agglomerates still existing in composites of high MWNT content and the differ-

ence between embedded amount of MWNTS in the composites and the nominal amount due



to the process limitations. It indicates the importance of improving dispersability and wet-

tability of the CNTs in the matrix.
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