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This study demonstrates the ability to fabricate lightweight, ductile but mechanically strong
magnesium alloy (AZ91D) composites by introducing a small number of high crystalline
multi-walled carbon nanotubes. It is demonstrated that 1 % of relatively short and straight
carbon nanotubes distributed homogeneously on the outer surface of magnesium powders act as
an effective reinforcing filler to prevent deformation, thereby contributing to the enhanced

tensile strength of magnesium alloy composites (e.g., from 315 to 388 MPa).
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There has been strong recent interest in developing lightweight and high-strength materials
to improve the energy-efficiency through the weight reduction of automobiles and aircrafts. For
these purposes, magnesium alloys have attracted a lot of attention [1-3], as they have low
density in its purest form, and in addition, they have been proved to have good mechanical
properties through the incorporation of structural filler (e.g., silicon carbide whisker, aluminum
and graphite particles, and carbon fibers) [4-7]. Within this context, the dimensionally
nano-sized, mechanically strong, electrically and thermally conductive carbon nanotubes [8-11],
considered to be the ideal reinforcing filler in various composite systems [12-15], have been
incorporated into magnesium matrix [16-19]. Recently, Goh et al. [19] reported a simple way of
preparing nanotube-reinforced magnesium composite by powder-powder mixing and
subsequent hot extrusion processes. However, low enhancement (only 5 %), or even a decrease
in, tensile strengths in nanotube-reinforced magnesium composites (see Table 3 in ref. 19) could
be explained by the presence of aggregated carbon nanotubes within a magnesium matrix. To
exploit carbon nanotubes fully as a mechanical reinforcing filler in a magnesium matrix,

optimized fabrication processes including homogeneous dispersion of carbon nanotubes must be



developed to achieve high mechanical properties for their use in the major components of

automotives.

This study reports an appropriate fabrication route for preparing high-density carbon
nanotube-filled magnesium alloy composites through the suitable selections of filler and matrix
alloy, followed by vacuum hot-press and extruding processes, and shows, that such composites
reinforced by 1 % of shortened linear carbon nanotubes have moderate ductility and largely
enhanced high-tensile strength (e.g., from 315 to 388 MPa). The preparation process involved
the mechanical shortening of long carbon nanotubes. Technical reasons for selecting short and
straight carbon nanotubes are their high dispersibility in magnesium alloy matrix and their
theoretically expected good reinforcing effect similar to that for the long tubes [20]. This work

also makes a detailed study of the interfacial state between nanotubes and magnesium matrix.

In preparing carbon nanotube-reinforced magnesium alloy composite, we first, prepared
AZ91D-type magnesium alloy (see Table 1) powders with diameter of 100 um or less using
zirconia balls with diameter of 10 mm in a tri-axial vibrating-type ball miller (TKMAC-1200L)
with a rolling rate of 800 rpm for 6 hrs in argon (Fig. 1a). The high-purity and high crystalline
multi-walled carbon nanotubes, prepared by the catalytic chemical vapor deposition method and
the subsequent high-temperature thermal treatment in argon [21, 22], were mechanically
shortened to have a length distribution of ~5 um (Fig. 2b) using a high speed blade cutting
machine (Wonder Blender WB-1, Osaka Chemical Inc). Then, magnesium powders and
shortened carbon nanotubes (~20 g) were physically blended with zirconia balls (diameter 1
mm, 20 g) in a container (125 ml) using the same tri-axial ball miller with a rolling rate of 800
rpm for 5 hrs in argon. The absence of the aggregated carbon nanotubes for the magnesium
alloy powder containing 1 % carbon nanotubes indicates that short carbon nanotubes are
homogeneously impinged on the near surface of magnesium alloy particles (see Fig. 1c). In the
case of the magnesium alloy powders containing 5 % carbon nanotubes, the observed
aggregated carbon nanotubes are indicative of non-homogeneously distributed carbon nanotubes
(Fig. 1d). Next, the magnesium powders containing 0.5 - 5 % carbon nanotubes were
hot-pressed in a molder to form precursor at 823 K for 5 hrs by applying a pressure of 25.5 MPa
in a vacuum <10 Pa. The carbon nanotube-reinforced magnesium alloy composites were finally
obtained in a form of rod (Fig. 1e) (diameter 6 mm, length 120 mm) by extruding precursors at
723 K with an extrusion ratio of 9:1. There was no distinctive defect in appearance. For these

extruded rods, solution treatment was carried out at 683 K for 15 minutes and artificial aging at



473 K for 15 hrs, respectively.

For these dumbbell-shaped specimens (gauge length 15 mm, diameter 4 mm), the
mechanical properties were measured using an AG2501S (Shimazu) with a crosshead speed of
0.5 mm/min. Stress-strain curves for the pristine and nanotube-filled magnesium composites are
shown in Fig. 2 and their tensile properties and densities are summarized in Table 2. Note that
the tensile property of the milled, consolidated and extruded AZ91D rod sample was used as a
reference. The elastic modulus, tensile strength, 0.2 % proof stress for the carbon
nanotube-filled composites increased with increase in the number of carbon nanotubes added,
and they reached maximum values when 1 - 1.5 % of carbon nanotubes were added. In
particular, the tensile strength of magnesium alloy containing 1 % carbon nanotubes was 388
MPa, which is comparable to that of the generally used mild steel in automobiles. Tensile
properties greatly improved by introducing a small amount of carbon nanotubes could be
explained by the homogenous distribution of short carbon nanotubes in the vicinity of
magnesium grain boundaries, because short carbon nanotubes with an average length of 5 um
were believed to impinge on the near-surface of magnesium alloy powders very homogenously
during a triaxial mixing process.

To confirm the above interpretation, the cross sectional texture of the rods was observed by
electron probe micro-analysis (EPMA, Shimadzu). As shown in Fig. 3a-c, most of the carbon
nanotubes were situated predominantly in the vicinity of magnesium grain boundaries. In
addition, they were distributed in a singular fiber, which was confirmed by SEM (JEOL,
JSM7000F) observation on the etched surface with 0.04 % hydrochloric acid solutions for 40 s
(Fig. 3d). As a result, the strengthened near-surface of magnesium domains by a suitable
coverage of carbon nanotubes is highly resistant to deformation, and thus contributes to the
enhancement of tensile properties when a suitable amount of carbon nanotubes are added. This
interpretation is supported by the observation that the ductility was not extremely reduced
(Table 2). Unfortunately, when the added amounts of carbon nanotubes are >1.5 %, the
deteriorations in tensile properties could be explained by the non-homogeneous distributed
carbon nanotubes (the inset in Fig. 1d shows the aggregated carbon nanotubes) between
magnesium powders and thereby the formation of pores and defects.

Up to now, there have been two reports on the mechanical properties of AZ91D-type
magnesium composites. Nakagawa et al. reported the tensile strength of 270 MPa and the
fractured strain of 1 % from AZ91D-type magnesium reinforced with 11 volume % of alumina

short fibers [23]. Also, Schroder et al. reported 400 MPa of tensile strength for AZ91-type



magnesium alloy reinforced with 15 % of SiC, TiC and TiN [24]. As compared with those
previous reports, the nanotube-filled magnesium alloy composites prepared under our optimized
conditions are ductile enough, and, furthermore, they showed high tensile strength up to 388

MPa.

The interfacial state between magnesium alloy and carbon nanotubes was also
considered, because the formation of carbide (Al,MgC,) was reported when the temperature was
>773 K and the aluminum level in magnesium alloy compositions was >0.6 % and <19 % [25].
Therefore, TEM (JEOL, JEM-2100F) observations and EDS mappings were carried out for the
samples, which were prepared by ion milling. As shown in the elemental mappings in Figure 4,
magnesium alloys containing homogeneously distributed aluminum elements occupied around
carbon elements. Also, it is confirmed that there was an absence of void (Fig. 4e) and new
phases (Fig. 4f) between carbon nanotubes and magnesium alloys. From the viewpoint of the
bonding nature for the samples, it is rational to say that magnesium alloys have high capability
to move on the outer surface of carbon nanotubes, and they do not have chemical reactivity to
form new products such as carbides. Furthermore, the grain sizes of the pristine and
nanotube-added magnesium alloys were observed. As shown in Fig. 5, all samples have similar
grain sizes ranging from 5 to 20 pum, irrespective of the addition of carbon nanotubes. In the
case of the pristine magnesium alloy, it seems that solution treatment and ageing procedures are
critical steps for dissolving and precipitating B phases, respectively [26]. In contrast,
mechanically strengthened grain boundaries with the introduction of carbon nanotubes are
suggested here for the following reasons: (a) there was not a large difference in tensile strengths
of CNT 1%-added magnesium alloys, whether they experienced ageing or not, even though this
AZ91D alloy showed age hardening properties, (b) all samples shows similar grain sizes, and
(c) ductility was greatly reduced from 14 to 5 % owing to the decreased dislocation mobility.
Simply speaking, the enhanced tensile strength of nanotube-added magnesium alloy could be
ascribed to the mechanically strengthened grains owing to the presence of carbon nanotubes
along the near-surface of grain boundaries. Therefore, the most important technical issue in
fabricating high-strength nanotube-reinforced magnesium composite is how to disperse
nanotubes within a matrix or how to avoid the aggregated state of carbon nanotubes which
decrease the relative density of nanocomposite and act as crack initiator, as a result contributing

to the deterioration in tensile strength of nanotube-reinforced Mg composite.

In summary, this study has shown a suitable way of fabricating light but mechanically
strong AZ91D-type magnesium alloy composites with a tensile strength of 388 MPa and a
ductility of 5 %, simply by introducing a small number (1 %) of short and linear high-crystalline
carbon nanotubes. It has been demonstrated that the short and linear carbon nanotubes impinged

on the outer surface of magnesium particle (~100 um) homogeneously acted as an effective



reinforcing filler to prevent deformation and therefore strengthen the material. The current study
is of technical importance because the magnesium alloy composites have high tensile properties
comparable to aluminum and steel, and they could be used as lightweight materials in various

transportation industries to save energy.
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Caption of figures

Figure 1 SEM images: (a, b) of mechanically milled AZ91D-type magnesium powders with an
average diameter of 100 um and shortened carbon nanotubes with an average length of ~5
pm ; (c, d) mechanically mixed magnesium powders containing 1 % and 5 % short carbon
nanotubes, respectively. Note that the aggregated carbon nanotubes were observed in
magnesium powders containing 5 % of carbon nanotubes (inset is a magnified SEM image). (f)
Photo of carbon nanotube-reinforced magnesium composite-based rod exhibiting clean
appearance without any macro-morphological defects (inset is a photo of clean shining two

volts fabricated from extruded rods).

Figure 2 Stress-strain curves for the pristine and carbon nanotube-filled AZ91D magnesium

alloy composites, respectively.

Figure 3 (a-c) EPMA for the cross section of AZ91D/CNT1%-based specimen, (d) SEM image
of chemically etched surface exhibiting highly dispersed singular nanotubes. Circles indicate an

isolated singular carbon nanotube.

Figure 4 (a) TEM image of 1% nanotube-reinforced AZ91D-type magnesium alloy composite;
(b) elemental Mg mapping (in yellow) of the TEM image in (a); (c) elemental Al mapping (in
light yellow) of the TEM image in (a) ; (d) elemental C mapping (in light red) of the TEM image
in (a). TEM images showing the characteristic facetted cross sectional nanotube (e) and linear
lattices (f) contacted with magnesium alloy, revealing that there was the absence of void and
new phase between nanotube and magnesium alloy. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

Figure 5 Optical photographs of (a) pristine, 1% (b) and 5 % (c) reinforced magnesium alloys.

Note that there is no large difference in grain sizes.



‘sAo[[e wNIsau3ewW popNIXd pue PAJEPI[OSUOD ‘PI[[IW JY) WOIJ PAJen[eAd d1om ([6ZV Jo sentadoid [esrueyoow oy 1Y) JON

"100Z-AS 8. Suisn poyjow SOPIWIYIIY Aq painseaws sem Asud(g (e

€00°0 F98°1 SOFI b FLLT 01 F LOS b F IS %SINO/A16ZY
$00°0 F ¥8°1 TF€ 9 F ¥8T 6 F 19¢ EFIS %ELND/A16ZV
900°0 F €81 TFS $ FS6C 11 F 88€ € F6v %I LNO/A16ZV
8000 F 78’1 TF9 9 F 18T L F €8¢ €F e %S 0LND/AT6AV
L000 F08°1 €F Yl 9 FTET SFSIE TF Oy arezv
@ ((uo/3) Ausuo@ (%) Ammon@  (BdIN) ssans Jooid o47°0  (BJIA) WSUams o[IsUdL,  (BdD) snnpow onse[q 'al

soyisodwod wnisauew padIojurdI-oqnjoueu uoqied Jo santadoid [eorturyodIN 7 9[qeL

‘Ted 100°0>  100°0> 100°0>  T100°0> 0€0°0 vT0 89°0 §C6

SN og od IN np IS U uz v

(% ssewr) Ko[[e (I16ZV Jo uonisodwod [eoruwaoy) | 9[qe],



[ 2In31




81

o1

14!

cl

01

7 2In31

(94) ureas 9[ISuv .
0Ol 8 9

arezv

%EILND/d

| 162V,
%S 0INO/AT6ZVy | A |

001

00¢

S
-
N

00¥

(BJIN) SSans [Isua



Il

¢ 2Ing1yq




=
c
c
-
=)
y—

12



-

.‘l
. 17
D 2

1N

e

0N

o/

(

.
g

<

AR
.

o

[V

l.

- )
) 5
h
i
D

)

7
»

rodl

L 3

r

-4 £

e
)

\
i

\

A
2N
I A
WA
UV

LD

e O

R ¢

v

L .. (J
NEGD

A
%.‘,
s 0
N

v~
o
N

5
-
= -

Figure 5

13




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


