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Abstract

High-energy ball milling (HEBM) combined with powder metallurgy route was used to fabricate carbon nanotube (CNT)
reinforced 7055A1 composites. Two powder morphology evolution processes (HEBM-1 and HEBM-2) were designed to
investigate the dispersion and damage of CNTs during HEBM process. HEBM-1 evolution process involved powder flatten-
ing, cold-welding and fracture, while HEBM-2 evolution process consisted of powder flattening and fracture. For HEBM-1,
the repetitive fracture and cold-welding process was effective for dispersing CNTs. However, the powder flattening process
in HEBM-2 was unsuccessful in dispersing CNTs due to two reasons: (1) the thickness of flaky Al powders exceeded the
critical value, and (2) the clustered CNTs embedded in flaky Al powders could not be unravelled. Because of the broadening
of D band and the appearance of a new defect-related D’ band, product of I,/ and full width half maximum of D band,
rather than Iy/I;, was used to evaluate the actual damage of CNTs. It indicates that the damage of CNTs was severe in powder
flattening and fracture stages, while the damage of CNTs was small in powder cold-welding stage.
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1 Introduction

Aluminium matrix composites are widely used in aerospace
and automobile industries for their high modulus, good
dimensional stability, wear resistance, etc. [1-4]. Among
them, carbon nanotube (CNT) reinforced aluminium matrix
(CNT/AI) composites have attracted great interest for indus-
trial application in the past decade owing to the superior
mechanical properties of CNTs [5—7]. However, fabrication
of the CNT/Al composites with good mechanical proper-
ties is challenging because CNTs are apt to agglomerate

Auvailable online at https://link.springer.com/journal/40195.

< Z.Y.Liu
zyliu@imr.ac.cn

Shi-changxu Innovation Center for Advanced Materials,
Institute of Metal Research, Chinese Academy of Sciences,
72 Wenhua Road, Shenyang 110016, China

School of Material Science and Engineering, University
of Science and Technology of China, 72 Wenhua Road,
Shenyang 110016, China

3 AVIC Manufacturing Technology Institute, Beijing 100024,
China

@ Springer

and suffer damage during dispersion process [8—10]. Also,
damaged CNTs easily react with aluminium during sintering
process, reducing their strengthening effects [11, 12].

Various preparation methods like solution-assisted wet
mixing [13], flake powder metallurgy [14], molecular level
mixing [15, 16] or in situ chemical vapour deposition (CVD)
[17, 18] have provided good solutions for dispersion with
slight damage to CNTs. In the wet mixing and flake powder
metallurgy process, CNTs were dispersed in water by zwit-
terionic or anionic surfactant and then absorbed on flake
Al powders. A relatively high content of CNTs could be
dispersed on flake Al powders through a preliminary high-
energy ball mill (HEBM) process [19]. The molecular level
mixing method involved functionalization of CNTs, coating
of Cu on CNTs and short-time low-energy ball milling of
Al and CNT/Cu powders. By doing this, CNTs with large
aspect ratio and minor damage were obtained [15]. In the
in situ CVD process, Al powders coated with catalyst parti-
cles, such as Co, were heated to an appropriate temperature
in an organic atmosphere to synthesize CNTs, thereby pro-
ducing mixed composite powders with uniformly distributed
and undamaged CNTs. However, these chemical dispersion
methods were limited to small-scale laboratory research and
not applicable to industrial production.
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In comparison with the above methods, HEBM is an
efficient method for dispersing CNTs and has the potential
for mass production of CNT/Al powders. During HEBM
process, tangled CNTs are broken by repeated collision of
milling balls. It is commonly believed that the powder evolu-
tion during HEBM involves initial flattening, cold-welding,
equilibrium of fracture and cold-welding. Considering the
complexity of powder morphology evolution during HEBM,
the contribution of each stage of HEBM to the dispersion of
CNTs is still unclear. It has been claimed that CNTs were
dispersed in initial flattening stage because flake Al pow-
ders had large specific surface area [20, 21], whereas Choi
et al. [22] believed that CNTs were dispersed through sub-
sequent deformation of flake Al powders. It is still necessary
to understand the effect of different HEBM stages on the
dispersion of CNTs.

At the same time of dispersing CNTs, HEBM could also
cause structural damage of CNTs. It is necessary to reduce
the damage of CNTs while dispersing them. Although the
phenomenon that CNT damage increased as milling time
increased has been frequently reported [21, 23-25], there
were few reports on the damage degree of CNTs in different
stages of HEBM. In-depth understanding of CNT damage
during various HEBM stages is still highly required.

CNT/Al composites based on 7xxx Al alloys had pro-
nounced strength advantage over those based on pure Al,
2xxx and 6xxx Al alloys [10, 26, 27], but the CNT/7xxx Al
composites were rarely investigated. In this study, 7055 Al
alloy, a kind of high-strength Al alloy widely used in aircraft
industry as upper wings, truss and horizontal stabilizer [28,
29], was selected as the matrix alloy. Two powder morphol-
ogy evolution processes with different process character-
istics were designed in HEBM. The dispersion, damage of
CNTs as well as the composite tensile properties under both
conditions were investigated. The aims are to reveal (a) the
contribution of each HEBM stage to the dispersion of CNTs,
and (b) the influence of various HEBM stages on the damage
degree of CNTs.

2 Experimental

The as-received 7055A1 alloy powders with chemical com-
position of Al-8.1 wt% Zn-2.2 wt% Mg-2.2 wt% Cu had an
average diameter of about 10 pm (Fig. 1a). The as-received
multi-walled CNTs with diameters of 10-15 nm and lengths
of about 5 pm were provided by Cnano Technology Ltd.
(Jiangsu, China) (Fig. 1b). 7055Al alloy powders were ball
milled with 1 vol.% CNTSs using an attritor with a rotation
rate of 400 rpm for 6 h. The total powder mixture was 1000 g
and the ball-to-powder ratio was 15:1. Stainless steel balls
with an average diameter of 5 mm were used as milling
media, and argon gas was used as inert gas protection to pre-
vent powder oxidation. A total of 1.6 wt% stearic acid (SA)
was added to the powders as a process control agent (PCA).

Two powder morphology evolution processes were con-
trolled by adding SA in two ways: (a) whole of the 1.6 wt%
SA was added into the powder mixture prior to milling
(HEBM-1); (b) 1 wt% SA was added into the powder mix-
ture prior to milling and 0.3 wt% SA was added every 2 h
(HEBM-2). For comparison, the 7055A1 powders without
CNTs were subjected to the same HEBM process.

The milled powders were cold compacted in a cylin-
der die, degassed at 400 °C for 2 h and then hot-pressed
at 500 °C for 1.5 h under vacuum of about 10! Pa to form
cylinder billets (@50 mm x 60 mm). The as-pressed billets
were hot extruded at 420 °C into bars with an extrusion ratio
of 17:1. Finally, the extrusion rods were solution treated at
470 °C for 1 h followed by water quenching and aged at
120 °C for 24 h (T6 treatment).

About 5 g powders were taken out from the attritor jar
after every 2 h’ milling for examinations. The thickness of
powders was observed by optical microscopy (OM, Axio
Observer Z1). Field emission scanning electron microscopy
(FE-SEM, SUPRA 55) was utilized to examine powder mor-
phology and CNT distribution. For further analysing the dis-
persion of CNTs, the composites were sectioned along the
extrusion direction and observed by transmission electron

Fig. 1 Morphologies of as-received powders: a 7055Al powders and b CNTs
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microscopy (TEM, FEI, Tecnai Spirit T12). TEM speci-
mens were cut by electrical discharge machining, ground to
a thickness of 40 pm, pitted and finally ion-beam thinned by
a Gatan PIPS 691 ion milling system at a voltage of 4.5 kV.
In order to evaluate the damage of CNTs, Raman spectro-
scopic examination was performed on powder specimens
by using a micro-Raman spectroscope (Jobin—Yvon HR800,
excited by 532 nm He—Ne laser with laser size of ~ 1 pm?) in
the spectral range from 600 to 2000 cm™".

Dog-bone tensile specimens with a gauge diameter
of 3 mm and a length of 15 mm were machined from the
extruded rods. Tensile tests were carried out on an Instron
5982 tester at an initial strain rate of 1 x 107> s~! at room
temperature. At least three specimens were tested for each
composite.

3 Results

3.1 Morphology Evolution of CNT/7055A1 Powders
During HEBM

The morphologies of HEBM-1 and HEBM-2 CNT/7055Al
powders are presented in Fig. 2. It shows that two powder
morphology evolution processes were successfully achieved
by adjusting SA addition. The HEBM-1 powders underwent
a short flattening period at the first 2 h (Fig. 2a) and became
cold-welded equiaxed shape at the end of 4 h (Fig. 2b). As
the milling time further extended to 6 h, the powders frac-
tured with reduced size (Fig. 2c). The HEBM-2 powders
became flaky at the first 2 h (Fig. 2d), and then turned to
larger and thinner flakes with milling time prolonged to
4 h (Fig. 2e) and finally fractured into smaller flakes after

milling for 6 h (Fig. 2f). It means that the HEBM-2 pow-
ders maintained the flaky morphology throughout the whole
HEBM process.

Figure 3a shows the maximum dimension variations of
HEBM-1 and HEBM-2 powders with milling time. After 2 h
of milling, the maximum dimension of HEBM-1 powders
increased from 10 to 76 pm, corresponding to the initial flat-
tening of powders. As milling time increased from 2 h to 6 h,
the maximum dimension of HEBM-1 powders reduced from
76 to 25 pm. The maximum dimension of HEBM-2 powders
increased from 10 to 120 pm in the first 4 h and decreased
to 56 um after 6 h, which meant a large surface area for the
HEBM-2 powders during 2 h to 6 h. The HEBM-1 powders
and HEBM-2 powders showed different trends in thickness
variation, as shown in Fig. 3b. The thickness of HEBM-1
powders decreased after 2 h and quickly increased after 4 h
and then decreased again. The thickness of HEBM-2 pow-
ders increased after 2 h and maintained about 4 pm till the
end, indicating that the cold-welding process was suppressed
in this period.

3.2 CNT Distribution on Powders During HEBM

Figure 4 shows CNT distributions in the HEBM-1 and
HEBM-2 powders. After 2 h of milling, CNT clusters were
easily observed on surfaces of the HEBM-1 and HEBM-2
powders (Fig. 4a, d). As milling time increased, CNTs could
hardly be observed except some outcropped CNTs due to
cold-welding of the HEBM-1 powders, as shown in Fig. 4b,
c. By comparison, large area of CNT agglomeration was
found on surfaces of the HEBM-2 powders milled for 4 and
6 h (Fig. 4e, ). This demonstrated that CNTs were not dis-
persed well on flaky Al powders even after 6 h of milling.

Fig.2 SEM images of morphologies of HEBM-1 CNT/7055A1 powders after milling fora 2 h, b 4 h and ¢ 6 h, and HEBM-2 CNT/7055A1 pow-
ders after milling ford 2 h, e 4 h, f 6 h. (The insets taken by OM show the thickness of the powders)

@ Springer



Dispersion and Damage of Carbon Nanotubes in Carbon Nanotube/7055AI Composites During... 199

(a)

5 160

g —s=—HEBM-1

'Z) 120 | —e— HEBM-2

o

£

-

-E’ 80|

:

£ 40+

=]

£

g 0 i 1 1 1 1
0 2 4 6

Milling time (h)

(b)
40

£ —=— HEBM-1
2 30l —e— HEBM-2
[}
n
Q
c
=
L 20
<
e
]
3 10
o
o

o 1 1 1 1

1] 2 4 6
Milling time (h)

Fig.3 a The maximum dimension and b thickness of HEBM-1 and HEBM-2 powders with milling time

Fig.4 SEM images of CNT distributions in the HEBM-1 powders after milling for a 2 h, b 4 h and ¢ 6 h, and in the HEBM-2 powders after

milling for d 2 h, e 4 h, f 6 h. (CNTs are marked by yellow circles)

3.3 TEM Observation of the CNT Dispersion

TEM images of CNT distributions in the HEBM-1 and
HEBM-2 CNT/7055A1 composites are shown in Fig. 5.
CNTs were almost singly dispersed in the HEBM-1 com-
posite (Fig. 5a). However, a number of CNT clusters were
observed in the HEBM-2 composite, although some dis-
persed CNTs could also be found (Fig. 5b). This indicates
that the HEBM-1 powder evolution process was beneficial
to CNT dispersion. The dispersed CNTs in the HEBM-1
composite had an average length of 100 nm, which was
much shorter than that of as-received CNTs. It demon-
strates that the CNTs were sheared severely during the
repetitive fracture and cold-welding of powders, which
was in accordance with our previous investigation [9].

3.4 Characterization of CNT Damage

Figure 6 shows Raman spectra of HEBM-1 and HEBM-2
powders milled for different time. Two peaks in Raman spec-
tra, the D (~ 1350 cm™") band and G (~ 1570 cm™") band
are often used to characterize the structure of CNTs. The D
band represents the presence of defects in graphite layers,
and the G band represents highly crystalline graphite [21,
30]. Generally, the damage of CNTs can be evaluated by
the intensity ratio of D band to G band (Ip/I;). As shown in
Fig. 6, the as-received CNTs exhibited a Iy/I; value of 0.99.
For both HEBM-1 and HEBM-2 powders, variations in I/l
value with the milling time were similar. The I/ ratios
for both powders increased to a maximum value (~ 1.40)
after 2 h of milling and then decreased to~1.27 after 4 h
of milling. As milling time increased to 6 h, the I,/I; ratios
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Fig.5 TEM images of CNT distributions in CNT/7055Al composites fabricated from a HEBM-1 and b HEBM-2 powders milled for 6 h

()
D G
~1350cm™~1570cm’
I (]
T | /=1.0820.13
s
2 | I,/1,=1.280.07
(7]
c
2 - |
£ | I/=1.4220.06
I
| |
1,/1,=0.99+0.06 : | A\, Initial CNTs
1 1 1 ! III

1 1
1000 1200 1400 1600 1800 2000

Raman shift (cm™)

600 800

(b)
D G
~1350cm'~1570cm’
| (]
1
| | D'
3 1/1,=1.21£0.13 | ¥ —_6h
(‘. 11l
= |
>
= 1 /1.=1.26+0.1
'6 D G
c
9
= I,/1,=1.38+0.09
1,/1,=0.99+0.06 Initial CNTs

1 1
600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Fig.6 Raman spectra of a HEBM-1 and b HEBM-2 CNT/7055A1 powders milled for different time

further decreased to 1.06 and 1.21 for the HEBM-1 and the
HEBM-2 powders, respectively. In the first 2 h, the increase
in Ip/Ig ratio indicated a certain degree of damage occurred
to CNTs for both the powders. However, as milling time
increased, the I/l ratios of both powders decreased. This
experimental result was conflicting with most of the previ-
ous reports [21, 23, 24]. A further explanation for this will
be conducted in the discussion section.

It should be noted that the G band of CNTs in the two
powders after 2 h milling moved to a larger wave number
direction, compared to the as-received CNTs. This is usu-
ally thought to arise from the compressive strain in CNTs
[31, 32]. Because CNTs had lower coefficient of thermal
expansion than Al, they would undergo compressive strain
during the cooling process of HEBM if they were embedded
in Al powders. Thus, the shift of G band suggested that most
of the CNTs were fixed in Al powders after 2 h of milling.

@ Springer

This could also be confirmed in SEM images, as shown in
Fig. 4a, d.

In addition, a peak at~ 1450 cm™! was detected in
the HEBM-1 powders milled for 6 h, rather than in the
HEBM-2 powders milled for the same time. This peak
could be attributed to the existence of MgO [33-35]. As
well known, there was an oxide layer on the surface of
the as-received metal powders. And very small amount of
oxygen could also be introduced during the milling pro-
cess. It is believed that mechanical activation could be
induced by milling. In HEBM-1, the process of repeti-
tive fracture and cold-welding of powders would induce
the mechanical activation effect, thereby accelerating the
reaction of Mg element with oxides and finally forming
the MgO. However, in HEBM-2, cold-welding process was
greatly suppressed, and the mechanical activation effect
was significantly weakened. As a result, the MgO peak was
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not detected. The Raman spectrum of the HEBM-2 pow-
ders proved that the process of cold-welding was greatly
restrained and the powders retained the flaky shape during
the whole HEBM-2 process.

3.5 Tensile Properties of CNT/7055Al Composites

The typical engineering tensile stress—strain curves of the
CNT/7055Al1 composites and relevant 7055A1 matrices are
shown in Fig. 7. The HEBM-1 composite exhibited an ulti-
mate tensile strength (UTS) of 760 MPa with an enhance-
ment of 60 MPa over the unreinforced alloy counterpart.
However, the HEBM-2 composite showed a decrease of
30 MPa in UTS as compared to that of the unreinforced
alloy. The uniformly dispersed and agglomerated CNTs
should be responsible for the strength results for the two
composites. Although CNTs were sheared severely with
significant reduction in length, the HEBM-1 composite
exhibited a higher efficiency of load transfer strengthening
than that of the HEBM-2 composite due to a much better
uniform distribution of CNTs [1, 9].
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Fig.7 Tensile curves of 1 vol.% CNT/7055Al composites and
7055Al fabricated from HEBM-1 and HEBM-2 powders

4 Discussion

4.1 CNT Dispersion During Different Powder
Morphology Evolution Processes

As described above, two powder morphology evolution
processes, namely HEBM-1 and HEBM-2, were achieved.
The HEBM-1 evolution, namely the “original spherical
shape — flaky shape — cold-welding shape”, was a con-
ventional evolution process in HEBM. This evolution has
been reported in many previous investigations [10, 20-23].
The HEBM-2 evolution, namely the “original spherical
shape — flaky shape”, was obtained by adding PCA in sev-
eral times. According to the classical ball milling theory, the
effect of PCA was to distribute on the surfaces of powders
to prevent cold-welding. The SEM images in Fig. 2 and the
Raman spectra in Fig. 6 demonstrate that the HEBM-2 pow-
ders retained the flaky shape during HEBM. The illustrations
of CNT dispersion during HEBM-1 and HEBM-2 processes
are shown in Fig. 8. During HEBM-1 process, the spherical
powders became flattening and clustered CNTs were embed-
ded in flaky Al powders in the first stage of HEBM. As mill-
ing time extended, the flaky Al powders began to cold-weld
with each other. CNTs were then wrapped into Al powders
during cold-welding process. With the milling process pro-
longed, fracture of cold-welded powders occurred due to
hardening of Al powders. Through the effect of repetitive
fracture and cold-welding of powders, CNT clusters inside
the powders were broken, sheared and cut. Finally, CNTs
with short length were singly dispersed.

HEBM-2 process could be regarded as an extension of
the initial flattening stage in HEBM-1. During HEBM-2
process, the powder cold-welding process was greatly sup-
pressed since PCA was added in each 2 h milling. The pow-
ders were flattened and became thinner in the initial stage
of HEBM. As milling time increased, the powders were
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Fig.8 Illustrations of CNT dispersion on Al powders during HEBM-1 and HEBM-2 evolution processes
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hardened and fractured at the end of milling. Since the CNTs
were firmly embedded in powders after 2 h of milling, as
evidenced in SEM images and Raman spectra (Figs. 4 and
6), the fracture process with suppressed cold-welding could
not unravel CNT clusters. Our previous study [20] found that
CNT clusters failed to be broken up under a high rotation
rate (450 rpm) during HEBM due to insufficient powder flat-
tening. However, in HEBM-2 process, the flattening stage
was pretty long (~6 h), whereas the CNTs were still not
dispersed uniformly. This proves that the cold-welding and
fracture process helped to disperse clustered CNTs in the
flaky Al powders.

Although the HEBM-2 powders experienced a long flat-
tening time, the specific surface area was not large enough to
fully accommodate dispersed CNTs. Assuming that a layer
of singly dispersed CNTs was closely packed on flaky Al
powders, the surface area of flaky powders was equal to that
of CNT layers. The following equation could be achieved:

Var _ Vonr

tai dent’ M
where V, is the volume of flaky Al powders, Vg is the
volume of CNTs, t,; is the thickness of flaky powders and
dcn 1 the diameter of CNTs. In this study, V,; = 99Vt
and dyt 1s~ 10 nm. The thickness of flaky Al powders for
accommodating singly dispersed CNT was calculated to
be 990 nm. However, the minimum average thickness of
flaky Al powders during milling for HEBM-2 powders was
about 4 pm (Fig. 2), which was much larger than the cal-
culated critical value. Hence, CNTs could not be dispersed
uniformly on flaky Al powders. Equation (1) could also be
verified by investigation of Xu et al. [21]. They dispersed 2.2
vol.% CNTSs on ultra-thin flaky Al powders with an average
thickness of ~200 nm through ball milling at a relatively low
speed of 135 rpm for 8 h. This thickness value was much
less than the critical value (about 890 nm) calculated using
the parameters they provided, thereby producing uniformly
dispersed CNTs. The above results indicate that the repeti-
tive fracture and cold-welding process was also necessary
for dispersing CNTs, if the thickness of flaky Al powders
exceeded the critical value.

4.2 Damage of CNTs During Different Powder
Morphology Evolution Processes

It is noted that the I,/ ratio reduced as milling time
increased from 2 to 6 h for either HEBM-1 or HEBM-2
powders, which was not in accordance with common sense.
Kwon et al. [36] who observed a similar result in a dual-
nanoparticulate reinforced Al alloy matrix composite sug-
gested it as experimental error. However, since the decrease
in I/l ratio in the HEBM-1 powders was beyond the error

@ Springer

bars, errors could not explain the present experimental phe-
nomenon. A careful observation of the G band region in both
HEBM-1 and HEBM-2 powders milled for 6 h revealed the
presence of a second peak on the right side of G band, which
refers to the D’ Raman scatter band. It is reported that the D’
band was also a characteristic peak in disordered graphite
that arose from nonzero-centre phonons and related to peaks
in the density of states [37-39]. The D’ band on the right
side of G band is usually at 1620 cm~!. However, it was
shifted to 1650 cm™" in both of the HEBM powders, which
could be associated with the shift of G band. Travessa et al.
[40] reported that the appearance of the D’ band could lead
to an increase in the /; magnitude, thereby decreasing the
Iy/I ratio. Therefore, using Ip/I; ratio could not accurately
assess the actual damage of the CNTs.

The presence of D’ band was also observed in Antunes
et al.’s study [41]. They found that I,//; ratio could not
describe the damage of CNTs with different diameters and
alignment directions. Considering that broadening of D band
was expansion of defect domain size [42], Antunes et al.
suggested that the product of I/l and full width half maxi-
mum of D band (FWHM (D)) were more accurate than Ip/1;.
The broadening of D band with increasing milling time was
also observed in the HEBM-1 and HEBM-2 powders, as
shown in Fig. 6.

In this study, the product of I;,/I; and FWHM (D) was
used to describe the CNT damage, and the results are shown
in Fig. 9. The higher product values indicate more severe
damage of CNTs. In accordance with the previous studies
[23-25], the damage of CNTs increased with increasing
milling time for both of HEBM-1 and HEBM-2 powders.
During HEBM-1, the damage of CNTs increased dramati-
cally in the first 2 h of milling. As shown in Fig. 4, most of
the CNTs were located on the surfaces of Al powders and
they underwent severe shear effect in this stage. As milling
time increased from 2 h to 4 h, the damage of CNTs was
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Fig.9 Variations in product of Iy/I; and FWHM (D) with milling
time during HEBM-1 and HEBM-2 evolution processes
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slight as compared to the initial flattening stage of Al pow-
ders. It is believed that the CNTs were wrapped by flaky Al
powders due to cold-welding in this stage, and thus escaped
the severe mechanical effect of milling. At the last 2 h mill-
ing, the damage of CNTs increased significantly again. This
is because CNTs were severely cut due to fracture of the
cold-welded powders.

During HEBM-2, the damage of CNTs during the initial
2 h was similar to that in HEBM-1. After milling for 4 h,
the CNTs continued to be damaged because CNTs were still
located on the surfaces of flaky Al powders instead of being
wrapped by cold-welded Al powders. In this period, with the
surface area increase and thickness reduction of the flaky Al
powders, more CNTs were exposed to milling balls and led
to continuously increased damage. As milling time increased
from 4 h to 6 h, the damage of CNTs nearly remained stable.
This is because the CNTs were embedded inside powders
after several hours of milling (Fig. 4f) and avoided damage.

5 Conclusions

1. Two powder morphology evolution processes (HEBM-1
and HEBM-2) were achieved by controlling the add-
ing times and amount of PCA during HEBM in fabrica-
tion of CNT/7055Al1 composite powders. In HEBM-1,
the powders flattened, cold-welded and fractured. In
HEBM-2, powder cold-welding was suppressed. Pow-
ders flattened, maintained flaky shape and fractured.

2. CNTs were uniformly dispersed with significant length
reduction during HEBM-1, while CNTs were hardly
dispersed during HEBM-2. Powder flattening process
was ineffective in dispersing CNTs in HEBM-2 because
the thickness of flaky Al powders exceeded the critical
value and CNTs were fixed on the surfaces of flaky Al
powders. Repetitive powder fracture and cold-welding
process was considered as the main pattern for dispers-
ing CNTs in HEBM-1.

3. Product of I}y/I; and FWHM (D), rather than Iy/I;, was
used to characterize the structural damage of CNTs. It
indicates that the damage of CNTs was severe in the
stages of powder flattening and fracture, while cold
welding stage led to little damage to CNTs.
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