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In this study, carbon nanotube (CNT) reinforced 7055A1 composite was fabricated by high energy ball
milling combined with powder metallurgy. The as hot-pressed composite had an inhomogeneous
microstructure composed of coarse grains without CNTs and fine grains with uniformly dispersed CNTs.
Processing maps were established and the hot deformation behavior as well as the microstructure
evolution during deformation was investigated. It was indicated that the power dissipation efficiency of
the composite was relatively lower at higher deformation temperature or lower strain rate. Abnormal
grain growth (AGG) and cracking occurred when the composite was deformed at high temperature with
low strain rate. A few of CNTs were embedded into coarse grains as AGG occurred, and the micro-cracks
formed at the boundaries between the coarse and the fine grained zones. The cracking mechanism was
considered as the stress concentration caused by the dragging effect of CNTs, and the reduced critical
stress required for pore nucleation due to AGG at the boundaries between the coarse and the fine grained

zones.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) have attracted enormous interest
globally [1], and are now considered as one of the most potential
reinforcements for metal matrix composites due to their remark-
able properties including extremely high elastic modulus (~1 TPa)
[2] and strength (>30 GPa) [3]. Adding CNTs into aluminum alloys
can significantly enhance their strength, thereby broadening their
applications, e.g. Liu et al. [4] found the 4.5 vol% CNT/2009Al
composite exhibited an ultimate tensile strength of 640 MPa which
was 60% higher than that of 2009Al alloy.

As the highest strength aluminum alloys, typical 7xxx Al alloys
(i.e. AI-Zn—Mg—Cu) such as 7055Al, 7085Al, etc., are expected to
achieve ultra-high strength composites [5]. Wei et al. [6] reported
that CNT/7055Al1 composite exhibited much higher ultimate tensile
strength than those of CNT/2xxx Al [7], CNT/5 xxx Al [8], CNT/6xxx
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Al composites [9]. Therefore, developing CNT/7xxx Al composites
and further optimizing processing parameters to manufacture
higher performance materials have significant engineering value.
Microstructure evolutions, such as the reinforcement distribu-
tion and grain size, are greatly affected by processing parameters.
Tavighi et al. [10] found the low temperature deformation could
break the reinforcements of Al—16 wt% Al4Sr metal matrix com-
posite, and high temperature deformation promoted the rein-
forcement non-uniformity distribution. Huang et al. [11] found the
dynamic grain growth of SiCp/2014Al composite occurred as the
deformation temperature was high, which was the result of dy-
namic recrystallization (DRX). Ma et al. [12] investigated the hot
deformation behavior of SiC/2009Al composite and found that high
temperature combined with low strain rate could promote the
uniform distribution of the reinforcements. Therefore, processing
map is employed to determine processing parameters according to
variant deformation behaviors, including DRX, dynamic recovery
(DRV) and the flow instability [13]. The processing map in-
vestigations of CNT/2xxx Al [14] and CNT/6xxx Al [15] demon-
strated that addition of CNTs increased the flow stress, decreased
the power dissipation efficiency and broadened unstable domain
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compared to the unreinforced alloys.

The hot deformation behaviors of these CNT/Al composites with
varied Al alloy matrixes are quite different. For example, DRX
occurred at high temperature with low strain rate in the CNT/2xxx
Al composite, which was beneficial to plastic working [14]. How-
ever, high temperature with low strain rate induced flow instability
in the CNT/6xxx Al composite [15]. Considering that various hot
deformation behaviors could be caused by different stacking fault
energies [16] and thermal diffusion [17], the CNT/7xxx Al com-
posite might exhibit significantly different hot deformation be-
haviors from the previous reported CNT/Al composites, as the result
of the complicate alloy elements of 7xxx Al alloy matrix.

Furthermore, for materials containing multiple alloy elements,
non-uniform grain growth is easy to induce during the sintering
process [18]. 7xxx Al alloys have lower melting points due to high
alloy content, thus partially melting occurs easily during sintering
process. In the CNT/7xxx Al composite with ultra-fine grains
formed by ball milling, inhomogeneous grain size might form
naturally during the sintering process. Previous studies indicated
that the materials with bimodal grain microstructure had quite
different deformation behaviors compared to homogeneous ma-
terials [ 19]. For example, the formability of the bimodal magnesium
alloy was much weaker than that of the homogeneous magnesium
alloy, mainly because the bimodal microstructure was not condu-
cive to uniform plastic deformation [19]. On the other hand, hot
deformation also affected the bimodal microstructure evolution.
For example, Liu et al. [20] found that hot deformation could pro-
mote the grain size homogenization of Udimet 720Li superalloy.
That is, the coarse grains were refined due to DRX, while the fine
grains were prone to coarsen. In conclusion, for either evaluation of
hot working capability or control of the microstructure, it is
necessary to study the hot deformation behaviors of CNT/7xxx Al
composites. However, to the best of our knowledge, there were no
reports focused on hot deformation behaviors of CNT/7xxx Al
composites.

In this study, a hot-pressed CNT/7055Al composite was pre-
pared by high energy ball milling combined with powder metal-
lurgy, and the processing maps were established based on hot
compression tests. The microstructure evolution and flow insta-
bility behavior were analyzed. The aim is to (a) obtain a parameter
range suitable for hot working, (b) establish the relationship be-
tween processing parameters and microstructure, and (c) clarify
the mechanism of micro-crack formation during flow instability.

2. Experimental details

The as-received CNTs had an average length of 5 pm and an
average diameter of 15 nm, which was supplied by Tsinghua Uni-
versity. 3.0 vol% CNTs were mechanically mixed with 7055Al (Al-
8.1 wt% Zn-2.2 wt% Mg-2.2 wt% Cu) powders in a mixer at a rotation
rate of 50 rpm and a ball to powder ratio of 1:1 for 4 h, and then
milled in an attritor at a rotation rate of 250 rpm and a ball to
powder ratio of 15:1 for 10 h. 2.0 wt % stearic acid was added to
prevent severe cold-welding of powders. The as-milled powder
was cold-compacted in a cylinder die, degassed, and then hot
pressed at 500 °C to a cylindrical billet. The billet was homogenized
at 460 °C for 24 h and cooled down to room temperature. For
comparison, 7055Al alloy was also fabricated. The fabrication pro-
cess was similar to that of CNT/7055Al composite.

Cylindrical specimens with a diameter of 8 mm and a height of
12 mm were machined with the axis parallel to the billet axis ac-
cording to the ASTM E9-09 standard. Isothermal compression tests
were conducted at 300, 350, 400, 450 °C and strain rates of 0.001,
0.01, 0.1, 1 s~! using a Gleeble-3800 thermal-simulator system.
Graphite sheets were used to lubricate both end surfaces of the
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specimens. The specimens were rapidly heated to the test tem-
peratures at a heating rate of 10 °C s—! and then held for 10 min to
eliminate thermal gradient. The specimens were compressed to a
true strain of 0.8 at a constant strain rate, and the true stress-true
strain curves were automatically recorded. After hot compression,
the specimens were immediately quenched into water to freeze the
microstructures. The specimens were cut through the centerline
along the compression direction for microstructure examinations.

The specimens were mechanically polished and etched using
the Graff and Sargent’s reagent, then observed by optical micro-
scopy (OM, Zeiss Axiovert 200 MAT). Microstructures were also
examined by scanning electron microscopy (SEM, Quanta 600) and
transmission electron microscopy (TEM, FEI Tecnai Spirit TEM T12).
TEM specimens were cut by electrical discharge machining, ground
to a thickness of 60 um, then punched to disks with a diameter of
3 mm and then dimpled to a minimum thickness of 20 pm, finally
ion-beam thinned by a Gatan Model 691 ion milling system.

The differential scanning calorimetry (DSC, TA-Q1000 system)
analysis was carried out using about 10 mg as-milled CNT/7055Al
powders. The testing temperature was from 200 °C to 680 °C with a
heating rate of 5 °C/min. The density of the CNT/7055AIl composite
billet was measured using the Archimedes method to evaluate the
level of densifications. The oxygen content of the billet was
measured with a Leco TC-436 Nitrogen/Oxygen Determinator, and
the Fe content was measured with a iCAP Q mass spectrometer.

3. Results and discussion
3.1. Initial microstructure

The measured density of the as hot-pressed CNT/7055Al com-
posite was 2.78 g/cm?, which reached the theoretical density. The
oxygen and Fe content of the composite were respectively 0.34 wt%
and 0.11 wt%. It should be mentioned that the impurity of oxidation
and Fe was a common phenomenon for milled materials. The mi-
crostructures of the as hot-pressed CNT/7055Al composite are
shown in Fig. 1. As expected, the hot-pressed CNT/7055Al com-
posite was of dual-scale grain structure (Fig. 1a) without micropore.
Through the statistics of the area of different chroma by Image Tool
software, the coarse grained zone was accounted for about 15 vol%.
Some undissolved phases could be observed in the CNT/7055Al
composite, and EDS analysis identified that the undissolved phases
were rich in Zn, Mg, and Cu (Fig. 1b). It indicates that the undis-
solved phase was formed by partial aggregation of alloy elements.
TEM images show that the fine grains were equiaxed with an
average size of about 200 nm, while the coarse grains exhibited
long stripe shape with several microns in the length direction
(Fig. 2a). CNTs with a length of 100—200 nm (denoted with black
arrows) were uniformly distributed in the fine grained zone
without CNT agglomeration, and directionally aligned perpendic-
ular to hot pressing direction, as shown by Fig. 2b. By comparison,
almost no CNTs could be observed within the coarse grained zone.
It should be mentioned that the inhomogeneous microstructure
had not been reported in other previous CNT/Al composites fabri-
cated by conventional powder metallurgy [14].

The presence of the coarse grained zones could be attributed to
the formation of liquid phase. Because 7055 Al powders contained
large number of alloy elements, such as Zn and Mg, the zones rich in
alloy element were prone to melting during hot-pressing. Fig. 3
shows the DSC analysis of the milled 7055Al powders, it can be
seen that the powders had an endothermic peak at 486 °C, indi-
cating the melting of the low melting point phase (lower than the
hot-pressing temperature of 500 °C). It is believed that the liquid
phase was easy to expand to the surfaces of the milled powders. As
aresult, a larger grain size would be formed at the spaces among Al



K. Ma, ZY. Liu, X.X. Zhang et al.

‘zone.

S,

e
ine

o

B

?

L)

Al K series

i«

Zn K series

Journal of Alloys and Compounds 854 (2021) 157275

Mg K series Cu K series

Fig. 1. Microstructure of as hot-pressed 3 vol% CNT/7055Al composite: (a) OM image of macrostructure, (b) SEM back-scattered electron image (Chemical composition of un-

dissolved phases was identified as rich in Zn, Mg and Cu by EDS elemental maps).
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Fig. 2. TEM images of as hot-pressed 3 vol% CNT/7055Al composite: (a) grain microstructure, (b) CNT distribution.

powders after solidification. This is in accordance with previous
investigation that the grain size formed by liquid solidification in
powder metallurgy route was much large [18]. Furthermore, CNTs
were mainly distributed inside the milled powders, and thus CNTs
could not move with the liquid during hot-pressing. As a result, no
CNTs could be observed inside the coarse grained zones.

3.2. True stress-true strain curves

The typical true stress-true strain curves of the 7055Al alloy and
CNT/7055Al composite specimens hot-compressed at 400 °C and
strain rate of 0.01 s~ ! are respectively shown in Fig. 4a and b. It can
be seen that flow stress of the matrix alloy and composite
decreased as temperature increased or strain rate decreased, and
the stress of the composite was higher than that of the matrix alloy.
The variation of flow stress with deformation parameters was

similar to that of the corresponding CNT/Al composite, but the high
stress of the composite indicates that CNTs could still lead to the
strengthening effect at high temperature [21].

All the composite specimens hot-compressed to a true strain of
0.8 are shown in Fig. 5. It is readily noted that surface cracks
appeared in the specimens deformed at 400 °C with 0.001 s,
450 °C with 0.001 s~ ! and 450 °C with 0.01 s~". Cracking at higher
temperatures with lower strain rates in the present CNT/7055Al
composite was not found in previously reported CNT/2xxx Al [21]
or CNT/6xxx Al composites [15]. It indicates that the present
composite had special hot deformation behaviors.

3.3. Processing maps

The power dissipation efficiency () of the 7055Al alloy matrix
and CNT/7055Al composite deformed at different parameters were
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Fig. 3. DSC curves of as-milled CNT/7055Al1 powders at different temperatures.

both calculated based on Murty model [22]. For the 7055Al alloy
matrix, the highest and lowest 1 of 0.74 and 0.22, were respectively
obtained at 420 °C with 1 s, and 340 °C with 0.001 s~ (Fig. 6a).
The 7 evolution was similar with that of other reported 7xxx alloy
[24], in which DRX was easy to occur at high temperature with high
strain rate, and the adequate DRX was good for obtaining a high 7.

Unlike the 7xxx Al alloy, the present CNT/7055Al composite
exhibited decreased n with increasing temperature from 300 to
400 °C or decreasing strain rate from 1 to 0.001 s~! (Fig. 7a).
Especially, as the temperature was higher than 400 °C, n was quite
low, even smaller than 0.1. Considering the inhomogeneous
microstructure and CNT distribution in present CNT/7055Al com-
posite, the relationship between microstructure evolution and flow
behavior must be taken into account for the special variation of 7
with temperature and strain rate, which will be discussed after
microstructure observation.

The instability zones of 7055Al alloy and CNT/7055A1 composite
were determined using Prasad model [23], as shown by the shaded
area in Figs. 6b and 7b. It is apparent that both materials exhibited
the instability zones at high temperature with low strain rate.
Meanwhile, the processing parameters corresponding to the
cracking of CNT/7055Al composite in Fig. 3 were completely
covered by the instability zone, which means that the processing
maps could well describe the deformation behavior of the CNT/
7055Al composite. Furthermore, the range of instability zones in
the CNT/7055Al composite was much larger than that of the 7055Al
alloy, which indicates that the processing capability of the com-
posite was more difficult than that of the matrix.

(a) 120
100+t

80t
60F
40+
20

0r

Strain rate 0.01s”

True Stress, MPa

0.0 0.2 0.4 0.6 0.8

True Strain

Journal of Alloys and Compounds 854 (2021) 157275

™ 1 , .
E ’
£
crack
& 1 .
300 350 400 450

Temperature,°C

Fig. 5. Morphologies of 3 vol% CNT/7055Al composite specimens hot-compressed to a
true strain of 0.8.

3.4. Microstructures evolution

The OM images of the 3 vol% CNT/7055Al composite after hot
compression are shown in Fig. 8. A large number of undissolved
phases (black particles) could still be observed in the specimens
deformed at 300 °C (Fig. 8a and b), while the undissolved phases
were much fewer in the specimens deformed at 450 °C (Fig. 8c and
d). This indicates that undissolved phases rich in Zn, Mg and Cu
could be dissolved during deformation at higher temperatures. The
content of coarse grained zones were counted as 16, 14, 16 and
37 vol% for the specimens deformed at 300 °C with 1 s~, 300 °C
with 0.001 s, 450 °C with 0.001 s~, 450 °C with 0.001 s~},
respectively. Obviously, the specimen deformed at 450 °C with
0.001 s~ ! had a much higher content of coarse grained zones than
other specimens (Fig. 8d). This implies that there was an obvious
abnormal grain growth (AGG) under this parameter.

Fig. 9 shows the TEM images of the hot-compressed composite
specimens. For the specimen deformed at 300 °C with 1 s~ (Fig. 9a
and b), a large number of tangled dislocations were observed in the
coarse grains. The dislocation density in the fine grained zone was
much lower than that in the coarse grained zone. The lower
dislocation density within the fine grains might be explained by
following reasons. Firstly, the fine grains were more likely to trigger
grain boundary (GB) sliding, thereby reducing the number of
dislocation nucleation [25]. Secondly, the GB numbers in the fine

(b)
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g 20r
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Fig. 4. True stress-true strain curves of 3 vol% CNT/7055Al composite (continuous lines) and 7055Al alloy (dashed lines) specimens hot-compressed at (a) 400 °C and (b) 0.01 s,
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Fig. 6. Processing maps of 7055Al alloy: (a) power dissipation map, (b) processing map containing the unstable zone.
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Fig. 7. Processing maps of 3 vol% CNT/7055Al composite: (a) power dissipation map, (b) processing map containing the unstable zone.

Fig. 8. OM images of CNT/7055Al composite specimens hot-compressed to a true strain of 0.8 at (a) 300 °C with 1s~%, (b) 300 °C with 0.001 s, (c) 450 °C with 1 s~ ! and (d) 450 °C

with 0.001 s~

grained zone were high, and dislocations could annihilate fast at
the GBs [26]. Although fewer dislocations could be observed in the
fine grained zone, dislocation walls were found within fine grains,
as shown by Fig. 9b. This indicates that DRV occurred within the
fine grained zone, and this was another reason for the low dislo-
cation density in the fine grained zone.

According to description of DRV in Ref. [27], opposite sign

dislocations attracted each other by climbing or cross-slipping and
then disappeared, while the same sign dislocations repelled each
other and arranged directionally on the same slip plane to form
dislocation walls or sub-grain boundaries. Such dislocation
configuration evolution would lead to power dissipation increase
[28]. By contrast, dislocations were tangled in the coarse grained
zone. This dislocation configuration consumed the imported power



K. Ma, Z.Y. Liu, X.X. Zhang et al.

Journal of Alloys and Compounds 854 (2021) 157275

Fig. 9. TEM images of CNT/7055Al composite specimens hot-compressed to a true strain of 0.8 at (a) (b) 300 °C with 1 s~%, (c) (d) 450 °C with 1 577, (e) (f) 450 °C with 0.001 s~ .

substantially in the form of heat dissipation. Therefore, the power
stored in the microstructure evolution of the coarse grained zone
was relatively low. However, as the main part of the composite, the
fine grained zone dissipated a large amount of power due to DRV.
As a result, the highest 5 was obtained at 300 °C with 1 s~

For the composite specimen deformed at 450 °C with 1 s~
(Fig. 9c and d), the dislocation density in the coarse grains was
relatively lower. This could be caused by the GB sliding and the
reduced intragranular deformation component due to the high
deformation temperature [29]. Further, sub-grains formed within
the coarse grains under this deformation parameter. This micro-
structure agreed well with continuous DRX [30]. By contrast, the

substructures such as dislocation walls or sub-grain boundaries
were not found in the fine grains.

It should be pointed out that deformation at high temperature
with high strain rate was able to induce DRX of 7xxx Al alloy [31],
leading to grain refinement accompanied with high 7. Unlike the
uniform coarse-grained Al alloy, the present CNT/7055Al composite
had a high content of fine grains and low content of coarse grains.
The fine grain size remained unchanged after hot compression test
(Fig. 9d), due to the pinning effect of CNT. Because the fine grain size
was far below the lower limited sub-grain size (about 2 um) of Al
alloys at elevated temperatures [32], the fine grains were difficult to
further refine by DRX. Furthermore, no DRV evidence was found in
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the fine grained zone as mentioned above. As a result, a low 7 of the
composite was obtained under this parameter, although the
occurrence of DRX in the coarse grained zone should result in high
power dissipation.

For the composite specimen deformed at 450 °C with 0.001 s~
the content of coarse grained zones increased significantly after hot
compression compared to that of the as hot-pressed composite. It
can be seen from Fig. 9f that the grain size within the fine grained
zone was almost the same as that of the as hot-pressed composite
specimen. It has been reported that the grain growth of nano-
particles/metal composites was very difficult due to the strong
pinning effect of reinforcements on the GBs [33]. In the present
CNT/7055Al1 composite, the pinning effect of CNTs on the GBs was
also confirmed at most of the compression test parameters.
Conversely, it could also be ensured that the increased content of
the coarse grained zone was not caused by AGG of the fine grains
but the coarse grains. That is, the grains in the coarse grained zone
preferentially grew along the boundaries into the fine grained zone.

According to the n map (Fig. 6a), it is known that the 7 corre-
sponding to the AGG was extremely low. This is consistent with the
previous study on SiC/2014Al composite [34]. There were mainly
two reasons for the low 7. On one hand, the content of the GBs
reduced and the GB energy decreased due to AGG, so the power
stored in the GBs decreased. On the other hand, AGG aggravated the
inhomogeneous microstructure, and easily led to localized defor-
mation. Because the effective area for power dissipation was
reduced, and thus the extremely low 7 was obtained.

Fig. 10 shows the TEM images of the composite specimens hot-
compressed at 300 °C with 1 s~! (without AGG) and 450 °C with
0.001 s~ (with AGG). It can be seen CNTs maintained good struc-
ture morphology. According to the previous characterization re-
sults of the CNTs in the CNT/Al composite after hot extrusion [8], it
can be known that the common hot deformation would not lead to
severe damage of CNTs. However, the distribution of CNTs would be
changed with different deformation parameters. Compared to the
as hot-pressed composite specimen (Fig. 2b), the orientation of
CNTs in both composite specimens became chaotic after hot
compression. This is mainly attributed to CNT rotation driven by the
matrix alloy flow during hot deformation. No CNTs were observed
in the coarse grains after hot deformation at 300 °C with 1 s~
(Fig. 10a), while some CNTs were embedded into the coarse grained
zone after hot deformation at 450 °C with 0.001 s~ .

It is believed that the boundaries between the coarse and the
fine grained zones broke through the pinning effect of CNTs and
migrated from the coarse grained zone to the fine grained zone
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during hot deformation at 450 °C with 0.001 s~ . This result is in
accordance with the previous finding [35] that the externally
applied stress during hot deformation could assist the GB migration
to break through the pinning effect of the reinforcements and
promote grain growth. Overall, for the CNT/7055Al composite with
initial inhomogeneous microstructure, the boundaries between the
coarse and the fine grained zones were unstable under external
stress due to stress concentration, thereby resulting in preferential
GB migration at these positions, and the AGG phenomenon
appeared as a result.

3.5. Cracking mechanism analysis

In previous investigations on hot deformation of Al alloy [31] or
particle reinforced Al matrix composite [34], GB sliding and atomic
diffusion were confirmed during deformation at high temperature
with low strain rate, thereby reducing the risk of cracking. How-
ever, for the CNT/7055Al composite, the external cracks were
observed in the composite specimens deformed at high tempera-
ture with low strain rate (Fig. 5). This could be related to AGG and
the dragging effect of CNTs on the GBs.

The dragging effect of reinforcements can be expressed by the
following equation [36].

dv
T=Mgn (1)
where 7 is the dragging force, v is the deformation velocity of the
viscous layer, h is the thickness of the viscous layer, and 7 is the
interface viscosity, which can be expressed by the following
equation [37].

kT

= gpp (2)

where k is the constant, T is temperature, b is the atom spacing, D is
the diffusion coefficient. Substituting Eq. (2) into Eq. (1), the final
form of Eq. (1) can be changed to

B kT dv
T = 8bDdh

Eq. (3) demonstrates that the increase of temperature could
produce a higher dragging force. When GB sliding in the CNT/Al
composites was triggered during deformation, the enhanced
dragging effect of CNTs could aggravate the stress concentration at

(3)

. Coarse grain.
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'

100nm

Fig. 10. TEM images of the composite specimens hot-compressed to a true strain of 0.8 at (a) 300 °C with 1 s~ and (b) 450 °C with 0.001 s~ .
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Fig. 11. Micro-crack initiation in CNT/7055Al composite hot-compressed at 450 °C
with 0.001 s7%.

the GBs, thereby increasing the risk of damage. On the other hand,
the stress concentration at the GBs is also related to the grain size.
Smith et al. [38] deduced that the stress required for nucleation of
the pores at the second phase particles could be expressed by

o mv<E 1/2 E
e (1 — I/2)P A
where 7, is the shear stress required for the nucleation of the
pores, v, is the surface energy of the pores, E is the Young’s modulus
of the matrix, v is the Poisson’s ratio of the matrix, P is the diameter

of the second phase particles, and 1 is the sub-grain size. Eq. (4)
indicates that the increase of subgrain or grain size could

(4)
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decrease the required stress of cracking. It means that AGG would
increase the risk for cracking.

Fig. 11 shows the micro-crack in the composite hot-compressed
at 450 °C with 0.001 s~ L It can be seen that the micro-cracks with
width less than 1 um were located at the boundaries between the
coarse and the fine grained zones, and almost no micro-cracks can
be observed in the neighborhood of the coarse grained zones.

The schematic of cracking during deformation is drawn in
Fig. 12. For the as hot-pressed composite, the grains were inho-
mogenous, composed of coarse grains and fine grains with some
CNTs distributed at the GBs. During hot deformation at high tem-
perature with low strain rate, GB sliding became easy, which led to
stress concentration at the boundaries between the coarse and the
fine grained zones due to dragging effect of CNTs. On the other
hand, stress concentration was aggravated and the critical stress
required for pore nucleation reduced due to AGG. As a result, micro-
cracks would form at the boundaries between the coarse and the
fine grained zones.

4. Conclusions

In this study, hot compression test was employed to investigate
the hot deformation behavior of the 3.0 vol% CNT/7055Al com-
posite at temperatures ranging from 300 to 450 °C with strain rates
ranging from 0.001 to 1 s~L. The following conclusions can be
drawn:

(1) The as hot-pressed composite had an inhomogeneous
microstructure composed of CNT-free coarse grains and fine
grains with uniformly dispersed CNTs. There were some
undissolved phases rich in Zn, Mg, and Cu in the as hot-
pressed composite, and the undissolved phases were
greatly reduced after the composite was deformed at high
temperature (450 °C).

(2) The power dissipation efficiency was decreased as the tem-
perature increased or the strain rate decreased. The lowest

Fig. 12. Cracking schematic of CNT/7055Al composite (AGG occurred as the composite deformed at high temperature with low strain rate).
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power dissipation efficiency was only 0.01 at 450 °C with
0.001 s, due to the decrease of energy stored at the GBs and
the severe localized deformation induced by AGG.

(3) AGG was observed for the composite deformed at high
temperature with low strain rate, and some CNTs were
embedded into the coarse grains as AGG occurred. It is
believed that the boundaries between the coarse and the fine
grained zones broke through the pinning effect of CNTs, and
migrated from the coarse grained zone to the fine grained
zone, thereby forming the AGG.

(4) The cracking occurred as the composite was deformed at
high temperature with low strain rate, and micro-cracks
mainly formed at the boundaries between the coarse and
the fine grained zones. This was attributed to the stress
concentration induced by the dragging effect of CNTs, and
the reduced critical stress required for pore nucleation due to
AGG at the boundaries between the coarse and the fine
grained zones.
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