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a b s t r a c t

Understanding the fatigue behavior of Carbon nanotube (CNT) reinforced Al composites (CNT/Al) was of
critical importance, for their further application in the aerospace industry. Although CNT could improve
the fatigue performance, the fatigue behavior of CNT/Al composites with different structure (e.g. bimodal
structure) under different fatigue conditions was still in lacking. In this study, the tension-tension/
tension-compression fatigue behaviors of bimodal structure CNT/7055Al composites consisting of
ultra-fine grain (UFG) zones rich of CNTs and coarse grain (CG) bands free of CNTs, were investigated and
the corresponding damage mechanisms were analyzed. Results indicated that dislocation cells, tangles
and subgrains were observed in the CGs, while no obvious dislocation configuration was detected in the
UFGs after 107 fatigue cycles. Under the tension-tension fatigue condition, the fatigue strength of the
composites was increased from 350 MPa to 400 MPa by load transfer effect of CNTs at 107 cycles.
However, CNTs failed to improve the fatigue strength under the tension-compression fatigue condition
due to the failure of the UFG zones rich of CNTs resulting from the high stress amplitude. It was found
that strain localization in the CGs was the principal damage mechanism of CNT/7055Al composites.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Owing to the outstanding properties of carbon nanotubes
(CNTs) (strength of ~30 GPa and Young's modulus of ~1 TPa), CNT
reinforced aluminium matrix (CNT/Al) composites have attracted
great attention since the past decade [1e5]. Possessing high
strength, high stiffness and low density, CNT/Al composites have
broad application prospects in the fields of aerospace and auto-
mobile [6e9]. However, the early work on CNT/Al composites only
focused on the strength and stiffness [10e15], ductility [16e19], hot
deformation [1,20] and wearability [21], while little attention had
been paid to the fatigue performance which affected the dynamic
service safety. The understanding of fatigue behavior of the CNT/Al
composites can provide a basis for the dynamic performance design
of CNT/Al composites and a reference for the reliable service of
CNT/Al composites in the future.
Actually, a number of studies have been conducted on the fa-
tigue behavior of particle reinforced aluminum matrix composites
(AMCs) and demonstrated that the AMCs exhibited better high-
cycle fatigue performance than the unreinforced aluminum alloys
[22e26]. Chawla et al. [22] and Llorca et al. [27] found that the load
transfer effect of the reinforcements reduced the average stress
level in the matrix, and retarded the crack nucleation. Myriounis
et al. [28] found that the ceramic particles would hinder fatigue
crack propagation and reduce the crack propagation rate. In gen-
eral, the fatigue strength (FS) of the AMCs increased with the in-
crease of reinforcement contents [23,24,27,29]. In addition, the
particle size had a significant influence on the fatigue properties of
the AMCs [30,31]. Large particles would cause crack initiation,
which was disadvantageous to the fatigue performance. By com-
parison, small particles could hinder dislocation motion, reduce
strain localization and improve the fatigue performance.

However, only limited numbers of studies have been conducted
on the fatigue behavior of CNT/Al composites. Liao et al. [32] re-
ported the tension-tension fatigue behavior of CNT/Al composites
under a stress ratio of 0.1, and found that CNTs significantly
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enhanced the number of load cycles to failure of the composites by
crack-bridging and pulling-out mechanisms. Shin et al. [33] found
that the incompatibility between CNTs and Al matrix generated by
cyclic deformation resulted in CNT pulling-out. The pulled-out
CNTs reduced the energy of crack propagation and acted as
bridges to prevent crack further propagation. As a result, the FS of
the 4 vol% CNT/2024Al composite under the severe condition
(stress ratio of�0.5) reached 550 MPa and the fatigue ratio reached
0.78. However, the corresponding microstructure evolution during
fatigue was still lacking, and the fatigue behavior of the composites
under more severe conditions (such as the stress ratio of �1) was
not reported.

As well known, crack initiation life comprised over 90% of the
total fatigue life [34]. An in-depth understanding of damage
mechanism can help to delay crack initiation and improve the fa-
tigue performance of CNT/Al composites. Although the previous
studies have reported the reinforcing effect of CNTs during fatigue,
the effect of CNTs under more stringent condition is still necessary
to study.

Recently, heterogeneous structure (e.g. bimodal structure) was
demonstrated to be an effective way to improve the strength-
ductility as compared to homogeneous structure for CNT/Al com-
posites [11,19,35,36]. Ma et al. [36] optimized the CG structure in
bimodal CNT/2009Al composites via hot extrusion process and
enhanced the ductility by 60%. Liu et al. [35] enhanced the ductility
from 2% to 4.5% with nearly no strength loss via optimizing pro-
portion of CGs and UFGs in CNT/AleCueMg composites. Bimodal
structure design has become an important trend for toughening
CNT/Al composites. However, some previous investigations on al-
loys indicated that the relatively weak zones in the heterogeneous
materials could be the preferential sites for fatigue damage [37,38],
which makes the fatigue behavior of heterogeneous materials quite
different from the homogeneous composites. Whether the bimodal
structure would affect the fatigue damage behavior of CNT/Al
composites was still to be investigated.

Our previous investigation demonstrated that using 7xxxx se-
ries Al alloy as the matrix could lead to higher strength and
deformation ability [6,39,40] as compared with those using pure Al,
5xxxAl or 6xxxAl series alloy. Further, bimodal structure could be
in-situ formed in the CNT/7055Al composites [7,20], which made
CNT/7055Al composites the ideal model materials for fatigue
investigation.

In the present study, the high-cycle fatigue behaviors of CNT/
7055Al composites under the stress ratios of 0.1 and �1 were
respectively investigated. The microstructure, surface morphology
and fractograph after fatigue deformation were analyzed. The
objective of this study is: (i) to clarify the damage mechanism of
CNT/7xxx Al composites with bimodal structure and (ii) to expli-
cate the effect of bimodal structure and CNTs on fatigue behavior
under different cyclic loading condition.

2. Experimental

The 7055Al alloy and CNT/7055Al composite were fabricated by
ball-milling and powder metallurgy route. An attritor was utilized
to disperse 2 vol% multi-walled CNTs (about 15 nm in diameter,
2e5 mm in length, and supplied from Cnano Technology Ltd.,
Jiangsu, China) in 7055Al alloy powders (Al-8.1 wt% Zn-2.2 wt%Mg-
2.2 wt% Cu, about 10 mm in diameter). Milling was conducted at
400 rpm for 6 hwith a ball-to-powder ratio of 15:1 in a purity argon
atmosphere, as described in our previous reports [39,40]. 1.6 wt%
stearic acid was added as the process control agent to prevent
excessive cold welding of powders.

The milled powders were cold-compacted into a cylinder die
and then hot-pressed at 500 �C for 1.5 h to form a cylinder billet
365
(F75 mm� 80mm). The as-pressed billet was then hot extruded at
420 �C into bar with an extrusion ratio of 16:1. The extruded
composite samples were solution treated at 470 �C for 1 h to
dissolve coarse second-phases, and then quenched into water.
Aging of the solution-treated samples were carried out at 120 �C for
24 h. For comparison, 7055Al alloy samples were prepared under
the same process and subjected to the same heat treatment
conditions.

Optical microscopy (OM, Leica DMi8M) and transmission elec-
tron microscopy (TEM, Tecnai G2 20, Talos F200X) were employed
to observe the microstructure. TEM specimens were cut by elec-
trical discharge machining, ground to a thickness of 60 mm,
punched to disks with a diameter of 3 mm, then dimpled to a
minimum thickness of 20 mm and finally ion-beam thinned by a
Gatan Model 691 ion milling system. Scanning electron microscopy
(SEM, FEI-Apreo) was used to characterize the surface morphology
and fractograph. In order to evaluate the stress suffered on the CNTs
after fatigue, Raman spectroscopic examination was performed on
the fatigue specimens using a micro-Raman spectroscope (Jobin
Yvon HR800, excited by 532 nm HeeNe laser with laser size of
~1 mm2) in the spectral range from 1450 to 1800 cm�1.

Tensile specimens with a gauge diameter of 5 mm and length of
25 mm, and fatigue specimens with a gauge diameter of 6 mm and
length of 10 mm were respectively machined along the extrusion
direction. Tensile test was carried out on an Instron 5982 tester at a
strain rate of 1 � 10�3 s�1 at room temperature. High-cycle fatigue
test was performed on an Instron 8801 tester with servo-hydraulic
system under the load-controlled mode at a frequency of 20 Hz at
room temperature. The specimens were axially fatigued at stress
ratios of R¼ 0.1 and �1 (R is smin=smax, smin and smax are minimum
and maximum stresses, respectively). The FS was determined at
about 107 cycles according to the most of the fatigue limit of Metals
[33]. In order to observe the surface morphology of specimens after
fatigue, plate specimens with gauge section of
5 mm � 3 mm � 2.5 mm were machined parallel to the extrusion
direction. The specimen surfaces were mechanically polished fol-
lowed by electropolishing. The electropolishing was performed in a
solution of 30 mL HF þ11 g H3BO3 þ 970 mL H2O at room tem-
perature and a voltage of 20 V.

3. Results

3.1. Microstructure before fatigue

Fig. 1 shows the microstructure of the CNT/7055Al composite.
The OM image in Fig. 1a indicates that the composite had a pro-
nounced inhomogeneous structure. The TEM image in Fig. 1b
demonstrates that thecomposite consistedof coarsegrain (CG)band
and ultra-fine grain (UFG) zone. The CG band with awidth of ~1 mm
consisted of fine grains with grain sizes about 1 mm, where no CNTs
could be observed (Fig. 1b). The grain size of the UFGs was about
200e300 nm, and CNTs with a length of about 100 nm were uni-
formlydistributed in theUFGzone (Fig.1c). Further, tube structureof
CNT was well retained and CNT-Al interface was well bonded
(Fig. 1d). These above indicate an obvious bimodal structure formed
for the CNT/7055Al composite. This bimodal structure could be due
to the decrease of solidus temperature induced by high alloying el-
ements,which led to the formation of some liquid phases during hot
pressing. And these liquid phases formed during hot pressing
changed into the CG bands free of CNTs after solidification [7].

3.2. Tensile and fatigue properties

Tensile properties of the 7055Al and CNT/7055Al composites are
listed in Table 1. As shown, the 2 vol% CNT/7055Al composite



Fig. 1. (a) Typical OM image and (b) TEM image of CNT/7055Al composite, and TEM images showing (c) CNT distribution and (d) CNT structure in the UFG zone. (A colour version of
this figure can be viewed online.)

Fig. 2. The maximum stress versus cycle number (SeN) curves of the unreinforced
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exhibited a high tensile strength of 780MPa, which is about 80MPa
higher than the unreinforced alloy. As reported in our previous
study [7], fine grain, load transfer and Orowan strengthening were
the main strengthening mechanisms of the CNT/7055Al compos-
ites. It has been reported that the bimodal structure could improve
the strength-ductility of CNT/Al composites via blunting crack
propagation and relaxing the stress concentration in the UFG zone
[35]. However, the elongations of either the matrix or composites
were still relatively low, because the UFG had a weak dislocation
capacity and the CG content was not high enough for toughening
[35].

Fig. 2 shows the maximum stress smax as a function of the
number of cycles-to-failure (Nf) under R ¼ 0.1 and �1, and the Nf
data are listed in Table 2. Under the tension-tension condition
(R ¼ 0.1), the FS of the composite and the alloy were 400 MPa and
350 MPa, respectively, indicating that the addition of CNTs
enhanced the FS of the 7055Al alloy. However, under the tension-
compression condition (R ¼ �1), the FS of the composite and the
alloy were both 300 MPa, suggesting the insignificant strength-
ening of CNTs under the tension-compression fatigue.
Table 1
Tensile properties of the 7055Al and CNT/7055Al composites.

CNT contents YS/MPa UTS/MPa El/%

0 657 ± 11 700 ± 8 2.8 ± 0.6
2 vol% 712 ± 2 780 ± 3 1.5 ± 0.2

YS: Yield strength; UTS: Ultimate tensile strength.

7055Al and CNT/7055Al composites. (A colour version of this figure can be viewed
online.)
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3.3. Fatigue behavior of CNT/7055Al composites

Fatigue lives for the CNT/7055Al and matrix alloy were evalu-
ated using the Basquin equation inwhich the nominal strain was in
the elastic range as represented by:



Table 2
The failure cycle number (Nf) of the specimens under different fatigue conditions.

Specimens R Materials smax(MPa) Nf Specimens R Materials smax(MPa) Nf

1# 0.1 CNT/7055Al 650 2417 14# �1 CNT/7055Al 425 13,623
2# 0.1 CNT/7055Al 600 3358 15# �1 CNT/7055Al 400 7041
3# 0.1 CNT/7055Al 500 22,547 16# �1 CNT/7055Al 400 6794
4# 0.1 CNT/7055Al 450 448,148 17# �1 CNT/7055Al 375 24,353
5# 0.1 CNT/7055Al 400 10,000,000 18# �1 CNT/7055Al 350 142,180
6# 0.1 CNT/7055Al 375 10,000,000 19# �1 CNT/7055Al 325 467,889
7# 0.1 7055Al 550 11,624 20# �1 CNT/7055Al 300 10,000,000
8# 0.1 7055Al 500 21,927 21# �1 7055Al 425 6020
9# 0.1 7055Al 450 23,906 22# �1 7055Al 400 10,951
10# 0.1 7055Al 400 95,585 23# �1 7055Al 375 32,305
11# 0.1 7055Al 375 2,991,053 24# �1 7055Al 350 92,186
12# 0.1 7055Al 300 10,000,000 25# �1 7055Al 325 4,167,280
13# �1 CNT/7055Al 450 3190 26# �1 7055Al 300 10,000,000
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sa ¼DεeE
2

¼ s0f ð2Nf Þ�b (1)

where sa is the alternating stress amplitude, E is young's modulus,
s0f is the FS and approximately equal to the true fracture stress sf ,

and b is the fatigue strength exponent ranging from�0.05 to �0.12
for metals. The calculated values of b were listed in Table 3. Under
the tension-tension fatigue (R ¼ 0.1), the value of eb for the matrix
alloy and composite were quite similar. However, under the
tension-compression fatigue (R ¼ �1), the value of eb for the
composite was a little larger than that of the matrix alloy. In gen-
eral, a smaller value of eb showed a longer cycles-to-failure.

Fig. 3 shows the typical stress-displacement hysteresis loop of
the first, mid-life and last cycles for CNT/7055Al composites under
R¼ 0.1 and R¼�1. Under R¼ 0.1, it is evident that the displacement
shift occurred as the fatigue cycle progressed. From the first cycle to
the mid-life cycle, the composites experienced relatively large
elastic displacement. As the fatigue cycle exceeded the mid-life
cycle, the elastic displacement change was small. Similar results
were also reported in the fatigue deformation of CNT/2024Al
composite [33], in which the shifted elastic displacement resulting
from the number of cycles was attributed to the cyclic hardening
response. Under R ¼ �1, from the first cycle to the mid-life cycle,
the elastic displacement largely shifted towards the compression
direction. As the fatigue cycle increased, the elastic displacement
shifted towards the tension direction. This might be related to the
tension-compression deformation.

The area of the hysteresis loop was hysteresis energy, which
could reveal the degree of plastic deformation of the composite and
matrix alloy. Under both R ¼ 0.1 and R ¼ �1 conditions, the hys-
teresis loops were small, implying that the elastic deformation
dominated the whole high-cycle fatigue of CNT/7055Al composites
and only a little plastic deformation occurred. This could be un-
derstood because the applied stress under high cycle fatigue was
much lower than the YS of the materials, and most of the zones for
the materials were still at the elastic stage.
3.4. Observation of fatigue fractograph

Fig. 4a and b shows the typical macro-fractograph of the CNT/
7055Al specimens under R ¼ 0.1 and R ¼ �1, respectively. Three
Table 3
The value of -b for matrix alloy and composites under different fatigue conditions.

Materials R ¼ 0.1 R ¼ �1

-b 7055Al 0.05961 0.04165
CNT/7055Al 0.05891 0.05018
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typical zones including crack initiation, crack propagation and final
fracture zones were both clearly observed under two different
loading conditions. Obviously, the crack propagation zone showing
a typical “shellfish” pattern accounted for a large proportion of the
whole fracture surface. This was believed to be the effect of the
bimodal structure and CNTs on the crack propagation [33,41,42]. It
was reported that CG bands could blunt crack tip and hinder crack
propagation during tensile deformation [35]. Further, Liao et al. [32]
pointed out that CNTs could decrease the crack propagation rate by
crack bridging effect.

The magnified images of the crack initiation zones under R¼ 0.1
and R ¼ �1 are shown in Fig. 4c and d, respectively. It can be seen
that the fatigue cracks both initiated from the surfaces of the
specimens under the two different conditions. Although inclusions,
holes or agglomeration of reinforcements were usually reported to
be the main locations for fatigue crack initiation in AMCs [34], the
fatigue cracks in our CNT/7055Al composites did not initiate at
second phases. This was because the second phases in the CNT/
7055Al composites were relatively small (less than 2 mm) [6].

Fig. 5 shows the fractograph of the CNT/7055Al specimens un-
der smax ¼ 500 MPa and R ¼ 0.1. Under low magnification (Fig. 5a
and c), both shallow and fine dimples were observed in the crack
propagation and final fracture zones, where the dimple sizes were
smaller than 200 nm. Also, many wide tear ridges (marked by
yellow arrows) were detected. This was the typical morphology of
the CG band in the bimodal CNT/2009Al composite after fracture
[35]. The formation of the tear ridges indicated the interfaces be-
tween CG bands and UFG zones were well bonded, and the CG
bands had good deformability during the crack propagation stage.
Under high-magnification (Fig. 5b and d), pulled-out CNTs (marked
by black arrows) could be observed at the bottom of the dimples.

Fig. 6 shows the fractograph of the CNT/7055Al specimens un-
der smax ¼ 350 MPa and R ¼ �1. Under low magnification, several
tear ridges formed by CG bands were observed in the crack prop-
agation zone (Fig. 6a). The final fracture zonewas relatively flat, and
no tear ridge was observed (Fig. 6c). Under high magnification,
small dimples ~100 nm were detected in the crack propagation
zone (Fig. 6b). The final fracture zonewas flat, and the dimples were
not obvious (Fig. 6d). In addition, no significant pulled-out CNTs
were observed in either zone, which was quite different from that
under tension-tension fatigue.
3.5. Microstructure evolution after fatigue

Fig. 7 shows the microstructure of the CNT/7055Al specimen
after fatigue undersmax ¼ 600 MPa and R ¼ 0.1. Under high stress
tension-tension fatigue, a few dislocations were detected at the CG
interior (Fig. 7a), and some dislocations piled up at the boundaries



Fig. 3. Typical stress-displacement hysteresis loop of the first, mid-life and last cycles for CNT/7055Al composites under (a) smax ¼ 400 MPa, R ¼ 0.1 and (b) smax ¼ 300 MPa, R ¼ �1.
(A colour version of this figure can be viewed online.)

Fig. 4. Fatigue fractograph of CNT/7055Al specimens tested under (a, c) smax ¼ 600 MPa, R ¼ 0.1 and (b, d) smax ¼ 450 MPa, R ¼ �1.
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between CG and UFG zones, as marked by the yellow rectangles.
These piled up dislocations might attribute to the high strain
mismatch between CG and UFG zones [43]. No obvious dislocations
were observed in the UFGs, and the UFGs did not coarsen during
fatigue as compared to the microstructure before fatigue (Fig. 7b).
Furthermore, the morphology as well as distribution of CNTs did
not change after fatigue (Fig. 7c).

In general, grain coarsening was considered to be the main fa-
tigue damage pattern in nano-grain or UFGmaterials, e.g. Mughrabi
et al. [44] and Malekjani et al. [45] reported that grain coarsening
would promote dislocation slip and reduce fatigue properties. In
present study, the grains in the CG bands or UFG zones did not
368
coarsen during cycle deformation, which was due to the strong
pinning effect of the CNTs [46].

Fig. 8 shows the microstructure of the CNT/7055Al specimen
after 107 cycles undersmax ¼ 400 MPa and R ¼ 0.1. Under low stress
tension-tension fatigue, a high density of dislocations and dislo-
cation cells were observed in the CG bands (Fig. 8a). The in-
teractions between the precipitates and dislocations were also
observed, as shown in the zone A in Fig. 8a. These precipitates could
hinder dislocation slip and reduce strain localization during the
fatigue of CNT/7055Al composite. Furthermore, sub-grains and
dislocation walls were formed inside the CGs, as shown in the zone
B in Fig. 8a. The UFG interiors were clean and no obvious dislocation



Fig. 5. Fractograph of CNT/7055Al specimens tested under smax ¼ 500 MPa, R ¼ 0.1: (a, b) crack propagation zone; (c, d) final fracture zone (Yellow and black arrows denote tear
ridges and CNTs, respectively). (A colour version of this figure can be viewed online.)

Fig. 6. Fractograph of CNT/7055Al specimens tested under smax ¼ 350 MPa, R ¼ �1: (a, b) crack propagation zone; (c, d) final fracture zone.
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configuration could be observed (Fig. 8b).
For metals with high stacking fault energy, such as Al, the

extended dislocations were narrow, and cross-slip could occur by
dislocation constriction [47e50]. Therefore, cell sub-structures
were prone to form in the CGs, through the multiplication and
interaction of dislocations during fatigue. In the UFGs, dislocation
multiplication was very difficult due to the limitation of grain size
and many of the newly formed dislocations would disappear at the
grain boundaries, so the grain interiors were relatively clean, and
no obvious dislocation configuration change was detected.

Fig. 9 shows the microstructure of the CNT/7055Al specimen
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after fatigue under smax ¼ 450 MPa and R ¼ �1. Under relatively
high-stress tension-compression fatigue, a few dislocations
appeared in the CGs (Fig. 9a) andmany dislocations accumulated at
the boundaries between CG bands and UFG zones (marked by
yellow rectangles), while no obvious dislocation configuration was
observed in the UFGs (Fig. 9b). The distribution of CNTs was the
same as those before fatigue. Some CNTs were distributed at the
UFG boundaries and hindered the growth of UFGs, as shown by the
circle in Fig. 9c.

Fig. 10 shows the microstructure of the CNT/7055Al specimen
after 107 cycles under smax ¼ 300 MPa and R ¼ �1. Under low-



Fig. 7. Microstructure of different zones in CNT/7055Al specimens after fatigue under smax ¼ 600 MPa, R ¼ 0.1: (a) CG bands; (b, c) UFG zones (the yellow rectangles showing the
dislocations at the grain boundaries). (A colour version of this figure can be viewed online.)

Fig. 8. Microstructure of different zones in the CNT/7055Al specimens after 107 cycles under smax ¼ 400 MPa, R ¼ 0.1: (a) CG bands; (b) UFG zones. (A colour version of this figure
can be viewed online.)
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stress tension-compression fatigue, a large number of cell struc-
tures were formed in the CG bands and many tangled dislocations
could be observed at the boundaries between the UFG and CG
zones as shown in the yellow rectangle in Fig. 10a. Furthermore, no
obvious dislocation configuration was observed in the UFGs
(Fig. 10b).
3.6. Surface morphology after fatigue

Fig. 11 shows the surface morphology of the CNT/7055Al spec-
imens after fatigue. The images were taken at the sites far away
from the fatigue fracture sites. After electropolishing, the CG and
UFG zones could be clearly seen. Under the tension-tension fatigue,
the cracks initiated in the CG bands (Fig. 11a). No cracks were
observed in the UFG zones, indicating that the UFGs had resistance
on the crack initiation. Under tension-compression fatigue, the
cracks were observed in both CG and UFG zones (Fig. 11b). It can be
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seen that some of the cracks inside the UFG zones initiated from the
cracks in the CG bands, as shown by the yellow arrows. Further,
some cracks inside the UFG zones initiated from the boundaries
between CG bands and UFG zones, as shown by the black arrows,
which was in accordance with the TEM image in Fig. 10a. At the
location away from the CG band, nearly no cracks were detected, as
shown in the yellow rectangle, which was due to that the UFGs had
strong resistance to crack nucleation due to their high yield
strength [51].
4. Discussion

4.1. Damage mechanism of CNT/7055Al composites

It is well known that the fatigue damage is closely related to
dislocation slip in grains. Persistent slip band is the typical fatigue
damage pattern for CG materials [38]. Shear band and grain



Fig. 9. Microstructure of different zones in the CNT/7055Al specimens after fatigue under smax ¼ 450 MPa, R ¼ �1: (a) CG bands; (b, c) UFG zones (the yellow rectangles and circles
respectively showing the dislocations and CNTs near grain boundaries). (A colour version of this figure can be viewed online.)

Fig. 10. Microstructure of different zones in CNT/7055Al specimens after 107 cycles under smax ¼ 300 MPa, R ¼ �1: (a) CG bands; (b) UFG zones (the yellow rectangle showing cell
structures and tangled dislocations). (A colour version of this figure can be viewed online.)

Fig. 11. Surface morphology of CNT/7055Al specimens after fatigue under (a) smax ¼ 500 MPa, R ¼ 0.1 and (b) smax ¼ 425 MPa, R ¼ �1 (Yellow and black arrows respectively denote
the cracks initiated from the CGs and the boundaries, respectively. The loading direction is vertical). (A colour version of this figure can be viewed online.)
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coarsening are the typical fatigue damage patterns for nano-grain
or UFG materials [45,52]. Based on the observation of microstruc-
ture and surface morphology after fatigue, the fatigue damage
process of CNT/7055Al composites could be understood as follows.

In the early stage of the cyclic deformation, dislocations were
first formed in the CG bands (Figs. 7a and 9a). With the increase of
cycle, the dislocation density in the CG bands increased and cell
371
structures were formed (Figs. 8a and 10a). Further, many disloca-
tions formed at the boundaries between the CG bands and UFG
zones (Figs. 7a, 8a and 9a and 10a). On the contrary, it is difficult to
accommodate a large number of dislocations to activate the slip
band due to the small grain size in the UFG zones. In addition, a
small number of dislocations were easy to glide to the interface and
annihilate, even if they initiated in the UFGs. So, dislocation
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configuration was not obvious in the UFG zones (Figs. 8b and 10b).
With the increase of dislocation density in CGs, cracks formed in
the CGs (Fig. 11). That is why the preferential sites for fatigue
damage in CNT/7055Al composites were both in the CG bands
under either the tension-tension or tension-compression fatigue.

In the tension-tension fatigue, the cracks in the CG bands were
difficult to propagate to the UFG zones (Fig. 11a). However, in the
tensile-compression fatigue, the cracks in the CG bands were more
likely to propagate to the UFG zones, and the boundaries between
the CG bands and UFG zones would also induce crack initiation in
the UFG zones (Fig. 11b). As the cyclic deformation continued, the
cracks propagated constantly, causing the fatigue fracture. That is
also the reason why the eb value of CNT/7055Al was even larger
than that of the 7055Al alloy (Table 3). Therefore, the strain local-
ization of CGs was the main damage mechanism of the CNT/7055Al
composites.
4.2. The effect of stress ratio R on the fatigue strength

The FS of the CNT/7055Al composites under R ¼ 0.1 and R ¼ �1
were respectively 400 MPa and 300 MPa, indicating the perfor-
mance of the composites in tension-tension fatigue was superior to
that in tension-compression fatigue. This was attributed to the
different stress amplitudes under two conditions. Previous studies
have reported that slip deformation during fatigue was related to
stress amplitude [53e55]. Liu et al. [53] reported that stress
amplitude dominated the process of slip deformation. Chu et al.
[54] and Shao et al. [55] demonstrated that only a single slip system
was activated in a few grains under low stress amplitude, while
multiple slip was activated in grains under high stress amplitude.

Fig. 12 shows the maximum stress and the corresponding stress
amplitude under R ¼ 0.1 and R ¼ �1, respectively. As shown, the
stress amplitude under tension-compression fatigue was much
higher than that under tension-tension fatigue. As a result, more
slip systems were activated and more cracks generated in the CG
bands (Fig. 11). It is reported that UFGs had higher resistance to
crack nucleation than CGs [42,45]. But once cracks formed, the
crack growth rate of UFGs was much faster, which attributed to the
poor crack propagation resistance of UFGs.

Further, the tension-compression fatigue led to the larger strain
mismatch between UFG zones and CG bands (Figs. 8a and 9a),
Fig. 12. The relationship between the maximum stress and stress amplitude of CNT/
7055Al composites under R ¼ 0.1 and R ¼ �1 (Nf is the number of cycles). (A colour
version of this figure can be viewed online.)
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thereby resulting in higher stress concentration at the boundaries
between CG bands and UFG zones. The huge stress concentration at
the boundaries would accelerate the crack propagation from CG to
UFG zones, or even induce crack initiation in UFG zones near the
boundaries between CG bands and UFG zones (Fig. 11b). Therefore,
the FS of CNT/7055Al composites under R¼�1 was lower than that
under R ¼ 0.1.

4.3. The role of CNT under severe loading condition

Both CNT and carbon fiber were carbon materials with quasi 1D
morphology, and thus carbon materials reinforced Al composites
had some similar features during fatigue process [32,33,56,57], e.g.,
the carbon reinforcements could absorb the energy of crack prop-
agation through the pulling-out and crack bridging mechanisms,
thereby reducing the crack growth rate [58e60]. However, CNT in
the CNT/Al composite had a much smaller aspect ratio and lower
concentration compared with those of the carbon fiber in long
carbon fiber/Al composite, which indicated that the main bearing
part of CNT/Al composites was still Al matrix, while the main
bearing part of long carbon fiber/Al composites was carbon fiber
[61]. This means that the fatigue behavior between the above two
composites might be a little different.

To examine the load transfer effects of the CNTs during fatigue, a
Raman spectra test was performed on the composite specimens
after fatigue (Fig.13). It canbe seen that theGpeak of the as-received
CNTswas at 1570 cm�1,whichwas consistentwith the peak position
of the typical CNT. For the composite specimen without cycle
deformation, the G peak shifted from 1570 cm�1 to 1615 cm�1,
resulting from that the CNTs were subjected to a large compressive
stress due to the large thermal mismatch between CNTs and Al
[62,63], which was consistent with our previous result [40].

After cyclic deformation, all the G peaks of the composite
specimens shifted to the low Raman shift position. Under R ¼ 0.1,
the G peaks were slightly offset to the low Raman shift position,
from 1615 cm�1 to around 1613 cm�1. This was because the
compressive stress on CNTs was relieved to a certain extent under
the constant tension-tension fatigue. Under the severe condition
(R ¼ �1), the G peak of the composite specimens shifted to the low
Raman shift position by a largemargin. As the maximum stress was
Fig. 13. Raman spectra of the as-received CNTs and CNT/7055Al composites before and
after fatigue (500, 0.1 represents smax ¼ 500 MPa, R ¼ 0.1, same labeling style for other
specimens. The arrows denote the G band). (A colour version of this figure can be
viewed online.)
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450, 400 and 300 MPa, the G peaks shifted to 1600, 1606 and
1608 cm�1, respectively. This was believed to result from the failure
of the matrix in the UFG zones rich of CNTs, which greatly relieved
the compressive stress on the CNTs.

That is, in the tension-tension fatigue, the CNT could still bear
the load from the matrix, and improve the FS of the composites
through the load transfer mechanism. On the contrary, in the
tension-compression fatigue, higher stress concentration formed at
the boundaries between the CG bands and UFG zones, which
accelerated the damage in the UFG zones, thereby significantly
reducing the load transfer efficiency from matrix to CNTs and
failing to improve the FS of the composites. These results were in
accordance with the CNT pulling-out situations under different
fatigue conditions (Figs. 5 and 6).

4. Conclusions

The high-cycle fatigue behaviors of CNT/7055Al composites
with bimodal structure were investigated under the stress ratio (R)
of 0.1 and �1, respectively. The damage mechanism of CNT/7055Al
composites and the role of CNT under two cycle deformation con-
ditions were analyzed.

(1) The fatigue strength of CNT/7055Al composites under R¼ 0.1
was enhanced by CNTs due to the pulling-out mechanism
and load transfer effect. However, the fatigue strength of
CNT/7055Al composites was equivalent to that of unrein-
forced alloys under R ¼ �1 owing to the failure of UFG zones
rich of CNTs.

(2) During the cyclic deformation of CNT/7055Al composites, the
deformation mainly occurred in CG bands free of CNTs.
Substructures (dislocation cells, tangles and subgrains) were
observed in the CGs. Tangled dislocations were also detected
at the boundaries between CG bands and UFG zones. How-
ever, no obvious dislocation configuration was observed in
the UFGs due to the ultra-fine grain size, and no grain
coarsening was identified because of the strong pinning ef-
fect of CNTs.

(3) Strain localization of CG bands free of CNTs was the main
damage mechanism of CNT/7055Al composites. In the
tension-tension fatigue, the damage mainly occurred in the
CG bands, while the damage occurred in both the CG bands
free of CNTs and UFG zones rich of CNTs in the tension-
compression fatigue, which attributed to the larger strain
mismatch between the CG bands and UFG zones, resulting
from the higher stress amplitude.
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