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Abstract: 9 

Heterogeneous structure consisting of brittle-zones (BZs) rich of carbon nanotubes (CNTs) 10 

and ductile-zones (DZs) free of CNTs, was an effective way to improve the 11 

strength-ductility of CNT reinforced Al (CNT/Al) composites. Two heterogeneous 12 

CNT/2009Al composites with coarse grain (CG, ~2 μm) DZs or ultra-fine grain (UFG, 13 

~500 nm) DZs were fabricated and achieved enhanced strength-ductility. However, the 14 

heterogeneous composite with CG DZs had a lower high-cycle fatigue strength as well as 15 

fatigue strength/tensile strength ratio than the uniform composite, while the heterogeneous 16 

composite with UFG DZs exhibited the increased fatigue strength and the same level of 17 

fatigue strength/tensile strength ratio compared to the uniform composite. It was found 18 

that the improved fatigue properties for the heterogeneous composite with the UFG DZs 19 

could attribute to two reasons. Firstly, the UFG for the DZs significantly increased the 20 

strength of DZs, which effectively reduced the strain localization in the DZs. Secondly, 21 

the dislocations piling up at the grain boundaries of the BZs, as well as the stress 22 
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concentration at the boundaries between the DZs and BZs were relieved due to the 1 

coordinated micro-strain for the heterogeneous structure. This provided a simple strategy 2 

for the structural design of heterogeneous composites with high fatigue strength. 3 
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1. Introduction 6 

With the continuous upgrading of high-tech equipment in aerospace, electronics, 7 

nuclear power and other fields, the demand for metal matrix composites (MMCs) with 8 

strong structural and performance designability, excellent physical and mechanical 9 

properties is growing rapidly [1-7]. Among them, carbon nanotube (CNT) reinforced Al 10 

matrix (CNT/Al) composites have attracted great attention due to their high specific 11 

strength, high specific modulus and good machinability [8-18]. However, the CNT/Al 12 

composites have a significant drawback of low ductility, which limits their industrial 13 

application. This is mainly due to the lower dislocation storability of the fine grains, and 14 

the strong pinning effect of CNTs on dislocation gliding [19-21].  15 

The heterogeneous structures consisting of ductile-zones (DZs) and brittle-zones 16 

(BZs) by varied distribution of reinforcements or grain sizes, have been demonstrated as a 17 

promising approach to have a better trade off of the strength-ductility in ultrafine grained 18 

(UFG) metals and composites [22-28]. Recently, some scholars studied heterogeneous 19 

CNT/Al composites, and found that it had better strength-ductility than the uniform 20 

CNT/Al composite [29-34]. For example, Liu et al. [31] fabricated heterogeneous 21 
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CNT/Al-Cu-Mg composite by powder metallurgy method combined with subsequent hot 1 

extrusion, and reported that it achieved more than 100% elongation increase with nearly 2 

no loss of the tensile strength as compared to the uniform CNT/Al-Cu-Mg composite. The 3 

enhanced elongation was attributed to the greatly suppressed strain localization and 4 

effectively blunted micro-cracks due to the inhomogeneous structure. Meanwhile, 5 

geometrically necessary dislocations were induced between the DZs and BZs, leading to 6 

extra-strengthening beyond the rule-of-mixtures. On the basis of the toughening idea with 7 

heterogeneous structures, Tan et al. [34] fabricated heterogeneous CNT/Al-Cu-Mg 8 

composite with trimodal grain structure, and they were surprised to find that both the 9 

eclongation and tensile strength of the heterogeneous composite were higher than that of 10 

the uniform composite. Tan's great achievement in heterogeneous CNT/Al composites 11 

further confirmed the beneficial role of tailoring grain structure in improving the 12 

toughness of CNT/Al composites. 13 

For many industrial applications, the fatigue performance is a key criterion of 14 

structural materials. Therefore, it is of great importance to investigate the fatigue behavior. 15 

So far, the investigations of the heterogeneous materials were mainly focused on their 16 

tensile properties, investigations on the fatigue behaviors were quite rare. The fatigue 17 

behavior of the uniform CNT/Al composites was investigated in recent years [35, 36]. 18 

Shin et al. [35] found that the addition of CNTs was helpful to improve the fatigue 19 

strength, which was mainly due to that the prevailing bridging behavior of CNTs 20 

suppressed the formation of catastrophic cracks. However, for the heterogeneous CNT/Al 21 
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composites, there was no related study on their fatigue behaviors. 1 

According to the traditional view, the high-cycle fatigue (HCF) strength of the 2 

uniform materials was closely related to their static tensile strength, and the high static 3 

tensile strength usually corresponded to the high value of the fatigue strength [35, 37, 38]. 4 

On the other hand, the fatigue cracks preferentially nucleated in the local deformation area, 5 

which deteriorated the fatigue properties. For example, Nelson et al. [39] found that the 6 

HCF cracks of the heterogeneous Al alloys nucleated in the low-strength coarse grained 7 

(CG) zones. Liu et al. [40] found that the HCF strength of the Cu-Al alloys mainly 8 

depended on the most vulnerable area within the inhomogeneous grain structure, and had 9 

less relation on the overall static mechanical properties. Therefore, it was generally 10 

believed that the inhomogeneous microstructure might not be good for the improvement 11 

of the fatigue properties. This poses a challenge for the application of heterogeneous 12 

composites under the fatigue conditions. 13 

In recent years, some researchers found that the gradient materials with the grain 14 

transition from the nano-size at the sample surface to the micro-size at the sample center 15 

had the excellent fatigue properties. For example, Lu et al. [41] and Zhang et al. [42] 16 

fabricated Cu and TWIP steels with gradient grain structure respectively, and found that 17 

their HCF strengths were higher than those of CG and UFG counterparts. Qian et al. [43] 18 

studied the fatigue behavior of heterogeneous nickel with different grain sizes in the DZs, 19 

and found that the HCF strength was significantly improved as the grain size in the DZs 20 

was lower than 1 μm, which was even higher than that of the uniform UFG nickel. 21 
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However, the mechanism of improving fatigue performance has not been well understood. 1 

It is not clear yet whether adjusting the grain size in the DZs could improve the fatigue 2 

performance of heterogeneous CNT/Al composites. 3 

In this study, the heterogeneous CNT/Al composites with two different grain sizes in 4 

the DZs as well as the uniform CNT/Al composite were fabricated by powder metallurgy 5 

route. The fatigue performance and cyclic lives at different stress amplitudes were tested 6 

and the microstructures were analyzed. The aim is to (a) clarify the effect of 7 

heterogeneous structure on the fatigue properties, and (b) develop heterogeneous CNT/Al 8 

composites with high fatigue strength without reducing the strength-ductility. 9 

2. Experimental  10 

In the present work, CNT/Al composites with heterogeneous structures were 11 

fabricated through powder metallurgy routes, as shown in Fig. 1. Atomized 2009Al (Al-4 12 

wt.% Cu-1.5 wt.% Mg) powders with approximately 10 μm diameters were used as raw 13 

metal materials. CNTs (~98% purity) fabricated by chemical vapor deposition had an 14 

outer diameter of 10-30 nm and a length of ~5 μm. No extra pre-treatment was conducted 15 

on CNTs. 3 vol.% CNTs were high energy ball milled with 10 μm as-received 2009Al 16 

powders at a rotation rate of 250 rpm with a ball to powder ratio of 15:1 for 10 h using an 17 

attritor, obtaining the milled CNT/2009Al composite powders.  18 

In order to fabricate heterogeneous composites with different grain sizes in the DZs, 19 

two different 2009Al matrix powders, namely the as-received and the milled 2009Al 20 

powders were used, respectively. The milled 2009Al powders were obtained using high 21 
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energy ball milling (HEBM) process, which was similar that for the milled CNT/2009Al 1 

composite powders, but with the HEBM time of 4 h. 25% of these two matrix powders 2 

were respectively mixed with the ball milled CNT/2009Al composite powders using a 3 

dual axis mixer at a rotation rate of 50 rpm for 6 h, thereby obtaining two kinds of 4 

as-mixed heterogeneous composite powders.  5 

The as-mixed composite powders were cold compacted and then vacuum hot pressed 6 

into billets under a pressure of 50 MPa at 813 K. The billets were extruded into bars at 743 7 

K with an extrusion ratio of 16:1. The extruded bars were solution treated at 770 K for 2 h, 8 

quenched into water and naturally aged for 4 days (T4 state). For convenience, the final 9 

heterogeneous composites prepared by mixing the milled composite powders with 10 

as-received or milled 2009Al alloy powders were respectively abbreviated as Hetero-CG 11 

DZ and Hetero-UFG DZ.  12 

For comparison, the uniform 2.25 vol.% CNT/2009Al composite was also fabricated. 13 

The fabrication process was similar to that for the heterogeneous CNT/2009Al composites, 14 

but no additional 2009Al matrix powders were mixed with the milled CNT/2009Al 15 

composite powders. The uniform 2.25 vol.% CNT/2009Al composite was simplified as 16 

Uniform composite. 17 
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 1 

 2 

Fig. 1 Schematic of the fabrication process of CNT/2009Al composites with 3 

heterogeneous and uniform structures. 4 

The samples with T4 state for tensile and fatigue testing were machined from the 5 

extruded bars with the axis parallel to the extrusion direction, and the dimension of the 6 

fatigue sample is shown in Fig. 2. HCF tests were performed using servo-hydraulic facility 7 

equipment (Instron 8801 tester) under the load-controlled mode at a frequency of 20 Hz 8 

and a stress ratio of 𝑅 = 𝜎୫୧୬/𝜎୫ୟ୶ = 0.1  (𝜎୫୧୬ and 𝜎୫ୟ୶  are the minimum and 9 

maximum applied stresses, respectively) at room temperature. The microstructures were 10 
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characterized by optical microscopy (OM; Zeiss Axiovert 200 MAT), scanning electron 1 

microscopy (SEM; JSM-6480LV) and transmission electron microscopy (TEM; 2 

JEM-2100). The TEM samples for observing the initial microstructure were cut from the 3 

extruded bars with the foil plane parallel to the extrusion direction, and the TEM samples 4 

for observing the microstructure after fatigue were cut from the fatigue samples near the 5 

fracture surface, with the foil plane vertical to the loading direction. All the thin foils for 6 

TEM were ground to a thickness of 60 μm, punched to disks with a diameter of 3 mm, 7 

then dimpled to a minimum thickness of 20 μm and finally ion-beam thinned by a Gatan 8 

Model 691 ion milling system. 9 

 10 
Fig. 2 The drawing of the fatigue sample (all dimensions in mm). 11 

3. Results and discussion 12 

3.1 Initial microstructure 13 

Fig. 3 shows the OM images of the two kinds of heterogeneous CNT/2009Al 14 

composites. It can be seen that the bright zones aligned along the extrusion direction were 15 

embedded in the dark zones. According to our previous investigations [30-32], the bright 16 

zones were the DZs originating from the additional matrix powders, and the dark zones 17 

were the BZs originating from the milled CNT/Al composite powders. The DZ bands for 18 

the Hetero-CG DZ were slightly thinner (Fig. 3(a)) than those of the Hetero-UFG DZ (Fig. 19 

3(b)). According to the dimension statistical analysis of at least 100 DZ bands for each 20 
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composite, the average DZ band widths of the Hetero-CG DZ and Hetero-UFG DZ were 1 

measured to be 2.6 and 6.6 μm, respectively. The difference in the DZ bands between the 2 

Hetero-UFG DZ and Hetero-CG DZ was mainly caused by the different dimensions of the 3 

additional mixed 2009Al powders. For the Hetero-UFG DZ, the added 2009Al powders 4 

went through 4 h HEBM process. The cold-welding between the powders during the 5 

HEBM process led to the increase of the powder dimension, so the DZ width of the 6 

Hetero-UFG DZ was larger than that of the Hetero-CG DZ. 7 

 8 

Fig. 3 OM images of BZ and DZ morphologies in the heterogeneous composites: (a) 9 

Hetero-CG DZ and (b) Hetero-UFG DZ. 10 

Fig. 4 shows the TEM images of grain morphologies and CNT distribution in 11 

different CNT/2009Al composites. It can be seen that the grains in the Uniform composite 12 

were very small, with the average grain size of ~200 nm (Fig. 4(a)). For heterogeneous 13 

composites, their grain morphologies in the BZs of the two heterogeneous composites 14 

were similar with that of the Uniform composite. CNTs with average length of ~100 nm 15 

(marked by black arrows) were uniformly distributed in the BZs (Fig. 4(d)). High 16 

resolution TEM image indicates that the interface between CNT and Al matrix was well 17 
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bonded, and the structure integrity of CNTs maintained well (Fig. 4(e)). 1 

However, the grain morphologies in the DZs of these two heterogeneous composites 2 

were quite different. For the Hetero-CG DZ, the grain width in the DZs was ~2 μm, and 3 

the grain length was larger than 5 μm (Fig. 4(b)). For the Hetero-UFG DZ, the grains in 4 

the DZs were significantly refined, with the average grain width of ~500 nm and the grain 5 

length of ~2 μm (Fig. 4(c)). The refined grains in the DZs for the Hetero-UFG DZ was 6 

caused by the severe plastic deformation during the HEBM process. 7 

 8 

Fig. 4 TEM images of (a) Uniform composite, (b) Hetero-CG DZ, (c) Hetero-UFG DZ 9 

(Blue lines in (b) and (c) are the boundaries between the DZs and BZs), (d) CNT 10 

distribution (indicated by black arrows) and (e) High resolution TEM image showing 11 

CNT-Al interface in the BZs. 12 

3.2 Tensile and high-cycle fatigue properties 13 

Tensile stress-strain curves for the Uniform composite, Hetero-CG DZ and 14 

Hetero-UFG DZ are shown in Fig. 5. The Uniform composite had a high yield strength 15 
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(YS) of 671 MPa and a high ultimate tensile strength (UTS) of 707 MPa, but the 1 

elongation (El) was as low as 2.5%. Compared with the Uniform composite, the both 2 

heterogeneous composites exhibited a much higher strength ductility product (UTS×El), 3 

which demonstrates an enhanced strength-ductility of the heterogeneous structure. All the 4 

mechanical and fatigue properties are listed in Table 1. By comparing the tensile 5 

properties of two heterogeneous composites, it can be seen that all the tensile properties 6 

(including the YS, UTS and El) of the Hetero-UFG DZ were higher than that of the 7 

Hetero-CG DZ, which demonstrates that the strength-ductility of the Hetero-UFG DZ was 8 

better than that of the Hetero-CG DZ. 9 

 10 

Fig. 5 Tensile properties of the uniform and heterogeneous composites. 11 

Table 1 Mechanical and fatigue properties of the three CNT/2009Al composites with 12 

different structures. 13 

Sample 

Tensile properties 
Fatigue 

properties 

YS 
(MPa) 

UTS 
(MPa) 

El 
(%) 

UTS×El 
(MJ/m3) 

FS 

(MPa) 
m 

Uniform composite 

Hetero-CG DZ 

Hetero-UFG DZ 

6715 

5745 

6207 

7075 

6808 

7206 

2.50.2 

3.80.5 

4.70.5 

16.7 

25.8 

33.8 

450 

420 

460 

0.64

0.62

0.64
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The stress amplitudes versus the numbers of cycles-to-failure (Nf) are shown in Fig. 1 

6(a), and the arrows indicate that the specimens did not fail. Similar to that for most of 2 

other materials, the fatigue life of the composites decreased as the applied stress increased. 3 

At a certain Nf, the stress amplitude of the Hetero-CG DZ, Uniform composite and 4 

Hetero-UFG DZ increased in turn, which indicates the Hetero-UFG DZ exhibited the best 5 

fatigue performance. As the Nf reaches to 106~107 cycles, the corresponding maximum 6 

stress can be determined as fatigue strength FS  [44]. In general, high ultimate tensile 7 

strength UTS  usually leads to a high fatigue strength [45]. The ratio of FS  to UTS  8 

could be given by Eq. 1 [35]: 9 

FS UTS=m                                  (1) 10 

The value of m, a parameter determined from the experimental data for many metallic 11 

materials such as iron, copper, and Al alloys, has been well established. According to a 12 

large number of fatigue data for these materials, m are estimated to be 0.4~0.6 for steels 13 

and Al alloys [44, 46]. As shown in Fig. 6(b) and Table 1, all the composites had a high m, 14 

which was higher than 0.6. However, the m of Hetero-CG DZ was lower than that of other 15 

two composites. 16 

The high fatigue strength and high m value of the uniform CNT/Al composites were 17 

reported by Shin et al. [35]. They found that the more CNT content led to the higher 18 

fatigue strength and m value. The enhanced fatigue performance was mainly attributed to 19 

that the prevailing bridging behavior of CNTs could inhibit the propagation of cracks. In 20 

the present work, all the three composites had the same CNT content of 2.25 vol.%, 21 
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expecting the similar influence of CNTs on high fatigue strength and m value. Therefore, 1 

the different fatigue strength and m should be related to the CNT distribution and 2 

heterogeneous structure, which will be discussed in the next section. 3 

 4 

Fig. 6 (a) Stress amplitude versus the number of cyclic to failure curve, (b) FS and m for 5 

different composites. 6 

3.3 Fractograph analysis 7 

Fig. 7 shows the typical crack initiation sites for different composites. It can be found 8 

that all the three composites had the similar crack nucleation feature that the radial 9 

striations converged at the inclusion near the surface of the specimens (Fig. 7(a)(c)(e)). 10 

The inclusion size was approximately 30 to 50 μm, and some voids or micro-cracks 11 

(marked by arrows) were observed at the interfaces between the inclusion and matrix (Fig. 12 

7(b)(d)(f)). All the inclusions were determined to be rich in Fe by SEM-energy dispersive 13 

spectrometry. That is, fatigue crack nucleation of all the three composites took place at 14 

Fe-rich inclusions near the specimen surface. 15 

Since CNTs were dispersed into the matrix powders by the HEBM method, after a 16 

long period of severe collision, the steel balls would inevitably introduce some impurities 17 
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such as steel filings into the powders. As the powders were hot-consolidated at elevated 1 

temperature, Fe-rich inclusions formed [47]. The Fe-rich inclusions as the fatigue crack 2 

initiation were also widely reported in other Al alloys and Al matrix composites [48, 49]. 3 

 4 

Fig. 7 SEM images showing the fatigue crack initiation sites on the fracture surfaces of 5 

(a)(b) Uniform composite (stress amplitude of 203 MPa, 3.3×106 cycles to failure), (c)(d) 6 

Hetero-CG DZ (stress amplitude of 189 MPa, 7.4×106 cycles to failure), (e)(f) 7 

Hetero-UFG DZ (stress amplitude of 207 MPa, 4.5×106 cycles to failure) (Red circles 8 

indicate the Fe-rich inclusions and blue arrows indicate the voids). 9 
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Fig. 8 shows the fractograph away from the specimen surfaces. No obvious fatigue 1 

striations were observed in all the three specimens, which indicates rapid fracture occurred 2 

after crack initiation. For the Uniform composite, the dimples were small (Fig. 8(a)), while 3 

the dimples were a little larger for the heterogeneous composites (Fig. 8(b)(c)). 4 

Furthermore, many tear ridges (marked by blue arrows) were found within the Hetero-CG 5 

DZ. No CNTs could be found in the tear ridges, referring that the tear ridges were formed 6 

by the DZs. Some micro-cracks (marked by red circles) distributed at the edges of the tear 7 

ridges in the Hetero-CG DZ as shown in Fig. 8(b), indicating that there were stress 8 

concentrations at the boundaries between the DZs and BZs. The occurrence of stress 9 

concentration should be responsible for the low fatigue strength and m of the Hetero-CG 10 

DZ. 11 

 12 

Fig. 8 Fracture morphologies at the center of the samples: (a) Uniform composite (stress 13 

amplitude of 203 MPa, 3.3×106 cycles to failure), (b) Hetero-CG DZ (stress amplitude of 14 

189 MPa, 7.4×106 cycles to failure), (c) Hetero-UFG DZ (stress amplitude of 207 MPa, 15 

4.5×106 cycles to failure) (Red circles indicate the micro-cracks and blue arrows indicate 16 

the tear ridges). 17 

3.4 Damage mechanism 18 

Fig. 9 displays the TEM images of the Uniform composite after fatigue test. It can be 19 

seen that the grain size still retained as small as about 200 nm, while CNTs were 20 
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uniformly distributed within the matrix (marked by red arrows in Fig. 9(a)). The 1 

phenomenon of stable grain size after fatigue test for the UFG composites was quite 2 

different from that for the UFG Al alloys [38, 50]. Goswami et al. [50] reported that UFG 3 

Al would coarsen after fatigue test, because the adjacent fine grains tended to align under 4 

cyclic stress. For the CNT/Al composites, a large number of CNTs were embedded in the 5 

matrix, which had a strong pinning effect on grain boundaries (GBs) and would prohibit 6 

the grain growth during the fatigue testing, leading to the stable grain size. Meanwhile, 7 

according to the Hall-Petch relationship, the smaller grain size led to the higher strength 8 

[19]. Therefore, the stable and small grain size would be responsible for the high fatigue 9 

strength and m of the Uniform composite. 10 

 11 

Fig. 9 TEM images of the Uniform composite after fatigue test (stress amplitude of 203 12 

MPa, 3.3×106 cycles to failure): (a) grain and CNT distribution (CNTs indicated by red 13 

arrows), (b) dislocation morphology (Black arrows indicate the dislocations piling up at 14 

the GBs). 15 

The magnified image of the UFG indicates that some entangled dislocations were 16 
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formed within the grains, and dislocations piled up at the GBs (marked by black arrows in 1 

Fig. 9(b)). It is well known that the boundaries as a barrier can inhibit the movement of 2 

dislocations, and the piled-up dislocations will further develop into micro-crack defects 3 

under cyclic loading [51]. Therefore, the failure mode of the Uniform composite could be 4 

inferred that the dislocation piling up at the GBs promoted the crack nucleation and then 5 

the cracks propagated to cause the material failure. 6 

Fig. 10 shows the TEM images of the heterogeneous composite specimens after 7 

fatigue test. For the Hetero-CG DZ, a small number of dislocations can be observed within 8 

the grains of BZs, and no obvious piled-up dislocations were observed at the GBs (Fig. 9 

10(a)). Compared with that of the Uniform composite, the reduced dislocation density in 10 

the BZs of the Hetero-CG DZ could attribute to the more deformation in the low-strength 11 

DZs. This could be reflected in the TEM image of DZs in the Hetero-CG DZ (Fig. 10(b)). 12 

A large number of dislocations could be observed in the DZs, indicating the preferential 13 

deformation in the DZs. Nelso et al. [39] investigated the HCF behavior of the 14 

heterogeneous Al alloys. They found that the DZs with lower strength preferentially 15 

deformed, and the fatigue life of the heterogeneous Al alloys was lower than that of the 16 

uniform counterpart. The low fatigue strength of the Hetero-CG DZ in the present study 17 

agreed well with the Nelso’s investigation. 18 

In addition to reducing the overall strength of the material by mixing the low-strength 19 

CG DZs, the stress concentration at the boundaries between the DZs and BZs that would 20 

accelerate the fatigue damage was also an important reason to decrease the fatigue 21 
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strength. As shown by the black arrow inside of Fig. 10(b), a large number of dislocations 1 

were accumulated at the boundaries between the DZs and BZs, indicating the serious 2 

stress concentration at the boundaries between the DZs and BZs. This was in accordance 3 

with the fractograph as shown in Fig. 8(b), where there were many cracks at the edge of 4 

the DZs. Because the significant stress concentration would promote crack nucleation, the 5 

m would also be low. On the whole, both the addition of low-strength CG DZs and the 6 

stress concentration at the boundaries between the DZs and BZs would decrease the FS of 7 

the Hetero-CG DZ. 8 

 9 

Fig. 10 TEM images of (a)(b) the Hetero-CG DZ after fatigue test (stress amplitude of 189 10 
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MPa, 7.4×106 cycles to failure), (c)(d) the Hetero-UFG DZ after fatigue test (stress 1 

amplitude of 207 MPa, 4.5×106 cycles to failure) (Red lines are the boundaries between 2 

the DZs and BZs). 3 

For the Hetero-UFG DZ, a few dislocations could be observed within the grains in 4 

the BZs, and no obvious piled-up dislocations were observed at the GBs (Fig. 10(c)). 5 

However, the dislocation distribution in the DZs for the Hetero-UFG DZ was quite 6 

different from that for the Hetero-CG DZ, the dislocations only occurred at some parts of 7 

the DZs (Fig. 10(d)). This was because that the DZs contained many grains in the 8 

Hetero-UFG DZ, dislocations tended to move within the crystal plane that facilitates 9 

slipping. Due to the different crystal orientations between adjacent grains in the DZs, the 10 

continuous movement of dislocations would be interrupted at the GBs. The deformation 11 

concentration area in the DZs was divided into multiple smaller-sized units by the inner 12 

GBs, so the deformation concentration in the DZs would be weakened. Further, the grains 13 

of the DZs were refined by HEBM, which reduced the grain size difference between the 14 

DZs and BZs, and further relaxed the stress concentration at the boundaries between the 15 

DZs and BZs. The grain refinement in the DZs led to the increase of the strength and the 16 

decrease of the stress concentration, resulting in the enhanced fatigue properties (including 17 

the FS and m) of the Hetero-UFG DZ, as compared with those of the Hetero-CG DZ. 18 

It should be mentioned that, the m of the Hetero-UFG DZ was the same as that of the 19 

Uniform composite and the FS  of the Hetero-UFG DZ was even slightly higher than 20 

that of the Uniform composite. The high m of the Hetero-UFG DZ was believed to result 21 

from the following two reasons. On one hand, the grain size difference between the DZs 22 
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and BZs was very small, so the stress concentration at the boundaries between the DZs 1 

and BZs could be easily relaxed. On the other hand, the dislocations piling up at the 2 

boundaries of the BZs were relieved due to the coordinated micro-strain for the 3 

heterogeneous structure, which extended the life time of the BZs. Finally, because the 4 

Hetero-UFG DZ had the higher UTS and the same m as the Uniform composite, the FS  5 

of the Hetero-UFG DZ would be higher than that of the Uniform composite. 6 

The damage mechanism of the uniform and heterogeneous CNT/2009Al composites 7 

under the cycle loading can be schematically summarized in Fig. 11. For the Uniform 8 

composite, the GBs were pinned by CNTs and no obvious grain coarsening could be 9 

observed. Under the fatigue stress, dislocations slipped inside the grains and piled up at 10 

the GBs. As the cycle number increased, the dislocations piling up at the GBs increased, 11 

and eventually cracks nucleated at the GBs, resulting in fatigue fracture. 12 

For the Hetero-CG DZ, due to the introduction of the CGs in the DZs with lower 13 

strength, the cyclic deformation preferred to develop in the DZs, so the dislocation 14 

distribution in the DZs was much denser than that in the BZs. Because the deformation 15 

portion in the BZs was reduced, the dislocation accumulation at the GBs in the BZs 16 

became weaker. However, due to the large deformation mismatch between the DZs and 17 

BZs, the stress concentration at the boundaries between the DZs and BZs was severe, and 18 

microcracks were also easy to nucleate at the boundaries between the DZs and BZs. With 19 

the addition of low-strength DZs and significant stress concentration at the boundaries 20 

between the DZs and BZs, the fatigue properties of the Hetero-CG DZ were the weakest 21 
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among the three composites. 1 

For the Hetero-UFG DZ, the grain size in the DZs was much smaller as compared 2 

with that for the Hetero-CG DZ, which resulted in a higher strength of the DZs. Because 3 

the grain size difference between the BZs and DZs was quite small, the stress 4 

concentration at the boundaries between the DZs and BZs in the Hetero-UFG DZ was 5 

much lower than that in the Hetero-CG DZ. Furthermore, the strain localization in the BZs 6 

was decreased due to the heterogeneous structure. As a result, the FS of the Hetero-UFG 7 

DZ was the highest among the three composites and the m of the Hetero-UFG DZ was as 8 

high as that of the Uniform composite. 9 

 10 

Fig. 11 Schematic illustration of deformation behavior and damage mechanism of the 11 

three CNT/2009Al composites (Uniform composite, Hetero-CG DZ and Hetero-UFG DZ). 12 

4. Conclusions  13 

In this study, the uniform and two kinds of heterogeneous CNT/2009Al composites 14 

with different grain sizes in the DZs were fabricated by powder metallurgy routes. The 15 

high cycle fatigue tests with the stress ratio of 0.1 and frequency of 20 Hz were carried out, 16 

and the microstructures before and after fatigue test were analyzed. The following 17 

conclusions can be drawn: 18 



22 

(1) All the three CNT/2009Al composites, including the uniform composite, the 1 

heterogeneous composite with coarse grain ductile-zones and the heterogeneous 2 

composite with ultrafine grain ductile-zones exhibited high fatigue strength/tensile 3 

strength ratio (m), with m values of 0.64, 0.62 and 0.64, respectively. 4 

(2) For the heterogeneous composites with coarse grained ductile-zones, the fatigue 5 

strength was lower than that of the uniform composite, due to the introduction of 6 

low-strength coarse grain ductile-zones and significant stress concentration at the 7 

boundaries between the ductile-zones and brittle-zones. 8 

(3) The ultra-fine grain of the ductile-zones could effectively increase the strength of 9 

the ductile-zones. The ultra-fine grain of the ductile-zones also reduced the grain 10 

difference between brittle-zones and ductile-zones, which relaxed the stress concentration 11 

at the boundaries between the ductile-zones and brittle-zones. Further, the heterogeneous 12 

structure could reduce the dislocations piling up at grain boundaries in the brittle-zones. 13 

As a result, the fatigue strength of the heterogeneous composite with the ultra-fine grain 14 

ductile-zones was higher than that of the uniform composite while maintaining its good 15 

strength-ductility. 16 
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