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Fatigue characterization is an important concern for structural materials. The fatigue behaviour of aluminium (Al) composite reinforced with carbon nanotubes (CNT) is of interest besides its improved strength. In this study, tension-tension fatigue tests were conducted on monolithic Al and Al reinforced with 0.5, 1 and 2 weight percentages of CNT. Experimental results showed that the addition of CNTs significantly increased the number of load cycles to failure for each loading case. CNTs could slow fatigue crack propagation by crack-bridging and CNT frictional pull-out mechanisms. Cyclic softening was observed for both monolithic Al and Al-0.5CNT fatigued at an intermediate-high maximum stress of 120 MPa. TEM studies showed that the cyclic softening was attributed to the rearrangement of dislocations into lower potential energy configurations, i.e. parallel arrays and twin boundary dislocations.

Introduction

Aluminium metal matrix composites (AMMCs) are being used or considered for use in a variety of applications such as automotive, aerospace, electronics packaging and industrial/commercial products. Recently, carbon nanotube reinforced aluminium matrix composites (Al-CNT) have attracted increasing attention, due to the remarkable physical and mechanical properties of the nanotubes, i.e. extraordinarily high stiffness and strength, low weight, high aspect ratio, high fracture strain and superior flexibility. Much effort has been made towards the fabrication and mechanical property characterization of Al-CNT composites [1][2][3][4][5][6][7]. Fatigue and durability are important concerns for structural materials. For the structural members in loading applications, continuous fibre reinforced AMMCs would be subjected to vibration and other fluctuating loads, which can cause degradation of the materials [8]. To date, the mechanical studies on Al-CNT composites mainly centred on their strength under monotonic tensile loading. To the authors' best knowledge, no published research work on the fatigue behaviour of Al-CNT composites is currently available. Accordingly, the main objective of this work is to study the fatigue behaviour of Al-CNT composites under various maximum stress levels.

Experimental Procedures

Al composites reinforced with 0.5, 1 and 2 wt.% CNTs were synthesized by a powder metallurgy (P/M) technique as described in Ref. [7]. Weighed-out samples were mixed by high energy mechanical ball milling. Agate balls with size of 5-8 mm were used as grinding media. Ball to powder weight ratio was 5:1. The process control agent (PCA) stearic acid (C 18 H 36 O 2 ) was used to prevent excessive cold welding during mechanical milling. Powders were mixed by stirring before being transferred into the ball mill jar. Mechanical alloying was performed in a Retch PM 400, Germany planetary ball mill with revolution speed of 200 rpm. Ball milling time was 220 minutes, with an interim period of 30 min each hour in order to prevent over-heating. The Al and MWCNT mixtures were cold compacted and vacuum-sintered (630 °C for 3.5 h). The as-sintered cylindrical samples were extruded into cylindrical rods at 520 °C with a reduction ratio of 9:1. To obtain full density, the hot-extruded rods were hot rolled. These extruded rods were hot rolled to 85% reduction to give a 1.5 mm plate at 500 °C. Flat I-shape fatigue specimen with gauge length of 11 mm were used. Cyclic tests were performed on an Instron 8874 servo-hydraulic machine at room temperature in air. The specimens were axially fatigued in tension-tension using a sinusoidal wave function at a stress ratio R = σ min /σ max = 0.1 and the maximum stresses applied were 100, 110, 120, 130, 140 and 150 MPa. All fatigue tests were conducted at a frequency of 5 Hz. Tests were performed along the rolling direction. SEM and TEM were used to characterize the materials.

Results and Discussion

Fig. 1 shows the dependence of fatigue properties on maximum stress (S-N or Wöhler curve) of Al/Al-CNT composites. All the tested specimens showed a stress-dependent fatigue behaviour.

variations in stress amplitude, the fatigue life was reduced as maximum stress increased. It can be observed that the addition of CNT significantly increased the overall number of load cycles to failure. In the CNT reinforced composites, crack bridging and subsequent fibre pullout in the wake of the crack tip was clearly shown, see Fig. 2a&b. The presence of CNT bridging played a crack resistance function, hindering matrix crack propagation under tension-tension fatigue loading. As the crack advanced, energy was dissipated by the frictional pull-out of the bridging CNTs from the matrix, reducing the cyclic crack propagation rate. 
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As the improvement in fatigue resistance is most significant in the Al-0.5CNT composite, hysteresis loop and dislocation studies were conducted on this composite, together with the monolithic Al. The specimens fatigued at a moderately high maximum stress of 120 MPa were selected. Fig. 3 shows the stress-strain loops of the monolithic Al and Al-0.5CNT, and their maximum, mean and minimum trends are plotted in Fig. 4. Fatigue cycles are normalized by dividing the current cycle number (N) by the number of cycles to failure (N f ). Mean strain is defined as the average of the minimum and maximum mechanical strains for the test cycle, and is not normalized. From Fig. 3, it can be seen that cyclic softening occurred, and continuous elongation of the specimen with each load cycle took place. Hysteresis loop configuration evolved with time for both specimens. The monolithic Al showed an overall hysteresis level higher than that of the Al-0.5CNT composite. The results again demonstrate the superior fatigue resistance of the CNT composites. The strain trends in Fig. 4 also demonstrate the cyclic softening. The maximum, minimum and mean strain for both monolith Al and Al-0.5CNT increased gradually. The fast increase of the strain towards the end was the final catastrophic rupture of the material (Fig. 4). It is expected that the dislocation structure played a significant role in the cyclic softening. Extensive TEM studies on the fatigued Al/Al-CNT specimens were carried out and the representative images are shown in Figs. 567. There is a high density of dislocations within the initial specimens, from the manufacturing process and thermal mismatch between the reinforcement and matrix (for CNT reinforced composite). It is assumed that the cyclic softening was attributed to the dislocation rearrangement. The configuration of the high density dislocations was not stable, and could be changed into lower potential energy ones under cyclic straining [9].

Upon applying cyclic stresses, the microstructures accommodated the small deformation by the reversible movement of the existing dislocations [10], and new dislocations generated by Frank-Read sources during plastic strain. As strain advanced, dislocation tangles moved gradually towards the grain boundaries. The dislocation tangles migrating to the boundary became "thinner", more "compacted", and better defined. Within the grain boundaries, the dislocation tangles rearranged themselves into a more regular structure. Fig. 5 shows the representative dislocation configurations formed from the fatigued metals, where parallel dislocation arrays within the grain boundary were evident. In addition, it was also observed that the dislocations rearrange themselves into straight, parallel arrays near the grain boundary (Fig. 6). Furthermore, the formation of twin boundary dislocations was also observed in some regions during stress cycling (Fig. 7). As shown in Fig. 7, twin boundary dislocations were visible, and made up of dislocation arrays. The dislocation spacing in the boundary was approximately 20 nm. The formation of twin boundary dislocations is consistent with the expectation that it is classified as a form of low energy dislocation structure.

It should be noted that TEM examinations of the microstructure of monolithic Al and Al-0.5CNT revealed similar characteristics. But from the hysteresis loop and strain trends (Figs. 3 &4), it can be seen that the monolithic Al showed an overall hysteresis level higher than that of the Al-0.5CNT composite. This is because there was a higher dislocation density in the initial CNT composite due to the thermal mismatch from processing, and CNTs impeded dislocation movement during cyclic straining. 

Fig. 1 .

 1 Fig. 1. Stress-life (S-N) diagrams for Al/Al-CNT composites. R = 0.1, frequency = 5. Fatigue life based on maximum stress.
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 3 Fig. 3. Stress/strain behaviour with hysteresis loops of Al and Al-0.5CNT composite cycled at a maximum stress of 120 MPa.
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 4 Fig. 4. Strain versus normalized fatigue life of monolithic Al and Al-0.5CNT composite cycled at a maximum stress of 120 MPa.
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 5 Fig. 5. TEM images of the internal structure of dislocation boundaries (arrows) of (a) monolithic Al, and (b) Al-0.5CNT composite. Both specimens were fatigued at a stress of 120 MPa.

Fig. 6 .

 6 Fig. 6. (a&b) TEM images of dislocation activity near grain boundaries in the Al-0.5CNT composites. Dislocations arranged themselves into neat arrays near the grain boundary (arrows). The specimen was fatigue tested at a maximum stress of 120 MPa.

Fig. 7 .

 7 Fig. 7. TEM morphologies of the twin boundary dislocations of Al-0.5CNT composite: (a) low magnification; (b) high magnification. Boundary dislocations (arrows) were visible near triple points which were made up of straight and parallel dislocation arrays. The specimen was fatigue tested at a maximum stress of 120 MPa.
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