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Abstract:



The [image: there is no content] coplanar double-slip-oriented Cu single crystals were pre-fatigued up to a saturation stage and then uniaxially tensioned or compressed to fracture. The results show that for the specimen pre-fatigued at a plastic strain amplitude γpl of 9.2 × 10−4, which is located within the quasi-plateau of the cyclic stress-strain (CSS) curve, its tensile strength and elongation are coincidently improved, showing an obvious strengthening effect by low-cycle fatigue (LCF) training. However, for the crystal specimens pre-fatigued at a γpl lower or higher than the quasi-plateau region, due to a low pre-cyclic hardening or the pre-induction of fatigue damage, no marked strengthening effect by LCF training occurs, and even a weakening effect by LCF damage takes place instead. In contrast, the effect of pre-fatigue deformation on the uniaxial compressive behavior is not so significant, since the compressive deformation is in a stress state more beneficial to the ongoing plastic deformation and it is insensitive to the damage induced by pre-cycling. Based on the observations and comparisons of deformation features and dislocation structures in the uniaxially deformed [image: there is no content] crystal specimens which have been pre-fatigued at different γpl, the micro-mechanisms for the effect of pre-fatigue on the static mechanical behavior are discussed.
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1. Introduction


The mechanical degradation of materials will gradually occur during the process of their service due to fatigue deformation and damage accumulation. Therefore, it is extremely significant to explore the influencing mechanisms of pre-fatigue deformation on the mechanical properties of materials. Recently, there have been some investigations on the effect of pre-fatigue on the uniaxial deformation behavior of some metallic polycrystals, e.g., 6061-T6 aluminum alloy [1,2], AISI 4140T steel [1,2], 304 austenitic stainless steel [3], and commercially pure Al [4,5]. However, the microstructural complexities in those polycrystalline materials will undoubtedly preclude a distinct elucidation of the micro-mechanism for the pre-fatigue effect on the static mechanical behavior. In this sense, single crystals of high-purity metals would actually be more suitable materials for such investigations.



Quite recently, we investigated the effect of fatigue pre-deformation at different plastic strain amplitudes, γpl, on the uniaxial tensile behavior of the [017] critical double-slip-oriented Cu single crystal, and found that a low-cycle fatigue training treatment on this crystal at an appropriate plastic strain amplitude (γpl = 7.0 × 10−4) could effectively improve its static tensile properties; this phenomenon is called the strengthening effect by low-cycle fatigue training [6]. Actually, the dislocation structures induced by fatigue deformation are quite different, strongly depending upon the crystallographic orientation (especially for double-slip orientations) [7,8,9]. As differently-oriented Cu single crystals are adopted for fatigue pre-deformation treatments, the induced dislocation structures are different; in this case, it is important to know how the corresponding static mechanical properties will change. In light of this, the [image: there is no content] coplanar double-slip-oriented Cu single crystal was selected for the present study, focusing on the effect of fatigue pre-deformation at different γpl on its uniaxial tensile and compressive properties. Our previous work has demonstrated that the cyclic stress-strain (CSS) curve of the [image: there is no content] coplanar double-slip-oriented Cu single crystal shows a stress quasi-plateau over the γpl range of 3.0 × 10−4–2.0 × 10−3 [10], and the fatigue dislocation structures consist mainly of dislocation cells, the size of which decreases with increasing γpl [11,12]. In this way, the effect of dislocation cell structures induced by pre-fatigue on the static mechanical properties of Cu single crystals can be exclusively examined.




2. Experimental Section


Cu single crystal was grown from oxygen free high conductivity (OFHC) copper of 99.999% purity by the Bridgman method. The fatigue specimens with a gauge section of 7 mm × 5 mm × 16 mm and 70 mm in length were spark-machined from the as-grown crystal. All specimens are oriented towards [image: there is no content], and the Laue back-reflection technique was used to determine the orientation of the specimen. Before fatigue tests, all specimens were annealed at 800 °C for 2 h in vacuum, and then electro-polished to produce a strain-free and smooth surface. Symmetric tension-compression fatigue pre-deformation tests were performed at room temperature in air using a Shimadzu servo-hydraulic testing machine (Shimadzu, Kyoto, Japan). A triangular waveform signal with a frequency range of 0.05–0.4 Hz was used for the constant plastic strain control. The plastic resolved shear strain amplitude γpl and shear stress τ were calculated by γpl = Δεp/2Ω and τ = σΩ, where Δεp/2 is the axial plastic strain amplitude, Ω the Schmid factor of primary slip system and σ is an average value of the peak stresses in tension and compression. The crystal specimens were firstly pre-cycled at different plastic strain amplitudes ranging from 1.3 × 10−4 to 5.3 × 10−3 up to the occurrence of saturation. The pre-fatigue testing conditions and data are listed in Table 1. After pre-fatigue tests, the fatigue specimens were spark-machined into the tensile specimens with a gauge section of 5 × 2 × 16 mm3 and 70 mm in length. The specimens were then polished electrolytically and subjected to tensile deformation to a final fracture at a strain rate of 10−3·s−1. After tensile tests, the surface deformation characteristics of these specimens were observed by using a SSX-550 scanning electron microscope (SEM, Shimadzu, Kyoto, Japan, and the dislocation structures were observed by using a Tecnai G2 20 transmission electron microscope (TEM, FEI, Hillsboro, OR, USA) operated at 200 kV. TEM thin foils were first spark-cut from the gauge part (homogeneous deformation region near the fracture) of the fractured specimens, then mechanically thinned down to dozens of micron thick and finally polished by a conventional twin-jet method.



Table 1. Pre-fatigue testing conditions and data for the [image: there is no content] Cu single crystal [10]. Note that γpl is the plastic strain amplitude, N is the cyclic number, γpl,cum is the cumulative plastic strain (=4Nγpl), and τs is the saturation stress.







	
γpl

	
N

	
γpl,cum

	
τs, MPa






	
1.3 × 10−4

	
65,000

	
33.8

	
25.0




	
3.4 × 10−4

	
32,000

	
43.5

	
30.1




	
9.2 × 10−4

	
12,000

	
43.5

	
31.7




	
3.5 × 10−3

	
4700

	
65.8

	
33.5




	
5.3 × 10−3

	
10,200

	
216.2

	
35.4











3. Results and Discussion


3.1. Effect of Pre-Fatigue on the Tensile and Compressive Properties


Figure 1 shows the tensile and compressive stress-strain curves of [image: there is no content] Cu single-crystal specimens unfatigued (only annealed) and pre-fatigued at different γpl, and the CSS curve of this oriented crystal [10] is also reproduced here to clearly show the location of the applied γpl in the curve. It is apparent that there is an effect of pre-cycling, to a different extent, on the tensile or compressive yield strength and the ultimate tensile strength of the crystal, depending on the γpl imposed in pre-cycling.


Figure 1. (a) CSS curve of [image: there is no content] Cu single crystals [10]; (b) the tensile and (c) compressive stress-strain curves of [image: there is no content] Cu single crystals unfatigued and pre-fatigued at different plastic strain amplitudes.
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From Figure 1b it can be seen that, compared to the unfatigued specimen, the yield strength slightly increases but the tensile strength and elongation basically remain unchanged for the specimens pre-fatigued at two low γpl of 1.3 × 10−4 and 3.4 × 10−4, which are located below the quasi-plateau region in the CSS curve (Figure 1a). As the pre-fatigue strain amplitude, e.g., 9.2 × 10−4, is exactly located in the quasi-plateau region in the CSS curve, both strength and elongation are coincidently improved. As γpl increases to 3.5 × 10−3, which is beyond the quasi-plateau region in the CSS curve, the yield and tensile strengths and elongation become comparable to those of the unfatigued specimen. With further increasing γpl to 5.3 × 10−3, both strength and elongation decrease obviously, and even become much lower than those of the unfatigued specimen. Accordingly, only when the crystal is pre-fatigued at an intermediate γpl of 9.2 × 10−4, the strengthening effect due to low-cycle fatigue training is the most notable.



From Figure 1c one can see that the general rule for the effect of pre-cycling on the compressive mechanical properties (e.g., compressive yield strength and flow stress) is basically similar to the tensile case (Figure 1b); however, the difference in the compressive properties of the specimens pre-cycled at different γpl is not so noticeable as compared to the difference in tensile properties.




3.2. Deformation Features on the Surface


Figure 2 and Figure 3 present the essential surface deformation features of the unfatigued and pre-fatigued [image: there is no content] Cu single-crystal specimens under tensile and compressive deformation, respectively.


Figure 2. SEM images of the surface deformation features of unfatigued or pre-fatigued [image: there is no content] Cu single crystals under uniaxial tension: (a) unfatigued; (b–f) pre-fatigued at γpl = 1.3 × 10−4, 3.4 × 10−4, 9.2 × 10−4, 3.5 × 10−3, and 5.3 × 10−3, respectively. (a,b,e,f) viewed from [image: there is no content]; and (c,d) viewed from [image: there is no content]. Note that the loading direction is horizontal.
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Figure 3. SEM images of the surface deformation features of unfatigued or pre-fatigued [image: there is no content] Cu single crystals under uniaxial compression: (a) unfatigued, (b–f) pre-fatigued at γpl = 1.3 × 10−4, 3.4 × 10−4, 9.2 × 10−4, 3.5 × 10−3, and 5.3 × 10−3, respectively. (a,e,f) viewed from[image: there is no content]; and (b–d) viewed from (320). Note that the loading direction is horizontal.
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Only a few slip bands appear in some regions and distribute inhomogenously on the specimen surface after pre-cycling at γpl ≤ 3.4 × 10−4 [10], indicating that strain hardening induced by pre-cycling is not significant in this case, so that the tensile properties of the specimens pre-fatigued at these low γpl are nearly not improved as compared to those of the unfatigued specimen (Figure 1b). Correspondingly, the tensile deformation features indicated by Figure 1a–c are almost similar. It should be mentioned that [image: there is no content] is a coplanar-slip orientation, i.e., the primary and secondary slip planes are the same plane (111); thus only single-oriented slip bands can be generally observed on the surface under pre-fatigue and tensile deformation (Figure 2a–c).



As γpl increases to 9.2 × 10−4, a few deformation concentration regions, i.e., deformation bands (DBs), are formed, and the formation of such preliminary DBs may cause a notable cyclic hardening but does not bring about an obvious damage [10], and therefore, the working hardening capacity during subsequent tension is enhanced, as evidenced by the co-operation of the conjugate slip system [image: there is no content] under tensile deformation (Figure 3d). Therefore, the tensile strength has been improved. It should be mentioned here that it is unnecessary for the operation of the conjugate slip system to accommodate plastic strain during pre-fatigue deformation [10]. Furthermore, the inducement of such preliminary DBs by pre-cycling should be beneficial to the subsequent tensile plastic deformation along these concentrated bands, so the tensile ductility (or elongation) is also somewhat increased (Figure 1b).



However, at high strain amplitudes (γpl ≥ 3.5 × 10−3), many highly concentrated DBs are formed and severe fatigue damage has been introduced [10], so that the subsequent tensile properties cannot be effectively enhanced. In particular, when γpl is as high as 5.3 × 10−3, the induced permanent damage in the form of densely distributed DBs becomes extremely notable [10], thus causing a greatly detrimental effect on the subsequent tensile properties, i.e., the strength and ductility decrease obviously to much lower values than those of other specimens. Correspondingly, the density of slip bands is relatively low and, also, the conjugate slip system [image: there is no content] is not activated (Figure 2e,f) after the tensile deformation of those specimens pre-fatigued at high γpl.



Compared to the case of tensile deformation, the stress state under compressive deformation is much more beneficial to the continuation of plastic flow deformation. Therefore, the secondary (conjugate) slip system [image: there is no content] is commonly activated under compression (Figure 3). Furthermore, the subsequent compressive deformation behavior is not so sensitive to the damage induced by pre-cycling, so that the deformation features are basically similar for all the specimens unfatigued or pre-fatigued at different γpl, as shown in Figure 3, and no marked difference in the relevant compressive stress-strain curves is manifested (Figure 1c).




3.3. Dislocation Structures


Figure 4 shows the tensile dislocation structures of [image: there is no content] Cu single crystals unfatigued or pre-fatigued at different γpl, where g is the diffraction vector and B is the incident beam. It is found that the dislocation structures of those specimens unfatigued or pre-fatigued at low γpl of 1.3 × 10−4 and 3.4 × 10−4 are typically featured by dislocation cells (Figure 4a–c); however, for pre-fatigued specimens, the cell walls are relatively loose and the average cell diameter is ~0.5 μm (as representatively shown in Figure 4b,c), indicating that the plastic strain accommodated during the tensile process of specimens pre-fatigued at low γpl is not so high, and their strain-hardening abilities are thus basically equivalent to that of the unfatigued specimen (Figure 1b). As the pre-fatigue strain amplitude γpl increases to 9.2 × 10−4, the dislocation density of the cell walls becomes obviously increased, and the cell diameter reduces to ~0.3 μm (Figure 4d), showing a stronger strain-hardening ability of the specimen pre-fatigued at such a γpl (Figure 1b). As γpl further increases to higher values of 3.5 × 10−3 or 5.3 × 10−3, the dislocation cells become loose again, and the average cell diameter is increased to 0.6–0.7 μm (Figure 4e,f). Our previous work [11,12] has revealed that the fatigue dislocation structures of [image: there is no content] Cu single crystals were mainly composed of dislocation cells, the size of which decreased with increasing γpl. Moreover, as γpl ≥ 3.5 × 10−3, the configuration of fatigue-induced dislocation cells exhibited a characteristic of a persistent slip band (PSB) ladder-like structure, and these dislocation cells were thus called PSB cells, showing a severe strain concentration and deformation damage [11,12]. In this way, during the subsequent tensile deformation, the serious strain concentration will easily occur at these PSB cells, thus leading to an earlier fracture failure at a lower tensile flow stress and strain levels (Figure 1b). In general, as shown in Figure 1b and Figure 4, the strength values increase with the decreasing cell diameter; this phenomenon is consistent with the general relation of saturation stress vs. dislocation cell size for fatigued Cu single crystals [13].


Figure 4. TEM images of dislocation configurations of unfatigued or pre-fatigued [image: there is no content] Cu single crystals under uniaxial tension: (a) unfatigued, B = [image: there is no content]; pre-fatigued at (b) γpl = 1.3 × 10−4, B = [image: there is no content]; (c) γpl = 3.4 × 10−4, B = 011; (d) γpl = 9.2 × 10−4, B = [image: there is no content]; (e) γpl = 3.5 × 10−3, B = 011; and (f) γpl = 5.3 × 10−3, B = [image: there is no content].
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Figure 5 shows the compressive dislocation structures of [image: there is no content] Cu single crystals unfatigued or pre-fatigued at different γpl. The dislocation structure of the unfatigued specimen consists of equiaxed dislocation cells (Figure 5a). For the pre-fatigued specimen at γpl = 1.3 × 10−4, the dislocation cells become very loose (Figure 5b), and the relevant compressive flow stress is low (Figure 1c). As γpl increases to 3.4 × 10−4 and 9.2 × 10−4, the dislocation density of cell walls increases greatly, and the compressive plastic flow undergoes relatively high stress levels (Figure 1c). It means that the strain-hardening ability can be somewhat improved after the [image: there is no content] Cu single crystal was pre-fatigued at these two γpl, although such an improvement is not as obvious as the case of tensile deformation. As γpl increases to 3.5 × 10−3, the dislocation structure is featured by some loose dislocation cells (Figure 5e), corresponding to a decreased compressive flow stress (Figure 1c). As γpl = 5.3 × 10−3, the compressive dislocation structure becomes regularly arranged equiaxed dislocation cells (Figure 5f); however, the compressive flow stress level is not high, but at the lowest level (Figure 1c). Therefore, it is inferred that some of the equiaxed dislocation cells induced by pre-fatigue deformation [12] may be retained in the crystal subjected to subsequent compressive deformation, as shown in Figure 5f.


Figure 5. TEM images of dislocation configurations of unfatigued or pre-fatigued [image: there is no content] Cu single crystals under uniaxial compression: (a) unfatigued, B = [image: there is no content]; pre-fatigued at (b) γpl = 1.3 × 10−4, B = 011; (c) γpl = 3.4 × 10−4, B = [image: there is no content]; (d) γpl = 9.2 × 10−4, B = [image: there is no content]; (e) γpl = 3.5 × 10−3, B = 011; and (f) γpl = 5.3 × 10−3, B = 011.
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As is well known, the equal-channel angular pressing (ECAP) technique has recently become one of the most frequently used mechanical processing methods to produce ultrafine-grained (UFG) materials by introducing intensive plastic strain into materials after repetitive pressing [14,15]. It should be mentioned that the term “ultrafine-grained”, widely used by the ECAP community, sometimes (e.g., UFG pure Cu) represents a microstructure comprising very fine, highly misoriented dislocation cells or subgrains [16,17,18,19]. Such ultrafine-celled (the cell diameter is around some hundred nanometers) microstructures produced by the ECAP severe plastic deformation technique normally exhibit an extraordinarily high strength but are followed by a great loss of ductility, although a subsequent, controlled short-term annealing treatment might cause a joint enhancement of strength and ductility [20]. In contrast, the cell structure developed under fatigue deformation is well recognized to be a typical type of heterogeneous dislocation distribution, and high-symmetry orientations, low friction stress, large deformation and the easy operation of cross slip favor the formation of dislocation cell structures [21]. For the present [image: there is no content] orientation, dislocation reactions between the primary and coplanar slip systems produce the third Burgers vector contained in the same (111) plane, i.e., (a/2)[image: there is no content] + (a/2)[image: there is no content] → (a/2)[image: there is no content]. The produced dislocation (a/2)[image: there is no content] is also glissile in the common primary slip plane (111). Such a dislocation reaction would promote the much easier formation of slightly misoriented dislocation cells during fatigue deformation [11,22], and the cell diameter is also around some hundred nanometers depending upon the applied strain amplitude [11,12]. Apparently, the dislocation cell structures directly produced by fatigue cycling are more uniformly distributed and the dislocation density is relatively lower compared with UFG microstructures. Accordingly, under the prerequisite that no obvious pre-damage is introduced, the inducement of such a uniformly distributed low-dislocation-density cell structure through an appropriate pre-fatigue deformation treatment may, more or less, improve the static strength and ductility together, e.g., pre-fatigue at γpl = 9.2 × 10−4 in the present work. This phenomenon is normally called strengthening by low-cycle fatigue (LCF) training.





4. Conclusions


The effect of pre-fatigue deformation at different plastic strain amplitudes on the monotonic tensile and compressive deformation behavior of the [image: there is no content] coplanar double-slip-oriented Cu single crystal was experimentally investigated. The following conclusions can be drawn:

	(1)

	
As the [image: there is no content] crystal specimen is pre-fatigued at a plastic strain amplitude γpl of 9.2 × 10−4, which is located within the quasi-plateau of the CSS curve, its tensile strength and ductility can be coincidently improved, showing an obvious strengthening effect by LCF training, since uniformly distributed dislocation cell structures have been reasonably introduced by pre-fatigue cycling. In contrast, for the crystal specimens pre-fatigued at γpl lower or higher than the quasi-plateau region, due to a low pre-cyclic hardening or pre-induction of fatigue damage, there is no marked strengthening effect by LCF training, and a weakening effect by LCF damage occurs.




	(2)

	
The general rule for the effect of pre-fatigue deformation on the uniaxial compressive behavior follows a similar pattern as the case of uniaxial tension, but such an effect is not so significant, since the stress state under compressive deformation is much more beneficial to the continuation of plastic flow deformation and the compressive deformation behavior is insensitive to damage induced by pre-cycling.
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