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Abstract: A deeper understanding of the mechanical behavior of ultra-fine (UF) and 

nanocrystalline (NC) grained metals is necessary with the growing interest in using UF and 

NC grained metals for structural applications. The cyclic deformation response and 

behavior of UF and NC grained metals is one aspect that has been gaining momentum as a 

major research topic for the past ten years. Severe Plastic Deformation (SPD) materials are 

often in the spotlight for cyclic deformation studies as they are usually in the form of bulk 

work pieces and have UF and NC grains. Some well known techniques in the category of 

SPD processing are High Pressure Torsion (HPT), Equal Channel Angular Pressing 

(ECAP), and Accumulative Roll-Bonding (ARB). In this report, the literature on the cyclic 

deformation response and behavior of SPDed metals will be reviewed. The cyclic response 

of such materials is found to range from cyclic hardening to cyclic softening depending on 

various factors. Specifically, for SPDed UF grained metals, their behavior has often been 

associated with the observation of grain coarsening during cycling. Consequently, the 

many factors that affect the cyclic deformation response of SPDed metals can be 

summarized into three major aspects: (1) the microstructure stability; (2) the limitation of 

the cyclic lifespan; and lastly (3) the imposed plastic strain amplitude. 

Keywords: cyclic softening/hardening; ultrafine grained; cyclic stability; accumulative roll 

bonding; equal channel angular processing; severe plastically deformed 

 

OPEN ACCESS



Metals 2012, 2  

 

 

42

1. Introduction 

The small size grains in the ultra-fine (UF) and nanocrystalline (NC) grained metals and alloys 

provide a significant increase in mechanical strength compared to its conventional grain sized 

counterparts. At the same time, the small grain sizes in such materials lead to the deviation of its 

mechanical behavior from that described by conventional dislocation theories [1–5]. Such deviation 

from conventional dislocation theories has been attributed to the significant interactions of the stress 

fields surrounding dislocations with that surrounding the grain boundaries as a result of the small grain 

size [1]. In addition, the participation of other deformation mechanisms also play important role in 

such deviations [1–5]. As such, many new studies regarding the mechanical behavior of UF and NC 

grained metals have been emerging in literature. 

There are many different processing techniques for producing UF and NC grained metals, and 

generally speaking each of them is with its own characteristics. One category of techniques is known 

as Severe Plastic Deformation (SPD). As the name suggests, these techniques involve large amount of 

plastic deformation imposed on to the work piece during processing. Many of the techniques within 

this category are capable of producing fully-dense products in bulk form. Equal Channel Angular 

Pressing (ECAP), first reported in [6], is often considered to be the most developed, and likely most 

popular, of the SPD techniques [7]. Another emerging technique that is also gathering interest is 

Accumulative Roll-Bonding (ARB), first reported in [8,9]. These techniques are known to be capable 

of producing products with dimensions large enough for standardized specimen designs, making them 

popular for mechanical behavior studies. Other SPD techniques include High Pressure Torsion 

(HPT) [10], Multi-Directional Forging (MDF) [11], Cyclic Extrusion and Compression (CEC) [12], 

and so on. The details of these SPD techniques are reviewed in various publications, e.g., [7,13–17], 

and will not be elaborated on here.  

One aspect of interest is the cyclic deformation behavior of UF and NC grained metals. The small 

characteristic microstructural length scale, in this case grain size, has been reported to inhibit the 

formation of spatial patterns of dislocation configurations such as walls [18]. Consequently, many of 

the well known conventional dislocation mechanisms for cyclic strain accommodation, such as 

persistent slip bands, labyrinth structures, etc., are inhibited in UF and NC grained metals of high or 

medium-high stacking fault energy. Furthermore, other cyclic strain accommodation mechanisms, such 

as dislocation cells, are also inhibited due to the small grain size [5]. Thiele et al. [19] verified that 

dislocation—grain boundary interactions were the main activities during cyclic deformation of 

NC nickel material with conventional grain size, but when the grain size became smaller and in the 

range of 100 nm to 750 nm, grain boundary activity became an important part of the micro-activities 

during cycling. With the above considerations it is expected that new cyclic strain accommodation 

mechanisms, that are different from those of conventional grain size metals, would be in operation  

for UF and NC grained metals. The aim of this paper is to review the trends of the cyclic  

deformation behavior of SPD metals reported in literature and the factors that influence such cyclic 

deformation behavior.  
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2. Overview of the Cyclic Deformation Behavior of SPDed Metals 

Many of the reports on the cyclic deformation behavior of SPDed metals have been based on metals 

processed by ECAP, e.g., for high purity copper [20–38], technical purity copper [33,39–44], 

aluminium and aluminum alloys [45–51], commercial purity titanium [52], IF steel [53,54], and  

α-brass [55]. There are also reports, albeit fewer in quantity, based on products of different techniques, 

such as high purity copper processed by HPT [36], high purity copper processed by ARB [56,57], and 

aluminum and aluminum alloys processed by cryogenic rolling [58,59].  

In the case of the high purity metals after SPD processing, cyclic softening of varying extent was 

revealed first in a systematic way by Agnew and Weertman [21] in ECAPed high purity copper in 

1998, although Vinogradov et al. also presented data showing a minor cyclic softening response in 

1997 [20]. In the latter case, however, the softening was detected after a period of minor cyclic 

hardening response in one of their high purity ECAPed copper samples, but they did not make any 

specific conclusion in that regard. Agnew and his co-workers [22] later in 1999 further confirmed such 

a phenomenon, i.e., cyclic softening response following cyclic hardening, reported in [20]. Later 

observations of various extent of cyclic softening were reported by a number of other researchers,  

i.e., reference [23–33,35–38,56,58]. It should be noted that these reports are largely based on high 

purity copper. Interesting enough, this behavior follows an empirical relationship that annealed metals 

generally show cyclic hardening, whereas cold worked metals generally shows cyclic softening [60], 

although the underlying mechanisms seem to be largely different. In the case of SPDed metals, grain 

coarsening has been commonly observed to accompany the cyclic softening response in many of these 

reports [22–24,26,28,32,35,36,38,56,57]. A correlation between the extent of grain coarsening with the 

extent of cyclic softening was first shown by Höppel et al. in reference [24] for their ECAPed copper. 

In fact, this proportionate type relationship between the extent of grain coarsening and the extent of 

cyclic softening can also be shown in ARBed copper with the data from the previous published  

(i.e., [56,57]) and unpublished works [61] by the present authors, as consolidated in Figure 1. It should 

be noted that, in Figure 1, the extent of grain coarsening is represented by the relative change in area 

fraction of large grains at a specific location along the gauge length of each sample, whereas the extent 

of cyclic softening response is represented with the use of Cyclic Softening Ratio (CSR) as defined by 

Höppel et al. in [24]. It must be pointed out that grain coarsening may not be the sole cause of the 

observed cyclic softening, general dynamic recovery within the microstructure is also believed to 

contribute to the observed cyclic softening response [24].  

It is reported that the cyclic deformation response of lower purity metals after SPD processing 

varies depending on the impurity content and the applied cyclic plastic strain level. A transition from 

cyclic hardening response to cyclic softening response with increasing applied plastic strain amplitudes 

or increasing cyclic stress amplitudes can be observed in many of the cases with technical purity 

copper [40–42], and that of aluminum alloys [45–47,49–51]. It is worth mentioning that Kunz et al. [44] 

have reported that cyclic softening is observed only in strain controlled tests, whereas load controlled 

tests generally yield cyclic hardening or cyclic saturation response. However, the cyclic plastic strain 

imposed on to the samples are lower in many of the reported stress controlled tests [40–42] compared 

to that of the strain controlled tests [44]. As such, the observation of cyclic softening only in the case 

of strain controlled tests and cyclic hardening/saturation in the load controlled tests reported in 
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Reference [44] may be simply a manifestation of the same transition from cyclic hardening to cyclic 

softening described above. It should be noted that in some cases for aluminum alloys, the cyclic 

softening response is preceded by a cyclic hardening response [47,50]. At the same time,  

Canadinc et al. [48] have observed only cyclic hardening followed by cyclic saturation for their 

aluminum-magnesium alloys even when subjected to high levels of cyclic plastic strain. Similar 

observation of cyclic hardening followed by cyclic saturation has also been reported for technical 

purity copper [39], titanium [52], and α-brass [55]. Conversely, Niendorf et al. [53,54] have reported 

cyclic softening response in their studies on ECAPed IF steel. A lack of grain coarsening has been 

noted in many of the above reports, especially in those that have only noted a minor or insignificant 

cyclic softening response [40–42,47,48,52,59]. However, grain coarsening has been reported in some 

cases of lower purity SPDed metals, especially those that have exhibited some extent of cyclic 

softening [44,51,58]. Although the extent of coarsening is commonly reported to be much lower than 

the case of high purity SPDed metals.  

Figure 1. A plot illustrating the correlation between the observed cyclic softening ratio 

according to [24] and the occurrence of grain coarsening upon cyclic loading of 

ARBed metals. 

 

In addition to the observation of grain coarsening as a cyclic deformation mechanism,  

surface damages relating to shear banding have also been reported for SPDed metals in  

general [20–25,29–44,46,50,53,56–59]. The shear bands in the above listed reports are of a scale much 

larger than the grain size of the samples. In fact, early reports by Mughrabi and Höppel [62] and 

Höppel et al. [63] indicated the appearance of grain coarsening along the maximum shear stress 

direction in both commercially purified aluminum and high purity copper. Furukawa et al. [35] also 

reported similar observations of a band of coarsened grains along the plane of maximum shear stress in 

ECAPed high purity copper upon cyclic loading. Mughrabi and Höppel have suggested two possible 
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mechanisms for the formation of large-scale shear bands with coarsened grains in their review [62]. 

One proposed mechanism in [62] is that a microstructure instability is created from the presence of a 

coarsened grain which then spreads out to form to observed band of coarsened grains. The second 

proposed mechanism in [62], catastrophic shear localization destroys the microstructure within the 

shear band due to a change in strain path, which is followed by the formation of coarsened grains 

within that region. In the case of high purity copper, the grain coarsening phenomenon discussed above 

has been specifically detected to be related to the shear bands, regardless of the fact that these bands 

were formed during material processing or during cyclic deformation, in ARBed pure copper [56,57].  

In addition to all the aforementioned micro-activities on the materials’ response in cyclic 

deformation, as Mughrabi and Höppel further pointed out the purity of the metal, the cyclic loading 

mode, and the processing parameters all have clear effects on the resulting cyclic deformation 

responses [64]. A similar statement could be made from the current review, where the underlying 

factors that influence the cyclic deformation of SPDed metals will be discussed in the subsequent 

sections. Before these factors are presented and as a basis for analyzing them, the extent of the cyclic 

softening responses of selected UF grained metals after ECAP and ARB processing are first 

summarized and the results are given in Figure 2a,b, for the two types of materials respectively. 

Although UF grained copper of various compositions are used to illustrate the effect of composition, 

the applied plastic strain amplitudes, and the cyclic lifespan on the extent of cyclic softening in  

Figure 2, the trends shown can be extended to other SPDed metals. Each of the trends presented in 

Figure 2 will be systematically discussed in the following sections. 

Figure 2. The trend of cyclic ratio according to [24] with respect to the applied plastic 

strain amplitudes of: (a) ECAPed copper of different purity levels processed with various 

ECAP parameters; and (b) ARBed copper of different purity levels. 
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3. The Effect of Applied Cyclic Plastic Strain 

The mechanism behind the phenomenon of grain coarsening upon cyclic deformation of SPDed 

metals is still unclear; however since the grain coarsening occurs upon cyclic deformation, it is likely 

that it is induced, or at least influenced, by the applied cyclic stress or strain. Consequently, the cyclic 

deformation response is expected to be influenced by the applied cyclic stress or strain, more 

importantly by the cyclic plastic strain. Such influence from the applied cyclic plastic strain is evidenced 

from the observed transition from cyclic hardening to cyclic softening with increasing applied cyclic 

plastic strain for SPDed technical purity copper samples upon cyclic deformation [40–42,44–47,49–51]. 

A similar dependence of the extent of cyclic softening response on the imposed cyclic plastic strain 

can be seen in Figure 2 for both ECAPed and ARBed high purity copper at low imposed plastic strain 

amplitudes (i.e., at εpl/2 < 2 × 10−4). Such a dependence of the cyclic softening response on the applied 

plastic strain amplitude has also been suggested in [24]. Considering the case of stress/strain induced 

grain coarsening, a large enough cyclic strain/stress must be applied in order to supply deformation 

energy high enough to overcome the activation energy needed for grain boundary motion. Following 

that, with increasing applied cyclic stress/strain the number of locations at which the above condition 

is satisfied increases thus increasing the total amount grain coarsening and hence the related cyclic 

softening as observed. On the other hand, this proportional relationship is reversed at high plastic strain 

amplitudes, and it has been first suggested that this reversal of trend is related to the kinetics of the 

grain coarsening phenomenon [24].  

4. The Effect of Cyclic Lifespan 

The trend of cyclic deformation behavior of SPDed metals, under a small applied cyclic plastic 

strain (i.e., at Δεpl/2 < 2 × 10−4), has been understood and attributed to the effect of the applied cyclic 

plastic strain above. However, the reversed trend of cyclic deformation behavior of SPDed metals 

under high plastic strain amplitudes (i.e., at Δεpl/2 > 2 × 10−4) remains to be discussed. This trend can 

be easily understood when a plot of CSRs versus the cyclic lifespan of each sample is employed, as 

shown in Figure 3. It is clear from Figure 3 that shorter cyclic lifespan is generally correlated to lower 

extent of cyclic softening, and vice versa. A similar statement could be made in the case of the extent 

of grain coarsening. The limited cyclic lifespan of the samples has clearly limited the extent of grain 

coarsening. The steeper trend of ARB copper compared to ECAPed copper in Figure 3 is due to the 

presence of a unique microstructural constituent, i.e., the large amount of pre-existing shear bands, 

see [56] for details. The presence of such constituent increases the quantity of strain localization sites 

and thus affects the extent of cyclic softening, as well it shortens the cyclic life span. As a matter of 

fact, grain coarsening phenomenon upon cyclic loading of SPDed metals is a manifestation of grain 

boundary migration processes. The operation of such process requires the satisfaction of the 

thermodynamic aspect, i.e., driving force and energy input to overcome the activation energy, and the 

kinetic aspect, i.e., given enough “time”. In the context of grain coarsening upon cyclic loading, “time” 

is equivalent to the number of cycles of cyclic loading, and the limited cyclic life span is equivalent to 

limiting the “time” for the process to occur. At the same time, shorter cyclic lifespan is generally found 

in the case of larger applied plastic strain amplitudes. As a result, the extent of cyclic softening 
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response is reduced with increasing applied plastic strain amplitudes, or subdued by the short fatigue 

lifespan. This is believed to be the reason for the reversed trend at higher plastic strain amplitudes 

shown in Figure 2. A similar notion has been raised by Höppel et al. [24] to explain the reversing trend 

at higher plastic strain amplitudes as well. 

Figure 3. A plot illustrating the correlation between the extent of the cyclic softening ratio 

according to [24] and the cyclic lifespan of ARBed and ECAPed OFHC copper. 
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Figure 4. Overlays of the development of the coarse grain constituent of two 7 passes 

ARBed copper samples with similar initial microstructure upon cyclic straining at  

Δεtotal/2 = 1.7 × 10−3. (a) Sample cyclically tested to fracture without any intervention;  

(b) Sample with surface damages removed by ion milling at various points along the cyclic 

lifespan such that the cyclic lifespan can be elongated significantly. 

  

5. The Effect of Microstructure Stability 

The UF and NC grained microstructure can be considered to be at a higher energy state compared to 

that of conventional large grain sized microstructure [65]. In addition, the severely deformed 

microstructure of SPDed metals may further increase the energy of the microstructure due to the 

further accrued deformation in the form of further increased dislocation density and more complicated 

dislocation structure. It is very likely that the high energy of the microstructure is one of the largest 

driving forces behind the grain coarsening phenomenon with the applied stress/strain providing the 

activation energy upon cyclic loading. Undoubtedly, the extent of grain coarsening is controlled by the 

stability of the microstructure. Following that, the microstructure stability will also affect the cyclic 

deformation response of the SPDed metals by affecting the extent of grain coarsening. Such a notion of 

cyclic stability has been contemplated in various reports on the cyclic deformation response of 

ECAPed metals, [37,48,49,52,55], and in ARBed metals [56,57]. 

In addition to the effect of processing technique, the stability of the microstructure is also highly 

dependent on the composition of the metals. The effect of composition on the microstructure stability 

and hence the cyclic response is clearly demonstrated by comparing the cyclic response of high purity 

copper and technical purity copper, as also demonstrated in Figure 2. The increased microstructure 

stability of technical purity copper as a result of the addition of trace elements has led to a lesser extent 

of grain coarsening upon cyclic loading at the same imposed plastic strain amplitudes. Consequently, 

the extent of the cyclic softening is also lowered in the case of the ECAPed technical purity copper 

shown in Figure 2a, and the same can be said for the ARBed DLP copper, as shown in Figure 2b. In 

some of the reports on technical copper, e.g., [38–41,43], the suppressed grain coarsening is often 

related to the observed cyclic saturation or even cyclic hardening response. Similar observation has 
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been reported for SPDed aluminum alloy with 0.5% to 2% magnesium [48], commercial purity SPDed 

aluminum [50], and commercial purity SPDed titanium [52]. In fact, Höppel et al. [49] further reported 

a transition from cyclic softening to cyclic saturation with increasing magnesium content in aluminum 

from 0.5% to 2%. Furthermore, such a relationship between increasing additive concentrations and the 

decreasing of cyclic softening response is also clearly shown when comparing the CSRs of high purity 

copper, DLP copper, and technical purity copper, Figure 2. However, it must be mentioned that 

observation of cyclic softening has been reported also with alloys of higher alloying content, such as in 

the case of 5056 aluminum in [45], 6060 aluminum in [51], and the IF steel in [53,54], albeit softening 

response in these materials is seen to a lower extent than that of high purity SPDed metals. This trend 

is likely to be due to the different manner of incorporating the alloying addition into the matrix at the 

various concentrations as well as of the various different alloying elements, and its overall effectiveness 

of resisting grain boundary movement.  

There are also other aspects of the microstructure that directly affect the stability of the 

microstructure. One of such is the geometry of the grains, which is a direct consequence of the 

processing parameters. Vinogradov and Hashimoto [65] have categorized the possible grain geometry 

from ECAP processing as type A and type B, for equiaxed grain geometry and elongated grain geometry, 

respectively. In combination with the observations by Iwahashi et al. [66] and Langdon [66–68], it is 

clear that routes Bc and E of the ECAP processing will yield a type A grain geometry whereas routes A 

and C will yield a type B grain geometry. Vinogradov and Hashimoto [65] have found that the 

different grain geometry has indeed affected the monotonic mechanical strength. Similarly, the 

different grain geometry is also expected to affect the stability of the microstructure during cyclic 

deformation. In fact, Agnew et al. [22] have presented calorimetry results showing the higher 

microstructure stability of type A grain geometry compared to that of type B grain geometry. 

Consequently, the extent of grain coarsening, hence cyclic softening, upon cyclic loading at the same 

imposed cyclic strain level is found to be lower for ECAPed high purity copper with type A grain 

geometry compared to that with type B grain geometry, also shown in Figure 2a. Furthermore, the 

influence from the difference in grain geometry is seemingly stronger than that resulting from the 

addition of trace amount of additives based on the CSRs plotted in Figure 2a. Although the present 

authors consider further studies will be needed to confirm the case of such observations, they may 

suggest that the trace quantity of additive is too low to have a significantly large influence on the 

microstructure stability. 

The stage of development of the UF grain structure also plays a role in determining the stability of 

the microstructure. Such microstructure development includes the development of the grain boundaries 

upon SPD, i.e., the development of the initial low angle boundary network to a network that consists of 

mostly high angle grain boundaries with increasing SPD processing. This development process of the 

microstructure has been reported in [68] with increasing number of passes of ECAP, and in [69,70] 

with increasing number of passes of ARB. Indeed, Höppel et al. [49] have shown a transition from 

cyclic softening to cyclic saturation response upon cyclic loading of samples with increasing number 

of ECAP passes that further affects the development of the UF grain boundary structure. Finally, there 

are other mechanisms that may cause a decrease in the total energy of the microstructure, such as 

dynamic recovery or recrystallization process during processing, which may have a similar effect as 

the above case. 
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6. The Effects from Other Influencing Factors 

Temperature: The cyclic deformation response has been reported to be influenced by the testing 

temperature as well [24,48]. The extent of cyclic softening is observed to increase when cyclic loading 

tests were performed at elevated temperatures [48]. On the other hand, the extent of cyclic softening is 

reported to lessen upon cyclic straining at −50 °C [24]. Alongside the lowered extent of cyclic 

softening response, the grain coarsening upon cyclic straining was reported to be much less 

pronounced in comparison to samples that were tested at room temperature as well [24]. Nevertheless, 

Höppel et al. [24] have noted that grain coarsening upon cyclic deformation also occurred even when 

testing at −50 °C. Clearly, grain coarsening in this case is indeed affected by the testing temperature 

but yet largely induced by the applied cyclic stress/strain. Such temperature dependence is likely the 

result of the dependence of the grain boundary mobility on the temperature. Consequently, such a 

temperature effect can be grouped with the influence of the microstructure stability.  

Strain Rate: A minor dependence of the extent of cyclic softening on the cyclic strain rate was also 

reported [24,55]. The cyclic softening is reported to be less pronounced when cyclically deformed at 

higher strain rate [24]. Such effect is generally related to the enhanced strain rate sensitivity of UF 

grained metals as often reported [24,55,71,72]. Although no definitive trend could be concluded from 

these results, several speculations could be made. The enhanced strain rate sensitivity could affect the 

cyclic deformation response in two ways: Firstly, the sensitivity of the flow stress from the different 

strain rate could influence the cyclic plastic strain involved in each cycle; Secondly, the enhanced 

sensitivity could influence the cyclic life span of the samples due to the earlier occurrence of plastic 

instability within the sample. 

7. Concluding Remarks 

Up to date, the cyclic deformation responses of SPDed metals as available in the related literature 

are mixed, ranging from cyclic hardening to cyclic softening depending on various factors. These 

factors include the purity of the metal, the level of the imposed cyclic stress/strain, and the processing 

parameters. The effect from the above factors has been categorized into three fundamental influencing 

factors in this review.  

The primary influencing factor is the microstructure stability of the initial microstructure. This 

includes the effects of the purity of the metals, the level of development of a UF grained 

microstructure, and the grain geometry of the final microstructure. The latter two are affected by the 

processing technique and the parameters used. In short, the above influence the cyclic deformation 

response by changing the driving force for the grain coarsening phenomenon.  

The second influencing factor is the cyclic lifespan, which provides, or not, the satisfaction of the 

required kinetics for grain coarsening phenomenon. There are reports in which the thermodynamic 

driving force is in abundance but the short cycling time available limited the extent of grain 

coarsening, i.e., in the case of high applied plastic strain amplitudes for high purity copper.  

Lastly, the applied cyclic plastic strain level is also an influencing factor. Such influence is based on 

changing the level of energy input for the grain coarsening phenomenon. The effects can be clearly 

seen from cyclic deformation of technical purity copper in which a transition from cyclic hardening to 
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cyclic softening was reported with increasing imposed plastic strain. In the case of high purity metals, 

this effect is often overshadowed by the limitation by the cyclic life span of the sample and is only 

apparent at low imposed plastic strain amplitudes.  
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