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Abstract 27 

Several types of cyclic stress were applied to specimens made of an extruded magnesium alloy, 28 

AZ31, to elucidate twinning, detwinning, and fatigue crack initiation mechanisms by electron 29 

backscattered diffraction analysis.  In both the texture and the random orientation, twinning occurred 30 

under compressive stress exceeding the compressive yield strength.  Detwinning occurred only in the 31 

texture upon the subsequent application of tensile stress less than the tensile yield strength of 32 

monotonic loading, whereas detwinning did not occur in the structure with random orientation.  Under 33 

compression–compression fatigue test, successive twinning occurred, which changed the orientation 34 

of the basal plane.  As a result, the random orientation of grains changed to the texture in which the 35 

normal of the basal plane was parallel to the loading direction.  Cracks were formed along the 36 

boundary of grains with a high Schmid factor of the basal slip system and the misfit of grain on both 37 

sides was large.  Near the crack initiation site, twin bands were observed; however, detwinning did 38 

not occur under the tensile stress after the cyclic compression loading. 39 

1. Introduction 40 

Recently, magnesium alloys have been receiving considerable attention because of their high 41 

specific strength, which is especially important in mobile devices and transportation systems.  42 

Therefore, their mechanical properties and mechanisms of deformation and fracture should be 43 

understood.   44 

It is well known that twinning plays an important role in the compressive plastic deformation of 45 

magnesium alloys with the hcp crystal structure, the slip system of which is limited.  Then, the 46 

twinning is important to understand the cold working process in which all grains are subjected to 47 

plastic deformation.  Meanwhile, the twin bands formed under compressive stress sometimes 48 

disappear after the following application of tensile stress, which is called detwinning [1-5].  This 49 

phenomenon has been related with fatigue crack initiation, which is one of the most important 50 

mechanical properties to pay attention to regarding the long use of transportation systems.  The 51 

twinning–detwinning behavior in most of the previous studies has been examined by monitoring the 52 

evolution of X-ray diffraction peaks, which reveals all the behaviors of several grains in the 53 

observation area, although fatigue crack initiation is a localized phenomenon limited to a grain or a 54 

grain boundary.  To investigate the fatigue crack initiation behavior, successive observations should 55 
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be conducted at the crack initiation site over a number of cycles. Furthermore, the previous studies 56 

have been conducted under fully reversed low-cycle fatigue conditions, and the crack initiation 57 

mechanism under compression–compression fatigue, where detwinning should not occur, has not yet 58 

been clarified.  59 

Murphy-Leonard et al. [6] studied the cyclic twinning and detwinning behaviors of an extruded 60 

magnesium alloy under fully reversed low-cycle fatigue conditions, and twinning and detwinning 61 

behaviors were characterized by monitoring the evolution of X-ray diffraction peaks.   They found 62 

that twinning occurs during the compression portion of the cycle at the early stages of fatigue, and 63 

most twins are detwinned under reversed loading during the tensile portion of the cycle.  They also 64 

observed that  the detwinning process was incomplete after 100–200 fatigue cycles, and a significant 65 

fraction of residual twins remained throughout one entire cycle.  They concluded that the increase in 66 

the number of residual twins corresponds to fatigue damage.  They also observed persistent twinning 67 

by electron backscattered diffraction (EBSD); however, it has not yet been clarified whether the 68 

twinning–detwinning phenomenon occurs in each cyclic loading or whether the fatigue crack 69 

initiation is affected by such a phenomenon. 70 

The role of twinning and detwinning in the fatigue process depends on the extent of plastic 71 

deformation.  For example, in the low-cycle-fatigue regime, where all grains deform plastically as in 72 

cold working, fatigue cracks are usually initiated from the twin boundaries in polycrystalline 73 

magnesium alloys without defects or inclusions [7-9].  In the high-cycle-fatigue regime, however, it 74 

has been observed for conventional alloys that plastic deformation occurs only in some grains [10-75 

12] without macroscopic plastic deformation.  Actually, it has been reported by Shiozawa et al. [7] 76 

that the fatigue crack initiation mechanism is the twin-induced failure mode at high stress amplitudes 77 

and the slip-induced failure mode at low stress amplitudes.   Murphy-Leonard et al. [6] also reported 78 

that, for low-cycle fatigue, twinning and detwinning were observed at a high strain amplitude but not 79 

at a  low strain amplitude.  Thus, twinning may not always be required for fatigue crack initiation in 80 

magnesium alloys.  However, it is still unclear whether twinning is involved in crack initiation in the 81 

high-cycle-fatigue regime [7,9,13,-22].  82 

The authors conducted fatigue tests under several stress ratios with positive mean stress and fully 83 

reversed cyclic loading to elucidate the fatigue crack initiation mechanism in an extruded magnesium 84 

alloy, AZ31, and the specimen surface near the crack initiation site was analyzed by EBSD to 85 



 

4 

 

elucidate the fatigue crack initiation mechanism [4,5].  They concluded that fatigue cracks are not 86 

formed from  twin bands but from large grains with a high Schmid factor of the basal slip system, 87 

and that the crack initiation mechanism is a result of irreversible slipping and is unrelated to twinning 88 

under fully reversed cyclic stress (R=–1). 89 

The effects of the crystallographic orientation, i.e., random orientation vs crystallographic 90 

texture, on twinning and detwinning in magnesium alloys also have not yet been clarified.  Cold 91 

rolling magnesium alloy usually has a texture [23] in which the c-axis (the normal of the basal plane) 92 

in most grains is perpendicular to the extruded direction, and the mechanical and fatigue tests are 93 

usually conducted with force applied in the extruded direction.  As described later, we found that the 94 

orientations of grains very near the surface of the extruded plate are randomly distributed, and we 95 

could examine the effect of the difference between grains with texture and random distribution on 96 

twinning, detwinning, and fatigue crack initiation behaviors.   97 

In this study, the EBSD analysis was conducted to clarify factors affecting twinning, detwinning, 98 

and fatigue crack initiation behaviors employing different microstructures and loading patterns, 99 

including compression–compression fatigue.   By comparison with our previous results of fully 100 

reversed loading fatigue, the differences in the twinning and crack initiation behaviors are  discussed. 101 

2. Material and Experimental Procedures  102 

2.1 Material and specimen 103 

The material for this study was an extruded AZ31 magnesium alloy plate.  The chemical 104 

composition (in mass %), the average grain size, and the mechanical properties of the alloy are shown 105 

in Tables 1 and 2, respectively.  As shown in Table 2, the yield strength under compression is much 106 

lower than that under tension because of the twinning under compression.  The results of the EBSD 107 

analysis around the midsection, and side surface of the as-received plate are shown in Fig. 1 and Fig. 108 

2 (c), respectively, where colors indicate orientation of each grain.  Figure 2 (c) indicates that the as-109 

received plate has crystallographic texture whose c-axis ({0001} direction, shown by red) in most 110 

grains is perpendicular to the extruded direction (L-direction) at a depth from the surface greater than 111 

0.3 mm, while the crystallographic orientation is random near the surface.  Philippe reported that the 112 

extent of texture is changed with the distance from the surface in rolled magnesium plate [24]. 113 
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Specimens with the dimensions shown in Figs. 3 (a) and (b) were cut from the extruded plate of 114 

3.2 mm thickness as shown in Figs. 3 (c) - (e), where the grains at the surfaces of Type A have 115 

crystallographic texture as shown in Fig. 2 (b), and the orientation of grains at the surface of Type B 116 

and Type C specimens are random as shown in Fig 2 (a).  Type A and Type B specimens were 117 

employed for the observations of the initial few cycles, and Type C specimen for compression–118 

compression (stress ratio: R=10) fatigue tests, respectively, where the longitudinal (loading) direction 119 

of the specimen coincided with the extruded direction.  The stress concentration factor Kt of Type A 120 

and Type B specimens are 1.05, and it is 1.01 for Type C specimen [25].  Since the fatigue notch 121 

factor Kf is almost equal to Kt, for Kt < 2 [26], the fatigue strength of these specimens can be 122 

determined by the stress state at the notch root regardless to the notch root radius and the geometry 123 

of the cross-section. 124 

2.2 Fatigue test 125 

For compression–compression fatigue tests, the sinusoidal loading wave with the frequency of 126 

30 Hz was employed using an electrodynamic vibrator driven by a power supply under the current-127 

controlled mode as shown in Fig. 4.  This system was controlled by a personal computer to maintain 128 

the amplitude and mean value of the applied force constant.  The four-point bending moment was 129 

applied to specimens through a loading device shown in Fig. 5, where the distances between the inner 130 

and outer pins were 5.0 mm and 15.0 mm, respectively.  Although plane bending test is useful to 131 

examine the mechanical and fatigue properties of surface layer of samples, the tensile stress and the 132 

compressive stress always appeared simultaneously in both sides of the neutral axis of specimen, and 133 

cracks always initiate and propagate from the tensile mean stress side for specimens with a 134 

symmetrical cross-section, such as a rectangle, where the absolute value of the compressive stress is 135 

equal to the tensile stress.  However, the ratio of the compressive stress to the tensile stress at the 136 

surface is not equal  for specimens with non-symmetrically shaped cross-section.    In this study, a T-137 

shaped cross-sectional plate was employed to control the ratio of the compressive stress to the tensile 138 

stress.  For the specimen with the dimensions of cross-section shown in Fig.3 (b), the ratio of the 139 

maximum absolute compressive stress to the maximum tensile stress is 3.0, which induces crack 140 

initiation in  compression–compression fatigue test at a stress ratio R of 10.  The maximum and 141 

minimum stress of fully reversed cyclic loading were 140 MPa and -140 MPa, and those of 142 

compression-compression fatigue were -14 MPa and -140 MPa, respectively. 143 
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The orientations of grains and the twinning and detwinning behaviors were observed by EBSD 144 

analysis.  Although surface polishing was required just before the EBSD analyses to remove the 145 

surface oxidation layer, the conventional mechanical polishing introduces plastic deformation, which 146 

may cause twinning.  Therefore, cross-sectional polishing by argon ion milling was performed to 147 

remove the surface oxidation layer [4]. 148 

3. Experimental Results 149 

3.1 Fully reversed cyclic stress 150 

The orientation of grains on the specimen surface after the start of cyclic loading with the tension 151 

for the Type A specimen which exhibits texture surface, is shown in Fig. 4.  The observations were 152 

conducted (a) before the first loading, (b) at the time of unloading after the application of tensile 153 

stress, and (c) at the time of unloading after the following application of compressive stress, as 154 

schematically shown  in upper side of the figure, where the maximum tensile stress was less than the 155 

tensile yield strength σYT, and the maximum compressive stress (absolute value) exceeded the 156 

compressive yield strength σYC under monotonic loading. 157 

Note that these figures were obtained at the same site of a specimen, but the shape of grains are 158 

not exactly the same for every observation because the cross-sectional polishing was conducted to 159 

remove the surface oxidation layer for every EBSD analysis.  In Figs. 4 show that (a) the specimen 160 

had no initial twin bands, and (b) twin bands were not formed under tensile stress, but (c) many [1011]  161 

twin bands were formed under compressive stress, some of them are indicated by arrows.  Since non-162 

linear stress-strain relationship was observed only under compressive and tensile loading process, and 163 

it was linear under unloading process [4], twinning and detwinning must occurred under loading 164 

process.  The orientation of grains on the specimen surface after the start of cyclic loading with  165 

compression for the Type A specimen, which has texture surface, is shown in Fig. 5.  The EBSD 166 

analyses were conducted before the first loading (a), and at the time of unloading in (b), (c), and (d), 167 

where the maximum compressive stress (absolute value) exceeded the compressive yield strength 168 

σYC, and maximum tensile stress was less than the tensile yield strength σYT under monotonic loading.    169 

Figures 5 (b) and (d) were obtained after the unloading following application of compressive stress, 170 

where the bands indicated by arrows are the [1011]  twin bands, and (c) was obtained after unloading 171 
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following application of tensile stress, where all twin bands disappeared without the formation of new 172 

twin bands, which is similar to our previous observation [4].  173 

The orientation of grains on the specimen surface after the start of cyclic loading with 174 

compression for Type B specimen, in which the orientation of grains at the surface is random, is 175 

shown in Fig. 6.   The loading pattern is similar to that for Fig. 5.  After the application of  compressive 176 

stress, twin bands, indicated by downward arrows, were formed as shown in Fig. 6 (a), and after the 177 

following application of tensile stress, part of the twin bands formed under compressive stress, 178 

indicated by right-pointing arrows in (a), disappeared due to detwinning, but those indicated by 179 

downward arrows  persist.   Moreover, new [1012] twin bands, shown by left-pointing arrows in (b), 180 

appeared in [1210] plane under tensile stress, indicating that twin bands are formed not only under 181 

compressive stress but also under tensile stress in grains whose c-axis is parallel to the loading 182 

direction.      183 

3.2 Twinning and crack initiation under compression–compression fatigue 184 

In the previous section, the twinning and detwinning behaviors were observed at the start of 185 

cyclic loading.  In this section, the change in the crystallographic structure after fatigue crack 186 

initiation was observed.  Figure 7 shows the orientation of grains on the specimen surface after the 187 

cyclic loading of  1.0×107 cycles under the stress ratio R = 10 for Type C specimen with the random 188 

orientation of grains at the surface before the fatigue test, where the grain orientations indicate (a) 189 

perpendicular to the surface, (b) parallel to the loading direction, and (c) parallel to the transverse 190 

direction, respectively.  At this number of cycles  (N = 1.0×107), fatigue cracks are already initiated 191 

but do not propagate.  Figure 7 (a) are different from that shown in Fig. 2 (a), and similar to Fig. 2 192 

(b), indicating that the direction of the c-axis in most of grains was rotated from S-direction to L-193 

direction. 194 

Figure 8 shows microscopies around the crack initiation site at N = 1.0×107 cycles in 195 

compression–compression fatigue test (R = 10, σa = 63 MPa) using Type C specimen, which has the 196 

random orientation surface before the fatigue test, where (a) is the optical microscopy, (b) and (c) are 197 

the orientation of grains, and (d) is the Schmid factor, those were obtained by the EBSD analysis.  198 

Since it is difficult to distinguish between grain boundaries and cracks in the EBSD analysis, the 199 

crack was shown as the white line in Figs. 8 (b), (c), and (d).  Figure 8 (b) shows that the crack 200 

initiated along grain boundaries with large misfit.  One of the grains had high Schmid factor of the 201 
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basal slip system, as shown in Fig. 8 (d).  Near the crack initiation site, twin bands, indicated by 202 

arrows, were formed; however, no twin bands can be observed at the crack initiation site.  Therefore, 203 

the twin deformation must not  have affected the crack initiation mechanism.  After this observation, 204 

tensile stress was applied to the specimen and the EBSD analysis was conducted.  Although 205 

detwinning occurs under tensile stress after twinning due to application of compressive stress as 206 

shown in Fig. 5, Fig. 8 (c) shows that the detwinning under tensile stress after compression–207 

compression fatigue test did not occur similar to the case shown in Fig. 6. 208 

Results shown in Figs. 4-8 indicate that the detwinning mechanism applies only to grains with 209 

the normal of the basal plane perpendicular to the loading direction. 210 

4. Discussion 211 

4.1 Texture vs random orientation of grains 212 

It has been believed that extruded magnesium alloy has a crystallographic texture whose c-axis  213 

in most grains is perpendicular to the extruded direction.  By loading in the extruded direction of a 214 

specimen whose surface layer was removed to obtain a sound specimen surface, we found that 215 

twinning and detwinning occurred under compressive and tensile stresses, respectively [5].  We also 216 

confirmed such behavior by EBSD analysis, as shown in Figs. 4 and 5, revealing that twin bands are 217 

formed not under tensile stress but under compressive stress, and these twin bands disappeared after 218 

the following application of tensile stress owing to detwinning.  Figure 5 shows that (a) there were 219 

no twin bands in the as-received material, (b) the twin bands shown by arrows were formed upon the 220 

first application of compressive stress,  (c) all twin bands disappeared under the following application 221 

of tensile stress owing to detwinning, and (d) with the second  application of compression stress, twin 222 

bands formed by the first application of compressive stress, indicated by downward arrows in (b), 223 

appeared again in the second application of compressive stress (d).  In contrast, a twin band formed 224 

by the first application of compressive stress, indicated by the right-pointing arrow in (b), never 225 

formed with the second application of compressive stress (d).  The twin bands indicated by left-226 

pointing arrows in (d) were formed by the second application of compression stress; these were not 227 

observed after the first application of compressive stress (b), indicating that not all twin bands 228 

persisted and new twin bands are formed with every application of compression stress under cyclic 229 

loading [6], and the twinning–detwinning behavior must occur continuously but not for all twins. 230 
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As mentioned in the previous section, the orientation of grains in the surface layer of an extruded 231 

plate is not textured but random.  Most engineering components and structures are employed in the 232 

as-extruded state and have crystallographically randomly orientated grains at the surface, where 233 

cracks are usually initiated.  However, the twinning–detwinning behavior in a random-orientation 234 

grain structure has not been reported in previous studies.  On the other hand, the twinning–detwinning 235 

behavior is different in a textured structure, as shown in Fig. 6, where twinning occurs not only under 236 

compression stress, but also under tensile stress, and most of the twin bands, formed under 237 

compression stress, are not detwinned by the following application of tensile stress. 238 

4.2 Compression–compression fatigue 239 

The twinning–detwinning behavior has been studied for fully reversed low-cycle fatigue and  is 240 

believed to play an important role in the fatigue crack initiation mechanism.  The fatigue crack 241 

initiation mechanism under compression–compression fatigue should be different from that under 242 

fully reversed low-cycle fatigue because the detwinning does not occur during compression–243 

compression fatigue, and the orientation of the c-axis of most grains changes under compression–244 

compression fatigue as shown in Fig. 7 but not under fully reversed fatigue.  Although this finding 245 

was obtained for a specimen with randomly orientated grains at the surface, similar results should be 246 

obtained for specimens with textured surfaces under compression–compression fatigue because the 247 

random orientation can rotate to become textured  resulting from the change in the orientation of 248 

grains owing to the repetition of twinning under the cyclic application of compressive stress without 249 

the detwinning due to application of tensile stress.  This is different from the result obtained in fully 250 

reversed cyclic loading, R = –1, where the tensile and compressive stresses are applied cyclically.  251 

The mechanism is considered to be similar to that during the extrusion process, where the c-axis is 252 

directed along the compression direction to form texture [23].  253 

For magnesium alloy under fully reversed high-cycle fatigue, the authors reported that fatigue 254 

cracks are formed from large grains with a high Schmid factor of the basal slip system, and that the 255 

crack initiation is a result of irreversible slipping that is unrelated to twinning, whereas cracks are 256 

initiated along grain boundaries with large misfit under compression–compression fatigue.   For fully 257 

reversed high-cycle fatigue, Type A specimens with textured surfaces were employed, while Type C 258 

specimens with randomly orientated grains at the surface were employed for compression–259 

compression fatigue.  However, this difference in grain orientation is not responsible for the 260 
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difference in crack initiation mechanism because the orientation of grains around the crack initiation 261 

site under compression–compression fatigue shown in Fig. 8 is similar to that in Type A specimens, 262 

i.e., the direction of the c-axis of grains is normal to the specimen surface.  It is still unclear why the 263 

detwinning mechanism is not in effect after the application of tensile stress shown in Fig. 8 (b).  The 264 

orientation of the twin band differs from that shown in Figs. 4 and 5, although the orientations of 265 

mother crystals are similar. 266 

5. Conclusions 267 

To elucidate the fatigue crack initiation mechanism, several types of cyclic stress were applied 268 

to specimens made of an extruded magnesium alloy, AZ31, and the twinning, detwinning,  and fatigue 269 

crack initiation behaviors were investigated by EBSD analysis.  The following results were obtained. 270 

1. The crystallographic orientation of the extruded AZ31 plate is random at the surface whereas it 271 

has texture with the normal of the basal plane perpendicular to the surface at 300 μm beneath the 272 

surface.  273 

2. In both  texture and random orientation, twinning occurred under compressive stress exceeding 274 

the compressive yield strength.  Detwinning occurred only in the texture region, and the twin 275 

bands disappeared following the application of tensile stress smaller than the yield strength of 276 

monotonic loading, whereas detwinning did not occur in the random-orientation material. 277 

3. In compression–compression fatigue test, twinning occurred.  As a result of successive twinning, 278 

the random orientation of grains changed to a texture in which the c-axis is parallel to the loading 279 

direction. 280 

4. In compression–compression fatigue test, cracks were formed along the boundary of grains with 281 

a high Schmid factor of the basal slip system and the misfit between the grains on the two sides 282 

is large.  Near the crack initiation site, twin bands were observed, and detwinning did not occur 283 

under the tensile stress after compression–compression cyclic loading. 284 
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Table 1. Chemical composition of AZ31 (mass %). 

 

Al Zn Mn Fe Ni Cu Si Mg 

2.7 0.79 0.44 0.0012 0.009 0.011 0.004 bal. 

 

 

Table 2. Average grain size and mechanical properties. 

 

Average grain 

size (μm) 

Tensile yield 

strength (MPa) 

Compressive yield 

strength (MPa) 

52 286 79 
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Figure 1. Microstructure near the midsection of as-received plate where colors indicate orientation of grains normal to each plane [3].  

 

 

 

 

 



 

  

 

Figure 2.  Crystallographic orientation of grains in S-direction, where grains in the surface shown in (a) are random distributed and those are textured 

in (b).  



 

 

 

 

Figure 3.  Types of specimens (Dimensions in mm) , where Type A and Type B specimens were employed for the observations of the initial few cycles, 

and Type C specimen for compression–compression fatigue tests, respectively.  Cross-sections of as-received plate and specimens are indicated 

from (c) to (e). 

  



 

 

 

Figure 4  Configuration of fatigue test system. 

 

 

  



 

 

 

 

 

 

Figure 5  Appearance of loading device of four-point bending. 

 

  



 

 

 

Figure 6.  Orientation of grains on Side A specimen surface after cyclic loading start with tension for Type A specimen which exhibits texture surface, 

where the maximum tensile stress was less than the tensile yield strength σYT, and the maximum compressive stress (absolute value) exceeded 

the compressive yield strength σYC under monotonic loading.  Arrows indicated in (c) are [1011]  twin bands.  

 

  



 

 

 

Figure 7.  Orientation of grains on Side A specimen surface after start of cyclic loading with compression for Type A  which has texture surface, where 

the maximum compressive stress (absolute value) exceeded the compressive yield strength σYC, and maximum tensile stress was less than the 

tensile yield strength σYT under monotonic loading.  A twin band indicated by right-pointing arrow in (a) do not appear in (d), and twin bands 

indicated by left-pointing arrows in (d) are not formed in (a), and twin bands indicated by downward arrows can be observed both in (b) and (d).   

  



 

 

 

 

Figure 8.  Orientation of grains on Side A specimen surface after start of cyclic loading with compression for Type B specimen with orientation of 

grains are random distributed at surface).  Twin bands indicated by downward arrows  can be observed both in (a) and (b), those indicated by 

right-pointing arrows in (a) disappeared in (b), and left-pointing arrow indicate [1012] twin bands appeared in (b) cannot be observed in (a).  

  



 

 

 

 

Figure 9.  Orientation of grains on Side A specimen surface at N = 1.0×107 cycles under compression–compression fatigue with the maximum and 

minimum stresses are -14 and -140 MPa, respectively (Type C specimen with random orientation surface).  At this number of cycles, fatigue 

cracks are already initiated but do not propagate.  Arrows indicate twin bands. 

  



 

 

 

 

 

 

Figure 10.  Orientation and Schmid factor of grains on Side A specimen surface at N = 1.0×107 cycles under compression–compression fatigue after 

crack initiation (Type C specimen with random orientation surface) [5].   Arrows indicate twin bands. 


