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Abstract

Plane bending fatigue tests were conducted under stress ratios of -1, -0.1, 0.1, and 0.5 at room

temperature in a laboratory atmosphere to elucidate the fatigue crack initiation mechanism of an extruded

AZ31 magnesium alloy. The fatigue life can be expressed as a unique function of the equivalent stress

amplitude based on Smith—Watson—Topper theory independent of the stress ratio, and the dependence of

the fatigue limit on the mean stress can be expressed by Morrow’s equation, both of which were proposed

for conventional metals without twinning. In addition, the specimen surface was observed by optical

microscopy and scanning electron microscopy (SEM), and the surface near the crack initiation site was

analyzed by electron backscatter diffraction (EBSD) analysis to discuss the fatigue crack initiation

mechanism. On the basis of the results of EBSD analysis, it is concluded that the existence of large grain

with large Schmid factor of the basal slip system is essential for crack initiation, and the crack initiation

mechanism is based on irreversible slipping and unrelated to twinning under the alternating stress condition

(R=-1).
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1. Introduction

To reduce global warming problem, the improvement of energy-saving systems is required,

particularly for transportation, and the utilization of high-specific-strength materials is one of the

most promising approaches for accomplishing such improvement. Since magnesium alloys have

the highest specific strength among the engineering metallic materials, they have received

considerable attention. However, it is necessary to guarantee their long-term strength by

clarifying their fatigue fracture mechanisms before these alloys can be employed for structural use.

Because the slip system is limited for magnesium alloys with a hexagonal close-packed (hcp)

crystal structure, twinning is an important mechanism of plastic deformation, especially under the

compression stress. In the high-cycle fatigue of metallic materials, however, plastic deformation

only occurs in part of the grains, and slip bands cannot be observed in all the grains [1-3]. Thus,

the twinning may not be essential for crack initiation. Regardless of the involvement of twinning,

fatigue cracks are considered to initiate from grains where the Schmid factor of the basal plane is

sufficiently high for slipping to occur. Shiozawa et al. found that the fatigue crack initiation

mechanism changed from the twin-induced failure mode at high stress amplitudes to the

slip-induced failure mode at low stress amplitudes [4]. Therefore, fatigue cracks are usually

initiated from twin boundaries in polycrystalline magnesium alloys without defects or inclusions in

the low-cycle fatigue regime [4-6], where all grains should be deformed plastically. However, it is

unclear whether twinning is involved in crack initiation in the high-cycle fatigue regime [4,6-13].

Shiozawa et al. also studied the effect of the stress ratio on the fatigue properties of an extruded
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AZ80 alloy [4] and concluded that a clear fatigue limit existed in the pulsating fatigue test (R£=0),

while stepwise S—/V curves with two knees were observed for fully reversed cyclic loading (R=-1).

Yang et al. reported that the S-NV curve of an extruded AZ31 alloy with R=-1 appeared to

monotonically decrease in the very high-cycle fatigue regime, and fatigue cracks were observed

along twin bands [9]. Tokaji et al. [14] and Ochi et al. [15] reported for an extruded AZ31 alloy

that a clear fatigue limit existed and stepwise S—/V curves with two knees were not observed.

In the present study, experiments were conducted to determine whether twinning is involved

in the fatigue crack initiation mechanism and conventional fatigue limit are exist for a magnesium

alloy in the high-cycle fatigue regime.

2.  Material and experimental procedures

The material used in the present study was an extruded AZ31 magnesium alloy with a

composition (in mass %) of 2.7Al, 0.79Zn, 0.44Mn, 0.0012Fe, 0.009Ni, 0.011Cu, 0.004Si, and

balance Mg. Inverse pole figure (IPF) maps of the alloy obtained by electron backscatter

diffraction (EBSD) analysis is shown in Figure 1, which shows the crystallographic orientations of

grains relative to the normal to each cross section. The material has a texture in which the c-axis

of the crystals is normal to the specimen surface. The average grain size of the alloy is 52 um

and the tensile and compressive yield strengths are 286 and 79 MPa, respectively.

The geometry and dimensions of the fatigue test specimens are shown in Figure 2. The

specimens were cut by wire electric discharge machining from an extruded plate so that the
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longitudinal direction of the specimen coincided with the direction of extrusion. The stress

concentration factor of the specimen at the shallow notch, K, was 1.04 under plane bending in

which the specimen received the maximum stress at the plate surface [16].

A computer-controlled electrodynamic testing machine was used for the fatigue experiments.

Since the machine generated an axial force, an in-plane cyclic bending moment was applied to the

specimen through a loading device with an arm length of 20 mm. The tests were conducted with

the stress ratio R ranging from -1 to 0.5 (where R is the ratio of the minimum to maximum

bending moment during one fatigue loading cycle) with a frequency of 30 Hz.

3.  Experimental results

3.1 Fatigue life and fatigue limit

The S-N curve of a smooth specimen is shown in Figure 3 (a). According to the present

results, a clear fatigue limit existed in the case of B=-1, and stepwise S—/V curves with two knees

were not observed. This is consistent with the results obtained by Tokaji et al. [16] and Ochi et al.

[17].

Figure 3 (b) shows the number of cycles to failure, MV, as a function of the equivalent stress

amplitude defined by Smith et al. [18], where 0 mu=20,/(1-R). Although the minimum stress

exceeded the twinning stress under compression in the case of fully reversed cyclic loading (R=-1),

and twinning must not have occurred for £>-0.1 tests, the relation shown in Figure 3 (b) is similar

to that for conventional alloys without twinning. This indicates that the fatigue failure was not
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affected by twinning.

To estimate the effect of the mean stress on the fatigue limit, several relationships have been

proposed [19]. These relations are shown in Figure 4, together with the experimental results in

this study, where o o is the fatigue limit for 0 ,=0 (R=-1), o uyrs is the ultimate tensile strength,

and or is the true fracture stress. Although Shiozawa et al. reported that their experimental

results fit the modified Goodman’s relationship [20], the present results best fit the Morrow

equation, which was proposed for alloys without twinning.

Figure 5 shows an example of crack initiation and propagation behaviors, where arrows

indicate crack tips. A crack was first found around the corner of the specimen at N=3 X 103 cycles,

as shown in Figure 5(b) observed at high magnification. At the early stage of crack propagation,

flexions of the crack path were observed, and it is not clear whether twinning deformation was

involved in the crack initiation from these images. Figure 6 shows the crack length as a function

of the number of cycles normalized by that to the final failure, M. The normalized crack initiation

life was almost the same regardless of the stress ratio and stress amplitude, indicating that twin

deformation is not involved in the fatigue crack initiation mechanism because twinning occurs in

fatigue tests under R=-1 but does not occur under K=0.1.

Although the crack growth curves differ among the three conditions in Figure 6, the crack

growth rate da/d/V can be expressed as a function of the stress intensity range A K as shown in

Figure 7, where the stress intensity factor was calculated using the formula proposed by Newman

and Raju [21], and only the positive part of the stress range is used for R=-1 in the calculation of
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the same as that of the long crack at the same stress ratio, which was obtained from the C(T)

specimen with a width of 24 mm and a thickness of 2 mm, and no short crack effect was observed

[22]. An almost unique relationship is obtained for the results of R=-1, and the relationship is

almost indepent of the stress ratio, as reported by Nakai et al. for long cracks in mild steel in Paris—

Erdogan Law region [23].

3.2 Fractography

Figure 8 shows fractographs of fatigued specimens under K=-1 and 0.1, where stripe patterns

with a stripe width approximately equal to the grain size can be observed, with a similar

morphology of the fracture surface for each stress ratio. Shiozawa et al. speculated that the stripe

pattern is related to twinning without providing direct evidence [24]. A similar stripe pattern was

observed in the fracture surface of low-carbon steel as a result of the pencil glide slip of bcc

materials [23, 25]. On the other hand, Sakai et al. observed a similar stripe morphology for the

fracture surface of a magnesium alloy but found no twinning by EBSD analysis [26]. Thus, the

stripe patterns indicate the occurrence of slip.

As shown in Figure 9, a shallow crack was initiated near the corner of the specimen, which

corresponded to the crack profiles shown in Figure 5, and the morphology of the crack initiation

site was flat without a stripe pattern, which was different from that in the crack propagation area.
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4. Discussion

Although several papers have reported on the effect of twinning on crack initiation in

magnesium alloys, universally accepted conclusions have not yet been obtained. Not only is there

speculation based on the geometry without the orientation analysis of grains, some ambiguity also

still remains in EBSD, although it can be used for the rigorous justification of twinning.

The EBSD analysis was conducted for a specimen fatigued under R=-1 to clarify whether twin

deformation was involved in fatigue crack initiation. Figure 10 shows IPF maps obtained by the

EBSD analysis of a specimen that failed at a stress amplitude of 140 MPa, combined with the crack

profiles obtained from Figure 5, which are indicated by white lines. It is clear from Figure 10 (a)

that no twin deformation occurred at the crack initiation site.

To clarify the crack profiles to examine successive crack profiles, tensile stress was applied to a

specimen in order to open cracks for observation by optical microscopy. For the specimen shown

in Figure 10, the EBSD analysis was conducted after the failure of the specimen. Before the

EBSD analysis, the surface of the specimen was mechanically polished to remove the surface

oxidation layer, which is required for the EBSD analysis of magnesium alloys. Even if twinning

occurs under compression stress, detwinning occur following tensile loading [26-28]. However,

tensile stress does not apply to cracked grains and detwinning does not occur after crack initiation.

It is possible that mechanical polishing also affects the twinning and detwinning behavior.

To confirm the validity of this procedure, the fatigue tests were interrupted immediately after

crack initiation, and compression stress was applied to the specimen. To remove the surface
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oxidation layer, cross-sectional polishing was conducted while minimizing the damage by

performing Ar ion milling before the EBSD analysis instead of mechanical polishing. The results

for the high-cycle fatigue regime are shown in Figure 11, where white lines indicate the crack

profiles observed at each number of cycles. No twinned crystals were observed at the crack

initiation or propagation sites, indicating that twinning is not involved in the crack initiation or the

early stage of crack propagation in the case of high-cycle fatigue. It also indicates that the stripe

patterns on the fracture surface are not the result of twinning.

Since the crack had already penetrated several grains at the first observation (Figure 11 (a)

N=1.0 %103 cycles), the initiation site was difficult to identify. Then, careful observation was

conducted on a different specimen at a lower stress amplitude, c,, of 120 MPa. It was found that

two cracks were formed at a nearby site, as shown in Figure 12 (b) and (c), which merged to form a

single crack between 1.8x10* and 2.0 X 10* cycles, as indicated in Figure 12(e) and Figure 13.

The EBSD analysis was conducted at the site indicated in Figure 12 (f), and the results are shown

in Figures 14 and 15, where the former shows the orientations of grains and crack profiles at each

number of cycles obtained from Figure 12, and the latter indicates the Schmid factor of the basal

slip system. Table 1 shows the size and Schmid factor of the basal slip system for grains specified

in Figure 15. These indicate that Grains [ and II were large and had large Schmid factor of the

basal slip system.  Also, those grains were adjacent to small grains. In these figures, it is not

clear whether cracks initiated from large grains adjacent to small grains, or small grains adjacent to

large grains, however the existence of large grains with large Schmid factor is considered to be
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essential for crack initiation because cracks were propagated into large grains just after the

nitiation.

The above findings strongly indicate that fatigue cracks are initiated as a result of irreversible

slipping by dislocation motion and that twinning is not involved in the high-cycle fatigue crack

initiation mechanism, for which several mechanisms have been proposed. Defects and inclusions

may not be involved in fatigue crack initiation because of the recent development of fabrication

techniques of the magnesium alloys. The effect of the texture and/or grain size may explain the

difference of the crack initiation mechanism although this cannot be concluded without careful

EBSD analysis.

5. Conclusions

Plane bending fatigue tests were conducted at room temperature in a laboratory atmosphere

under several stress ratios to examine whether the twinning is involved in the fatigue crack

initiation of an extruded AZ31 magnesium alloy. The following results were obtained.

(1) The fatigue life can be expressed as a unique function of the equivalent stress amplitude based on

Smith—-Watson—Topper theory independent of the mean stress, and the dependence of the fatigue limit

on the mean stress can be expressed by Morrow’s equation, both of which were proposed for

conventional metals without twinning.

(2) The fatigue crack initiation life normalized by the number of cycles to failure under an alternating

stress condition (R=-1), where the minimum stress exceeded the twinning stress under compression, is

almost identical to that under pulsating stress (R>0), indicating that twinning is not related to the

-10-
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fatigue crack initiation mechanism.

(3) Careful observation of a specimen fatigued under the alternating stress by optical microscopy and

EBSD analysis revealed that no twinning occurred at the crack initiation site. The existence of large

grains with large Schmid factor of the basal slip system is essential for crack initiation. Thus,

twinning is not involved in the fatigue crack initiation mechanism of the high-cycle fatigue regime of

the extruded AZ31 magnesium alloy.
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Table 1. Size and Schmid factor of basal slip system for grains around crack initiation site.

Grain Grain size (um) Schmid factor
| 107 0.34
I 94 0.50
Il 19 0.43
v 54 0.45

{0001} (1270}

{0110}

Figure 1. Inverse pole figure (IPF) map obtained by EBSD analysis for AZ31 alloy indicating the
crystallograpic orientation to the normal to each plane.
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Figure 2. Shape and dimensions of specimen.
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Figure 6. Relationship between crack length and normalized fatigue life.
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Figure 7. Crack growth behaviors of small cracks formed in smooth specimens.



Figure 8. SEM micrographs of fracture surfaces, where (a), (b) oa = 120 MPa, R=-1, N =
4.21x10% cycles (c), (d) ca = 100 MPa, R=0.1, N¢ = 2.59x10* cycles.
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Figure 9. SEM micrograph showing an example of crack initiation site (R=-1, oa = 140 MPa, N =

2.30x10* cycles), where (a) fracture surface, (b) specimen surface.
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Figure 10. Inverse pole figure (IPF) map obtained by EBSD analysis failed at stress amplitude of
140 MPa under the stress ratio, R, of -1, at N= (a) 3.0x103, (b) 6.0x103, (c) 8.0x103, (d) 1.0x10%
(e) 1.2x10% (f) 1.4x10* cycles, respectively, where white lines indicate the crack profile at the
number of cycles.
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Figure 11. Inverse pole figure (IPF) map obtained by EBSD analysis of specimen fatigued at the
stress amplitude of 140 MPa under the stress ratio, R, of -1, at N= (a) 1.0x10°%, (b) 2.0x103, (c)
3.0x10%, (d) 4.0x10° cycles, respectively, where white lines indicate the crack profile at the number
of cycles.
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Figure 12. Crack initiation and propagation behaviors for a specimen fatigued under 6.=120 MPa,
R=-1, at N=(a) 0, (b) 2.0x103, (c) 4.0x103, (d) 1.2x10% (e) 2.0x10*, (f) 6.0x10* cycles,
respectively.
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Figure 13. Crack growth curves.
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Figure 14. Orientation of grains around crack initiation site under 6.=120 MPa, R = -1, at N= (a)
2.0x103, (b) 4.0x103, (c) 1.2x10%, (d) 2.0x10* cycles, respectively, where white lines indicate the
crack profile at the number of cycles.
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Figure 15. Schmid factor of basal slip system for grains around crack initiation site and crack
profiles under 6,=120 MPa, R = -1, at N= (a) 2.0x103, (b) 4.0x103, (c) 1.2x10%, (d) 2.0x10* cycles,
respectively, where black lines indicate the crack profile at the number of cycles.
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