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Abstract

Experimental research was done on the effects of material orientation on the fatigue and cyclic
deformation of a rolled magnesium (Mg) alloy, AZ31B. Testing specimens taken from a rolled
plate along five different directions with respect to the rolled direction (RD): 0 °(RD), 22:5 °,
45 °, 67:5 °, and 90 °(ND) were used in experiments involving monotonic tension, monotonic
compression, and fully reversed strain-controlled tension-compression. From a few loading
cycles to more than 106 cycles, fatigue lives can vary. Both the monotonic and cyclic
deformation behavior showed notable anisotropy. At high strain amplitude, cyclic hardening
was seen for all five orientations. Every material orientation's strain-life curve forms a
comparatively small band. Two unique kink points on the strain-life curve that are derived from
each material orientation are closely linked to the fatigue characteristics, fatigue cracking
behavior, and dominant plastic deformation mechanisms. Of the five material orientations, the
RD specimens have the highest fatigue strength and the 45 ° specimens the lowest. The special
deformation behavior of the 45° specimens is discussed.

1. Introduction

In mechanical engineering, the majority of structural elements are made of metal, especially
those that are subjected to fatigue loading and high temperatures. Owing to their high specific
strength and specific stiffness, magnesium (Mg) alloys are the lightest metallic materials that
could be widely used in load-bearing components. The primary design issue with a structural
component is fatigue. Twining, in addition to dislocation slips, is a significant mechanism that
accommodates plastic deformation in magnesium alloys because of its hexagonal close packed
(HCP) crystal structure [1]. The superior mechanical properties of wrought (rolled, extruded,
and forged) magnesium alloys give them an advantage over their casting counterparts, which
are characterized by casting defect-free conditions [2]. A textured material produced by the
rolling, extrusion, and forging processes exhibits notable anisotropic mechanical behavior [3].

The loading magnitude has a significant impact on the plastic deformation mechanism of
magnesium alloys, in addition to the initial microstructure. The distinctive asymmetric tension-
compression deformation seen in a textured magnesium alloy is caused by the polar nature of
twinning. According to earlier research, a wrought magnesium alloy's strain-life fatigue curve
showed a smooth transition from the low cycle fatigue (LCF) regime to the high cycle fatigue
(HCF) regime [4-9]. The fatigue data of an extruded AZ31 alloy showed a bilinear tendency
in the Manson—Coffin curve, according to Matsuzuki and Horibe [10]. This suggests that at
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higher strain amplitudes, twinning—detwinning dominated plastic deformation, and at lower
strain amplitudes, dislocation slip dominated plastic deformation. There are two distinct kink
points in the strain-life fatigue curve from the ultra-low cycle fatigue regime to the HCF regime,
according to recent studies on a number of magnesium alloys [11, 12]. The strain-life curve is
divided into three regimes by these kink points, and each regime is linked to a distinct level of
twinning-detwinning deformation's impact on fatigue [11]. Fatigue loading causes no persistent
twinning-detwinning when the strain amplitude is below the lower kink point, and dislocation
slips are the only cause of fatigue. Throughout the whole cyclic loading history, sustainable
twinning-detwinning takes place when the strain amplitude is above the lower kink point.
Extruded magnesium alloys under combined axial-torsion loading also showed detectable kink
points in the fatigue curves, with the stress state influencing twinning-detwinning deformation
[13].

The current body of experimental research on the influence of material orientation on
magnesium alloy fatigue is primarily focused on two or three orientations of the material: RD,
TD, and ND for rolled magnesium alloys [14,15,16,18-21,23,24,28-30,37,38], and ED and
TD for extruded magnesium alloys [17,18,22,25-27]. For every material orientation, a small
number of specimens with a constrained range of fatigue lives were employed. In the current
work, testing specimens from a rolled magnesium plate in five different orientations—0 °(RD),
22:5°,45°,67:5 °, and 90 °—are used to experimentally investigate the impact of material
orientation on the cyclic deformation and fatigue of a rolled AZ31B Mg alloy (ND). Few
loading cycles to more than 106 cycles make up the fatigue lives. The study focuses on early
cracking behavior, cyclic stress-strain response, and monotonic mechanical properties. The
goal of the current work is to experimentally characterize how a lightweight metal's material
orientation affects its fatigue and static properties. The thorough investigation of a rolled
magnesium alloy's anisotropic fatigue behavior provides fresh perspectives on how to design
and develop magnesium alloys for improved fatigue performance.

2. Experimental Procedure

The material used in the study is a rolled AZ31B (Mg-3Al-1Zn) Mg alloy without heat
treatment. The testing specimens were machined from a rolled plate with a thickness of 76.2
mm (Fig. 1(a)). The rolled direction, normal direction (thickness direction), and transverse
direction are referred to as RD (0 ©), ND (90 °), and TD, respectively. The initial microstructure
of the material was revealed by electron backscatter diffraction (EBSD) and is shown in Fig.
1(b). The Mg alloy consists of mostly equiaxed grains with an average grain size of
approximately 50 pm. The material displays a strong texture with the c-axes of most grains
aligning parallel to the ND. No twins were detected in the initial microstructure.

Solid cylindrical specimens with a diameter of 8.0 mm within a gage length of 14 mm were
prepared from the rolled plate with the loading axes along 6 % 0 °(RD), 22:5 °, 45 °, 67:5 °,
and 90 °(ND) with respect to the RD (refer to Fig. 1(a)). Prior to an experiment, the surface
within the gage section of the testing specimen was polished by using silicon carbide papers
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with grit No. ranging from P400 up to P1200. For monotonic compression and very low cycle
fatigue experiments, specimens with a larger diameter of 10 mm were used to avoid buckling.

All the monotonic and cyclic loading experiments were conducted using a servo-hydraulic
fatigue material testing machine in ambient. Monotonic tension and monotonic compression
experiments were conducted at an approximate strain rate of 8x10™#s~! to determine the static
material properties of the material. Fully reversed strain-controlled tension-compression (R¢=
—1) fatigue experiments were conducted employing a sinusoidal waveform with strain
amplitudes ranging from 0.12% to 6.00%. Loading frequencies ranged from 0.03 Hz to 15 Hz
depending on the loading amplitude. The strain was measured by a clip-on extensometer. The
reported fatigue life was corresponding to the moment when the stress amplitude in a loading
cycle dropped by 5% from its peak value.

3. Results and discussions

3.1.  Static Properties

The stress-strain curves under monotonic tension and monotonic compression of the five
different orientation specimens are shown in Fig. 2 and the static material properties are
summarized in Table 1. Engineering stress and engineering strain are used in Fig. 2. The true
fracture stresses reported in Table 1 are true stresses considering the change of cross section of
the testing specimen at fracture. The stress-plastic strain curves shown in Fig. 2 (b) with small
deformation are used to discuss micro-yielding of the material. To facilitate a comparison,
absolute values of the stresses and the strains are used in the stress-strain curves under
monotonic compression in Fig. 2.

The elasticity moduli are similar in the 0 °,22:5 °, and45 ° directions, and the values are slightly
higher in the other two material orientations. Knowing that the rolled Mg plate has most c-axes
of the grains parallel to the ND, the elasticity modulus results are consistent with the theoretical
values of a single crystal Mg where the elasticity modulus along the c-axis is higher than that
along a direction perpendicular to the c-axis [39,40].

Basal slips are often activated earlier than twinning due to the low critical resolved shear stress.
As a result, the symmetrical nature of slips leads to the identical elastic limit under tension and
under compression for a given material orientation (Fig. 2(b)). Approximating the rolled plate

RD
Fig. 1. Rolled AZ31B magnesium plate: (a) Specimen orientations in the rolled plate, and (b) three-

dimensional stereograph of the original microstructure.
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as a single crystal with its c-axis along the ND, the Schmid factor for basal slips is the largest
for the 45 ° material orientation and, consequently, them elastic limit is the lowest in the 45 °
orientation. Basal slips in the RD and ND specimens are due to the mis-orientation of some
grains of the polycrystalline Mg alloy from the perfect c-axis alignment along the ND.

The shape of the stress-strain curve under monotonic loading is associated with the deformation
mechanisms. Due to the strong texture, compression in the RD (0 °) and tension in the ND (90
°) result in twinning, which leads to the typical sigmodal shaped stress-strain curve. When the
material orientation angle 0 is less than 45 °, compression results in twinning and dislocation
slips dominate plastic deformation under tension. As a result, the shape of the stress-strain
curves are similar to these of the RD. When 0 is larger than 45 °, tension results in twinning
and dislocation slips dominate plastic deformation under compression. For the 6 = 45 ° material
orientation, the stress-strain curve under tension is similar to that under compression, signifying
limited twinning.

Material strength as measured by the ultimate strength and the true fracture stress exhibits a
consistent trend. The ultimate strength and the true fracture stress of the material at a given
orientation is larger in compression than these under tension. With respect to the material
orientation effect, the true fracture stress, which is based on true stress, is the highest in the RD
(0 °) followed by ND (90 °©),22:5 °,45 °, and67:5 °. The order is slightly different in terms of
the ultimate strength which is based on the nominal or engineering stress.

The 0.2% offset yield stress is a strong function of material orientation and the dominating
plastic deformation mechanism. When 0 is less than 45 °, the 0.2% offset yield stress is
determined by basal slips when subjected to tension loading and it is dictated by twinning under
compression. The opposite holds true for 6 larger than 45 °. Consequently, the 0.2% offset yield
stress under tension continuously decreases asymptotically with increasing 6 with little
influence of material orientation effect after ON45 °. The yield stress under compression has an
opposite tendency with respect to the material orientation: the value of the yield stress under
compression is similar when 6b45 °, and it increases significantly when 60 increases from 45 °©
to 90 °.

No necking was observed in any of the monotonic tension experiments. Ductility measures in
terms of either the elongation or the reduction in area (RA) provide a similar conclusion with
regard to the influence of material orientation on ductility. Overall, the RD has the highest
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Fig. 2. Stress-strain curves of rolled AZ31B Mg alloy under monotonic tension and monotonic
compression for five material orientations: (a) engineering stress engineering strain curves, and (b)
stress-plastic strain curves
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ductility and the ND and 67:5 ° have the lowest. The 22:5 ° and 45 ° orientations have similar
ductility that falls between these of the RD and ND. Tension-Compression asymmetry is
observed for the elongations. Except 45 ° orientation, the elongation under tension is higher
than that under compression. The current results are consistent in general tendency with those
obtained in earlier studies [16,19].

3.2.  Fatigue Results and kink points

The stress amplitudes and the mean stresses were taken at approximate half fatigue lives. The
plastic strain energy density per loading cycle, AWp, was calculated from the stress-strain
hysteresis loop at approximate half fatigue life.

The strain-life fatigue curves are shown in Fig. 3. An arrow after a data point denotes an
experiment without fatigue failure after more than 106 loading cycles. The stress-life fatigue
curves of the five material orientations are shown in Fig. 4.

If a strain-life curve needs more than one such an equation to describe, the intersection of two
curves forms a kink point. For the Mg alloys, three equations are needed to describe the whole
strain-life curve with fatigue life ranging from a few loading cycles to over a million loading
cycles. As a result, there are two kink points in each strain-life curve. In Fig. 3, the kink points
are denoted by black solid circles. The stress amplitudes, strain amplitudes.

The kink points in a strain-life curve reflect the demarcation of dominating cyclic plastic
deformation mechanisms. Earlier investigations on extruded Mg alloys tested in the extrusion
direction reveal that kink points exist in the strain-life curves that demarcate the influence of
twinning-detwinning deformation on fatigue [11,12,41]. The current study further suggests that
two kink points exist in the strain-life fatigue curve of any given material orientation.
Consistent with the previous observations, the lower kink point signifies the involvement of
persistent twinning-detwinning deformation during fatigue loading. When the strain amplitude
is lower than the lower kink point, stabilized cyclic plastic deformation is due to basal slips
without involving twinning-detwinning, and the stress-strain hysteresis loops are symmetric.
The influence of twins and twinning on fatigue is minimal. When the strain amplitude is higher
than the lower kink point, twinning-detwinning occurs during cyclic loading. One or both upper
and lower branches of the stress-strain hysteresis loop shows a sigmodal shape. Twinning
occurs under either tension or compression, and detwinning occurs in the reversed loading
reversal. The sigmodal shape is characterized with an inflection point which often reflects
completion of twinning or detwinning and start of non-basal slip during a loading reversal.

Aloading amplitude higher than the upper kink point in a strain-life curve results in sustainable
non-basal slips in both loading and reversed loading reversals, which will be discussed in detail
in the next section. Results in Fig. 3 indicate that the strain-lives above the upper kink point
show an approximately linear relationship in log-log scale.

When all the strain-life curves of the five material orientations are plotted together (Fig. 3(f)),
the features with the kink points are lost but the presentation leads to an overall observation:

PAGE NO: 210



Journal of Systems Engineering and Electronics (ISSN NO: 1671-1793) Volume 31 ISSUE 1 2021

all the strain-life curves fall in a relatively narrow band. The anisotropic fatigue properties are
better reflected in the stress-life curves shown in Fig. 4. A glance of the results reveals that the
RD material orientation has the highest stress-life curve and the 45 ° orientation has the lowest,
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Fig. 3. Strain-life curves under fully reversed strain-controlled tension-compression for rolled AZ31B
alloys: (a) 0 °(RD), (b) 22:5 °, (c) 45 °, (d) 67:5 °, (e) 90 °(ND), and (f) all orientations.
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with the results of the other three material orientations falling in between. Both the stress-life
curves and the strain-life curves show that the fatigue lives in the RD are longer than those in
the ND at a given strain amplitude or stress amplitude. The fatigue results in the RD and ND
in the current work are consistent with these reported earlier on a similar material [16,19].
However, a different tendency was reported by other researchers [20,21] on a similar rolled Mg
alloy.

For all the specimens with different material orientations, fatigue cracks were initiated from
the outer specimen surface, and the process was followed by crack propagation into the interior
of the specimen till total fracture. The overall fatigue cracking behavior is related to the upper
kink point for all the five material orientations and is irrelevant to the loading direction with
respect to the material orientation. When the strain amplitude is lower than the upper kink point,
early cracking was found to form on the material plane perpendicular to the axial loading
direction for specimens of all material orientations. An example is shown in Fig. 5(a) for an
ND specimen loaded at a strain amplitude of 0.13%. When the strain amplitude is above the
upper kink point, which corresponding to very low fatigue lives, the fatigue cracking surface
is either a serrated surface profile (Fig. 5(b)) or approximately 45° from the loading axis (Fig.
5(c)) for all the material orientations. The observations suggest that the fatigue cracking
behavior under tension-compression loading is associated with the strain amplitude only and
is independent of the direction of the loading with respect to the original texture of the material.

3.3. Cyclic stress-strain response

The characteristic kink points in the strain-life fatigue curves are closely associated with the
cyclic plastic deformation of the material. Fig. 6 shows the stress-strain hysteresis loops of
selective strain amplitudes at approximate half-fatigue lives under fully reversed strain-
controlled tension-compression fatigue experiments of the five material orientations. A solid
circle on a stress-strain hysteresis loop denotes an inflection point which mathematically is the
point where the second derivative of the stress with respect to the strain is zero. The inflection
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Fig. 4. Stress-life curves for rolled AZ31B magnesium alloys.
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points reflect the transition of two dominating plastic deformation mechanisms: from twinning
or detwinning to non-basal slips. The shape of the stress-strain hysteresis loops is dependent
on the material orientation and the applied strain amplitude.

When the strain amplitude is lower than the lower kink point, a detailed observation of the
stress-strain hysteresis loops reveals that the shape is symmetrical with both the upper and
lower branches of the stress-strain hysteresis loops being a concave or convex shape for all the
five material orientations. No persistent twinning-detwinning occurs during fatigue loading.
Such an observation is consistent with that made on extruded Mg alloys tested in the extrusion
direction [11,12,14,17,26,27,41].

For the fully reversed strain-controlled loading with the strain amplitude higher than the lower
kink point, the compression reversal results in twinning and the tension reversal results in
detwinning when the material orientation 0 is less than45 °. When 0 is larger than 45 °, twinning
occurs in the tension reversal and detwinning occurs during compression reversal. When the
strain amplitude is higher than the lower kink point but less than the upper kink point, the
detwinning loading reversal forms a sigmodal shape while the twinning reversal results in
either a concave or convex shape. In this case, a sigmodal shape contains an inflection point
which is an indicator of completion of detwinning and start of non-basal slips.

For all the five material orientations when the strain amplitude is above the upper kink point,
both the upper and lower branches of the stress-strain hysteresis loop exhibit a sigmodal shape
and therefore, there are two inflection points in a stress-strain hysteresis loop. In addition, the
shape of the hysteresis loop tends to be more symmetric as the strain amplitude increases. For
the material orientation 6b45 °, the compression loading reversal is characterized by twinning
and non-basal slips. The inflection point in the lower branch of the hysteresis loop signifies a
start of non-basal slips with continuous twinning. During the tension loading reversal, which
corresponds to the upper branch of the stress-strain hysteresis loop, detwinning occurs. The
inflection point reflects the completion of detwinning and start of non-basal slips. The overall
phenomenon is similar to that explained earlier for extruded Mg alloys loaded in the extrusion
direction [10-12,14,17,26,27,41-48]. For the material orientation ON45 °, the inflection points
represent the same characteristics but twinning occurs in the tension loading reversal and
detwinning occurs in the compression reversals.

=~ 45
(b) S A
o \

9025um

5000

Fig. 5. Typical fracture surface after fatigue of 90 °(ND) specimens: (a) Ae=2 = 0.13%, (b) Ae=2 =
3.00%, and (c) Ae=2 = 6.00%.
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The variations of the stress amplitudes and the mean stress with the number of loading cycles
under fully reversed strain-controlled loading reveal the cyclic hardening behavior of the
material and are shown in Fig. 7 for the five material orientations. A glance of the results
suggests that noticeable cyclic hardening occurs at a strain amplitude higher than the lower
kink point for any material orientation, and a higher strain amplitude results in more significant
cyclic hardening. Since a strain amplitude higher than the lower kink point is associated with
persistent twinning-detwinning, it can be speculated that twinning-detwinning is the main
contributor to the observed cyclic hardening in a Mg alloy. Another general observation from
Fig. 7 is that positive mean stresses are found in the 6b45 °material orientations and
compressive mean stresses are accompanied in the ON 45 ° material orientations. The 6 =45 °
material orientation has virtually zero mean stresses, which is consistent with the near
symmetrical stress-strain hysteresis loops of the material orientation as shown in Fig. 6(c).

The stress-strain hysteresis loops in the RD and in the ND at identical strain amplitudes are
similar after 180° rotation but not identical. Similarly, the hysteresis loops in the 22:5 ° and
these in the 67:5 ° at identical strain amplitudes are similar after 180° rotation but not identical.
Such an observation can be further collaborated with the results of the cyclic stress-plastic
strain curves shown in Fig. 8 for the five material orientations. The vertical axis in Fig. 8
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represents the stress amplitude of an experiment and the horizontal axis is the plastic strain
amplitude which is equal to the strain amplitude subtracting the elastic strain amplitude. All
the quantities are taken from the stress-strain hysteresis loop at approximately half fatigue life
for each testing specimen. Overall, the RD material orientation has the highest cyclic stress-
plastic strain curve and the 45 ° orientation yields the lowest cyclic stress-strain curve.

3.4. 45° material orientation

The results obtained from testing 45 ° material orientation deserve a further discussion. There
are six crystallographic equivalent tension twin variants in a hexagonal close packed (HCP)
Mg crystal. Associated with each variant, there is a corresponding value that correlates to the
resolved shear stress of the twin plane along the twin direction. This value, called Schmid factor
(SF), is often used in twin variant selection analysis [49,50]. When analyzing a grain, the largest
SF among those of the six variants is used when discussing twinning. Assuming a perfect c-
axis alignment in the ND of the rolled plate (refer to Fig. 1), the maximum SF of the six 1012
tension twinning variants is 0.25 for the 45 ° orientation. While still large enough to activate
twinning, this value is the smallest among the five material orientations and, as a result,
twinning is more difficult to occur for the 45 ° material orientation. Consequently as shown in
Fig. 3, the strain amplitude corresponding to the lower kink point in the strain-life curve is the
highest among all the material orientations.

Fig. 9 shows the EBSD results after the 45 ° orientation specimens were loaded at a strain
amplitude of 2.0% for 40 loading cycles and terminated at 2.00% and —2.00% respectively,
before unloading to zero stress. Accounting for the distribution of c-axes of the grains in the
rolled polycrystalline Mg alloy, three grain orientation types are examined by EBSD based on
their favorability to twin: grains that are favorable for twinning under compression (G1 , G2,
G7, G8), grains that are not favorable for twinning under both compression and tension (G3,
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Fig. 8. Cyclic stress-plastic strain curves.
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G4, G9, G10), and grains that are favorable for twinning under tension (G5, G6, G11, G12).
Grains favorable for twinning typically have a SF larger than 0.25 based on the statistics among
approximately 70 grains examined in the observation areas shown in the EBSD inverse pole
figure maps (Fig. 9). With high positive SF values, twinning occurs in G1 and G2 under
compression. Simultaneously with the occurrence of twinning inG1 andG2, detwinning is
expected to occur inG5 andG6. This is because twinning is very likely to have occurred in G5
and G6 during the previous tension loading reversal due to their high SF values. In G5, a few
residual twins are visible, and the twins formed during tensile loading in G6 are expected to
have been completely detwinned at the end of the compression reversal. No twinning-
detwinning occurs in G3 and G4. Similar observations can be made from the results terminated
at 2.00% (tension) after 40 loading cycles. G11 andG12, due to large positive SF values,
experience twinning under tensile loading, and during the same tensile loading reversal,
detwinning occurs inG7 and G8. An analysis of the twin in G8 indicates that it is a residual

4C
' 1
t

Loading direction

(a) Unloading from -2.00%
‘ 2

ND ! 1
Cross section

used for EBSD
anal}"sis N

,t--;

ren

Y 6 =45 RD

45°
o 100 222 00%
& 50- /
g O7ta) (b)
£ 50 /
w
100 -
150 -
T T T T
002 001 000 001 002
Strain
SF Grain SF
0.4232 Gy -0.4187
0.4331 G -0.3036
0.2322 s -0.1585
-0.1709 Gy 0.1390
-0.4441 G 0.4670
-0.3065 G 0.3688

010

Fig. 9. EBSD inverse pole figure maps and maximum Schmid factors of representative grains of the
45° orientation specimen after loaded at a strain amplitude of 2.0% for 40 cycles.
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twin formed during previous compression loading. No twinning or detwinning occurs in G9
and G10 during the entire loading cycle due to the small SF values.

To summarize, there are several major differences in terms of twinning and detwinning between
the 8 = 45 ° specimens and the specimens of other material orientations. Due to smaller SF,
twinning is more difficult to occur in the 6 = 45 ° specimens than the specimens of other
material orientations. Consequently, the strain amplitude corresponding to the lower kink point
in the strain-life fatigue curves is the highest among all material orientations. For the material
orientation other than 6 = 45 °, twinning occurs in the grains with orientations favorable for
twinning during a loading reversal and detwinning occurs in the same group of grains during
the reversed loading reversal. With the 6 = 45 ° material orientation, twinning and detwinning
occur simultaneously under both tension and compression. Twinning occurs in a group of
grains oriented favorably for twinning under tension (such as G5, G6, G11 and G12 in Fig. 9)
and simultaneously, detwinning occurs in a second group of grains oriented favorably for
twinning under compression (such as G1, G2, G7, and G8 in Fig. 9). During the compression
loading reversal, twinning occurs in the second group of grains and concurrently, detwinning
occurs in the first group of grains. Therefore, both twinning and detwinning occur during both
tension and compression loading reversals, which results in the observed symmetric stress-
strain hysteresis loops under cyclic loading in 45 ° material orientation.

Another uniqueness of the 0 = 45 ° orientation is the less percentage of grains being twinned
and detwinned during the fully reserved strain-controlled tension-compression. At a strain
amplitude of 2.00% after 40 loading cycles, based on the statistics of 70 grains in the
observation area shown in Fig. 9(a), approximately 30% of the total grains experience
twinning, 30% of the total grains undergo detwinning, and the rest grains experience no
twinning or detwinning. In contrast, for the ND specimen, approximately 90% of the grains
undergo twinning at a strain of 2.0% under tension and the same group of grains experience
detwinning during compression.

4. Conclusion

In five material orientations with fatigue lives ranging from a few loading cycles to over 106
cycles, a thorough experimental study of the material orientation effect on mechanical
properties of a rolled AZ31B Mg alloy was conducted using fully reversed strain-controlled
tension-compression fatigue experiments, monotonic tension experiments, and monotonic
compression experiments. From the study, the following conclusions can be made:

1. For any given material orientation, the elastic limit under tension is the same as the elastic
limit under compression, with the highest to lowest values falling into the following order:
0 °(RD), 90 °(ND), 67:5 °, 22:5 °, and 45 °. For a given material orientation, the ultimate
strength and true fracture strength are higher under compression than they are under
tension. In the RD (0 °), the true fracture stress and ductility are at their highest.
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All five of the material orientations' strain-life fatigue curves generally lie in a small range.
Stress-life curves represent anisotropic fatigue properties. The stress-life curve is highest
for the RD material orientation and lowest for the 45 © orientation.

Any given orientation's strain-life fatigue curve has two kink points that define it. When
the strain amplitude is less than the lower kink point, the stress-strain hysteresis loop is
symmetric. A single inflection point on the asymmetric stress-strain hysteresis loop
indicates the end of detwinning and the beginning of non-basal slips when the strain
amplitude lies between the upper and lower kink points. The stress-strain hysteresis loop
tends to be symmetric, with both the upper and lower branches having a sigmodal shape,
when the strain amplitude is greater than the upper kink point.

When the strain amplitude is greater than the lower kink point, cyclic hardening—which
is proportionate to the loading amplitude—occurs for all five material orientations. The
0b45 °material orientations exhibit positive mean stresses, while the ON45 °material
orientations display compressive mean stresses. There are essentially no mean stresses in
the 0 Y4 45 ° material orientation.

Early cracking is observed to form on the surface perpendicular to the specimen axis when
the strain amplitude is less than the upper kink point. The fatigue cracking surface is either
a serrated surface profile or about 45 degrees from the loading axis when the strain
amplitude is above the upper kink point. The material orientation has no bearing on the
fatigue cracking behavior that has been observed.

When loading and reverse loading grains with a 45° orientation, one group of grains
experiences twinning while another group experiences detwinning at the same time. When
compared to the other material orientations, the Schmid factor for twinning is statistically
low in the specimens with a 45° orientation, meaning that a smaller percentage of grains
are suitable for twinning. As a result, of all the material orientations, the strain amplitude
in the 45 ° material orientation that corresponds to the lower kink point in the strain-life
fatigue curve is the highest.
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