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Abstract
The anisotropic fatigue behavior of ZK60 is investigated through stress-control tests along two
different material directions: extrusion (ED) and radial (RD) directions. The in-plane random texture
along RD promotes activation of twinning/detwinning deformations in both tension and compression
reversals, which brings about a sigmoidal but near-symmetric shape for hysteresis loops. The stress-strain
response along ED is asymmetric, which is attributed to different deformation mechanisms in tension and
compression reversals. The higher fatigue strength along ED is related to lower plastic strain energy in
this direction. An energy damage parameter showed a good correlation with tests performed in RD and

ED.
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Introduction

Environmental concerns, as well as economical considerations, have shaped car manufacturers’
strategies toward cutting fuel consumption in vehicles. Reducing weight by adopting lightweight
materials, such as magnesium (Mg) alloys, has been a key approach to achieving this goal [1]. In spite of
the very low density (1.8 g/cm’) that makes Mg the lightest structural metal, its applications have been
limited. One challenge of applying Mg alloys in load-bearing components is their complex mechanical
behavior, which arises from their hexagonal close-packed (HCP) crystallographic structure. This

complexity is more pronounced in textured wrought alloys than in cast alloys [2]. Asymmetry (dissimilar
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behavior under tension and compression) and anisotropy (dissimilar behavior in different material
orientations) are two main mechanical characteristics of wrought Mg alloys. Activation of {1012}
extension-twinning deformation mechanism, when the external load provokes extension along the c-axis
in HCP crystals in one direction and slip-dominant deformation in the reverse direction, introduces
distortion into loading-unloading curve. This behavior is known as asymmetry [3], which is different
from strength-differential effect happening in high-strength cubic materials [4]. Forming processes such
as rolling or extrusion render the c-axis perpendicular to the forming direction, bringing about an

intensive basal texture, and eventually causing anisotropy in wrought Mg alloys [2].

Asymmetry and anisotropy have been extensively reported and discussed in the literature on wrought
Mg alloys under cyclic loading. Numerous studies have presented such a behavior under strain-control
fatigue tests, covering a wide range of wrought Mg alloys, including AM30 [5], [6], AMS0 [7], AZ31
[8]-[13], AZ61 [14], AZ80 [15], AZ91 [16], ZA81 [17], and ZK60 [18]-[20]. However, fewer studies
have inquired into the anisotropy and asymmetry in the stress-controlled fatigue behavior of wrought Mg
alloys [7], [9], [12], [16], [21]-[24]. Park et al. [12] reported that redirecting loading from rolling
direction to normal to the rolled plane (ND), reduces the fatigue strength of wrought AZ31 significantly.
This behavior has been attributed to the greater degree of plastic-strain-induced damage in ND, arising
from the reduced twinning stress of ND specimens under tension. Zhang et al. [23] conclusively showed
that the cyclic softening-to-hardening transition observed in hot-rolled AZ31B is insensitive to both
specimen orientation and rolling percent-reduction. The anisotropic fatigue behavior of ZK60 extrusion

under stress-controlled condition has not been addressed explicitly.

Stress, strain, and energy are three common approaches to modeling the fatigue behavior of Mg alloys.
The fully reversed stress-control behavior has been appropriately expressed using a stress-based fatigue
model proposed by Basquin [25]. Later, the Coffin-Manson strain-based relation quantified the strain-life
curve in low-cycle (LCF) and high-cycle fatigue (HCF) regimes [26]. Feltner & Morrow were the first to

suggest strain energy density as a fatigue damage parameter [27]. Plastic strain energy density (PSED)



accumulated in the stabilized stress-strain hysteresis loops was used by Garud [28] and Lefebvre et al.
[29] as an energy-based damage criterion. Ellyin [30], [31] combined PSED with elastic strain energy
density (ESED), suggesting the concept of total strain energy density (TSED) to take into account the
mean stress effect. The above-mentioned approaches have been adopted to predict the fatigue life of

wrought Mg alloys under stress-controlled conditions [16], [24], [32]-[35].

A study by Ishihara et al. [36] on AZ31 extrusion under different cyclic load ratios demonstrated that
the Greber model’s performance was superior to that of the modified Goodman model in predicting the
fatigue life of stress-controlled experiments. Hasegawa et al. [35] added a correction term to the Coffin-
Manson equation in order to improve its accuracy for the life prediction of AZ31 extrusion. The new
model provided reliable predictions under stress-control condition, while the life was over-estimated for
the strain-controlled tests, exhibiting retained asymmetry in the stress-strain response of the material. The
inability of the Smith [37], Smith—Watson—Topper [38], and Paul-Sivaprasad—Dhar [39] models to
predict the fatigue life of rolled AZ91 in rolling and transverse directions led to the proposal of a modified
Basquin’s equation [16]. It accounted for the mean stress effect by introducing a new definition for the
fatigue strength coefficient (0'f) and fatigue strength exponent (b). Shiozawa et al. [32] applied different
models to predicted the fatigue life of AZ31, AZ61, and AZ80 extrusion alloys under both strain- and
stress-controlled experiments. They found that TSED, as a fatigue damage parameter, was superior to the
plastic strain range and PSED. Park et al. [34] showed that Ellyin’s criterion provides reliable predictions
for different strain and stress ratios. Chen et al. [40] revised the conventional definition of ESED in the
Ellyin’s model in an attempt to enhance the life prediction accuracy for AZ31B extrusion in a corrosive
environment with mean stress. For this purpose, they incorporated both the positive and negative elastic
energy densities into the ESED. Dallmeier et al. [7] weighted the elastic portion of strain energy to
capture the mean stress sensitivity of strain-life and stress-life curves for twin roll cast AMS0 in two
directions. They identified compressive yield stress (CYS) as a reference limit, beyond which twinning

was significantly activated, followed by distinct hardening and pronounced increase in the area



surrounded by stress-strain hysteresis loops, representing PSED.

Among the different approaches applicable to explain the fatigue behavior of wrought Mg alloys, the
energy approach possesses great potentials to describe the damage in different material orientations using
a scalar quantity as a damage parameter, i.c., the strain energy density. Energy-based models are
commonly differentiated by the definition of ESED and the mathematical expression that correlates the
damage parameter to the fatigue life [31]. Jahed and Varvani [41] introduced a fatigue model (JV) based
on the governing crack nucleation and propagation mechanisms, along with the plastic energy
accumulated by cyclic deformation. In order to extend the original model’s applicability to handle non-
proportional loading, the incremental cyclic plasticity of Garud was embedded into the strain energy
calculation [42]. The JV model has been successfully employed for the fatigue life correlation of Mg
alloys in several studies [43]-[45]. Roostaei et al. [5] and Pahlevanpour et al. [20] demonstrated the
auspicious capability of the JV damage parameter in the anisotropic fatigue life prediction of AM30 and
ZK60 extrusion, respectively under strain-control condition. The predictions were made with a single set
of material parameters extracted in one specific direction to assess the model’s insensitivity to the loading
direction. The ability of energy-based models to explain the fatigue damage of metals under different
loading conditions, i.e., stress- and strain-control, and along various material’s directions using a single

set of parameters has yet to be examined.

This study characterizes the fatigue behavior of ZK60 extrusion under stress-controlled condition in
two perpendicular directions: the extrusion direction (ED) and radial direction (RD). Special attention is
given to a detailed explanation of the observed anisotropy and asymmetry. The effect of initial texture on
strain and stress-strain hysteresis evolutions under stress control cyclic tests is discussed. Different
mechanisms in strain accumulation under constant amplitude stress controlled tests is studied. Some
modeling considerations regarding the suitability of an energy damage parameter is presented. The results
demonstrate promising correlations between the experimental and predicted fatigue lives in different

material orientations for both the stress- and strain-controlled loading conditions.



1.1. Material and Specimens

A cylindrical billet with a diameter of 127 mm made of commercial ZK60 extrusion and supplied by
Magnesium Elektron of North America (MENA) was used in the current study. The raw material is
identical to the one previously investigated in another study by the authors [20]. The chemical
composition of the studied ZK60 extrusion is set out in Table 1. The dog-bone specimens, with the
geometry depicted in Figure 1 (a) were machined along RD and ED according to the cylindrical

coordinate system, as illustrated in Figure 1 (b). In this figure, TD denotes the tangential direction.

Table 1. Chemical composition of ZK60 extrusion

Element Zn Zr other Mg
wt.% 5.5 0.71 <0.3 balanced
8 RD-Specimens
i )
S
2
!
> v RD
<z
ED
‘:I AA ED-Specimens
(a) (b)

Figure 1. a) Dog-bone specimens’ geometry (units in mm) and b) Specimens’ orientations machined
from ZK60 extrusion billet

1.2. Experimental procedures

All tests were conducted at the room temperature, using a servo-hydraulic Instron 8874 test frame.
Fully reversed (R=-1) stress amplitudes were imposed in the range of 70 to 200 MPa at a cyclic frequency
of up to 10 Hz. In general, loading cycle was initiated by a tensile reversal and followed by a sinusoidal
waveform. Engineering strain was measured throughout the tests using an Instron extensometer with a

gauge length of 10 mm and a =1 mm travel. For each stress amplitude, at least two specimens were tested



to ensure reproducibility of test results, and N; denotes the number of cycles corresponding to final

fracture. Tests were interrupted after 10° cycles, and the life was considered infinite.
p y

2. Experimental Results and Discussion

Texture analyses in the literature have demonstrated that the extrusion process on ZK60 renders the c-
axes perpendicular to the ED but randomly distributes them in the RD-TD plane [18], [20], [46]. Figure 2
and Table 2 summarize the quasi-static tests results along ED and RD that the authors obtained in an
earlier study [20]. The large difference in the tensile and compression yield strengths of specimens loaded
along ED revealed intense asymmetry, which is attributed to easily activated extension twins along ED
under compression [20], [47]. In contrast, the undirected dispersion of the HCP crystals in the RD-TD
plane provides an equal chance of extension twinning in both tension and compression for RD specimens,

resulting in almost symmetrical behavior [20].
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Figure 2. Quasi-static stress-strain curves for ZK60 extrusion under uniaxial tension and
compression [20]

Table 2. Average mechanical properties of ZK60 extrusion along ED and RD (The numbers inside
the parentheses denote standard deviation) [20]



Mechanical properties ED RD
Modulus of elasticity [GPa] 43 (1) 45 (0)
Tensile yield strength [MPa] 251 (0) 128 (0)

Tensile ultimate strength [MPa] 309 (1) 279 (1)
Compressive yield strength [MPa] 128 (10) 132 (4)
Compressive ultimate strength [MPa] 449 (15) 357 (9)

2.1. Fatigue behavior
2.1.1. Radial Direction

Figure 3 illustrates the evolution of strain in the first loading cycle for an RD specimen loaded to the
stress amplitude of o, = 200 MPa. In the first tensile reversal, beyond the tensile yield strength (TYS),
basal slip dominates the plastic deformation at low stress levels. However, due to the undirected
crystallographic orientation in the RD-TD plane, {1012} pyramidal twinning may be triggered at high
stress levels [20]. The first tensile reversal plastically deforms the specimen up to 4% of strain by
simultaneous activation of slip and extension twinning, with slip being the dominant mechanism,
contributing to low TYS. In the subsequent reversal, detwinning of formerly twinned grains in
conjunction with the twinning of untwinned grains predominantly strain the specimen. At the end of the
unloading stroke, 1.7% compressive strain will be imposed which is lower compared to 4% tensile strain
achieved at the end of loading. Reloading the sample in tension deforms it by means of the detwinning
followed by non-basal slip up to 3.5 %, instead of the prior 4 % strain experienced in the initial loading.
This difference generates a 0.5% strain gap within the unclosed hysteresis loop, in the form of the mean
strain, as indicated in Figure 3. This directional and escalating mean strain is referred to as “cyclic strain
ratcheting” [48]. In metals with symmetric tension-compression curves, ratcheting takes place by virtue of
mean stress [49], whereas in wrought Mg alloys fully reversed loading with no mean stress will induce a
substantial amount of ratcheting due to asymmetric cyclic hardening behavior. The mutual participation
of twinning and slip in both tensile and compressive reversals yields sigmoidal but the near-symmetric

shape of the hysteresis loop for the first cycle along RD.
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Figure 3. Strain ratcheting in the first cycle along RD at 6,= 200 MPa
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Figure 4. a) Evolution of stress-strain hysteresis loops along RD at 6,= 200 MPa and b) Strain
evolution along RD at 6,= 200 MPa

Figure 4 (a) shows the progressive strain ratcheting through stress-strain fatigue hysteresis loops. The
near-symmetric shape of the first cycle’s stress-strain response is sustained during cyclic loading;
however, the size of the hysteresis loop shrinks significantly. The translation of the maximum and
minimum strain in opposite directions, as depicted in Figure 4 (a), governs the observed reduction in the
size of the hysteresis loops. It is interesting to note that the maximum strain development is almost

saturated after the first cycle; however, the minimum strain continues to decline (Figure 4 (b)). This



contrasting behavior can be attributed to deficient detwinning and residual twins impeding the plastic
deformation during tensile reversals [50]. The analogous characteristics were perceived for lower stress
amplitudes, e.g. o0, = 140 MPa, by comparing the first and half-life hysteresis loops of the RD specimens
illustrated in Figure 5 (a) and (b), respectively. The only dissimilarity is the concave shape of the
hysteresis loops at low stress amplitudes, which can be ascribed to the disabled twinning-detwinning due

to insufficient stress.
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Figure 5. Stress-strain hysteresis loops along RD at different stress amplitudes, ranging from ¢,=
120 to 200 MPa: (a) for the 1* cycle and (b) for the half-life cycle

2.1.2. Extrusion Direction

Figure 6 shows the stress-strain hysteresis response in the first loading cycle along ED for o, = 200
MPa. The high TYS in ED, i.e. 238 MPa, compared to 200 MPa maximum stress, places the first reversal
in the elastic region. By reversing the load, the basal texture favors extension twinning activation,
resulting in 86.3° rotation of the crystallographic lattice with respect to the loading direction [19].
Twinning in compression reduces CYS against TYS [51], typically referred to as asymmetry, and brings
about a significant amount of strain (-4.5 %) at the end of the unloading reversal. The twinned lattices are
favorably aligned to detwin during the subsequent tensile loading. Detwinning reorients the twinned
grains; however, complete texture restoration is unattainable, and residual twins develop [3]. Detwinning
exhausts before reaching the maximum tension where harder non-basal slip takes over and accommodates
deformation at yet a higher strain-hardening rate [19], [52]. This substitution turns the concave-down

loading curve into a sigmoidal one due to the higher stress demands of non-basal slip mechanisms. The



discussed asymmetric behavior of the material leaves a gap in the hysteresis loop, as illustrated in Figure

6 and results in accumulating ratcheting strain.
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Figure 6. Strain ratcheting in the first cycle along ED at 6,=200 MPa

Figure 7 (a) depicts the cyclic ratcheting of an ED specimen subjected to o, = 200 MPa. The smooth
transition from an asymmetric hysteresis response in the first cycle to a fully symmetric hysteresis in the
half-life cycle (cycle #475) can be perceived. This characteristic suggests that twinning and detwinning
are the dominant deformation mechanisms in first few cycles, but are replaced by dislocation slip in
subsequent cycles. The continuous but decaying evolution of maximum and minimum strains in ED, as
shown in Figure 7 (b), shrinks the hysteresis loops, analogous to the behavior observed in RD. Significant
irreversible deformation in the first few cycles and the residual twins development that obstruct later
plastic deformation prevent the twinning-detwinning from governing plastic deformation with increasing
loading cycles and induce a pronounced hardening, reflected in the strain range reduction [51]. Figure 8
illustrates the hysteresis loops corresponding to the first and half-life cycles in different stress amplitudes.
By comparing Figure 8 (a) and (b) and tracking the alternation of stress-strain responses at each stress
amplitude, a transition from asymmetric to symmetric hysteresis is notable for o, > 150 MPa. However,
at lower stress levels, the twinning-detwinning cannot be triggered even in the initial cycles, which puts

the slip in charge for the entire history of plastic deformation.
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Figure 7. a) Evolution of stress-strain hysteresis loops along ED at 6,=200 MPa and b) Strain
evolution along ED at 6, =200 MPa

Stress Amplitudes 250 Stress Amplitudes 250
—200 MPa ) 200 MPa
— 180 MPa =180 MPa
llgg m? =160 MPa
— a
= 120 MPa F T HOMPa
= s 120 MPa
% -5.0 1.0 % 4.0 1.0
& =
) b
=200
=250 )
(a) Strain (%) (b) Strain (%) 250

Figure 8. Stress-strain hysteresis loops along ED at different stress amplitudes, ranging from ¢, =
120 to 200 MPa: (a) for the 1st cycle and (b) for the half-life cycle

2.2. Stress-life curve

Figure 9 displays the stress-life curve for ZK60 extrusion along ED and RD. Data-points with arrows
indicate run-out tests at 10° cycles. The selection of 10° cycles for infinite life is corroborated by the
literature, which reports the minimal slope of stress- and strain-life curves for Mg alloys in the range of
10° < Ny <10® cycles [7], [53]. The anisotropic quasi-static behavior of ZK60 extrusion is extended to its
cyclic behavior as well. The material along ED exhibits superior fatigue performance compared to RD at
all stress levels. This behavior contrasts with observed identical LCF strain-controlled behavior in ED and

RD [20]. As exemplified in Figure 10, ED specimens show smaller hysteresis loops and consequently less

11



plastic-induced damage at the same load level compared to RD, which can justify the superior fatigue
strength of ED specimens. The gap perceived in the number of cycles to failure for the two loading

directions is sustained through all stress levels.
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Figure 9. Stress-life curves for RD and ED
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Figure 10. Smaller half-life hysteresis loops of ED compared to RD in two stress amplitudes
Fatigue strength in ecach direction was quantified by sequentially testing a set of specimens in
accordance with the staircase statistical analysis method described in ISO-12107 [54]. The fatigue

strength at 10° cycles was found equal to 87 MPa and 120 MPa for RD and ED specimens, respectively.
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2.3. Initial loading and ratcheting strain effects on fatigue life

The Effect of mean stress on the fatigue strength of Mg alloys has been a major area of interest for
researchers [55]-[60]. However, the literature suggests that in the absence of mean stress, the mean strain
itself does not significantly affect the life [7], [34], [61]. In order to examine the potential effect of mean
strain on fatigue of ZK60 extrusion and also to examine the initial loading effect, cyclic loading was
applied with o, = 200 MPa along both RD and ED, with the first reversal being compressive, unlike in
the previous experiments, where the first reversal was tensile. When the RD specimens are initially
loaded in compression (Figure 11), a negative mean strain compared to the positive one in the tension-
first experiments (Figure 3), is induced. The inceptive compressive strain is compensated for by postive
strain ratcheting in the subsequent cycles, even though, the half-life mean strain ends up samller than that
with tension-first loading. Therfore, as depicted in Figure 12, the dissimilar initial stroke results in a
mismatched half-life mean strain for RD; however, the cycles to failure remain close due to the analogous
hysteresis-loop shapes. In contrast to RD, the half-life hysteresis along ED for both the loading sequences
are almost identical. The similarity can be described by the fully elastic behavior along ED in the first
tensile reversal, i.e., the first reversal induced almost no residual strain at zero stress point of the
unloading/compressive reversal (Figure 6). Therefore, the material experiences the same plastic

deformation history for the two loading sequences, resulting in an identical half-life response.
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Figure 11. Initial mean strain for the compression first test under 200 MPa stress amplitude

13



N (Tension first)=951 Ne= 184 Nr=174
Ne(Compression first) = 843 Emean= 0,40 % Emean = 1.36 %%
Emean = 2.36 %o

-4.0

Stress (MPa)

ED - Tension first

= = = ED - Compression first

RD - Tension first

-250 4 = = = RD - Compression first
Strain (%)

Figure 12. Effect of loading sequence on half-life hysteresis loops for ZK60 extrusion under 6,= 200
MPa

3. Fatigue Modeling
3.1. Stress-Based Model

The strain response of ZK60 under stress-controlled condition are substantially different along RD and
ED, as displayed in Figure 5 and Figure 8. The different cyclic hysteresis behavior of the material in these
two directions demonstrates that under the same loading condition, i.e., the same stress amplitude in RD
and ED, the damage induced in each loading cycle in one direction is different than that in the other
direction. Therefore, one can expect that stress amplitude, as the damage parameter, will not be successful

to explain the fatigue damage and to predict the life along these two material directions.

In order to mathematically express the stress-life curves along two directions via a stress-based model,

the classical Basquin equation was employed [48]:

B
ga = A(N;) Eq. 1
where o, is the imposed stress amplitude, and A and B are material constants. Figure 13 depicts the

stress-life curve for ZK60 extrusion along RD and ED, indicating the A and B constants for the two

directions. Because the A and B parameters are dissimilar along different directions, using one set of

14



material’s parameters will not be successful for the life prediction.
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Figure 13. Basquin equation fitted to the stress-life curves of RD and ED

In order to facilitate fatigue modeling, it would be ideal to employ just one set of parameters for
predicting life under different conditions and directions. To that intent, by adapting supplementary data,

i.e., hysteresis loops, energy as a damage parameter will be employed and verified hereinafter.

3.2. Energy-Based Model

As demonstrated in Figure 5 and Figure §, under stress-controlled condition the strain responses of the
material are different along RD and ED. In addition, it has been presented in previous studies that the
stress response of ZK60 extrusion under strain-controlled condition is dissimilar in these two directions
[20]. Therefore, stress- and strain-based fatigue models may not explain the damage and fatigue life in
different directions. On the other hand, strain energy is a quantity that incorporates both the stress and
strain states of the material. Therefore, fatigue models which use strain energy as the damage parameter,
are expected to provide an acceptable correlation between the damages in different material directions.
Moreover, the scalar nature of strain energy enables this parameter to effectively account for the fatigue
damage of the material under different loading conditions. Several studies have found the strain energy a
promising candidate for describing the fatigue life of wrought Mg alloys exhibiting asymmetric and
anisotropic characteristics [5], [12], [43], [62]. Jahed and Varvani [41] defined an energy-based damage

parameter, similar to that in Ellyin's total strain energy model [31]:
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AE = AES + AE, Eq.2
where AES and AE,, are elastic and plastic strain energy densities, respectively, and AE is total strain
energy density and is considered as the JV damage parameter. AE, is essentially the area inside the
hysteresis loop, and AEJis calculated from 02, /2E, in which E and 0,4, are the Young’s modulus and
maximum stress, respectively. Figure 14 schematically illustrates the JV damage parameter’s

components. The elastic and plastic energy values are extracted from the half-life hysteresis loops.

AE}

/

Stress

Strain

Figure 14. Illustration of elastic and plastic strain energy densities for JV model

The life correlation of the JV model is defined as follows:

AE = EL(2N;)” + Ef(2N,)° Eq. 3
E;, E}, B, and C are energy-based material parameters. The coefficients E, and B are acquired by
fitting a power curve into the experimental ESED, AES, and the coefficients E} and C are found from the
experimental PSED, AE),. The energy values for the stress-controlled tests were calculated using the half-
life stress-strain response of the material in the two directions, Figure 5 (b) and Figure 8 (b). By utilizing
TSED, AE, as the damage parameter, four sets of data including two sets from the current study and two
from a previous strain-controlled study on the same material are plotted in Figure 15. As expected, it can
be seen that all the data points, which were obtained from different loading conditions (stress- and strain-
controlled) and loading directions (RD and ED), are consolidated into one curve. This observation agrees
with previous works, which use strain energy as the damage parameter [63], [64]. Comparing Figure 13
and Figure 15 highlights the capability of energy-based models to predict the fatigue life of the material

along different directions using a single set of material parameters. The physical basis of the energy-based
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models is that the fatigue life is controlled by the strain energy that the material absorbs in each cycle.
The soundness of energy approach in Mg alloys has been discussed in several studies [7], [16], [32], [34],

[40].

The other observation from Figure 15 is that by utilizing the TSED to calculate the damage, the four
different load cases were confined within a life band of x2. It suggests that irrespective of the ZK60
deformation mechanisms (slip in RD and twinning+slip in ED [20]), the corresponding TSED in a cycle
governs the fatigue failure. Similar evidence was reported earlier for Mg alloys where energy associated
with different loading phases in multiaxial loading were compared with one another and with uniaxial
tension and cyclic shear [65], [66]. This observation implies that slip and twinning deformations are
equally damaging and contributing to fatigue failure. However, verification of this hypothesis requires

further investigation that is out of the scope of the present research.

Given that TSED consolidates the fatigue data regardless of the loading directions and conditions, it
can predict the life of the material with a single set of parameters. The JV parameters in this study were
extracted using all the data points included in Figure 15, and the fatigue life of the material along both RD

and ED was predicted.

\ ORD-Stress Controlled

\ OED-Stress Controlled
e ARD-Strain Controlled [20]
©OED-Strain Controlled [20]

Total strain energy density
AE (MJ/m*)

05 -
Fitted curve (R?=0.81)
————— +2 Bounds R
0‘05 i P S | i P R | L iid il TR R A ]
1.0E+2 1.0E+3 1.0E+4 1.0E+5 1.0E+6

No. of cycle to to failure, N;

Figure 15. Energy-life curve for different loading conditions
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Figure 16 (a) presents the life predicted by the JV model with respect to the experimental life. All the
data points congregate tightly about the ideal estimation. The life prediction was excellent in the LCF,
where the plastic deformation is significant and the PSED is the dominant term in the damage calculation
(Eqg. 2). However, in the HCF regime, where the PSED diminishes and the ESED takes over the fatigue

damage, the life predictions slightly deviate from the experimental life.

In order to evaluate the prediction accuracy, the mean squared errors (MSE) between the n

experimental and predicted lives at logarithmic scale were calculated, as follows:

2
Z?:l[Log(NExperimented) - LOg (NPredicted)] Eq' 4

n

MSE =

The MSE for stress-controlled tests in ED and RD is displayed and compared in Figure 16 (b). As

shown in this figure, JV predicts the life with a good level of precision, irrespective of the loading

direction.
1.0E+6 | Tdeal Predicti 3.5%
o Tedletion ®  mRD-Stress Controlled
----- +2 Bounds . 2.8%
4 3.0% m ED-Stress Controlled
el 0
1LOE+5 | A i
£ g
" o 5 5%
2 0 e
3 O | AAO 1)
s 3@ T 20%
E E 1.1%
LOE+3 | S e 1%
O RD-Stress Controlled 177} 1.5%
=
O% OED-Stress Controlled 5 “
1O0E+2 | = 1.0%
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LOF+ ‘ . : - :
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(a) Experimental life (b)

Figure 16. a) Predicted life vs. experimental life for both directions using one set of JV coefficients
and b) Mean squared error for stress-controlled tests calculated for JV model
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4. Conclusion
In this work, the stress-controlled fatigue behavior of ZK60 extrusion under uniaxial fully reversed
loading was investigated and modeled along the material’s extrusion (ED) and radial (RD) directions. The

following conclusions summarize the findings:

1. Sigmoidal hysteresis loops with preserved symmetry were observed along RD under high-stress
amplitudes because the twinning/detwinning deformations are active in‘ both tension and

compression reversals.

2. Loading along ED yields to asymmetric hysteresis response accompanied by considerable cyclic

hardening when stress is adequately high to activate twinning/detwinning deformation.

3. The material along ED exhibits fatigue performance superior to that along RD in a wide range of

stress amplitudes, due to ED’s higher strength and consequently the smaller hysteresis loops.

4. The energy-based model can successfully correlate the fatigue life under stress-control condition

in both directions.
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Sigmoidal but symmetric hysteresis loops are observed in radial direction.

First reversal being tensile or compressive does not affect strain amplitude and life.
Ratchetting direction in radial and extrusion directions are opposite.

The extrusion direction exhibits superior stress-controlled fatigue performance.

Energy-based fatigue parameters correlate life in radial and extrusion directions.
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