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ABSTRACT

A newly-developed rare earth-containing ME20 magnesium alloy was studied in this thesis.
As a potential structural material for applications in automotive industry, low cycle fatigue
properties are inevitably required. Strain-controlled low cycle fatigue tests were conducted on
this wrought alloy with different specimen orientations. Microstructure, tensile behaviors and
low cycle fatigue properties were studied. The effect of different specimen orientations on
microstructures and mechanical properties were also discussed. Results show that rare earth
element addition in this alloy helped weaken the texture and specimen orientations had little

influence over microstructure and fatigue properties of this magnesium alloy.
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1 INTRODUCTION AND OBJECTIVES

Due to the increasing global energy demand and great cognizance of human-caused pollution
such as CO. emissions in recent years [1, 2], light weighting has turned into a crucial
approach in the automotive and aerospace industries [1, 3—4]. It has been reported that for
each 10% reduction in weight, the fuel efficiency of passenger vehicles can be boosted by 6-
8% [5]. Being the lightest structural metallic material, magnesium alloys have been more and
more applied in the auto industry for motor vehicle weight reduction [6]. The application of
magnesium alloys into structural materials in the automotive and aerospace industry would
thus inevitably drive engineers to evaluate the fatigue and cyclic deformation features, owing
that structural components would unavoidably experience dynamic loading in vehicles and
aeroplanes, which leads to the occurrence of fatigue failure [7-9]. Hereafter, in order to
design and evaluate the durability of such engineering components, it is essential to
understand the fatigue and cyclic deformation behavior of magnesium alloys. As there are
growing significant applications of magnesium alloys in powertrain, chassis and body areas,
developing wrought magnesium components which show improved mechanical properties is
a necessity [10]. Indeed, wrought alloys exhibit superior fatigue properties such as fatigue
resistance, as compared to cast counterparts; they are suitable for studying the intrinsic
fatigue mechanisms of magnesium alloys [10-13]. However, only very limited work on the

strain-controlled low cycle fatigue behavior of rolled magnesium alloy ME20 has been



reported in the literature. The objective of the present work was to evaluate the cyclic
deformation behavior of a rolled ME20 magnesium alloy, determine the fatigue life under
varying strain amplitudes, obtain cyclic parameters such as cyclic strain hardening exponent,
and verify the fatigue life behavior based on the energy density model. Influence of specimen
orientation, tensile and low cycle fatigue properties along the transverse and rolling

directions were also studied.

The general objective of this thesis is to achieve an understanding of the cyclic deformation
behavior of ME20 alloys. As mentioned above, studies on the cyclic deformation behavior of
this newly developed RE-Mg alloy are limited to date. Thus microstructure, mechanical
properties such as tensile and cyclic deformation behavior of ME20 was studied. The specific
objectives of this thesis include the following:
= To evaluate the cyclic deformation behavior of rolled ME20 alloy under varying
strain amplitudes.
*= To investigate the effect of the addition of RE-Element on the cyclic deformation
behavior of this material.
= To study the sample orientation effect on microstructure and mechanical properties of
this rolled alloy.
The approach that was taken for achieving these goals was mostly experimental work. This

thesis has been structured as follows:



In Chapter 2, a literature survey is presented on the recent developments and trends of
research on RE-Mg alloys. As well as microstructural characterization and mechanical
properties of different RE-Mg alloys, both under monotonic and cyclic deformation tests.
Experimental procedure is presented in Chapter 3. Chapters 4-5 present the experimental
results along with the discussion of results obtained from the low cycle fatigue tests subjected
to different strain amplitudes of rolled MEZ20 alloy. The conclusions arising from the thesis

and direct to the potential future for continuing with this research are specified in Chapter 6.



2 LITERATURE REVIEW

2.1  Recent research work on magnesium alloys and their development

Magnesium (Mg), which was discovered in 1774, is ranked 6 in terms of abundance in the
earth as it constitutes nearly 2% of the earth’s crust total mass [14]. The density of
magnesium is 1.74 g/cm3. Compared with other materials, the density of Mg is two-thirds of
Aluminum, around 20% of steel and is comparable to many polymers, making Mg the
lightest structural metallic material available [15-16]. Compared with Aluminum, the
Young’s modulus and shear modulus of magnesium are around two-thirds of Al, and the
melting point and specific heat of Mg are also similar. There are some other striking
properties such as good machinability and recyclability, dimensional stability and
electromagnetic shielding [17]. In the past decade, there has been a remarkable growing
demand in the magnesium alloy development for use in structural, automotive, household as
well as sports equipment applications. This is largely due to their light weight structure and a
good potential for weight reduction and thus the cutting of CO2 emission [17-19]. Mg is also
an alloying element in different alloys. Magnesium could be alloyed with aluminum,
manganese, rare-earths, thorium, zinc or zirconium to increase the strength to weight ratio.
Applications can be found in weight reduction of materials and the reduction of inertial
forces. Therefore denser materials such as steels, cast irons and copper base alloys, as well as

even aluminum alloys may be replaced by Mg alloys [20-21].

Moreover, a report released from United States Automotive Materials Partnership conveyed
that by the year 2020, the use of Magnesium alloys will increase by 340 Ibs per car, which

4



would make possible a significant vehicle weight reduction (about 15%) [22]. It was reported
in a recent (October 2013) press release at the WWJ Auto Summit that “Vehicle
lightweighting is auto industry's best opportunity to achieve CAFE (Corporate Average Fuel
Economy) standard” and it was also stated that the weight of each vehicle could achieve a
reduction of more than 209 pounds with the application of modern technologies with
lightweight materials, and this is essentially the equivalent of planting about 19 trees in terms
of environmental consideration per vehicle. Consequently, the application of Mg alloys

brings about weight reduction, energy-saving, and environmental protection benefits.

2.2 Microstructures of rare earth element containing Mg alloys

2.2.1 Cast RE-Mg alloys

Numerous research activities have recently been conducted on the cast Mg alloys with the
addition of RE elements [23-48]. These studies have indicated that RE elements’ function to
adjust the mechanical properties of bulk metals with a wide range of alloy composition and
heat treatment, because of their fairly large solubility at the eutectic temperature and the
formation of precipitates like MgsRE (Gd, Y). Figure 2.1 shows the microstructure of an as-
cast Mg-15Gd-5Y-0.5Zr alloy [33] and as-cast Mg-8Gd-0.6Zr-xNd-yY alloys, (x+y=3, wt.%)
[26] respectively. The as-cast alloy is primarily composed of continuous rosette-shaped
equiaxed dendrites, and partially interdendritic eutectic co-exists in the alloy. Many dark
petal-like Zr-rich regions were also dispersed in the a-Mg. As noted in the literature [36, 38,

39, 49, 50], the main intermetallic compounds were MgsRE, Mg24REs, and Mg41REs. The

5



average equiaxed interdendritic arm spacing was about 30 um in the as-cast Mg-15Gd-5Y-
0.5Zr alloy [26], and this is fairly small if compared with the common magnesium alloys
such as AZ31 and AM30 [51-55]. This was owing to the role of RE elements and zirconium
addition, where Zr principally restricted the grain growth [56]. Furthermore, as stated in the
work of He et al. [24], the as-cast Mg-10Gd-2Y-0.5Zr alloy contains three different phases:
a-Mg solid solution matrix phase with supersaturated Gd+Y elements, a (Gd+Y)-rich
eutectic compound which had a higher Gd+Y content than the matrix, and intracrystalline Zr-

rich cores (Figure 2.2).

Figure 2.1: (a) Typical SEM micrographs of an as-cast Mg-15Gd-5Y-0.5Zr alloy [33] and

(b) as-cast Mg-8Gd-0.6Zr-xNd-yY alloys, (x+y=3, mass %) [26].
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Figure 2.2: SEM image of the as-cast sample and the corresponding EDS spectra of the

points indicated in the image [24].

2.2.2 Extruded RE-Mg alloys

Compared with cast alloys, wrought Mg alloys exhibit superior mechanical properties

because during extrusion, rolling or forging processes hot deformation occurred. These parts



are free of porosities or cavities and meanwhile the mechanical properties were enhanced
through a thermomechanical treatment resulting in a close to perfect microstructure [51, 52,
57-62]. For instance, the microstructures of the alloys which were extruded showed a greatly
refined grain structure due to dynamic recrystallization (DRX) in the hot extrusion process,
when compared with the alloys in the as-cast condition [34]. Some characteristic optical
micrographs of hot-extruded Mg-8Gd-xZn-0.4Zr (x=0, 1, and 3 wt. %) alloys are displayed
in Figure 2.3 [34]. The Gd-containing intermetallic compounds in Mg-8Gd-xZn-0.4Zr alloys
were fragmented through the hot extrusion process, and were dispersed along the hot
extrusion direction. The average recrystallized grain sizes of Mg-8Gd-0.4Zr, Mg-8Gd-1Zn-
0.4Zr, and Mg-8Gd-3Zn-0.4Zr alloys were about 8, 6, and 3 um, respectively. Recrystallized
grains were formed on the original grain boundaries during the hot extrusion process, which
suggests that the DRX process was stimulated from the accumulation of dislocations at grain
boundaries [34], and also indicates the function of RE elements addition [56]. A similar type

of extruded magnesium alloy microstructures was also reported by Liu et al. [43].



s

- o

A R PR S 4 T )

e ST TR
" . 3 s ) - oy -
AT A5 A e

Figure 2.3: Optical images of the as-extruded specimens: (a) and (b) Mg-8Gd-0.4Zr alloy,

(c) and (d) Mg-8Gd-1Zn-0.4Zr alloy, and (e) and (f) Mg-8Gd-3Zn-0.4Zr alloy [34].



2.3 Crystallographic textures of RE-Mg alloys

Wrought Mg alloys normally exhibit strong basal-type textures which means basal planes of
most grains are aligned parallel to the rolling or extrusion direction [14, 63-65]. It has lately
been reported that with RE elements alloyed with magnesium alloys, the resulting alloy can
develop weaker textures which were different than typical textures that were observed in
conventional Mg alloy sheets during deformation processing [66] or subsequent annealing
[67,68]. This incited great interest in RE elements, which are considered as effective texture
modifiers for Mg alloys, such as Gd [24,31,64,69-82], Y [24,31,64,70,72,77-80,82,83], Ce
[64,74,82-84], La [71,74,82,83], and Nd [64,83,85-87]. Even under low alloying
concentrations an alteration occurred in the orientation peak of the extrusion textures in the
RE-Mg alloys. It shifted from <1010 >to <1121>, <1122> or <2021> that were
parallel to the extruded direction, and they have been expressed as “RE texture components”
[64, 67,70, 73,74, 82,84,88]. For instance, an addition of a small amount of Gd (0.22 wt.%)
[81] and Ce (0.5 wt.%) [89] to Mg alloys could considerably reduce the texture of the
extruded alloy and the addition of Y had a similar effect on the texture alteration.[90,91] As
seen from Figure 2.4, the texture sharpness decreased in a Mg-Gd binary alloy when the Gd
content increased [81]. The major change in texture happened within the first ~1 wt. %
concentration of Gd, and the change of texture with Gd concentration was less prominent
after 1 wt%. In addition, when the sample was tested in proper orientations these “RE texture
components” were well oriented for basal slip, which gives rise to a considerable increase of
ductility and a decrease in the tension-compression asymmetry which were observed in
conventional wrought Mg alloys [51-54,64]. Bohlen et al. [83] stated that the basal pole

intensity aligned with the sheet normal direction and the overall texture intensity, when

10



compared with conventional Mg alloys, was lower for RE-containing alloys, and the typical
character of the sheet texture was also changed. It was reported that for many RE elements-
containing-Mg alloys a greater tilt of basal poles towards the sheet transverse direction was
exhibited, rather than in the rolling direction (as shown in Figure 2.5). More activation of
basal slip would be promoted during loading in the transverse direction than in the rolling

direction [92].
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Figure 2.4: Effect of Gd content on the recrystallization texture intensity in an Mg-Gd binary

alloy [81].
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Figure 2.5: (0001) and {10-10}pole figures of the as-received (a) AZ31 and (b) ZE10 sheets,

where density profiles of the basal pole along different sheet directions are shown for (c)
AZ31 and (d) ZE10 sheets (RD: rolling direction, TD: transverse direction, 45°: 45° from the

RD) [92].
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2.4 Tensile properties of RE-Mg alloys

Up to now, numerous studies have investigated the mechanical properties of different RE-Mg
alloys [26, 34, 36-38, 66, 79, 84, 93]. Mg alloys display high mechanical property
anisotropy owing to the HCP structure, which is one of the chief obstacles to the broader
application of wrought Mg alloys. However, it was reported that the addition of RE elements
could overcome the problems of anisotropy by means of the texture weakening, which could
make possible broader applications for RE-Mg alloys [64,71,84]. Different investigations
showed experimental results on RE-Mg alloys that the dependence of tensile/compressive
properties, for example yield strength (YS), ultimate tensile strength (UTS), elongation (EL)
and strain hardening exponent (n), on microstructure and crystallographic textures [93,94].
For instance, the uniaxial tensile and compressive stress-strain curves of a RE-Mg alloy
(GW123k) are presented in Figure 2.6 [93]. Compared with the conventional extruded AZ31
Mg alloy, the GW123k alloy shows a deficiency in strong texture which results in a reduced
tension-compression yield asymmetry. Moreover, with the grain refinement through the
extrusion process, the fine precipitated particles dispersion and the high content of solute
rare-earth elements might bring about sufficient barriers for the slip of dislocations, therefore
improving both the compressive and tensile yield strengths. Similar results have been

reported elsewhere in [66, 84, and 94].
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Figure 2.6: Uniaxial tensile and compressive stress-strain curves for (a) GW123k alloy and

(b) AZ31 alloy [93].

2.5 Fatigue behavior of RE-Mg alloys

During the past decade or so, many studies have been conducted on the cyclic deformation
behavior of Mg alloys that included cast alloys, i.e., AZ91 [95-98], AM60 [99-102], AM50
[103-105], and wrought alloys i.e., AZ31 [51-53, 106-110], AM30 [54, 55], ZK60 [111,112].
Some results on this part of research could be seen in a recent review paper [14]. The fatigue
properties of RE-containing Mg alloys have also been studied in recent times [93, 72, 42, 44-

47,113, 114-121], which will be discussed in the next few paragraphs.
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2.5.1 Stress-controlled fatigue behavior

The stress-controlled fatigue results are mainly presented by way of stress-life (S-N) curves,
which is a plot of stress (S) against the number of cycles to failure (N) in a log scale. The S-N
curve method represents the most thoroughly examined fatigue characteristics of Mg alloys
as well as other materials [122, 133]. Yang et al. [42, 114] examined the stress-controlled
fatigue properties of an AZ91D alloy with different concentrations of Cerium, which is a rare
earth element, by the use of a high-frequency fatigue testing machine. Figure 2.7
demonstrates the typical S-N curves for an AZ91D alloy with varying concentrations of Ce
addition (1 wt. % and 2 wt. %) [42,114]. It can be seen that there was an increase of 20.3%
and 9.1% in the fatigue strength of AZ91D alloy with the addition of 1 wt. % and 2 wt. % Ce,
respectively. Similar results of fatigue strength improvements were also reported in the die-
cast AZ91D Mg alloy in the high cycle fatigue (HCF) properties, after the addition of
different amounts (1.5%, 1.0%, and 0.5%) of Nd by Yang and Li [46], in the die-cast AZ91D
alloys by the addition of 1% mischmetal (50%Ce, 30%La, 12%Nd, and 6%Pr) by Xu et al.
[44], in the die-cast AZ91D alloy with or without 1wt.% Ce by Yang and Liu [45], and in the
gravity cast AZ91 alloy by the addition of 1% mischmetal (67% Ce, 23% La, 7% Pr and 2%
Nd) by Mokhtarishirazabad et al. [47]. The factors influencing the HCF properties of die-cast
AZ91D alloy include grain size, inclusions distribution and size, porosity as well as Mgi7Al12

intermetallic particles, as stated in refs. [42, 45, 47, 114].
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Figure 2.7: S-N curves for an AZ91D alloy with different amounts of Ce addition. (a) 0% Ce,

(b) 1% Ce, and (c) 2% Ce [42,114].

Remarkable grain size refinement can be achieved through the addition of RE elements (e.g.,
Ce and Nd). This also brought about upgraded HCF properties of the die-cast AZ91D alloy,
as the sum of grain boundary area rises with the reduction of grain size, and therefore
increasing the resistance to dislocation movement for the duration of plastic deformation. In
addition, Ce addition was seen to lead to reducing the size and amount of porosity and

inclusions (evenly distributed), and the fatigue strength of the Mg alloy was improved [45].
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Some other investigations were also related to the HCF behavior of Gd-containing and Y-
containing Mg alloys [93, 113, 116, 117]. The HCF resistance of conventional extruded
AZ31 alloy was compared with an extruded Mg-12Gd-3Y-0.5Zr (GW123K) alloy by Yang
et al. [93]. The GW123K alloy seems to show a continuous decreasing S-N curve, as can be
seen from Figure 2.8 [93] and it exhibited a better fatigue strength than the AZ31 alloy [124].
The elimination of the tension-compression yield asymmetry in the conventional wrought
Mg alloys can be achieved with addition of Gd and Y. Similar phenomena of fatigue
properties improvement were also described in an as-extruded and aged Mg-10Gd-3Y alloy

(GW103) by Song et al. [117].
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Figure 2.8: S-N curve of an extruded Mg-12Gd-3Y-0.5Zr (GW123K) alloy [93].
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2.5.2 Strain-controlled fatigue behavior

The condition of strain-controlled low cycle fatigue (LCF) are often seen where the repeated
stresses are of thermal origin and at the notch root [122, 125]. LCF features a high stress
level and fairly low numbers of cycles. The related low cycle fatigue of strain-life data are
essential for structural component design, particularly in the automotive industry. There are
numerous studies on the fully reversed (R.=-1) strain-controlled fatigue behavior of RE-free
Mg alloys, e.g., AZ31 [51-53,107,108], ZK60 [111], AM50 [58], AM60B [126,127], and
AZ91 [128,129], as well as some other works which have been finished lately on the strain-
controlled LCF behavior of RE-Mg alloys [72,119-121]. The majority of these works
involved the strain-controlled low cycle fatigue behavior of Mg-Gd-Y alloys. Wang et al. [72]
studied the fully reversed strain-controlled tension-compression tests of an extruded Mg-
8.0Gd-3.0Y-0.5Zr (GW83) alloy along the extrusion direction, with the strain amplitudes
varying from 0.275% to 5.0%. Their results showed that the GW83 alloy had some close-
symmetric stress-strain hysteresis loops as well as marginal cyclic hardening having nearly
zero mean stress. There were some other studies such as the LCF behavior of an extruded
Mg-12Gd-3Y-0.5Zr by Yin and Li [120], an extruded Mg-10Gd-2Y-0.5Zr by Zhu et al.
[121], and an as-cast Mg-10Gd-2.0Y-0.46Zr alloy by Wu et al. [119]. Fu et al. [118] also
described the work of the strain-controlled LCF behavior of AZ91D+0.3%Ce alloy with

varying strain amplitudes and tested at room temperature.
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25.2.1 Stress-strain hysteresis loops

In order to better understand the cyclic deformation behavior of the Mg alloys under LCF
conditions, the analysis of the stress-strain hysteresis loops is needed. Figure 2.9 illustrates
the stress-strain hysteresis loops of an extruded Mg-8.0Gd-3.0Y-0.5Zr (GW83) alloy. Results
were obtained from fully reversed strain-controlled fatigue experiments that were under
different total strain amplitudes [72]. As for the conventional extruded Mg alloy, the
compression division of the stress-strain hysteresis loop shows a concave-up shape, but the
lower division of GW83 stress-strain hysteresis loop exhibits a sigmoidal shape instead
which is similar to the upper part of curve. While total strain amplitude decreased, the
hysteresis loops become contracted and shrank [72]. Figure 2.10 demonstrates the close-
symmetric stress-strain hysteresis loops of an extruded GW123K alloy which were fatigued
at varying total strain amplitudes from 0.2% to 1.0% [120]. Similar results of near-symmetric
hysteresis loops were also reported for AZ91D+0.3%Ce alloy by Fu et al. [118] and

GW102K alloys by Zhu et al. [121].
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[120].

25.2.2 Cyclic deformation response

In terms of the total strain-controlled fatigue tests, the cyclic stress response of a material
during cyclic deformation is a representation of the change of the stress amplitude with
uninterrupted cycles. It can also demonstrate the track that the tested sample reaches its
ultimate stress level. Figure 2.11 displays the stress amplitude evolution in regard to the
number of cycles under different applied strain amplitude levels in an extruded Mg-8.0Gd-
3.0Y-0.5Zr (GW83) alloy [72]. It can be seen that the stress amplitude increased and the

fatigue life of the material decreased as the total strain amplitude increased. It also shows that
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approximately stable or slightly cyclic hardening behavior occurred once the strain amplitude
is below 1.0%, and this might be credited to the dislocation transformation effects due to the
increased slip of dislocations [130]. Alternatively, the alloy shows the hardening effect of the
first cyclic and then cyclic softening until failure as soon as the strain amplitude is greater
than 1.0%. Other investigations also reported that the cyclic stress response for the RE-
containing Mg alloys is moderately stable, and this is particularly true for an extruded

GW123K alloy at a low strain amplitude of 0.2% [120].
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Figure 2.11: Variation of stress amplitude with increasing number of cycles at varying strain

amplitudes from 0.275% to 5.0% for an extruded GW83 alloys [72].
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2.5.2.3  Fatigue life and parameters

The RE-Mg alloys showed a superior fatigue life when they were compared with RE-free
wrought Mg alloys [52, 54, 120, 121, 130-133]. Zhu et al. [121] stated that at the same total
strain amplitude the Mg-10Gd-2Y-0.5Zr (GW102K) alloy presented a greater fatigue
resistance than the AZ31 alloy, which can be seen in Figure 2.12. Similarly, Yin and Li [120]
made the comparison of GW123K alloy with some RE-free wrought Mg alloys, e.g., AM60
[134], AZ31 [52], and Al-Mg-Sc alloy [135] regarding fatigue life, and noticed that the
GW123K alloy showed decent low-cycle fatigue properties. The relation between the fatigue
life and total strain amplitude can be related by the Coffin-Manson and Basquin equations. It
was also reported in Fu et al. [118] that the fatigue life of an AZ91D+Ce alloy could be

described by the Manson-Coffin equations.
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Figure 2.12: Total strain amplitude-fatigue life curves for GW102K and AZ31 alloys [121].
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2.6 Summary

There is general agreement that the addition of RE elements into magnesium alloys can
weaken the mechanical anisotropy and relieve the unfavorable and undesirable tension-
compression yield asymmetry of such alloys. The microstructures, crystallographic textures,
as well as mechanical properties such as tensile and compressive strength and fatigue life
with respect to the RE elements addition have been earlier investigated and reported. RE-Mg
alloys are fairly new, and there is very limited data on the cyclic deformation behavior
(especially strain-controlled low cycle fatigue) for such Mg alloys that has been reported
publicly. Hence, our understanding is still limited regarding the cyclic deformation
mechanisms of such alloys. Substantial efforts of research work are needed to understand to
the cyclic deformation behavior, stress response, as well as improved life prediction

approaches for the RE-Mg alloys.

Besides, none of work on the strain-controlled low cycle fatigue behavior of this rolled
magnesium alloy ME20 has been reported so far. Therefore, it is necessary to evaluate the
low cycle fatigue behavior of this material to determine the fatigue life under varying strain
amplitudes, obtain cyclic parameters such as cyclic strain hardening exponent and etc., verify
the fatigue life behavior based on the energy density model, and compare the fatigue
properties of samples with different sample orientation as texture leads to anisotropy in their

mechanical properties.
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3 EXPERIMENTAL PROCEDURES

3.1 Test materials

The material studied in this thesis is a rare-earth element (Ce)-containing magnesium alloy
that was processed by hot rolling and H112 tempered. The rolled plate was received from the
Institute of Metal Research Chinese Academy of Sciences. The detailed chemical

composition of this material is shown in Table 3.1.

Table 3.1: Chemical composition (in wt. %) of ME20 alloy.

Element Al  Zn Mn Ce Si Fe Cu Ni Be Mg

Content <0.2 <0.3 1.69~1.81 0.29~0.33 <0.10 <0.05 <0.05 <0.007 <0.01 Balance
(wt. %)

3.2 Sample preparation and testing

The preparation of samples for metallography and mechanical testing used the following

procedures.

3.2.1 Metallography

All metallographic samples (approx. 5 mm x 5 mm in the cross section) for the
microstructural characterization were cut from MEZ20 alloy plate (14 mm in thickness). The
samples were cold mounted using LECO 7007 resin powder and liquid (mixing ratio: 2 parts

of resin added to 1 part of catalyst). Hot mounting was avoided to prevent any possible
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microstructural change due to the effect of temperature during sample preparation. The
mounted samples were manually ground with SiC sand papers with a grit number of 320, 600,
and 1200, respectively. Water was used as lubricant in each grinding step. Polishing was
carried out with 6 um, 3 um, and 1 um diamond paste using diamond extender (a mixture of
rust inhibiting solution with distilled water - 10% solution by volume) as lubricant. Cleaning
of the mount after polishing involved dipping in and spraying ethanol, ultrasonic cleaning in
ethanol, followed by drying with compressed air. After the final polishing with 0.05 um
alumina paste (master prep), the polished samples were etched with Acetic-Picral (10 ml
acetic acid, 4.2 g picric acid, 10 ml distilled water, and 70 ml ethanol) for the ME20 alloy to

reveal the macroscopic structure (grain boundaries).

3.2.2 Quantitative image analysis

Microstructural examinations were performed using an optical microscope (OM) equipped
with Clemex guantitative image analysis software, and a scanning electron microscope (SEM)
JSM-6380LYV equipped with an Oxford energy dispersive X-ray spectroscopy (EDS) system.
The average grain size was measured via the linear intercept method. Overall, at least 15
locations for each sample were examined and the average values will be reported in this
report. The Clemex image analysis system was comprised of a Clemex CMT software
adaptable to ASTM standards, a Nikon optical microscope (10x eye piece, five different
object lenses with magnifications of 5%, 10x, 20x, 40%, and 100x%), a high-resolution digital

camera, and a high performance computer to carry out the detailed analysis.
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3.2.3 Texture measurements by X-ray diffraction

Texture measurements were performed on the as-received samples of ME20 alloy. The
polishing procedure was the same as the one employed for microstructural observations and
image analysis but without etching. The texture was determined by measuring incomplete
pole figures between ¥=0 to 75° in the back reflection mode using a PANalytical X'Pert
PRO X-ray diffractometer with Cu K, radiation at 45 kV and 40 mA. The texture
measurements were designed to determine the intensity variation of a certain diffraction peak,
indexed h = (hkl), as a function of the measurement direction (y) relative to the sample-
reference frame. After corrections and normalizations, the probability maps, P (h,y), or pole
figures were constructed to describe the distribution of different crystal directions in the
sample space using MTEX software [136]. Defocusing due to the rotation of XRD sample
holder was corrected using experimentally determined data obtained from the diffraction of

Mg powders received from Magnesium Elektron.

3.2.4 Tensile tests

The tensile samples in accordance with ASTM E8 standard [137] were machined with the
loading axis parallel to the rolling direction (RD) as well as parallel to the transverse
direction (TD). The sample geometry and dimensions are shown in Figure 3.1. The samples
had a gauge length of 25 mm (or a parallel length of 32 mm) and a width of 6 mm. The
thickness of the samples was 6 mm as well. The specimens were hand-ground progressively

along the loading direction with 1/0, 2/0, 3/0, 4/0 emery papers to remove machining marks
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and to achieve a smooth surface. The gage section of fatigue samples was ground
progressively along the loading direction with emery papers up to a grit number of 600 to
remove machining marks and to achieve a consistent surface. The tests were carried out
using a computerized United tensile testing machine at a strain rate of 1x103 s for the
ME20 Mg alloy at room temperature. At least two samples were tested to ensure
reproducibility. The strain was measured using an extensometer with a gauge length of 25

mm.

A3 | B-s0 Unit: mm
| —_

R=6 /X >| |« T=borasis

Figure 3.1: Geometry and dimensions of the tensile/fatigue test specimens according to

ASTM E8 [137].

The tensile properties, including 0.2% vyield strength (YS), ultimate tensile strength (UTS)
and percent elongation to failure (%EI) were evaluated from the engineering stress-strain
curves. The strain (or work) hardening exponent (n) and the strength coefficient (K) were

determined using the Hollomon equation (o = K&") by plotting log o vs. log &.
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3.2.5 Fatigue tests

Strain-controlled, pull-push type fatigue tests were conducted using a computerized servo-
hydraulic Instron 8801 fatigue testing system via a Fast Track Low Cycle Fatigue (LCF)
program at a constant strain rate of 1x102 st and room temperature of 25°C. The tests were
carried out in a strain control mode according to the ASTM E606 standard [138]. A
triangular strain waveform was applied during the tests. Low cycle fatigue tests were
performed at zero mean strain (R,=-1, completely reversed strain cycle), at total strain
amplitudes of 0.1%, 0.2%, 0.4%, 0.6%, 0.8%, 1.0%, and 1.2%, and at least two samples were
tested at each level of the strain amplitudes. The calibration of both load and strain channels
was performed for each individual sample prior to testing. The strain-controlled tests at lower
strain amplitude levels were continued up to 10,000 cycles, then the tests were changed to
load control at a frequency of 50 Hz using a sinusoidal waveform. The fracture surfaces of
fatigued specimens were examined via scanning electron microscope (SEM) to identify
fatigue crack initiation sites and propagation characteristics. The residual twins in the region

near the fracture surface were observed as well.
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4 RESULTS AND DISCUSSION

4.1 Microstructure and texture

Figure 4.1 (a) shows an optical image of the microstructure of the as-rolled ME20 alloy
which was observed along the rolling direction. Uniform equiaxed grains with an average
grain size about 15 pm were seen in the alloy due to the dynamic recrystallization that
occurred in the rolling process. Grain size was slightly larger than GW103K [145] which
contains 10 wt.% of RE element, but was greatly refined compared with other common
wrought magnesium alloys that are without rare earth elements, such as AZ31and AM30 [8,
10, 12-13, 139]. The composition (wt.%) of GW103K is 10Gd, 3Y, 0.5Zr, and Mg (balance)
and for AM30 it is 3.4Al, 0.33Mn, 0.16Zn, 0.0026Fe, 0.0006Ni, 0.0008Cu and
Mg(balance).This grain refinement was due to the rare earth element addition in this alloy.
The grains can be prevented from coarsening during the hot deformation process as cerium
can form some dispersed and thermally stable particles [140]. Besides, no twin was found in
the non-deformed samples. Figure 4.1 (b) is a SEM back-scattered electron image of this
alloy and some particles can be seen on the sample surface. An EDS line scan was performed
to confirm the rare earth element presence in the particle as shown in Figure 4.1 (c) and (d) ,
where some particles were Ce-rich precipitates containing Mn and some second phase
particles containing Mg and Ce were confirmed to be Mg1.Ce [141]. As a flammable solids,
Ce should be handled under dry protective gas such as argon and handled in an enclosed,

controlled process.
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Figure 4.1: (a) Microstructures of a ME20 base material observed from rolling direction, (b)
SEM back-scattered electron image of rolled ME20 base metal observed from rolling
direction. (c) SEM back-scattered electron image indicating an EDS line scan position, and

(d) the corresponding EDS line scan results.
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Figure 4.2 shows a (0002) pole figure of the as-rolled ME20 alloy which was evaluated by
MTEX software. A relatively strong basal texture with a maximum intensity of 4.8
m.r.d.(multiples of random distribution) was seen after de-focusing correction, where the c-
axes of many grains were aligned perpendicular to the RD and tilted toward the ND.
Compared with extruded AM30 [142] and rolled AZ31 [143] this ME20 alloy presented a
weaker texture. A maximum intensity of 8.6 m.r.d.for the (0002) pole figure of a RE free
extruded AM30 was reported from our research group. This is probably another benefit of
rare earth element addition into magnesium alloys, as also reported by Stanford and Barnett
[144] and Mirza and et al. [145] that rare earth element microalloying leads to texture
weakening in the forming process. Strong crystallographic texture would lead to yield
asymmetry in the hysteresis loop, as texture is related with the orientation of slip or twinning
plane under external applied forces [146]. Typically, cast magnesium alloys have no such
yield asymmetry because of their weak or no texture, while wrought alloys have a strong
texture [144]. The ratio of the compressive-to-tensile yield stress was ~0.79 for the ME20
alloy in the mid-life cycle of hysteresis loop. This indicates that yield asymmetry is not very
prominent as compared with other wrought magnesium alloys, and this is probably because
of the light addition of rare earth elements. While there was almost no yield asymmetry for
GW103K during cyclic loading as reported by Mirza et al. [145], the rare earth-content is
over 10 wt% for this alloy as compared with merely 0.29~0.33 wt% for ME20. The tensile
stress—strain curve for the samples cut along rolling direction determined at a strain rate of
1x107 s (room temperature) is shown in Figure 4.3, and the tensile properties obtained are

listed in Table 4.1.
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Figure 4.2: (0002) pole figure of rolled ME20 alloy, where RD/LD stands for the

rolling/longitudinal direction, and TD stands for transverse direction.
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Figure 4.3: Typical tensile stress-strain curves of ME20 alloys at a strain rate of 1x103 s*

(RD).

Table 4.1: Tensile properties of rolled ME20 alloy (RD).

Ultimate Young’s Strain
Yield strength, tensile Elongation, % modulus, hardening K. MPa
MPa strength, GPa exponent
MPa (n)
139.2 233.6 23.6 37.7 0.19 391
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4.2 Hysteresis loops

Figure 4.4 shows typical stress-strain hysteresis loops of the first, second, and mid-life cycles

at a total strain amplitude of 1.2% and strain ratio of Rs=—1 for the as-rolled ME20 alloy

(samples cut along rolling direction). This alloy exhibited an unsymmetrical hysteresis loop
in shape as a result of twinning in compressive loading and detwinning in tensile loading
deformation [111]. Low yield strength and a strain hardening plateau in the compression
phase is a characteristic of materials deformed by twinning [111]. The low yield strength and
low strain hardening rate phenomena due to the deformation by detwinning [111] can be seen
in the subsequent tensile loading. Exhaustion of detwinning happened at around 0.3% total
strain which is shown by the occurrence of an inflection point beyond which the hardening
rate rapidly increased [111]. Plastic strain imposed in the twinning can be completely
recovered during detwinning, however. Detwinning finished at the early stage of tensile
loading because of its lower critical resolved shear stress [147]. Thus, activation of slip
systems is needed to accommodate the strain applied in the following stages in tensile
loading, and this would cause a significant increase in the tensile stress curve [148]. A
pseudo-elastic behavior is observed in the unloading phase starting from compressive peak
stress because of detwinning [148]. The maximum and minimum peak stress also changed
for the mid-life cycle loops compared with the first and second cycle loops. This situation is
similar to the extruded AM30 alloy where the hysteresis loops were skewed. The mid-life

cycle loop is less distorted than the first and second hysteresis loops. This phenomenon is
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also mainly due to the activity of twinning in compression in the descending phase and

detwinning in the ascending phase in the hysteresis loop [8, 9, 11-13, 107, 108, 111, 139].

200

150 A

—

| o

o o
1 1

Stress, MPa
(]

50 A
100 {1 /. — 1st cycle
150 | ---2nd cycle
—Mid-life cycle
-200 T T T T T
-1.5 -1 -0.5 0 0.5 1 1.5

Total strain, %

Figure 4.4: Typical stress-strain hysteresis loops of different cycles at a total strain

amplitude of 1.2% and strain ratio of Rs= -1 for the rolled ME20 alloy (RD).

Twinning plays an important role in the deformation process of magnesium alloys [8-13, 66,
129, 139, 142]. For wrought magnesium alloys, most grains would orient in such a matter
that their c-axis tilted toward the ND and the basal plane aligned parallel with the rolling or
extrusion direction [145]. The loading applied in this fatigue test is along the rolling direction.
In this test, extension twinning (in compression) and basal slip (in tension) occur more easily

compared with the prismatic and pyramidal slip system which require a much higher
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activation stress at room temperature [149]. Intensive twinning and detwinning would be
expected to happen for the sample tested under cyclic loading [10, 11]. However, only a
small amount of residual twins can be seen near the fracture surface on Figure 4.5. The twin
formation is because of the insufficient slip systems for hcp-structured Mg alloys under
cyclic deformation at room temperature, as well as the presence of relatively strong texture.
Since the addition of RE-elements weakened the texture, intensive twin formation did not

occur.

Figure 4.5: Optical micrograph in the area near the fracture surface at total strain
amplitude of 1.2%, showing the distribution of residual twins in the fatigued sample of the

rolled ME20 alloy (RD).

37



4.3 Fatigue behavior

Figure 4.6 shows the trend of stress amplitude with regard to the number of cycles at
different applied strain amplitudes on a semi-log scale. The stress amplitude increased as the
strain amplitude increased, while the fatigue life decreased. This ME20 alloy (Rolling
direction) showed a similar response as the extruded rare earth element-free AM30 [11] and
AZ31 [8, 10, 11, 13], in that the cyclic stabilization occurred only at the lowest strain
amplitudes of 0.1%. Even under a strain amplitude of 0.1%, slight cyclic hardening started at
the fifth cycle until at around 30 cycles slight cyclic softening started to occur and continued
up to failure. Cyclic softening occurred all the way to failure for samples tested under the
strain amplitude of both 0.2% and 0.4%. As for the sample tested at the strain amplitude of
0.6%, the first cycle of the test experienced hardening followed by cyclic softening from the
second to the twentieth cycles; From 20 to 60 cycles cyclic hardening occurred and
fluctuating of the stress amplitude occurred all the way until 800 cycles. This fluctuation of
results was probably because of disturbance and noise caused by the machine. However, the
overall trend for stress amplitude is softening for the testing condition of 0.6% strain
amplitude. As for the sample tested under the strain amplitude of 0.8%, the stress amplitude
was very stable from the beginning to 800 cycles, with cyclic softening beginning from this
point. While cyclic hardening occurred for the first 3 cycles for samples tested under a strain
amplitude of 1.0%, and 1.2%, cyclic softening kept going on until failure occurred. Overall,
cyclic softening basically happened for samples tested under all the different strain amplitude:
0.1%, 0.2%, 0.4%, 0.6%, 0.8%, 1.0% and 1.2%. Strain hardening [150] and strain softening

[151] can be caused by twin formation, depending on grain size, material crystal structure,
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tensile and compressive asymmetry etc. [10] The cyclic strain softening behavior for ME20

may be explained by the twin softening mechanism that is caused by the reorientation of the

lattice in the twinned area to provide an easier orientation for slip to occur [151, 152].
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Figure 4.6: Stress amplitude vs. the number of cycles at different total strain amplitudes

applied (Rolling direction).

Plastic strain amplitude is considered as an important physical quantity in low cycle fatigue.

It is related to several damaging processes and it influences the internal microstructure that is

closely related to the strain resistance and eventually the fatigue life [10]. Figure 4.7 shows

the change of plastic strain amplitude with cycles of fatigue and it is seen that as the total
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strain amplitude increased the plastic strain amplitude also increased but fatigue life
decreased. Stabilization of plastic strain amplitude occurred at the strain amplitude of 0.1%.
However, a slight increase of plastic strain amplitude can be observed over the entire fatigue
life for samples tested under the strain amplitude of 0.2% and 0.4%. At 20-200 cycles plastic
strain amplitude decreased for samples tested under a strain amplitude of 0.8% and plastic
strain amplitude started to increase at 200 cycles until failure occurred. For samples tested
under the high strain amplitude of 1.0% and 1.2%, a clear trend of increase of plastic strain
amplitude over the full course of cyclic loading can be noticed. Under all of the different
strain amplitudes the plastic strain amplitude generally showed a trend of increase with the
number of cycles, which is further proof of cyclic softening, that occurred in all the tested

samples.

Figure 4.8 shows the cyclic stress-strain curve corresponding to the mid-life of ME20 alloy
(RD) in comparison with the monotonic tensile stress-strain curve. At a strain amplitude 0.1%
the cyclic stress-strain curve is consistent with the monotonic ones. However, under higher
strain amplitude the stress amplitude for cyclic loading is lower than that for monotonic
loading. Thus this alloy showed a cyclic softening under the rest of strain amplitudes except
for the lowest strain amplitude of 0.1%, which is in agreement with the results shown in

Figure 4.6 and Figure 4.7.
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Figure 4.7: Plastic strain amplitude vs. the number of cycles at different total strain
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Figure 4.8: Cyclic stress-strain curve for the ME20 alloy (RD), where the corresponding

monotonic stress-strain curve is also potted for comparison.
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In Figure 4.9, the number of cycles to failure (Nf) as a function of the applied total strain

amplitudes <Ag‘ / 2)

ME20 is plotted, as well as data for some other reported wrought
magnesium alloys [10,12,145] for comparison. Arrows are used to point out data where the
cycles of fatigue was at or over 107. This ME20 alloy (RD) showed a better fatigue life than
other wrought magnesium alloys at higher strain amplitudes, such as 0.8%, 1.0% and 1.2%.
However, at a lower strain amplitude of 0.2% the ME20 alloy showed the shortest fatigue life.
This phenomenon is closely related with material strength and ductility. ME20 alloys showed

a higher ductility and lower strength compared with other alloys and this resulted in better

fatigue resistance at larger strain amplitudes.

The total strain amplitude is the combination of elastic strain amplitude and plastic strain
amplitude from refs. [8-11, 98, 122, 129, and 153] and it can be expressed in the following

equation:

Agt 3 Age +A€p 3 G'f (ZNf)b
2 2 2 E (1)

where E is the Young’s modulus (for the present alloy the average value obtained during
fatigue testing was ~42.0 GPa), Ns is the fatigue life or the number of cycles to failure, o is
the fatigue strength coefficient, b is the fatigue strength exponent, ¢t is the fatigue ductility
coefficient, and c is the fatigue ductility exponent. The elastic strain component is known as
Basquin’s equation and the plastic strain component is known as the Coffin-Manson relation.

Figure 4.10 shows the elastic, plastic, and total strain amplitudes plotted as a function of the
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number of reversals to failure. The values of the strain amplitudes were taken from the mid-
life cycles. The fatigue life parameters obtained on the basis of Equation (1) were

summarized in Table 4.2.
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Figure 4.9: Total strain amplitude as a function of the number of cycles to failure for the
rolled ME20 alloy (RD), in comparison with the data reported in the literature for various

Mg alloys.
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Figure 4.10: Evaluation of fatigue parameters in the form of log elastic, plastic and total

strain amplitudes vs. log number of reversals to failure, respectively (Rolling direction).

Table 4.2: Low cycle fatigue parameters for the rolled ME20 alloy (Rolling direction).

Low cycle fatigue parameters
Cyclic yield strength, o'y, MPa 115
Cyclic strain hardening exponent, n' 0.11
Cyclic strength coefficient, K', MPa 240
Fatigue strength coefficient, o't, MPa 665
Fatigue strength exponent, b -0.15
Fatigue ductility coefficient, €'s 0.75
Fatigue ductility exponent, ¢ -0.76
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4.4  Fatigue life prediction-Energy density method

The alteration of twinning and detwinning during cyclic loading and their interaction with
residual twins are the reasons for the complicate fatigue deformation behavior as they
affected the cyclic hardening characteristics, the stress-strain hysteresis loop, and the
stabilization of material behavior [148]. Due to the above facts, using prediction models such
as stress and strain-based models is difficult as those parameters typically undergo a strong
variation throughout the fatigue life [148]. Compared with stress and plastic strain amplitude,
plastic strain energy density exhibited a much more stable value throughout the whole fatigue
life, and thus the energy-based fatigue parameter is considered suitable in predicting the low
cycle fatigue life for rolled magnesium alloys [148]. Since cyclic plastic strain and cyclic
plastic stress are linked to dislocation movement and their movement resistance, this energy-
based fatigue parameter is regarded as a comprehensive measurement of the amount of

fatigue damage per cycle [154].

AW,NI* = C )

The Morrow model is expressed in Eq. (2)[154], in which AW, Nt, m and C stand for plastic
strain energy density at half-life, fatigue life, fatigue exponent and material energy absorption
capacity, respectively. The plastic strain energy density is calculated by integrating the area
within the hysteresis loop at the mid-life of the fatigue test. Figure 4.11(a) plots the measured
plastic strain energy density as a function of fatigue life and agrees well with the model

predictions. However, S. Hyuk Park et al. [148] mentioned that the material constants used in
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this model are strongly dependent on the test condition and the damage induced by tensile
mean stress which is known to have a detrimental effect on fatigue life that was not included
in equation (2). As seen from Figure 4.4 the tensile peak stress is always greater than the
compression peak stress in each hysteresis loop, because of the early exhaustion of
detwinning and the activation of the slip system, which requires a greater stress to
accommodate than in the compression phase, thus tensile mean stress existed throughout the
entire fatigue test [148]. Therefore, tensile mean stress effects should also be considered in

the prediction of fatigue life.

The concept proposed by Ellyin and Kujawski [155] was applied in order to consider the

effect of tensile mean stress and equation (2) was modified as the following:

AW,N* = C ©)

where AW, = (AW, + AW ,+) is the total strain energy density at midlife of fatigue test.
Figure 4.11(b) shows the relationship between this total energy density with fatigue life and
the prediction with this model fits the results quite well. The material constants used were m=

0.67 and C= 114.16 (MJ/m?), which were calculated from Figure 4.11(b).
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Figure 4.11: Life prediction with the energy-based models based on plastic strain energy
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in LCF testing with R . =—1(c)[148]
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4.5 Fractography

Fracture surfaces of fatigued specimens were examined by SEM. Figure 4.12 shows an
overall view of the fracture surface at low magnifications of the rolled samples that fatigued
at a total strain amplitude of 0.2% (a) and 1.0% (b), respectively. It is seen that fatigue cracks
initiated basically from the specimen surface or subsurface. At the initiation site cleavage-
like facets were observed. The basic differences among the fracture surfaces of samples
tested at different total strain amplitudes were that the crack initiation area of low strain
amplitude had a more ridges-like surface while the samples fatigued at high strain amplitude
showed a smooth surface. However, both of them exhibited a striation-like surface, as shown
in Figure 4.13. The fatigue propagation area is characterized by a feature of mixed mode and
fatigue striation could not be clearly found under both low and high strain amplitude, as
shown in Figure 4.14. The propagation area contained some fatigue striation-like features
that were perpendicular to the crack propagation direction, in conjunction with secondary
cracks. These characteristics were more obvious at higher strain amplitudes, as seen in Figure

4.14 (b).
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Figure 4.12: SEM images of overall fracture surfaces of the rolled specimens (RD) fatigue

data total strain amplitude of (a) 0.2% and (b) 1.0%.

Figure 4.13: SEM micrographs of the fracture surface near crack initiation of the rolled

specimens (RD) fatigued at a total strain amplitude of 0.2% ((a) secondary electron image

and (b) 1.0% (secondary electron image).
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Figure 4.14: SEM micrographs of the fatigue crack propagation region of the rolled

specimens (RD) fatigued at total strain amplitude of (a) 0.2% and (b) 1.0%.
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5 COMPARISON OF FATIGUE PROPERTIES:

DIFFERENT SPECIMEN ORIENTATION

5.1 Optical Microstructure

Figure 5.1 (a) shows an optical image of the microstructure of the as-rolled ME20 alloy
which was observed from the transverse direction. There was very little difference when
compared with the microstructure observed from the rolling direction, which is shown in
Figure 5.1 (b). This probably is another benefit of rare earth element addition as grain
elongation was not seen, which was expected to be shown due to the hot rolling process (or
other wrought processes). Grain shape change, i.e., elongation, of transverse direction from
rolling direction can be found in other common wrought magnesium alloys that are without
rare earth elements, such as AZ31and AM30 [8, 11-13,139]. This is due to the lack of rare
earth element addition in this alloy. The grains can be prohibited from coarsening during the
hot deformation process as cerium can form some dispersed and thermally stable particles

[15]. Similar to Figure 5.1 (b), no twins were found in the non-deformed samples.
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Figure 5.1: Microstructures of a ME20 base material observed from transverse direction (a)

and rolling direction (b).

5.2 Tensile Properties

The tensile stress—strain curve of the same material but cut along the transverse direction was
determined at a strain rate of 1x10 s (room temperature) is shown in Figure 5.2, and the
tensile properties obtained are listed in Table 5.1. It is clearly shown from Figure 5.2 that
samples cut along the rolling direction exhibit superior mechanical properties in terms of
yield strength and ultimate yield strength. However, other parameters are comparable
between each other such as strain hardening exponent and strength coefficient. This showed

the effect of texture on the tensile properties of ME20 samples.
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Figure 5.2: Typical tensile stress-strain curves of ME20 alloys at a strain rate of 1x103 s

(Transverse and rolling direction).

Table 5.1: Tensile properties of rolled ME20 alloy (Transverse orientation).

Ultimate Youne’s Strain
Yield strength,  tensile Elongation, & hardening
modulus, K, MPa
MPa strength, % GPa exponent
MPa (n)
133 223 20 40.8 0.2 385.8
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5.3  Hysteresis Loops

Figure 5.3 shows typical stress-strain hysteresis loops for the first, second, and mid-life

cycles at a total strain amplitude of 1.2% and strain ratio of Rs=—1 for the as-rolled ME20

alloy samples cut along the transverse direction, as well as comparisons with samples cut
along rolling direction. This specimen orientation (TD) of ME20 alloy exhibited a similar
results of stress-strain hysteresis loops as specimens cut along rolling direction. The effect of
specimen orientation can be seen from the figure as LD samples require higher tensile stress
than TD samples in tensile loading phase, however, specimen orientation did not bring

significant differences in stress-strain hysteresis loops.

The loading applied in this fatigue test is along the transverse direction. Similar to the test in
chapter 4, in this test, extension twinning (in compression) and basal slip (in tension) occur
more easily compared with the prismatic and pyramidal slip systems which require much
higher activation stress at room temperature [149]. Intensive twinning and detwinning would
be expected to happen for the sample tested under cyclic loading [10, 11]. Residual twins can
be seen from near the fracture surface on Figure 5.4. Similar to the residual twins shown in

Figure 4.5, due to RE-element addition, intensive twins were not seen as well.
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Figure 5.3: Typical stress-strain hysteresis loops of different cycles at a total strain

amplitude of 1.2% and strain ratio of Rs= -1 for the rolled ME20 alloy: Transverse direction

(a) and comparison with rolling direction under different cycles (b)-(d).
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Figure 5.4: Optical micrograph in the area near the fracture surface at a total strain

amplitude of 1.2%, showing the distribution of residual twins in the fatigued sample of the

rolled ME20 alloy (Transverse direction).

5.3 Fatigue Behavior

Figure 5.5 shows the trends of stress amplitude with regard to the number of cycles at
different applied strain amplitudes on a semi-log scale, for both the samples cut along the
transverse direction and rolling direction. Comparing with the above results it is seen that
specimen orientation or texture did not make a significant difference in stress amplitude at

different strain amplitudes.
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57



Overall stress amplitudes for RD samples are slightly larger than TD samples for tests under
all strain amplitudes and this agrees with the results from tensile tests. Similar to the results
from samples cut along the rolling direction, the stress amplitude increased as the strain
amplitude increased, while the fatigue life decreased. Cyclic stabilization occurred only at the
lowest strain amplitudes of 0.1%. Even under a strain amplitude of 0.1%, slight cyclic
hardening started at the fifth cycle until at around 30 cycles slight cyclic softening started to
occur and continued up to failure. Cyclic softening occurred all the way to failure for samples
tested under the strain amplitude of both 0.2% and 0.4%. As far as the sample tested under
the strain amplitude of 0.6%, the first cycle of the test experienced hardening followed by
cyclic softening for the cycles from the second to the twentieth; From 20 to 60 cycles cyclic
hardening occurred and fluctuating of stress amplitude occurred all the way until 800 cycles.
This fluctuation of results was probably because of disturbance and noise from the machine.
However, the overall trend for stress amplitude is softening for the testing condition of 0.6%
strain amplitude. As for the sample tested under the strain amplitude of 0.8%, the stress
amplitude was very stable from the start to 800 cycles, with cyclic softening beginning from
this point. While cyclic hardening occurred for the first 3 cycles for samples tested under the
strain amplitude of 1.0%, and 1.2%, cyclic softening kept going on until failure occurred,
with the overall stress amplitude somewhat greater than for the samples cut along the rolling
direction. Overall, cyclic softening happened for samples tested under all the different strain

amplitudes: 0.1%, 0.2%, 0.4%, 0.6%, 0.8%, 1.0% and 1.2%.

Figure 5.6 shows the effect of specimen orientation on the change of plastic strain amplitude

with cycles of fatigue. Comparing with the above results it is seen that specimen orientation
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or texture did not make a significant difference in plastic strain amplitude as well at different
strain amplitudes. Overall plastic strain amplitudes for RD samples are slightly lower than
TD samples for tests under all strain amplitudes and this agrees with the differences in stress
amplitudes discussed above. Similarly, for samples cut along the transverse direction, it is
seen that as the total strain amplitude increased the plastic strain amplitude also increased but
fatigue life decreased. Stabilization of plastic strain amplitude happened at the strain
amplitude of 0.1%. However, a slight increase of plastic strain amplitude can be observed
over the entire fatigue life for samples tested under the strain amplitude of 0.2%. As for the
test under condition of 0.4% strain amplitude, a slight decrease of plastic strain amplitude
occurred from the beginning until the 60" cycle but from that point on plastic strain
amplitude increased all the way to failure. At 0-200 cycles plastic strain amplitude decreased
for samples tested under strain amplitudes of 0.6% and 0.8% and plastic strain amplitude
started to increase at 200 cycles until failure occurred. For samples tested under the high
strain amplitude of 1.0% and 1.2%, a clear trend of increase of plastic strain amplitude over

the full course of cyclic loading can be noticed.
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amplitudes applied: Transverse (a) and rolling direction (b).
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Under all of the different strain amplitudes the plastic strain amplitude generally showed a
trend of increase with the number of cycles, which is further proof of cyclic softening, that
occurred in all the tested samples. Besides, overall the curves showed smoother features for

the samples cut along the transverse direction, as compared with another specimen

orientation.
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Figure 5.7: Cyclic stress-strain curve for the ME20 alloy, where the corresponding

monotonic stress-strain curve is also potted for comparison (Transverse orientation).
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the literature for various Mg alloys.
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Figure 5.7 shows the cyclic stress-strain curve corresponding to the mid-life of the ME20
alloy in the transverse orientation in comparison with the corresponding monotonic tensile
stress-strain curve. At a strain amplitude 0.1% the cyclic stress-strain curve is consistent with
the monotonic one. However, under higher strain amplitude the stress amplitude for cyclic
loading is lower than that for monotonic loading. Thus, this alloy under this orientation
showed similar cyclic softening as well under the rest of strain amplitudes except for the

lowest strain amplitude of 0.1%.

In Figure 5.8, the number of cycles to failure (Nf) as a function of the applied total strain

amplitudes (Agt /2)of different specimen orientation of ME20 is plotted. Overall, the fatigue

life for different specimen orientations are comparable which shows that texture plays little

role in terms of fatigue life.

Figure 5.9 shows the elastic, plastic, and total strain amplitudes plotted as a function of the
number of reversals to failure. The values of the strain amplitudes were taken from the mid-
life cycles. The fatigue life parameters obtained on the basis of Equation (1) were

summarized in Table 5.2.

Although fatigue lives were comparable between the RD and TD orientations, TD samples
showed superior fatigue properties in terms of some fatigue parameters. The fatigue strength
coefficients underwent an increase from 665 MPa for the RD to 815 MPa for the TD, and

fatigue ductility coefficient increased from 0.75 for the RD to 1.91 for the TD.
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Figure 5.9: Evaluation of fatigue parameters in the form of log elastic, plastic and total

strain amplitudes vs. log number of reversals to failure, respectively (TD).

Table 5.2: Low cycle fatigue parameters for the rolled ME20 alloy (TD).

Low cycle fatigue parameters

Cyclic yield strength, o'y, MPa 115
Cyclic strain hardening exponent, n' 0.10
Cyclic strength coefficient, K', MPa 211
Fatigue strength coefficient, o't, MPa 815
Fatigue strength exponent, b -0.18
Fatigue ductility coefficient, €'s 191
Fatigue ductility exponent, ¢ -0.89
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6 SUMMARY, CONCLUSIONS AND FUTURE WORK

6.1 Summary and Conclusions

Cyclic deformation behavior of rolled ME20 magnesium alloys was studied by carrying out
low cycle fatigue tests along the rolling direction under strain-controlled, zero mean strain
conditions. The alloy has a microstructure of equiaxed grains with an average size about 15
micrometers due to dynamic recrystallization in the rolling process. The material has a fairly
strong basal texture with the c-axis of many grains tilted toward the ND. The minor amount
of rare earth element addition helped weaken the texture and the compression-tension yield
asymmetry. Twinning played a key role in the compression loading phase and detwinning in
the tensile loading phase. Cyclic softening was observed basically under all the strain
amplitudes tested except for the lowest one where cyclic stabilization occurred. This cyclic
softening effect is also supported by the plastic strain behavior and by comparing monotonic
and cyclic stress-strain behavior. Because of a higher ductility and lower strength compared
with other magnesium alloys, this alloy exhibited a better fatigue resistance at larger strain
amplitudes and modest fatigue life at lower strain amplitudes. An energy density-based
fatigue life prediction model was applied to this rolled magnesium alloy as plastic strain
energy density is considered to be a reliable and comprehensive parameter to represent the
fatigue life. By introducing a tensile elastic strain density parameter into the Morrow model

the tensile mean stress effect could also be considered and those results from the life
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prediction model fit well with the experimental results. Fatigue cracks initiated from the
sample surface and the fatigue propagation area was characterized by mixed-mode feature.

The specimen orientation effect on the microstructure, tensile and fatigue properties of ME20
were also investigated and results show that they were similar for both the RD and the TD
samples. RD samples exhibited better tensile properties but TD showed some superior
fatigue resistance due to the increase of certain fatigue parameters. Overall, the addition of
RE-elements weakened the texture which was formed during the hot rolling process and the

effect of specimen orientation became less prominent.

6.2 Recommendations for Future Work

Several things that can be done as a continuation of this research work are as follows:

1. Study the deformation behavior of ME20 compressed under different temperatures
and different strain rates.

2. Study the evolution of microstructure, texture and twins during the compression
process in MEZ20.

3. Study the microstructure, tensile properties and low cycle fatigue properties of
friction stir processed ME20 samples.

4. Study the evolution of the microstructure and texture of the friction stir processed

area in MEZ20.
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