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Abstract

Abstract

Magnesium alloy AZ31 was studied in this work. Material was produced by three
techniques, namely squeeze casting (SC), hot rolling (HR) and equal channel angular pressing
(ECAP). ECAP is one of the methods of severe plastic deformation (SPD) suitable for
production of materials with extremely fine microstructure. One of the goals of this work was
to find optimal parameters of the ECAP process for the studied alloy.

The microstructure and texture of the three conditions of AZ31 significantly vary.
Processing by ECAP results in the smallest grain size, whereas the SC material has extremely
coarse-grained structure. The differences in texture and microstructure influence the
mechanical properties of alloy AZ31 substantially.

Tensile and fatigue tests were performed and material responses for all three
conditions of AZ31 were experimentally determined, mutually compared and discussed in
terms of differences in microstructure and texture. The highest tensile strength was observed
for HR material, while the highest ductility was found for material processed by ECAP.
Material processed by ECAP and HR material has higher fatigue resistance and fatigue
strength than the SC material. However, it was found that the fatigue lifetime is not further
improved by ECAP process; HR material exhibits better fatigue performance. This up to now
not published effect was discussed and explained. Research of fatigue notch sensitivity show
that the SC material is notch insensitive while material processed by ECAP and HR material
is strongly notch sensitive. No frequency effect on fatigue behaviour of magnesium alloy
AZ31 was observed for all three conditions examined in very broad frequency range.

Results of this work show that for successful engineering application of Mg alloys it is
necessary to choose the proper material condition for particular application.

Key words

Fatigue behaviour, fine-grained materials, magnesium alloys, AZ31, ECAP, severe
plastic deformation, texture.



Abstrakt

Abstrakt

Disertacni prace je zaméfena na hoic¢ikovou slitinu AZ31. Material byl zpracovan
ttemi riznymi technologiemi, jmenovité tlakovym litim (SC), valcovanim za tepla (HR)
a metodou oznacovanou ,.equal channel angular pressing” (ECAP). ECAP je jedna z metod
vyuzivajici intenzivni smykovou plastickou deformaci k pfipravé jemnozrnného materialu.
Jednim zcild prace bylo naleznout optimalni parametry ECAP procesu pro zpracovani
studované slitiny.

Mikrostruktura a textura zkoumanych tii stavi hoicikové slitiny AZ31 se vzajemné
vyrazné lisi. Mikrostruktura materialu, ktery byl zpracovan metodou ECAP, vykazuje
nejmensi zrno, zatimco lity material ma mikrostrukturu s nejvét§im rozmeérem zrna. Velké
rozdily v mikrostruktufe a textufe vyrazné ovliviiuji mechanické vlastnosti hoicikové slitiny
AZ31.

Experimentalné byly stanoveny tahové a unavové charakteristiky vSech tii stavu
slitiny AZ31. Vysledky experimentd byly porovnany a diskutovany sohledem na
mikrostrukturni a texturni rozdily. Nejvys§i pevnost v tahu byla zjiS§téna u valcovaného
materialu, zatimco nejvyssi taznost u materialu zpracovaného metodu ECAP. Valcovany
a ECAP material maji vy$si unavovou odolnost a unavovou pevnost nez material lity. Novym
zjisténim je skuteCnost, ze slitina AZ31 zpracovana metodou ECAP nevykazuje zadné dalsi
zlepSeni unavovych charakteristik ve srovnani s valcovanym materidlem, ktery ma nejlepsi
unavové vlastnosti. Toto zjisténi je v praci diskutovano a vysvétleno. Vyzkum unavové
vrubové citlivosti prokazal, ze lity material je vrubové necitlivy, kdezto valcovany material
a material zpracovany metodou ECAP vykazuji vysokou vrubovou citlivost. Experimentalni
pozornost byla vénovéana vlivu frekvence zatézovani na uUnavové charakteristiky. Bylo
zjisténo, ze zména frekvence zatézovani ve velmi Sirokém intervalu nema vliv na unavové
charakteristiky.

Vysledky této prace ukazuji, ze material s nejmensim zrnem nemusi nevyhnutelné
znamenat nejlepsi volbu pro inZenyrskou praxi. Usp&$na prakticka aplikace hoigikové slitiny
AZ31 vyzaduje velmi zevrubné posouzeni vlastnosti pouzitého stavu materialu ve vztahu ke
konkrétnimu zptisobu namahani konstruk¢niho dilu.

Klicova slova

Unavové vlastnosti, jemnozrnné materialy, hot¢ikova slitina, AZ31, ECAP, intenzivni
plasticka deformace, textura.
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1 Introduction

1 Introduction

Since many decades, the requests on materials and their properties have been
continuously increasing. The efficiency of components and the safety parameters have to be
higher but on the other hand, the prize as well as components weight have to be lower. Broad
variety of structural applications is used rather under cyclic loading than static one. This leads
to demands of good knowledge of fatigue performance of engineering materials. Fatigue is
a general phenomenon of material failure, which appears after repeated cycles of loading at
a stress level below the ultimate tensile stress [1]. Material fatigue is defined as a loss of
strength due to microstructural damage that is created step by step during cyclic loading.
Indeed, it is necessary to avoid such damage. To fulfil this demand, research of fatigue
damage of materials and in some cases also the whole structural components is unavoidable.
Deep knowledge of fatigue may save high costs of reparations and even more important, not
risk health or life of humans.

Since the last years, due to increasing demands of fuel savings, the main interest of the
industries is to decrease the weight of components. The magnesium alloys start to be a very
interesting and important material. It is because of the high strength/weight ratio of
magnesium alloys. For example, the density of magnesium is of 1/4 of that of iron and 2/3 of
aluminium. Magnesium alloys have other positive properties as for example high dimensional
stability, high damping ability and good machinability. These characteristics of magnesium
alloys speak for applications in automotive and aerospace industry as well as in computer and
mobile phones branches. Magnesium is also easily reachable. It may be exploited from the
oceans because 0.13 wt. % of oceans is composed from magnesium. Further, approx. 1.93 %
by mass is in the earth crust. It makes magnesium the eight most abundant element on the
earth. As everything in real life also magnesium and its alloys have undesirable properties.
Here belong poor wear, creep and corrosion resistance. These disadvantages may be
a limitation for some applications. However, if magnesium alloys should be used in real
engineering applications, it is essential to know their fatigue behaviour. It is necessary to
know and understand the material damage processes and the responses during their
employment. Very important is, that material properties strongly differ in dependence on
production processes.

One of the oldest and basic magnesium alloys, namely AZ31, was used for purpose of
this work. This magnesium alloy contents approx. 3 wt.% of aluminum and 1 wt.% of zinc.
The magnesium alloy AZ31 was produced by three following techniques: first the very well
known and commonly used squeeze casting. The second production technique is also well
known and it is hot rolling. The third technique is new, and till now used only in research
laboratories. This technique is equal channel angular pressing (ECAP). ECAP is a quite
promising technique of severe plastic deformation which enables to produce homogeneous
material with extremely fine microstructure. This is promising from the point of view of
improvement of mechanical properties. In order to make deeper understanding of fatigue
properties of these three conditions of AZ31, the microstructure and texture observations have
to be done. Results of these observations were compared, evaluated and discussed. Further,
the monotonic tensile properties of all three conditions of AZ31 were examined with the aim
to find out and explain which of the three conditions of AZ31 has the best strength and
straining characteristics. However, the main focus of this work is given on fatigue behavior of
all three conditions of AZ31. The fatigue endurance and fatigue strength as well as notch
sensitivity and frequency effects are determined, compared and discussed. Cyclic plastic
response of the material in all three conditions was examined too. This brings new
information not only about properties of AZ31, which was up to now a matter of research in
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some papers, but also about ECAP condition of AZ31. This is essential, because the data
dealing with fatigue properties of magnesium alloys processed by equal channel angular
pressing are completely missing in the open literature. There is also no work comparing
different conditions of magnesium alloys as regards fatigue notch sensitivity, influence of
loading frequency and cyclic plastic response. It is proving important for engineers to take
into account differences among these three conditions. In this work the differences in
properties of particular materials are tried to be explained on the basis of microstructure and
texture details.

The results of this work show that different processing techniques lead to substantially
different material properties of magnesium alloy AZ31. It is not possible unambiguously to
say which of the three conditions of AZ31 has the “best” properties over the others. However,
the results should help to decide which particular condition is suitable for a certain
application. The appropriate technique has to be chosen by considering the specific demands
of the application. Thus, the goal of this work is to build a small data base that may help to
make a proper decision for engineers.
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2 Severe plastic deformation and conventional production methods

2.1 Severe plastic deformation

Methods of severe plastic deformation (SPD) are interesting due to one main reason —
they can create very fine grained structures. Materials processed by methods of severe plastic
deformation have ultra-fine grained microstructure, which means that grains are in range of
100 — 1000 nm. It is not possible to obtain such grain size by any conventional production
methods, as for example rolling, extrusion or casting. The fine grained materials are very
interesting due to their better mechanical properties. It is expressed by the Hall-Petch
equation. The tensile strength increases with decreasing grain size. This is the main driving
force for extensive research and development of severe plastic deformation techniques.
Presently, in the scientific world, there is a broad variety of SPD techniques (in alphabetical
order):

- Accumulated Roll-Bonding (ARB); cf. Fig. 2.1, [2]

- Cyclic Extrusion Compression (CEC), cf. Fig. 2.3, [3]

- Equal Channel Angular Pressing (ECAP)

- Friction Stir Processing (FSP), [4]

- High Pressure Torsion (HPT), cf. Fig. 2.2, [5]

- Multi-Axis Forging / Deformation (MAD), [6]

- Multi Directional Forging (MDF), [7]

- Multipass Coin-Forging (MCF), cf. Fig. 2.4, [8]

- Repetitive Corrugation and Straightening (RCS), cf. Fig. 2.5, [9]
- Twist Extrusion (TE), cf. Fig. 2.6, [10].

These techniques differ in deformation level and in deformation mode. They lead to
materials having not only different grain size, but also texture, final shape or size. The choice
of the best technique strongly depends on the application objective.

Surface treatment - —_—
| —
Bl

————— '

1
Degreasing “

iire brusing
Roll bonding

Stacking Heating
i nEE
[

2 [ ] -
|

T

Fig. 2.2 Accumulative Roll Bonding (ARB), Fig. 2.1 High Pressure Torsion (HTP), [5,
[11] 12, 13]
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Fig. 2.3 Cyclic Extrusion Compression [3]

Fig. 2.4 Multipass Coin-Forging (MCF), [8]

N
: Work piece #1

A

Fig. 2.5 Repetitive Corrugation and

Straightening (RCS), [9, 14 - 16] ) ) )
Fig. 2.6 Twist Extrusion (TE), [10]

The most used and for engineering practice the most suitable method is equal channel
angular pressing (ECAP). By using this process bulk samples can be produced. Samples of
approx. 25 mm in diameter can be processed. The production of a big bulk sample is one of
the advantages of ECAP process when compared to other SPD techniques. For example the
size of a specimen produced by HPT is usually only 10 mm in diameter and less than 1 mm in
length. It is too small for many real applications. Further, the microstructure of ECAP
specimens is uniform and homogenous in the whole bulk. The next advantage of ECAP is the
possibility of its incorporation into continuous production operations, such as:

- Conshearing, cf. Fig. 2.7, [17]



2 Severe plastic deformation and conventional production methods

- Continuous Confined Strip Shearing (C2S2), cf. Fig. 2.8, [18, 19]
- ECAP-Conform Process, cf. Fig. 2.9, [20].

Gurde shoe

Upper die

Thin strip

Dia .
-. 1.55 mm . -
' Abutmeant

+ Central rodl

Lower die

Fig. 2.7 Conshearing Process [17] Fig. 2.8 Continuous Confined Strip
Shearing (C2S2), [19]

) CONSkrs;
.\01;'.3 § "?FG-

Fig. 2.9 ECAP-Conform [20]

Many scientific groups on the world have been focussing their research on SPD since
the last decade. This may be the reason why the terminology in the literature associated with
ECAP is not clearly defined yet. The same procedure has been designated as equal channel
angular extrusion (ECAE), channel angular forging (ECAF) and equal channel angular
pressing (ECAP). However, the International NanoSPD Steering Committee
(www.nanospd.org) has approved the last acronym for general use [21]. Thus ECAP acronym
will be used throughout this work.

During the last decade, the applications of severe plastic deformation (SPD) on bulk
solids have become an established procedure for production materials with submicrometer or
nanometer grains [22 - 28]. However, the knowledge of microstructural details and their
influence on mechanical and especially fatigue properties of the materials processed by SPD
are still quite poor and sometimes even contradictory. The main task of scientists is to develop
a SPD method for specimen mass production with well defined and characterized material
properties. Further, the SPD method has to be also easy reproducible. Only then, this
production method and the materials produced by it, may find broad use in real engineering
applications. The materials produced by SPD should meet these requirements: a) most of the

7
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2 Severe plastic deformation and conventional production methods

grain boundaries should be with high angle missorientation, b) homogeneous and uniform
microstructure in the whole volume of the specimen and c) no cracks or any other defect in/on
the specimen.

Equal channel angular pressing

As it was already pointed above, ECAP is a well established SPD method for
producing ultrafine grained materials. ECAP won the attention over the more conventional
industrial processes, such as rolling, extrusion or drawing due to several advantages. The
sample is deformed without changes in cross-sectional dimensions. It is relatively easy to set
up and use ECAP equipment. Further, the ECAP samples can be scaled up to produce
relatively large bulk material. These characteristics of the ECAP technique are useful for real
applications as for example in the medical or aircraft industry [29].

ECAP process is based on plastic deformation by simple shear. A coarse grained
material deformed through ECAP die due to the very large strains results in fine grained
microstructure with majority of high angle boundary grains. This process has been examined
by many authors [5, 23, 28 - 40].

The ECAP idea is relative easy. A schematic illustration of the ECAP procedure is
shown in Fig. 2.10. The ECAP rig consists of a die and a plunger. The die comprises of a
channel that is bent at an angle. The channel geometry can be a circular or rectangular in
cross-section. A sample is machined in a way to fit into the entrance channel that is in the
most cases the vertical one. Consequently, the specimen geometry depends on the channel
geometry. For the rectangular channel, the specimen has to be rectangular as well and
opposite, for the circular channel the specimen has to be circular. The sample is pressed
through the die into the exit channel (horizontal one) using a plunger. And since the cross-
sectional dimensions of the sample are not changed during this process, it gives the possibility
of a repetitive pressing process (see below). It permits accumulating very large strains [23, 30,
41 - 43]. It is very important as this leads to further refinement of microstructure and
increment of high angle boundary grains.

plunger

die *

' specimen

Fig. 2.10 ECAP angles @ # 90° and y # 0° [26].

The strain imposed on the sample in each pass through the die depends mainly on the
angle, @, between the two channels of the die (Figs. 2.10) and also to a minor extent upon the
angle of curvature, y, representing the outer arc of curvature where the two channels intersect.
To achieve optimum results, ECAP is generally conducted using the die with a channel angle

8



2 Severe plastic deformation and conventional production methods

of @ = 90°. With this geometry it can be shown that the imposed strain in each pass is
approximately equal to 1 with only minor and almost negligible, dependence upon the arc of
curvature \, see Eq. 2.1 [44]. The angle between the channels is one of the aspects, which
influence the final microstructure [26, 45].

g :%{2-cot[%+%j+‘1’-cosec[%Jr%ﬂ (2.1

The repetitive ECAP process means that the sample is rotated about the longitudinal
axis between each pass. Four processing routes are commonly used for ECAP, see Fig. 2.11.
In Route A the specimen is pressed repetitively without any rotation, in Route B, the
specimen is rotated by 90° in alternate senses after each pass, Route B¢ involves rotation by
90° in the same sense after each pass and finally Route C in which the sample is rotated by
180° between passes. It is very important to distinguish between these routes, since each route
introduces different shearing patterns into the sample. It leads to a variation of the
macroscopic distortions of the individual grains in polycrystalline matrix and in the capability
to develop a reasonably homogeneous and equiaxed ultrafine or fine-grained microstructure.
Required structures and textures are influenced by chosen route [23, 35]. Additionally, the
properties of the materials differ strongly regarding to the applied route [25, 26 and 41]. In
many cases the route B¢ is used because so processed material shows the most homogeneous
structure [26, 30, 38 and 46]. The important consequence of repetitive ECAP pressing is that
the grain size decreases with increasing number of passes [47].

route A, 0° route B,,+90°,-90°
|_E m:% —E
route B.,+90° route C,+180°

- —f—
T |_E w m

Fig. 2.11 Schematics of the ECAP routes.

Additionally, the ECAP process forms equiaxed fine grains with a large proportion of
high-angle grain boundaries and it also introduces into the material a high dislocation density
and internal stresses [5, 27, 38]. It is true that the grain size decreases with increasing strain,
but only to a certain minimum size. This size strongly depends on the SPD conditions as
a method, process temperature and a pressing speed. Even, when the minimum grain size is
reached then a further increase of the fraction of high-angle grain boundaries is observed. It
means that with further straining the amount of grains with high angle boundaries increases

[5].

The ECAP process may be conducted at different temperatures. ECAP process at
room temperature runs without any problems for many materials as for example Cu, Fe,
aluminium alloys as Al6082 and etc. On the other hand, many materials due to their lattice

9



2 Severe plastic deformation and conventional production methods

structure or chemical composition are difficult or not possible to process by ECAP at room
temperature and an application at an elevated temperature is necessary for a successful
process. Otherwise cracks or other defects may appear in the material. One group of these
materials are magnesium alloys. They require processing at elevated temperature. The reason
for it is their hexagonal structure. This gives certain limitations to obtain fine grained structure
in materials processed at elevated temperatures. Small grains are achieved, when ECAP is
performed at the lowest possible temperature [47, 48]. This is due to dynamic grain growth or
dynamic recrystallization because they are more pronounced at higher temperatures.

2.2  Conventional production methods

Hot rolling

Rolling is well known, old and established deformation process. It belongs to the
conventional production techniques and simultaneously, it is one of the applied production
techniques on material used in this work. During the rolling process, the material is deformed
between a set of work cylinders, Fig. 2.12. The material after deformation has sheet geometry.
It means large size in two dimensions and very tiny in one dimension. Generally, rolling
process is classified according to the temperature. If the temperature is above the
recrystallization temperature then the process is referred to as a hot rolling. If the temperature
of the process is below the recrystallization temperature the process is termed a cold rolling.

Most wrought magnesium alloys are processed at elevated temperatures because of
their very low ability to shape [49]. Hot rolling of magnesium alloys requires a large number
of rolling cycles with a small reduction step. Generally, by hot rolling, homogeneous
microstructure with grain size in the range of 10 - 30 pum can be reached. However,
magnesium alloys with much larger grain size after hot rolling are observed as well. Also
here, as in the case of ECAP process, the grain size of deformed material decreases with
decreasing rolling temperature [50].

(.‘

C___

Fig. 2.12 Principle of hot rolling.

Mechanical properties of materials in their final as-rolled state depend, as in case of
ECAP, on many factors: material chemistry, reheating temperature, rate of temperature
decrease during deformation, rate of deformation, heat of deformation, total reduction,
recovery time, recrystallisation time and subsequent rate of cooling after deformation [51].
These are a variety of aspects that influence the material microstructure. They lead to
extremely diverse grain size.

10



2 Severe plastic deformation and conventional production methods

Squeeze casting

Squeeze casting is one of the often used casting methods. Its main advantage is a low
porosity of the material when compared to other cast techniques. Low porosity normally
improves the mechanical properties of materials. Squeeze casting is described as
a combination of casting and forging process. The principle of this casting is shown in
Fig. 2.13. Prior to casting, a die is pre-heated. Only then, the molten metal is poured into the
bottom half of the die. As the metal starts to solidify, the upper half closes the die.
Consequently, during the solidification process, pressure on the material is applied. This
amount of applied pressure is significantly less than that used in forging. By squeeze casting
hollow parts may be produced. To do that a coring is used.

outer \
ring I | _upper punch
gase plate

ie  heating

ejector platen

Fig. 2.13 Principle of squeeze casting [52].

Apart of low porosity, this process has also other advantages when compared to other
casting processes. The grain size of materials after squeeze casting is generally smaller then
after processing by other casting techniques (sand casting, gravity casting and etc.). This is the
positive effect of the applied pressure during casting. For example grain size of magnesium
alloy after squeeze cast has approximately 300 um [53, 54]. However, the positive result in
microstructure depends on many factors as for example: the chemical composition of
materials, if the material has a grain growth refiner or grain growth impeder during
solidification, casting temperature and cooling rate.

As by every casting also by squeeze casting, casting defects may appear during the
process. The formation of casting defects often depends on the solidification. The large
solidification range leads to the formation of micro shrinkage, which is additionally favoured
by the dendritic structure [55]. Materials, as for example Mg-Al alloys, display a wide
freezing range. They are therefore susceptible to a range of casting defects including
segregation, porosity and hot tearing [56]. In the case of magnesium alloys the amount of
porosity is strongly affected by the Al content. The highest porosity was observed for Mg-Al
alloy with the Al amount of 9 wt. % [56]. Another reason for introducing casting defects may
lie in the processing route used. For example under high casting speed the melt flow is non-
laminar and trapped air can cause porosity when the melt solidifies [55].

All introduced methods have advantages and disadvantages. It is important to choose
the proper technique and processing parameters for each material depending on its purpose.

11
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3 Magnesium alloys and their mechanical properties

3.1  Magnesium alloys

Magnesium itself and magnesium alloys are the lightest metallic structure materials
with a high specific strength. This makes them very attractive for a broad variety of
applications in automotive, aerospace and other branches of industry [49, 57-59].
Magnesium alloys are used e.g. in airbag housings, door frame/inner, oil/water housings, for
clutch and brake pedals, support brackets, computer housings but also in luggage, ladders and
etc.

Two letters and two numbers designate magnesium alloys. The letters represent two
elements in the material with the highest amount. The numbers mean weight percentage of
those two elements. For example, magnesium alloy AZ91 means that aluminium and zinc are
the two main elements present in the alloy. There is 9 wt.% of Al and 1 wt.% of Zn.

Generally magnesium alloys can be divided in four main groups:

1 Zirconium free alloys
Magnesium-aluminium system
Magnesium-zinc system
Magnesium-zinc-copper
Magnesium-rare-earth-zinc

2 Zirconium containing alloys
Magnesium-zinc-zirconium alloys
Magnesium-rare-earth-zinc-zirconium
Magnesium-thorium system
Magnesium-silver system
Magnesium-yttrium-system

3 Amorphous magnesium alloys

4 Metal matrix composites

This work is focussed on one magnesium - aluminium system. There are many groups
of these systems; the following belong to the most important: AZ (Mg-Al-Zn), AM (Mg-Al-
Mn), AS (Mg-Al-Si-Mn), AX (Mg-Al-Ca), AJ (Mg-Al-Sr) and ZACE (Mg-Zn-Al-Ca-RE).
This work is focused just on AZ system, and, particularly on AZ31. The Mg-Al series is the
oldest and the mostly used magnesium alloy system since the World War 1. The typical
aluminium content of Mg-Al alloys is in range of 1 — 9%. The Mg-Al-Zn alloy system (AZ31,
AZ61, AZ81 and AZ91) is typically used for wrought products. AZ alloys can be extruded at
temperatures in the range of 300 to 450°C. Both the solid and hollow profiles are produced.
Forging represents just a small volume of wrought magnesium products. The reason for it is
that they can be fabricated only from fine-grained magnesium alloys. Forging is often applied
to produce components of intricate shape and when strength higher than that achievable with
cast material is required [49]. Still, over 90% of magnesium alloys are produced by casting
[60].

Magnesium alloy AZ31 was selected as studied material of this work. AZ31 is one of
the mostly examined magnesium alloys; thus a broad literature data exists. However, as it will

12
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be shown in the next, there are still many aspects of the mechanical behaviour that are not
clearly and completely understood yet.

General properties of magnesium alloy AZ31 are the following:

- high strength / weight ratio

- very easy machinability in mean of a depth of cut, speed, tool wear and relative amount of
power required for the equipment being used [49]

- good casting properties

- moderate creep resistance up to ca 110°C (for AZ31)

- low and moderate corrosion resistance

- low formability at room temperature

- low thermal stability

- suitable for bio-degradable implants

- weldable

- possibility of strengthening by strain hardening.

Properties of magnesium alloys are influenced by many internal and external
parameters. The internal factors are hexagonal crystallographic lattice structure and chemical
composition. The external ones are manufacturing way, fabrication details, and heat
treatment.

{0001}<1120> {1100}<1120> {1101}<1120> {1122}<1123>
Basal plane Prismatic plane Pyramidal planes

Fig. 3.1 Slip planes and slip directions in a hexagonal close packed crystal [61].

The formability of magnesium alloys is strongly affected by lattice structure. The
hexagonal lattice structure of magnesium alloys means limitation of slip and twinning modes
at room temperature [62]. Mg alloys do not have sufficient number of active slip systems at
room temperature. Since, the formability of the materials is given by the number of
independent slip systems; the texture has a big influence on mechanical properties [63, 64]. In
Mg and Mg alloys only basal slip systems {0002}, with a slip direction (1120) are available
for deformation at room temperature. Those are only two independent active slip systems
available, cf. Fig. 3.1. It means the material does not match the required five independent slip
systems for general ductility [59, 63, 65 - 68]. Thus twinning is very important for formability
of Mg alloys [63, 65, 69 - 71]. Twinning occurs in crystallites that are unfavourably oriented
for dislocation glide. Twinning in {1012} <1011> is favoured when the tensile load is
perpendicular to the basal plane or a compression load is parallel to the basal plane cf. Fig. 3.2

[65, 67, 72, 73]. By contrast, {1011}, {1121}, and {1122} twins are activated in opposite

13
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direction [65]. The non-basal slip systems; prismatic slip system {1010}(1120), and

pyramidal slip {1011}(1120), {1012}(1120) or {1112}(1123) are active at elevated
temperatures [67, 68, 74 - 76]. The prismatic slip gives two independent slip systems. Those
together with two of basal slip systems give still only four independent slip systems. When
pyramidal slip systems are activated as well then next four independent slip systems are
present [77]. The role of twins is not only to provide additional deformation system. Twins act
as barriers for dislocation slip and give rise to work hardening [66]. Additionally, twins may
be seen as a source of dynamic recovery.
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Fig. 3.2 a) Relationship between the orientation of favourable {1012}
twinning and the applied loading directions with respect to the c-axis of hcp-
Mg. The black arrows indicate the applied loading directions for favourable
twinning, the white arrows indicate the applied loading direction for

unfavourable twinning; b) The {1012} tensile twinning system [67].

Since the slip system scarcity in hcp metals at room temperature, plastic forming is
difficult. Extrusion, rolling and ECAP have to be performed at elevated temperatures.
Consequently, different production methods result in development of different
microstructures and textures. In a great deal the texture variety of magnesium alloys strongly
influences the mechanical properties [58]. The mechanical properties as the yield locus,
tensile and compressive strength, are generally anisotropic. This effect is well seen in the case
of tensile and compressive behaviour of magnesium alloy AZ31, cf. Fig. 3.3.
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Fig. 3.3 Engineering compressive and tensile stress vs. strain curves,
AZ31 extruded, loaded parallel to the extrusion direction [67].
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3.2 Texture and grain size of magnesium alloys

In next, the influence of production techniques on the final microstructure of
magnesium alloys in terms of texture and grain size will be briefly introduced.

Texture

Extrusion leads to orientation of the basal planes normal and the <1010> directions
approximately perpendicular to the direction of extrusion. This texture is called fibre or
cylindrical [69]. The grains of material after extrusion are commonly small and elongated in
the extrusion direction.

ND sl 111||ing direction
T —
D_
VP e N /
L_ED

Fig. 3.4 Considered direction of the specimen
related to rolling or extrusion direction [65].

Rolling process of magnesium alloys tends to orient the basal planes parallel to the
surface of sheet with the <1010> direction in the rolling direction [58, 71, 73 -75, 78 - 80].
This texture is named centre type. The basal plane prefers to align in the higher deformation
direction, cf. Fig. 3.4. The basal planes are oriented parallel to the sheet plane [58]. The grain
size of the magnesium alloys after rolling is relatively small ca. 20 - 50 pm. However the
influence of dynamic recrystallization (DRX) due to the elevated temperature during the
rolling process has to be considered.

Pressure

Fig. 3.5 The basal plane orientation in Mg
developing in the ECAP process [81].

Equal channel angular pressing is a new production method. It can be expected that it
results in a special texture. However, until now, this effect was not studied in sufficient
details. Generally, texture can be of significant interest for modifying the material properties.
It is important to say that the majority of the texture observation was done on cubic metals as
Al, Cu, Fe and their alloys. Information about hexagonal materials is not very broad [59, 72].
The available literature data show that the texture of deformed magnesium alloys by ECAP
has the basal plane (0002) parallel to the shear plane. It means, the basal planes are tilted ~45°
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to pressing direction, cf. Fig. 3.5 [31, 42, 59, 81 - 84]. Consequently also the prismatic planes
are inclined about 45° to the ECAP direction. The grain size of magnesium alloys after ECAP
is extremely small but also here, as in the case of rolling or extrusion, the effect of DRX
cannot be forgotten.

Casting process tends to create no particular texture or better to say it leads to a
random texture. It means there is no major orientation. Consequently, the material after
casting does not show any significant anisotropy of the properties. The grain size of the cast
magnesium alloys is commonly large and it is in a range of several hundreds pm till mm.

Above described types of textures are however simplified. The final texture is
influenced by c/a-ration of each particular magnesium alloy, chemical composition, strain rate
and temperature. These factors influence the activity of different deformation modes [65, 69].
The material textures developed by conventional deformation methods are limited. Due to it
the possibly positive effect of ECAP texture on the properties of magnesium alloys is very
interesting. The first research works dealing with the influence of ECAP texture on material
properties of magnesium alloys are reported by Mukai et al. [81] and Agnew et al. [72].

Grain size

It is well known that the fine-grained microstructure improves strength at ambient
temperature as well as plastic formability of Mg alloys [85]. As it was mentioned in Sec. 2,
there are different techniques to reduce the grain size of materials. It is expected, the ECAP
process provides a much smaller grain size when compared to hot rolling and squeeze casting.
It is due to the intensive plastic shear deformation and lower processing temperature of
ECAP. The microstructure refinement by ECAP will be explained more closely.

Fig. 3.6 A dislocation cell structure formation that gradually transforms to a new grain
structure during ECAP of Mg above room temperature showing: A) equiaxed and coarse-
grained microstructure; B) immediately after shear deformation, C) shortly after
deformation; D) recrystallized grains [68].

The grain refinement model of Mg alloy is schematically shown in Fig. 3.6 [68].
During the deformation dislocations are generated and accumulated in the initial grains. Due
to dislocation accumulation the driving force for recrystallization is high. The next effect
helping to recrystallization is an elevated temperature of ECAP process. It leads to a
rearranging of dislocations and nucleating strain free grains. The new grains nucleate within
shear bands and along grain boundaries. The dislocations are rearranged via glide and climb.
The rearranged dislocations form new sub-grain structures within the grains and so they lead
to a gradual formation of new grain boundaries. This transformation appears directly after
shearing due to the high stored strain energy that is accelerated by heat during the process.
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The new grain boundaries transform into high angle boundaries as a results of trapped
dislocations at the low angle boundaries trying to pass through them.

The temperature of ECAP process is closely related to the grain refinement. Low
processing temperature and short time result in more effective grain refinement when
compared to processing at high temperatures and long processing times. A process at a high
temperature causes rapid grain growth in material. Grain refinement is more pronounced
when deformation processes are conducted at low temperature.

3.3 Tensile properties

The tensile properties of magnesium alloys are influenced by material and external
loading parameters. Texture and microstructure are inherent material factors, whereas to the
external parameters belong testing temperature [33, 60, 86 - 100], strain rate [5, 59, 60, 63,
82, 87,92, 101 - 117] and loading mode [118, 119]. The focus of this work will be given on
tensile properties at room temperature.

Tensile properties of magnesium alloys with different texture

The tensile properties of extruded or rolled magnesium alloys depend strongly on the
loading direction. They show a strong anisotropy of the properties. This anisotropy is well
seen in Fig. 3.7, showing results of experiments on three specimens tested in three directions.
The tensile loading direction 0° denotes that the longitudinal axis of the specimen was in the
extrusion direction. It means, the basal plane (0002) was perpendicular to the tensile loading
direction. Direction 90° corresponds to the loading direction (LD) perpendicular to the
extrusion direction. In this case the basal planes were parallel and perpendicular to LD. The
loading direction of 45° means that the specimen was tilted 45° to the loading direction. Here,
the texture is a combination of basal planes and prismatic planes inclined at about 45° to LD
[65]
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Fig. 3.7 Tensile stress-strain curves for
extruded AZ31 [65].

The 0° sample shows the highest yield strength as well as the ultimate tensile strength.
The lowest value of ultimate tensile strength was determined for the 45° sample. The highest
strain was observed for the 45° specimens [65]. This behaviour was explained by different
intensity of particular deformation modes for these three loading directions [51, 53 and 65]. In
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0° oriented sample the hexagonal c-axis is normal to the tensile loading direction. In this case
no slip and twinning can be activated easily. To activate these deformation modes a high
stress 1s necessary [72, 75 and 120]. For this reason the high yield strength is observed in this
sample. The specimen with basal planes oriented 45° to the loading direction has a favourable
position for slip. It explains the lower yield stress and higher ductility when compared to the
0° specimen. When the specimen basal planes are oriented 90° to the loading direction, then
the twinning is activated easily. It leads to lower yield stress as in the case of 0° sample. But
due to the hardening effect of twins, the 90° specimen has lower ductility as the specimen
oriented 45° to LD [65].

The strong texture effect is shown in Fig. 3.8, where results on extruded and ECAP
materials are compared. In the case of ECAP material the basal planes were inclined 45° to
the loading direction, which is a favourable orientation for easy activation of the deformation
modes when compared to the extruded material. The ductility is considerably improved after
ECAP. Further, a higher strain hardening of ECAP material as compared to the extruded alloy
was observed [81]. It is important to note that these two conditions of AZ31 (extruded and
ECAP-+annealed) did not differ in grain size but did in texture. Thus the different behaviour of
those two conditions of AZ31 is really influenced only by different texture [81].

AZ31 ECAE/annealed

® (Annealed at 573K for 24hrs
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Fig. 3.8 Tensile curves of AZ31 extruded and ECAP+annealed
[81]. In both cases the grain size was 15 pum.

The available data clearly show that the proper modification of texture may lead to an
enhancement of the ductility of magnesium alloys despite its hcp structure. The magnesium
alloys formed by ECAP show an improvement in ductility without deterioration of the
ultimate tensile strength. On the other hand, their yield stress is lower than that of extruded or
hot rolled alloys.

Tensile properties of magnesium alloys with respect to grain size

The grain size of the materials has a strong influence on mechanical properties. This
effect is described by the well-known Hall-Petch relation [95, 121 and 122]:

o =oo+Kd"? : (3.1)

where o is the flow stress in the absence of grain boundaries, K is a constant and d is the
grain size. According to this equation the fine grain structure leads to high strength [50, 81].
The ductility of fine-grained material is also generally higher than that of coarse grained
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structures. Just these are the reasons why the interest of engineers and material researchers is
focused on the ultrafine-grained materials.

Since the cast materials have a coarse grain structure it is expected that their
mechanical properties will be the lowest when compared to the extruded structures or
structures produced by ECAP. Fig. 3.9 confirms this behaviour. Generally, cast magnesium
alloy show ductility of ~10 % at room temperature [59, 81]. The reason why cast materials
have a relatively low formability is that the large grains do not permit easy accommodation of
plastic strain incompatibility between adjacent grains. Cast hcp Mg alloys show slip
anisotropy and difficulty of cross-slip within the grains [123]. In the cast materials the effect
of grain size is dominant and other influences, particularly texture effects, do not play any
significant role. Further, cast magnesium alloys contain defects as larger inclusions and
porosity, which is not the case of extruded materials. They naturally negatively influence the
mechanical properties of cast magnesium alloys [64, 124].
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Fig. 3.9 Tensile curves of AM60 cast and ECAP
processed [59].

Thus, the extruded, rolled and ECAP magnesium alloys have better mechanical
properties not only because of structure with smaller grain size, but also because of absence of
large defects in material itself.

The positive effect of small grain size on mechanical properties was observed by
Yongjun et al. [31]. Higher tensile yield stress, ultimate tensile strength and elongation
(290 MPa, 350 MPa and 10 %, respectively) was reported for Mgy;Zn;Y, ECAP when
compared to the cast one (yield stress of 120 MPa and elongation of 4 %). Similar results
were reported in [48, 59, 66, 81 and 125].

Positive influence of small grains size together with the suitable ECAP texture on
ductility of magnesium alloy is shown in Fig. 3.10. However, in this case, the material
strength is not improved [83]. Similar results were published also in [84, 90, 98 and 126]. The
reason of this behaviour is not fully clear yet, but a possible explanation could be in texture
effect.
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Fig. 3.10 Tensile curves of AZ31B extruded with
GS =49 um and ECAP with GS =19 um [83].

Texture vs. grain size and relation to tensile properties

The grain size effect on mechanical properties of Mg alloys is known. However, it
seems that in some cases the texture effect can be more significant. This has been
demonstrated on AZ91 extruded and processed by ECAP and having the same grain size and
different texture [51]. The higher tensile strength and yield stress were observed for extruded
material. Contrary to that, the better ductility was found for material after ECAP. This effect
can be explained by favourable texture orientation of ECAP material for easy plastic
deformation. Similar results were found also by Mukai et al. [81]. Their results show that the
texture has most probably the dominant effect over the grain size effect on mechanical
properties of magnesium alloys. When the texture of the materials is identical then the grain
size effect on the mechanical properties is dominant. This tendency was shown by Somekawa
et al. [82]. In this study the magnesium alloy AZ31 did not differ in texture but in grain size.
As it is expected the better tensile properties were observed for small grained condition of
AZ31.

So far, there is no agreement if texture or grain size has stronger effect on the
mechanical properties of magnesium alloys. The majority of research papers indicate that the
texture has most probably predominant effect on the properties of Mg alloys. However,
further study is necessary to answer this question completely.

3.4  Fatigue

Due to increase of the exposed load on the structural parts in the engineering practice,
the demands on materials increase. The load has in many cases cyclic character. This results
in microscopic and macroscopic damage of material and consequently to failure of the whole
component. For this reason the materials and structural parts are tested under cyclic loading.
These tests are called fatigue tests.

The fact that the magnesium alloys are very attractive due to their low weight for
many structural applications is not fully sufficient for their real use. The safety requirements
have to be fulfilled as well. Since, applications of magnesium alloys under cyclic loading
escalate, the fatigue testing of magnesium alloys and deeper understanding of the fatigue
damage process are necessary [127 - 129]. A broad variety of tests is used to determine the
fatigue characteristics.
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The oldest and still the most used test is the determination of Wohler curve, Fig. 3.11.
The Wohler curve is a diagram stress amplitude vs. number of cycles to failure. It is often
called S—N curve. The S-N curve is a basic material characteristic, which is used for
description of lifetime and endurance of fatigue limit.
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Fig. 3.11 Wohler curve.

Not only the S-N curve, but other material characteristics can be established under
cyclic loading. Material changes as cyclic softening or hardening may be measured. Results of
cyclic hardening/softening determination are schematically shown in Fig. 3.12. The values of
stress or strain amplitudes are determined from hysteresis loops. There are two ways to carry
out this type of tests; namely at constant amplitude or at constant plastic deformation. The
results of such experiments characterize the cyclic mechanical and physical behaviour of
material. The knowledge of this behavior is necessary for prediction of the fatigue lifetime of
components under cyclic loading. Except of S-N curve, particularly in the low cycle fatigue
region, the Coffin-Manson curve, i.e. the dependence of number of cycles to failure on plastic
strain amplitude is experimentally determined [55, 130 - 141].
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Fig. 3.12 a) Cyclic softening and hardening gjg 312 b) Cyclic softening and hardening
at constant amplitude load at constant plastic deformation

Another important material characterization is the so-called fatigue crack propagation
curve, Fig. 3.13. This dependence correlates crack growth rate with stress intensity factor. It is
called also the fatigue crack propagation law for long cracks. The curve asymptotically tends
to the threshold value of the stress intensity factor for low crack growth rates. In the central
region, the dependence is linear in the log-log plot. This part of the curve is called Paris
region. In the third stage, the crack propagation rate increases rapidly and the final fracture of
the remaining ligament of takes place. The crack propagation in Mg alloys has been studied
relatively extensively, e.g. [15, 55, 127, 137, 142 - 154].
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Fig. 3.13 Crack propagation curve

Since the main experimental interest of this work is concentrated on the examination
of cyclic hardening/softening behaviour and on S — N curves and lifetime, these
characteristics will be discussed in more detail.

Engineering materials strongly differ in their fatigue behaviour and characteristics.
Materials as steel and cast iron show a fatigue limit at “constant” number of cycles of 10° -
107 range [155]. If the material under the testing reaches this number of cycles, then lifetime
during further loading at this stress amplitude is considered to be infinite, c.f. 3.11-A.
Magnesium alloys do not show such behaviour. The fatigue endurance decreases with
increasing number of cycles up to gigacycle region, c.f. Fig. 3.11-B. For this kind of materials
the given number of cycles determines the endurance limit - fatigue strength [147, 156 - 159].
Decreasing fatigue endurance of magnesium alloy with increasing number of cycles was
reported by Papakyriacou et al. [142]. In this paper AZ91HP alloy was examined. It was
found that the endurance limit at 10’ cycles is 50 MPa. This value is substantially higher than
the endurance limit of 38 MPa found for the number of cycles equal to 10°. This type of
behaviour was observed also for wrought magnesium alloys AZ61HP AZ80OHP, forged
AZ80HP and cast AZ91HP [128].

Many material, technological and testing factors in great extent influence the fatigue
properties [144, 160]. Some of them are listed in Tab. 3.1.

Tab. 3.1 Factors with influence on fatigue properties

Factors
Material Technological Testing
chemical composition production loading frequency
microstructure size load amplitude
texture surface condition asymmetry ratio
heat treatment environment
thermo-mechanical treatment

For broader engineering use and safer lifetime prediction of magnesium alloys, more
thorough knowledge of fatigue properties such as fatigue strength for constant amplitude
loading, the influence of notches and the frequency effect is necessary [131]. Because of that,
the main focus of this work will be given on the influence of the grain size and texture on
fatigue performance of AZ31 alloy. Because the notch sensitivity and frequency influence on
fatigue properties are also of engineering importance and because the knowledge of these
effects is very poor, the study performed in this work was focused on both these effects.
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3.4.1 Hardening/softening of magnesium alloys

As already mentioned above, from the strain changes under the stress-controlled tests,
the cyclic hardening or softening of the magnesium alloys could be determined. If these
processes are in equilibrium during cycling, then a saturated stage is reached [55, 132, 161
and 162]. If softening or hardening appears, it depends strongly on the material itself and on
the production technique of the material. Different behaviour is expected in the material
strongly deformed prior to fatigue testing and in the material annealed prior to fatigue testing.
It is due to the fact that in the initial stage of loading the dislocation density changes, the
dislocation structures form and interact mutually. This stage is usually still crack-free. The
dislocation movement in magnesium alloys is not easy and twinning influences the cyclic
behaviour in a large extent. Twinning may contribute to the cyclic hardening; twins can play a
role of obstacles for dislocation movement. Simultaneously, also softening can be observed,
when twins help to rearrange and free the dislocations and so create a free path for dislocation
movement. It is not clear and understood which of the mechanisms appear in magnesium
alloys.
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Fig. 3.14 Cyclic deformation curves of cast AZ91D, tested
at RT, [161].

Despite of the importance of knowledge about the cyclic behavior, there are very
limited data of this kind in literature. The comparison of deformation behaviour for materials
prepared by different techniques is missing completely. Some data are available for
conventionally prepared materials. However, data for materials prepared by SPD techniques
are not available. As regards the AZ alloy system, the cyclic hardening has been reported.
This effect is explained by increasing dislocation density due to cyclic plastic deformation.
Since this alloy has incoherent precipitates, also pinning of dislocation may appear and help to
strengthening [55, 132]. This statement is supported by results of Lamark et al. [163], who
observed cyclic hardening of high pressure die cast AS21. In Fig. 3.14 [161], the cyclic
deformation behaviour for cast AZ91 is shown. The material was fatigued by symmetrical
loading at a frequency of 5 Hz and at asymmetry ratio of -1. At the beginning of the test the
saturation or very weak softening was determined. After less then 100 cycles the pronounced
hardening was found. The hardening is typical behavior for the prevailing part of the lifetime.
At the end of the test, shortly before fracture, the softening is again detected. This is explained
by extensive crack growth.
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3.42 S—Ncurve

The S — N curve of magnesium alloys shows a typical knee point. For magnesium
alloys this knee is approximately at 10° cycles. It points out the transition from low to high-
cycle fatigue. This behaviour has been reported by Sonsino et al. in [131], who found the knee
around 10’ cycles for cast AZ91HP, AM50HP and AM20HP. Identical tendency was found
also by Nan et al. [164] for extruded AZ31 and Eifert et al. [165] for cast WE43A. The
appearance of sharp knee on S - N curves may be related among others to the presence of
inherent material defects.

Influence of grain size on fatigue behaviour

Generally, the fatigue endurance increases with decreasing grain size. The endurance
limit is higher for materials with finer microstructure when compared to materials with coarse
microstructure. This trend is kept also in the case of magnesium alloys. Extruded alloys show
better fatigue properties when compared to cast ones. This behaviour was confirmed by Sajuri
et al. in [150] for cast and extruded AZ91, cf. Fig. 3.15. The identical tendency is expected
also for fine-grained magnesium alloys processed by ECAP. However, the literature data
regarding fatigue behaviour of ECAP magnesium alloys are very scarce and unambiguous
conclusions cannot be made [146, 153, 166 and 167]. So far, most of the experimental tests
were done on ECAP-prepared Cu, Al and Al-alloys, Ti, Fe-Ni and carbon steel [141, 168 -
183].
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Fig. 3.15 S —N curves, die-cast vs. extruded Fig.3.16 S-N curves, extruded vs. ECAP
AZ91D [150]. AZ31 [146].

However, the expected behaviour, that the fine-grained ECAP magnesium alloy would
have better fatigue endurance when compared to the extruded one, was not confirmed in the
paper by Kim et al. in [146]. They observed that extruded AZ31 has slightly higher fatigue
endurance and strength when compared to AZ31 after ECAP, cf. Fig. 3.16. This behaviour is
typical both for low cycle region as well as for high cycle region. The authors conclude that
the ECAP material has lower resistance to crack nucleation and propagation. The tensile
properties of ECAP alloy studied in the work of Kim et al. [146] were lower when compared
to the extruded material. This suggests that there may be a certain correlation between tensile
and fatigue properties.
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However, not only the grain size has influence on fatigue behaviour. As it was already
mentioned above, there are more factors that influence fatigue life and they have to be
considered as well. In cast alloy, the casting defects have a main influence on the fatigue
properties. On the other hand, in the wrought alloys, the texture influence has to be taken in
account.

Influence of casting defects and texture on fatigue behaviour

Casting defects form during solidification of the melt. Among casting defects belong
porosity, flaws, shrink holes, cavities and inclusions. They can negatively influence the
mechanical properties of Mg alloys [55, 127, 128, 130, 134, 137, 142 — 143, 148 - 150, 161,
184 - 192]. They reduce substantially the fatigue endurance; the effect is most pronounced in
high cycle regime. Defects result in scatter of fatigue data. Generally, if casting defects are
presented in material, the cracks start to nucleate from them [143, 186 and 191]. For cast
magnesium alloys this was confirmed by Mayer et al. [189] who examined die cast
magnesium alloys AM60HP, AS21HP, AE42HP. An example of crack initiation from a pore
is shown in Fig. 3.17. A similar effect was observed in many other works [128, 142, 143, 147,
149, 150, 161, 186 - 190]. Crack initiation does not have to start only on casting defects. It
may start also on the grain boundaries. This mechanism was confirmed for cast magnesium
alloysin [127, 161 and 188].

Fig. 3.17 Pore in cast AZ91HP, c, = 42 MPa,
Ne=1.92x 10°[189].

Magnesium alloys produced by wrought techniques, as extrusion and rolling, show
generally better fatigue resistance when compared to cast ones. This is not only due to the
smaller grain size, but also because no casting defects are present in material [132, 145].
However, other types of defects, as for example inclusions, can influence the fatigue
behaviour of magnesium alloys. The inclusions are generally stress raisers that help to induce
slip bands during loading and so help to promote the crack initiation [55, 145, 152, 157 and
166]. The negative effect of defects is more pronounced under low stress. This behaviour was
reported by Uematsu et al. in [152], where in extruded AZ80 cracks initiated at interfaces
between an inclusion and matrix. Further, Sajuri et al. [150] observed the cracks initiation
from slip bands on the specimen surface of extruded AZ91D.

The fatigue performance of materials depends on the fatigue crack initiation and crack
propagation. Generally, the fatigue properties of fine-grained materials are superior to those
having coarse grains. In fine-grained structures the dislocation movement is more restricted
because of the high amount of grain boundaries, which serve as obstacles for dislocation slip.
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Thus, in fine grained materials the resistance to crack initiation and propagation is improved.
This behaviour was observed by Uematsu et al. in [152], where the coarse grained and fine-
grained AZ31 were examined.

Texture, which is another important internal factor, may also influence the fatigue
behaviour of wrought magnesium alloys. Unfortunately, in the literature does not exist many
studies dealing with this issue [146, 153, 167 and 193]. The problem of the relation of texture
and fatigue performance of ECAP processed magnesium has not been studied at all.

The fatigue results in Fig. 3.16 show, that ECAP material does not have better fatigue
endurance when compared to extruded ones. This cannot be attributed to the grain size effect,
because ECAP material has smaller grains than the extruded alloy. This indicates that texture
influences the fatigue behaviour of magnesium alloys [146, 153 and 167]. However, the
detailed information concerning texture effect on fatigue properties is missing. It could be
only speculated that in materials with texture favourable oriented for easy slip, the crack
initiation and propagation would have more favourable conditions than in materials with
texture unfavourable for slip [146, 152 and 153]. From the fragmentary data it seems that the
texture effect may have even stronger influence on fatigue resistance than the grain size. The
strong texture effect on fatigue behaviour of hot rolled AZ31 was reported by Chino et al.
[193]. They tested material properties of two sets of specimens with directions (0° and 90°) to
loading direction. Higher endurance limit was found for the specimen with texture
unfavorable for easy slip. The fatigue strength of 90°-specimens was 95 MPa whereas for 0°-
specimens was only 90 MPa.

The already nucleated cracks can propagate in Mg alloys in two ways; transcrystalline
and intercrystalline. Which of the mechanisms occurs, depends on material and testing
conditions. In magnesium alloys, mostly transcrystalline crack propagation is observed. This
type of fatigue crack propagation was found in AMS50, AZ91HP, AS21HP, AE42HP and
AZ91D [128, 132, 149, 161 and 189]. On the other hand, in [55, 188] the intercrystalline
propagation in AZ91 was reported. The intercrystalline propagation is more frequently
observed in material with higher porosity. Tokaji et al. [145] reported both transcrystalline
and intercrystalline modes in rolled AZ31.

Fatigue notch sensitivity

The decisive majority of structural parts contain stress concentrators. They are
substantially influencing the fatigue strength. Since notches can influence the fatigue
behaviour in large extent, their impact on fatigue lifetime has to be examined. The
susceptibility of material on notch presence in a loaded body is expressed by a fatigue notch
factor. Notch sensitivity of materials depends on material as well as on the notch geometry
itself. Different notch shape and size have different impact on the fatigue strength. Indeed,
this issue is very important for engineering practice; however, only scarce literature data are
available [131, 186, 194 and 195].

Each notch can be characterized by a theoretical stress concentration factor K, which
can be computed using standard finite element procedures or to find for many of frequent
cases e.g. in [196]. Notches have generally negative effect on fatigue lifetime. The fatigue
strength decreases with increasing theoretical stress concentration factor [131]. This was
experimentally proved many times for various alloys, among them also for magnesium alloys
[131, 195]. However, the real influence of notches, characterized by the fatigue notch factor
Ky, 1s usually weaker than indicates the theoretical stress concentration factor. In the case of
magnesium alloys it has been reported that they have generally lower notch sensitivity than
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aluminium, cast iron or wrought steel [131]. However, a pronounced notch sensitivity of
magnesium alloys was reported in papers by Sonsino et al. and Tsujikawa et al. [131, 197].
They show that the notch influence on fatigue properties is more noticeable in the fine-
grained materials than in coarse-grained ones [197]. Sonsino et al. [131] compared fatigue
strength of cast specimens with two different stress concentration factors. In the first case, the
stress concentration factor K; of smooth specimen was 1. On the other hand, the stress
concentration factor of notched body was 2.5. The magnesium alloy AZ91HP was used for
tests. The fatigue strength for smooth specimens with lower stress concentration factor was
77 MPa. In the case of notched specimens with higher stress concentration factor, the fatigue
stress of 56 MPa was determined. The fatigue strength increased with decreasing stress
concentration factor. As regards the fatigue crack initiation mechanism, in the notched
specimens cracks initiate on the surface [127, 187].

Materials having internal defects, as for example porosity or inclusions, may have
higher internal stress concentration factor than the external artificial notch. Due to this, the
degradation influence of internal defects is over the external one. The external artificial notch
does not have any negative effect on fatigue endurance in this case. Berger et al. in [191]
confirmed this fact experimentally. Cast material due to high porosity showed a higher
internal stress concentration factor than that caused by external notch. The result is then the
apparent artificial notch insensitivity.

Frequency effect on fatigue behaviour

Loading frequency influences fatigue behaviour of materials because the cyclic plastic
deformation is a strain rate dependent process. Further, this influence is driven by time-
dependent processes, as corrosion and creep [142, 190 and 198]. Testing at low frequency
means that the material is exposed under a given environmental conditions for longer time
than in the case of loading at higher frequency (for the constant number of cycles to failure).
Only a few comparative studies dealing with frequency effect are available. Results of testing
under ultrasonic and conventional frequency can be found in papers by Papakyriacou et al.
and Mayer et al. [142, 128 and 189]. However, these results are related only to conventionally
prepared magnesium alloys. The observed effect of frequency in the case was not significant.
In [142] three cast magnesium alloys AMOOHP, AZ91HP and AS21HP were tested. Two
loading frequencies of 100 Hz and 10 kHz were applied. The endurance limit at both
frequencies was nearly the same, though very different frequencies used. Identical behaviour
was reported by Mayer et al. [189] for AZ91HP, AS21HP, AM60HP and AE42HP tested at
20 kHz and 50 Hz. From these results it can be concluded that the frequency does not have
substantial influence on lifetime of conventionally produced magnesium alloys loaded in air.
Experimental data concerning magnesium alloys prepared by ECAP are missing completely.
Confirmation of low sensitivity of Mg alloys prepared by ECAP would be an important result,
because the high frequency experimental data may be used then for fatigue life predictions of
parts that are loaded at much lower frequencies [128]. It means a saving of testing-time,
energy and consequently expenses.

Influence of stress ratio on fatigue life

In engineering practice materials are prevailingly loaded under action of mean
stresses. The asymmetry of loading cycle is expressed by a stress ratio. Mean stresses
substantially influence the fatigue lifetime. Asymmetry ratio R is defined as

R:Gmln/cmx 5 (31)
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where Gpin 1S minimum stress amplitude and Gmay 1S maximum stress amplitude in a loading
cycle.

Generally, the fatigue lifetime decreases with increasing R ratio. This holds also for
magnesium alloys. For example, for extruded AZ31 tested at asymmetry R = 0.1, the fatigue
strength of 94 MPa was found [197]. The fatigue strength corresponding to the loading in
stress symmetrical cycle, i.e. with R =-1 was higher, namely 123 MPa [164].

Effect of environment on fatigue behaviour

Many engineering materials, among them also magnesium alloys, are sensitive to the
environment conditions. Aggressive environments as chlorides, nitrates and phosphates, lead
to deteriorations of fatigue properties [160, 185, 199 and 200]. In the case of Mg alloys tap
and even distilled water mean aggressive environment. If Mg alloys are exposed to water or
any other moisture environment then their fatigue life is significantly reduced [55].

The deterioration of fatigue resistance due to humidity, water vapour and elevated
temperature was reported for majority of magnesium alloys, AZ61, AZ91HP, AS21HP and
AEA42HP, in many works [55, 143, 144, 149, 150, 165, 184, 191, 201 and 202]. Mayer et al.
[149] reported 90 % degradation of fatigue strength for magnesium alloys tested at
temperature of 120°C when compared to testing at 20°C. Hilpert et al. and Papakyriacou et al.
[142, 160] reported the negative influence of air on fatigue properties when compared to
vacuum.

In aggressive media, the fatigue cracks initiate from corrosion pits, pores and on
secondary particles as Mgj7Al;; and Mg,Si [199, 200 and 203]. Crack propagation in
magnesium alloys is in aggressive media faster than in vacuum [144, 184], which results in
decrease of lifetime [149].

The wrought magnesium alloys are more susceptible to fatigue life reduction in an
aggressive environment than cast alloys. It is probably due to the more extensive deformation
during production of those materials. High residual stresses in wrought materials play
probably important role [199, 200]. Consequently it means a higher chemical potential of the
metal atoms and so higher chemical reactivity. Despite of that, the wrought magnesium alloys
(extruded, rolled) show better fatigue resistance than cast ones.

Surface treatment effect on fatigue behaviour

Surface treatment may improve but also deteriorate fatigue properties of magnesium
alloys. It strongly depends on surface treatment technique and naturally the type of
environment [55, 160, 185 and 204]. For example Wendt et al. [185] reported that the shot
peening and roll-burnishing lead to an improvement of fatigue strength of magnesium alloys
when compared to electropolished condition. However, this is valid only when magnesium
alloys are tested at room temperature and in neutral environment. The shot peening introduces
high density of near-surface dislocations and high compressive residual stresses. It helps to
reduce crack initiation and crack growth by reducing the dislocation mobility. On the other
hand, the surface roughness is increased. In aggressive media it may result in early crack
initiation and growth [55, 160 and 185] and so to the deterioration of fatigue performance.
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4 Goals of this work

The goals of this work result from the deficient knowledge of the mechanical
behaviour of Mg alloys, which are of increasing utilization in many branches of industry. This
research was driven by specific needs and general reasons, which can be grouped into the
following three main categories.

1 Magnesium alloys are the lightest metallic structural materials used in engineering
applications. To further extend their use, an intensive study of their mechanical properties is
necessary. At present, the magnesium alloys are produced by standard production techniques
as casting and rolling. The grain size of rolled and cast Mg alloys is typically 15 and 500 um,
respectively. These microstructural parameters limit the mechanical properties and
consequently restrict the use of magnesium alloys. New productions methods are nowadays
searched with the vision of further improvement of mechanical properties. Severe plastic
deformation seems to be very promising procedure for successful achievement of this goal.

2 Not all of the SPD techniques are suitable for magnesium alloys. The proper SPD
technique has to be chosen for particular alloys. One of them is equal channel angular
pressing (ECAP), which enables to obtain ultrafine-grained microstructure in bulk. Since the
magnesium alloys have hexagonal lattice, the simple forming processes used for f.c.c.
materials are impracticable. Also the application of equal channel angular pressing on
magnesium alloys is not without problems. The task of this work was to find the proper
conditions for the application of equal channel angular pressing for conventional and fine-
grained Mg alloys.

3 The mechanical properties of coarse grained magnesium alloys are mostly known, but
on the other hand the data of fine grained magnesium alloys are very scarce and in many cases
even completely missing. The field of mechanical properties is very broad and it is not
possible to focus on all their areas within this work. That is why this study concentrates on
one important field, namely on fatigue properties. Fatigue behaviour and material data of
ultrafine-grained alloys will be compared with coarse-grained ones. It is necessary to note that
these data, which are of utmost importance for the future proper engineering application of
Mg alloys, are completely absent in the literature.

The research performed in this work was focussed also on the problem of notch
sensitivity of Mg alloys. The literature data on this behaviour are practically missing. Very
limited information can be found for notch sensitivity of extruded alloys. No information at
all is available for ultrafine-grained structures. This state of knowledge is naturally
insufficient for engineering practice, where not only smooth-body components are applied.
Due to it the fatigue behaviour of notched as well as smooth specimens will be examined and
mutually compared.

Another piece of knowledge important for engineering applications is the influence of
loading frequency on fatigue behaviour of magnesium alloys. There is very limited
information in the open literature concerning SC and HR materials. The data on ultrafine-
grained magnesium alloys are completely missing. In this work, the frequency influence on
fatigue behaviour of coarse and fine-grained magnesium alloys as well as frequency influence
on notched behaviour will be examined and discussed from the point of view of
microstructure of particular alloys.

General knowledge based on the Hall-Petch relation gives the idea that the fine-
grained material should have better mechanical properties when compared to the coarse
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grained material. However, also the opposite behaviour was reported in some papers. The
tensile strength and yield stress as well as fatigue endurance limit of fine grained materials in
certain cases are lower when compared to coarse grained ones. The reason of this behaviour is
not clear. The answer and clarification of this specific behaviour is very desirable. These
contradictory effects try to be explained in this work as well.
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5 Material production processes

Magnesium alloy AZ31 was chosen as experimental material for the purpose of this
work. Three production techniques were applied. These are squeeze casting, hot rolling and
equal channel angular pressing. Processing conditions of these procedures will be described in
the next chapters.

5.1 Processing conditions of squeeze casting

Magnesium alloy AZ31 was heated up to casting temperature of approx. 720°C. Prior
to casting the cast die was pre-heated to a temperature of 200°C. After, pouring the material
into the preheated die, a two-step pressure was applied. The first loading step was of 80 MPa
with a loading time of 15 s. The second pressure was 140 MPa for 90 s. The squeeze casting
run under a protective gas atmosphere of Ar-SF¢. This process was carried out in ZftW GmbH
in Clausthal-Zellerfeld, Germany. The final size of the cast disc was of 250 mm in diameter
and 60 mm in high.

5.2 Production conditions of hot rolling

The cast block of magnesium alloy was used for rolling process. The rolling was
carried out at a temperature of 370°C. Since rolling of magnesium alloys requires a high
number of rolling cycles with a small reduction, the process was done in the following way.
The magnesium alloy AZ31 was rolled in several steps with thickness reduction of max. 10 %
per each step. The total reduction was 85% and the final thickness of the sheet was 18 mm.
After each rolling step, the sheet was rotated by an angle of 90°. The rolling process was
performed at MgF GmbH in Freiberg, Germany. The final size of the rolled sheet was
320 mm x 470 mm x 18 mm.

5.3  Production conditions of equal channel angular pressing

At the material science department of Clausthal University of Technology several
ECAP die geometries were designed and tested. After optimizing ECAP equipment, a split
ECAP die pictured in Fig. 5.1 was used for purpose of this work. The die angle @ between
two channels was 90° and the outer arc of curvature y was zero. The channels have
rectangular shape. The die material was the tool steel X38CrMoVS5-1. Tool steels
X40CrMoV5-1 (DIN 1.2344) and X3NiCoMoTi 18-9-5 (DIN 1.2709) were used as plunger
materials. The tools were hardened to 48 HRC.

Fig. 5.1 Split ECAP die.
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The dimensions of the rectangular billets were 10 mm x 10 mm in cross section and
100 mm in length. They were machined from the hot rolled AZ31 that was produced in the
way described above. The longitudinal axis of the billet was parallel to the last rolling
direction. For ECAP pressing of this work route B¢ was applied. It means a rotation about the
longitudinal axis by 90° between each passes. The specimens passed through out the ECAP
channels for four times. These pressing conditions lead to a strain &€ of 1.15 per pass.
A servohydraulic testing machine Instron 8502 with + 200 kN maximum load capacity was
used.

ECAP process is relatively young. Though theoretically this process is very simple the
practical use of ECAP brings certain problems. To avoid them some pre-conditions have to be
fulfilled. As for example, a proper temperature of the pressing has to be found as well as
a proper pressing speed. The pressing load has to be adjusted to possibilities of the equipment.
The length of the specimen had to be optimised. To avoid a negative effect of friction
a lubricant had to be used. When the ECAP pressing temperature is too high then an
undesirable flow of the magnesium alloy around the plunger appeared, cf. Fig. 5.2.
Consequently, the friction between plunger and channel increased. It leads to an increase of
temperature and the pressing forces. Further, at high temperature a welding of two specimens
may occur, cf. Fig. 5.3. On the other hand, when the pressing temperature is too low then
heavy cracking on the specimen occurred, cf. Fig. 5.4. This is because at low temperature the
formability of magnesium alloy is low.

The ideal conditions for ECAP pressing of the magnesium alloy AZ31 were found at
pressing temperature of 200°C and speed of 5 mm/min. To reduce a friction during the
pressing a temperature resistant lubricant Molykote MoS; was used.

Fig. 5.2 Flow of AZ31 around the plunger.

In the case that the optimal conditions of ECAP pressing are not found, then the
pressing under inappropriate conditions may lead to the damage of tools. Such a case is
shown in Fig. 5.5, where two bent plungers are pictured. In the worse case, the ECAP die may
be destroyed. Such a case is shown in Fig. 5.6. A heavy crack across the whole die and cut off
of heating elements are visible. Such damages are necessary to avoid due to the high cost of
new equipment and in order to assure a continuous material production.
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Fig. 5.3 Two welded ECAP specimens

Fig. 5.4 Heavy cracks on ECAP specimen.

b)

Fig. 5.5 Bent plungers Fig. 5.6 Completely broken die. a) A crack through the entire die and
cut heating elements are seen, b) not pressed specimen in the vertical
channel is visible as well as the material that oozed out from the die.
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The magnesium alloy AZ31 produced by three techniques; squeeze casting, hot rolling
and equal channel angular pressing, was examined. The examinations were divided in three
parts. First, the microstructure and texture characteristics of the alloy were determined.
Second, the tensile properties of AZ31 were investigated and third, the focus was given on the
fatigue properties of the magnesium alloy AZ31. The results are presented in this chapter by
reason of extent of the thesis together with the necessary brief description of specimens,
experimental facilities, procedures and methods which have been used.

6.1 Microstructure and texture

Since the magnesium alloy AZ31 was produced by three different techniques, its
microstructure and texture obviously diverse. These differences were examined, compared
and discussed. The light microscopy, transmission electron microscopy, electron backscatter
diffraction EBSD and the neutron diffraction were applied for microstructural examinations.
The light microscopy was used for grain size determination. The transmission electron
microscopy was done to establish more precisely the grain size and dislocation density of the
materials. The electron microscopy yields more information about small grain character and
misorientation angle between grains. The neutron diffractions were used to determine the
global texture of the material.

Microstructure observations were carried out with a ZEISS Axioplan light microscope,
at TU Clausthal, IWW in Clausthal-Zellerfeld, Germany. For the observations the sample had
to be prepared in the following way. The first step was grinding on SiC paper with grits in
range of 320 — 1200. Then mechanical polishing was done with 1 um diamond suspension. To
reveal the grain microstructure, etching with Picric acid was performed. Picric acid
compounds from solution of 100 ml. distilled water, 100 ml. ethanol and 5 g Picric acid. This
etchant was used because of its good reactivity with grain boundaries of magnesium alloy
AZ31 [205]. Consequently, the visible grains were measured by the linear intercept method.

A microscope Philips CM200 was used for the transmission electron microscopy. Thin
foils were prepared for material examinations. They were mechanically polished with
following electropolishing. Electropolishing was performed in a Tenupol 5 double jet
polishing unit in a LiCl + Mg perchlorate + methanol + buthyloxyethanol solution at — 45°C.
These observations were performed at TU Clausthal, IWW, Clausthal-Zellerfeld, Germany.

A LEO 1530 electron microscope with electron backscatter diffraction was used for
determination of microstructure. The microscope operated at 20 kV. These observations were
carried out at RWTH Aachen, Germany. The misorientation angle distributions were analysed
using a standard computer program for EBSD analysis. The step magnitude of the analyzer
was adjusted and optimised to the material conditions and to save time. For fine grained
material, small steps are necessary for precise analysis. On the other hand for coarse materials
the step of analyzer may be bigger. Since in ECAP material, the smallest grain size may be
expected, a smallest step of 0.1 um was used. Contrary, in coarse cast material a step of 5 um
was applied. The capacity and accuracy of the EBSD equipment allowed to measure the
misorientation angle of 2.5° as the smallest value. Examined samples were prepared by
grinding on SiC paper in the same way as in the case for the light microscopy.
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A TEX-2 four-circle diffractometer with neutron diffraction system was used for the
global texture determination. The neutron wave length was 1.332 A. These measurements
were performed in GKSS Geesthacht, Germany.

For a complete characterisation of the magnesium alloy AZ31 further tests were
performed. Hardness was measured in Vickers units using Duramin micro hardness
equipment. A load of 981 mN (HV, ;) was applied for a duration of 10 seconds. For each
measurement over 20 dips were performed. Consequently an average value was calculated as
the representative value of the hardness. The density of the three conditions of AZ31 was
determined by the Archimedes law. The chemical composition of hot rolled and cast AZ31
was determined on a Spectro analytical instrument (Spectro Analytical Instruments GmbH,
Germany) based on optical emission spectrometry.

Microstructure and texture of squeeze cast material

The cast material was used without casting skin. Specimens were cut without any
specific direction. The result of the chemical analysis of the cast magnesium alloy AZ31 is
given in Tab. 6.1. The measured Vickers microhardness of the material was 60 HV, ;. The
measured density was 1777 kg/m’. Since the measured density is close to the ideal one, the
material does not show any significant porosity or any internal casting cracks.

Tab. 6.1 Chemical composition of AZ31SC in wt.%.

Al Ca Cu Fe Mn Ni Pb Si Sn /n Zr

3.6230 | >0.1800 | 0.0044 | 0.0027 | 0.2916 |0.0015| 0.0137 0.0145 | <0.0200 1.3610 <0.0100

Balance 94.5 wt.% of Mg.

Four cast discs were used for the purpose of this work. Some material characteristics
vary a bit in particular discs. Light microscopy revealed a strong dendrite structure in all
casting discs. Grains size was homogeneous in each particular cast disc. However, the average
grain size was different in particular castings. The grain size was in range of 150 to 450 pm.
No twins were observed. An example of microstructure of cast AZ31 with a grain size of
450 pm is pictured in Fig. 6.1.1.

Al e ARNOREL AN v ;
Fig. 6.1.1 Optical micrograph of AZ31SC
dendrite structure, average grain size of 450 um.

2
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In Fig. 6.1.2, the misorientation distribution histogram for AZ31SC is shown. It gives
information about the nature of the grains of cast AZ31. Two peaks are visible. One peak is at
very low misorientation angle below ca 7°. It could mean a high amount of low angle
boundaries. But most probable it is only an artefact resulting from surface preparation
imperfection that frustrates the grain boundary map. The second peak corresponds to high
misorientation angle. This peak has maximum at 86°. It clearly indicates the presence of twins
in the matrix. In the area of high angle boundaries (misorientation angle > 15°), the volume
fraction of grains increases with increasing misorientation angle.
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Fig. 6.1.2 Distribution of misorientation Fig. 6.1.3 Pole figure of AZ31SC, (10.0),
angles for AZ31SC. Two peaks are visible, pole figure intensity (Pma) of 1.1 m.r.d.
one for low angle and second for high angle indicates a nearly random texture.
misorientation.

The result of texture analysis for squeeze cast AZ31 is shown on pole figure (10.0) in
Fig. 6.1.3. The nearly random texture is visible. The maximum pole figure intensity of
1.1 m.rd. (multiple random distribution) was determined and it is close to ideal random
texture intensity defined as 1.0 m.r.d. of (10.0) pole figure.

Microstructure and texture of hot rolled material

The chemical composition of hot rolled material is given in Tab. 6.2. A Vickers
microhardness of 64 HV,, was found. The measured density of AZ31HR was 1782 kg/m”.
This density value is close to the ideal density of magnesium and so it could be stated that no
internal defects of the material were indicated.

Tab. 6.2 Chemical composition of AZ31HR in wt.%.

Al Ca Cu Fe Mn Ni Pb Si Sn /n Zr

3.7440 [ 0.0272| 0.0034 |0.0028| 0.3844 |<0.0005|0.0099|0.0386 |<0.0020|0.8710 |<0.0100

Balance 94.9 wt.% Mg.
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The microstructure of hot rolled material is shown in Fig. 6.1.4. The equiaxed and
homogeneous grains are visible. The average grain size of 15 um is observed. The
microstructure is fully recrystallized. No twins are observed. To reveal the microstructure in
more detail, TEM observations were done. On Fig. 6.1.5, an area of small grains is pictured.
The grains are clear with low dislocation density. The present dislocations are accumulated at
the grain boundaries. This microstructure suggests that the dynamic recrystalization DRX
occurred in the material.

Fig. 6.1.4 Microstructure of AZ31HR Fig. 6.1.5 TEM microstructure of AZ31HR
(orientation RD - TD), recrystallized (orientation TD —-ND), a region of small
microstructure with grain size of 15 pm. grains.

The misorientation angle distribution of hot rolled AZ31 is shown in Fig. 6.1.6. One
intense peak corresponding to the 30° misorientation angle is visible. This indicates, as it is
stated in literature [88], that the recrystallization of the material took place.
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Fig. 6.1.6 Distribution of misorientation Fig 6.1.7 Pole figure of AZ31HR, (00.2),
angles of hot rolled AZ31 with a peak ith strong basal texture.

intensity of ~ 30°.
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The texture observations revealed that the hot rolled AZ31 has a strong basal texture.
The basal texture is shown in Fig. 6.1.7 for the pole figure (00.2). It means that the plane
(00.2) lies parallel to the rolling direction and the c-axis is perpendicular to the rolling
direction. The pole figure intensity Py,ax of 8.6 m.r.d was determined.

Microstructure and texture of ECAP material

The Vickers microhardness of ECAP specimens of 74 HV0.1 was determined.
A density of 1834 kg/m’ was measured for AZ31ECAP. The density of ECAP alloy is close
to the ideal value; thus no porosity and cracks are present in the material.

The grains of ECAP material are equiaxed and well developed. The grain size is
2.5 um. No twins were revealed by light microscopy as well as by TEM, see Figs. 6.1.8 and
6.1.9. The grain boundaries have a characteristic contrast of equilibrium boundaries. The
dislocation density in the grains of ECAP material is low. This indicates that the
recrystallization took place.

N Rd ! S TN -

Fig. 6.1.8 Microstructure of AZ31ECAP Fig. 6.1.9 TEM microstructure of AZ31ECAP
(orientation TD — ND), recrystallized (orientation TD —ND).
grains with size of 2.5 um.

The misorientation angle distribution shown in Fig. 6.1.10 exhibits two main intensity
peaks. The first peak is situated at 30° and the second one at 86°. Both peaks are in the high
angle misorientation area. This means that the majority of the grains have high angle
boundary character. The existence of a peak at 86° can be explained in two ways: The 86°
misorientation may indicate twin formations in the microstructure. The second way of
explanation is that the peak does not have any special meaning; there simply exist more grains
with high angle boundary. Since none of the examinations revealed twins in the matrix, the
more probable explanation is the second one. The peak of 30° misorientation speaks for
dynamic recrystallization in the material.
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Fig. 6.1.10 Distribution of misorientation angle Fig 6.1.11  Pole figure (00.2) of
of AZ31ECAP, two peaks at 30° and ~86° are AZ31ECAP, basal texture bounds about
visible. 45° to the pressing direction.

The pole figure (00.2) of AZ31ECARP is shown in Fig. 6.1.11. The basal planes are
tilted 45° to the pressing direction. It means that the basal planes are parallel to the shear
plane of ECAP. The pole figure intensity of ECAP material is 10.4 m.r.d. The ECAP
specimen position for texture measurement is shown in Fig. 6.1.12.

Fig. 6.1.12 ECAP sample and sample holder
mounted in the Eulerian cradle of TEX-2

The ECAP material exhibits the smallest grain size when compared to hot rolled and
squeeze cast AZ31. It results from the lowest processing temperature of ECAP and the high
plastic deformation. The microstructure of ECAP and HR AZ31 is fully recrystallized with
low dislocation density. No twins were observed. Contrary to that AZ31SC had coarse
grained structure. The coarse grains result from cast process, during which material cools
down slowly and thus the grain growth may occur. The density of all tested conditions of
AZ31 showed that no internal defects as porosity are in the material. The highest hardness
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was detected for ECAP material. It is due to its finest microstructure. The texture intensity of
ECAP material was the strongest one when compared to hot rolled and cast material. This
high texture intensity results from high strain involved in ECAP process as well as from low
processing temperature.

6.2 Monotonic tensile tests

Cylindrical specimens were used for tensile tests. The specimen dimensions of SC and
HR material were 5 mm in diameter and 25 mm in gauge length, cf. Fig. 6.2.1. The ECAP
specimens, due to the size of ECAP processed billets were smaller. The specimen diameter
was 4 mm with a gauge length of 20 mm. All specimens were without material skin. The SC
specimens were cut without any regards to specific orientation. HR specimens were machined
in such a way that the longitudinal axis of HR specimens was parallel to the last rolling
direction. In the case of ECAP specimens the gauge length was parallel to the ECAP
processing direction.

The three conditions of AZ31 were monotonically tested in tension. The specimens
were loaded till failure occurred. The tests were run at room temperature in air. An Instron
servohydraulic testing machine with load cell capacity of 5 kN was used. The machine
operated at a constant rate of cross-head displacement. The tests were carried out with initial
strain rate of 1x10™ s™'. All tensile tests were conducted at TU Clausthal, Clausthal-Zellerfeld,
Germany.
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Fig. 6.2.1 Geometry of tensile specimen

The results of tensile tests for three conditions of AZ31 are shown in Fig. 6.2.2, where
the true stress vs. true strain behaviours are pictured. For better readability the results and
their comparison is given in Tab. 6.3. True stress and true strain were evaluated from the
measured engineering stress - engineering strain curves using Eqs. 6.1 and 6.2 [121]:

Otrue = Oeng (1+8eng) (6~ l)

Where Gy - the true stress [MPa]
Geng - the engineering stress [MPa]
€uue - the true strain
Eeng - the engineering strain [%o].
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350 Table 6.3 Tensile properties of AZ31, (offset
AZ3THR of 0.01 true strain)
300
AZ 31 SC HR | ECAP
T 250 | - :
= YS [MPa] 862 | 2138 | 163.7
§ 200 | true UTS [MPa] | 186.8 | 327.7 | 3180
% 150 | true strain at UTS | 0.0905 | 0.1744 | 0.2398
o
2 100 YS - yield stress
UTS — ultimate tensile strength
50
0 . | . | . | . |

0O 005 01 015 02 0.2
true strain

Fig. 6.2.2 True stress vs. true strain curves
for monotonic tensile tests of AZ31SC, HR
and ECAP

The lowest tensile characteristics exhibits coarse grained SC material. The yield stress
and tensile strength of the HR material were higher when compared to the ECAP material.
This behaviour was not expected and is surprising, because ECAP material has the smallest
grain size. Thus according to the Hall-Petch relation it can be predicted that ECAP material
would show the best tensile behaviour. The situation is different when the straining of the HR
and ECAP material is compared. The best formability was observed for ECAP material when
compared to HR and SC alloy. This behaviour results not only from the grain size effect but
significantly also from the texture.

For better understanding of strain hardening of three conditions AZ31, the strain
hardening coefficient 6 was calculated from monotonic true tensile curves. This strain
hardening coefficient quantity is defined as:

6= (60/65)1 (6.3)

¢
Where:0 - the strain hardening coefficient [MPa]
o - the true stress [MPa]
€ - the true strain
& - the strain rate [s™'].

The strain hardening coefficient was determined from piece-wise polynomial fittings
through 5 data points of monotonic true tensile curves. Slope determination by the tangent to
each local polynomial curve was used to determine the corresponding value of 6. A Matlab
program was used for 6 calculation using data of flow stress. The flow stress from yield stress
(defined at off-set 0.01 of true strain) to ultimate tensile stress was considered for calculation,
Eq. 6.3. The dependency of the strain hardening coefficient on the true stress, using the 5 data
point base, is presented for AZ31SC, HR and ECAP in Fig. 6.2.3.
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Fig. 6.2.3 Strain hardening coefficient vs. true
stress for AZ31SC, HR and ECAP.

The highest strain hardening was determined for ECAP material followed by HR
alloy. The lowest value was found for SC material. These findings show that the hardening
mechanisms are the strongest in ECAP material.

6.3  Fatigue behaviour of AZ31

Examinations of fatigue behaviour of magnesium alloy AZ31 were focused on the
determination of cyclic plastic response, fatigue endurance, fatigue strength and notch
sensitivity of the material. Influence of loading frequency on fatigue behaviour was examined
as well. Three conditions of AZ31 were tested and the results were compared to each other.
Cyclic plastic response was determined from hysteresis loops. The hysteresis loops were
measured only at the beginning of the cyclic loading. The fatigue endurance was determined
in broad range from low to high cycle region. In the case of AZ31SC, the very high cycle
region was studied as well. A broad range of stress amplitudes was applied and the fatigue
responses were compared. The S — N curves and fatigue strength of smooth and notch
specimens were determined and notch sensitivity factors were defined for all three conditions
of AZ31.

Two types of specimens were used for fatigue testing. The specimen geometry was
given by requirements of the testing facilities.

The smooth cylindrical specimens were used for hysteresis loop measurements. From
these results the cyclic plastic response was established. Cylindrical specimens were
machined in the same way as the specimens for tensile tests. The dimensions of SC and HR
specimens were 5 mm in diameter and 25 mm in gauge length, cf. Fig. 6.2.1. The diameter of
ECAP specimen was 4 mm and their gauge length was 20 mm.

Identical specimen geometries were used also for determination of smooth S — N
curves and fatigue strength of SC material. Additionally, for these tests also hour-glass shaped
specimens with 8 mm in diameter were used, cf. Fig. 6.3.1. In the case of HR material testing,
the dimensions of the smooth hour-glass specimens with diameter of 3.5 mm were used.
Additionally, also specimens with diameter of 8 mm, pictured in Fig. 6.3.1., were tested.
Fatigue tests performance on ECAP material was done with the smooth hour-glass specimens
with 7 mm in diameter. For testing of SC material, in the gigacycle regime, specimens with
the geometry pictured in Fig. 6.3.2 were used.
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Fig. 6.3.1 Smooth specimen for fatigue Fig. 6.3.2 Specimen geometry for testing in
testing gyga-cycle regime

Notched specimens were prepared from smooth ones by machining of
a circumferential notch in the centre of the gauge length. A notch specimen with two notch
geometries i1s shown in Fig. 6.3.3. The notch specimen geometries and corresponding
theoretical stress concentration factors K for different conditions of AZ31 are given in

Tab. 6.4. The theoretical stress concentration factor was determined according to Peterson’s
diagrams [196].
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Fig. 6.3.3 Fatigue specimen with two notch geometries

Tab. 6.4 Geometry of notch specimens and theoretical stress concentration factors

SC HR | ECAP | ECAP
Diameter below the notch [mm] 7 7 6 6
Notch radius / r [mm] 0.4 0.4 0.4 0.5
Depth / h [mm] 0.5 0.5 0.5 0.5
Theoretical stress concentration factor / K; 2.8 2.8 2.5 2.0

Specimens were used in the as machined conditions; no surface treatment was done.
Only in some special cases when the surface observation had to be performed, the surface was
polished with grit paper of 2400.
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Fig. 6.3.5 Servohydraulic testing machine Fig. 6.3.6 Resonant testing system Amsler
Shimadzu EHF HFP 5100

A number of testing machines was used for fatigue testing; Instron 8501
(servohydraulic testing machine of = 10 kN load capacity), cf. Fig. 6.3.4 and Shimadzu EHF
(servohydraulic testing machine with maximum load of + 10 kN), cf. Fig. 6.3.5. Testing
frequencies of 1and 20 Hz were applied, depending on the kind of experiments. These
machines belong to laboratories at TU Clausthal, Clausthal-Zellerfeld, Germany and
Academy of Sciences, Brno, Czech Republic, respectively. Loading at higher frequency was
performed on an Amsler HFP 5100 resonant testing system of + 20 kN load capacity, cf.
Fig. 6.3.6. The operating frequencies, which depend on the stiffness of the loaded body, were
60 and 100 Hz. These tests were done at the Academy of Sciences, Brno, Czech Republic. An
ultrasonic testing machine with a frequency of 20 kHz was used for tests in the gigacycle
region. Air-cooling during the ultrasonic tests was applied to keep the specimen temperature
below 25°C. Ultrasonic tests were run at the University of Zilina, Zilina, Slovak Republic.
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All tests were performed under load control and under symmetrical loading with a sine
waveform. The asymmetry ratio R of -1 was applied. The fatigue tests were conducted at
room temperature and in air.

Fatigue fracture observations were performed on a scanning electron microscope
JEOL 6460. The observations were done at TU Clausthal, Clausthal-Zellerfeld, Germany.

6.3.1 Cyclic plastic response

The main purpose of the examination of cyclic plastic response from the hysteresis
loops was the determination of softening and hardening mechanisms in the three conditions of
AZ31 at the beginning of fatigue cycling. The hysteresis loops were measured on a
servohydraulic testing machine Instron 8501.

A broad variety of stress amplitudes was applied for testing SC material. Namely, the
stress amplitudes o, of 40, 50, 60, 70 and 80 MPa were used. It could be stated that cyclic
hardening at the beginning of the cyclic loading was observed for all tested specimens. For a
better transparency not all results are shown here. One example of a hysteresis loops of
AZ31SC for the load amplitude of 80 MPa for the first approx. 150 cycles is shown in
Fig. 6.3.7. It is clear that the hysteresis loops get narrower with increasing number of loading
cycles. It indicates that the cyclic hardening occurs in the material during the initial loading.
The cyclic hardening effect was more pronounced for higher load amplitudes.

In the case of HR material testing a broad variety of load amplitudes was used too.
The following load amplitudes were applied; 100, 110, 120, 130, and 140 MPa. Also here,
due to the place scarcity, only results of representative load amplitude are presented. An
example of a hysteresis loop corresponding to the stress amplitude of 110 MPa is shown in
Fig. 6.3.8. The cyclic hardening of HR material was observed at the beginning of the cyclic
loading.
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= - £ I
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_100 | _120 1 | I | I | I
-08 04 0 04 08 -1.6 -0.8 0 0.8 1.6
Fig. 6.3.7 Hysteresis loops for AZ31SC at Fig. 6.3.8 Hysteresis loops for AZ31HR at
6,= 80 MPa and f=1 Hz. o,=110 MPa and f=1 Hz.
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Fig. 6.3.9 Hysteresis loops of AZ31ECAP at
6,= 110 MPa and f=1 Hz.

ECAP material was tested only at one load amplitude of 100 MPa. The result of this
test is shown in Fig. 6.3.9. Compared to the SC and HR conditions, the ECAP material shows
only very small cyclic hardening. During the first hundred cycles the width of the hysteresis
loops remains practically constant.

The general finding is that in all three conditions of AZ31 the cyclic hardening was
observed. The strongest effect was found for HR material and the weakest one for ECAP
material.

6.3.2 S-N curves, fatigue endurance of smooth and notched specimens, influence of
frequency on fatigue behaviour

From the fatigue tests resulting in a very broad interval of number of cycles to failure
ranging from low-cycle fatigue up to gigacycle fatigue, the following material characteristics
were obtained.

1. Fatigue endurance and fatigue strength of smooth specimens for the three conditions of
AZ31.

2. Fatigue endurance and fatigue strength of notched specimens for the three conditions of
AZ31. Notched specimens with different notch geometries and different stress concentration
factors were used for the tests.

3. Fatigue notch factor K¢ was determined for all three conditions. Two ways of establishing
the fatigue notch factor were applied. The direct way is calculating the notch factor according
to the definition from experimentally determined fatigue strength of smooth and notch
specimens, Eq. 6.4.

K= Gc, smooth / G, notch , (6~4)

where: G¢smootn 18 the fatigue limit of a smooth specimen [MPa] and G¢porcn 18 the fatigue
limit of a notched specimen [MPa].
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The second way is based on fracture mechanical considerations and laws of fatigue
crack propagation. The fatigue notch factor can be expressed by means of theoretical stress
concentration factor K, and material parameter according to Eq. 6.5 [206]:

Ke=K /(1 +4.5 (a/1)"* (6.5)

where K, is the theoretical stress concentration factor, r is the notch radius [mm] and a, is the
critical crack size (taken as a material constant), [mm].

4. The notch sensitivity factor q for all three conditions of AZ31 was determined according to
Eq. 6.6.

q=Ks-1)/ (K1) : (6.6)

If q = 0 => the notch has no influence on fatigue behaviour.
If q = 1 => full theoretical effect of the notch on the fatigue lifetime.

5. The effect of loading frequency was studied and the frequency influence on fatigue
behaviour of the three material conditions was examined. The data for particular conditions
were compared and discussed. Fatigue tests on smooth and notched specimens were
conducted at three frequencies: 20 Hz, ~ 100 Hz and 20 kHz. S — N curves for all three
material conditions, for both types of specimens were established at 20 and ~ 100 Hz.
Additionally, the S — N curve for smooth SC specimens tested at frequency of 20 kHz was
determined as well.

The fatigue tests performed at loading frequencies of 20 and 100 Hz terminated at
107 cycles. The fatigue strength was defined on the basis of 10’ cycles. Only the ultrasonic
tests run till higher number of cycles, namely up to the region of 10° cycles.

6. Fracture surface observations were conducted on all conditions of AZ31 with the aim to
describe fracture mechanisms and to recognize the differences in behaviour of particular
structures.

S — N curves of smooth specimens for AZ31SC, HR and ECAP

The S — N curves for SC material were established in a broad interval of stress
amplitudes in the range of 70 — 35 MPa. Examples of fatigue behaviour at three loading
frequencies of 20 Hz, ~ 100 Hz and 20 kHz are presented in Figs. 6.3.10 —-6.3.12.

In Fig. 6.3.10, the S — N curves for smooth SC specimens loaded at frequencies of
20 and 100 Hz are shown. It can be seen that the specimens fail either after a relatively low
number of cycles (of the order of 10°) or remain unbroken for more than 10 cycles,
independently on the loading frequency. This effect points out the existence of inherent
defects in the material (casting defects) or of a highly inhomogeneous distribution of cyclic
plastic deformation leading to a scatter in the conditions for the fatigue crack initiation.

The fatigue strength of 40 MPa was determined at 10" cycles and at frequency of
20 Hz from three unbroken specimens. The descending part of the S - N curve (20 Hz) was
fitted by Eq. 6.7 with the correlation coefficient of 0.84:

Ga =420 Nf'® (6.7)

2

where: o, is stress amplitude [MPa] and N is the number of cycles to fracture.

47



6 Results and experimental

The S — N curve determined at frequency of 100 Hz is presented in Fig. 6.3.10. It can

be seen that the fatigue endurance at 100 Hz is higher than that at frequency of 20 Hz. This is
the case in low and high cycle regime. The fatigue strength of 45 MPa at 10’ cycles was
determined at 100 Hz. The descending part of the S - N curve is described by the Eq. 6.8 with
the correlation coefficient for the fit being 0.85,

G, =286 N2 (6.8)
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Fig. 6.3.12 S - N curve of smooth specimens of
AZ31SC at 100 Hz and 20 kHz.

The gigacycle region of the S — N curve for smooth SC specimens is shown in
Fig. 6.3.11. For these tests the ultrasonic frequency of 20 kHz was used. The experimental
results are fitted by Eq. 6.9,
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Ga =116 Ny . (6.9)

The correlation coefficient in the case of Eq. 6.9 is 0.76.

In Fig. 6.3.12 a compound plot combining results for 100 Hz with those for 20 kHz is
presented. It is clearly visible from the figure that the ultrasonic experimental data confirm the
decreasing tendency of the S-N curve for 100 Hz up to the gigacycle region. This gives
evidence for the fact that the fatigue limit based on 10’ cycles does not mean an infinite
fatigue endurance. Fatigue limit of this alloy has to be defined as the endurance limit or the
fatigue strength at certain number of cycles. In the case of this work 10’cycles was taken as
the decisive number.

Smooth specimens of hot rolled material were tested at two frequencies, namely at
20 and 100 Hz. The results of these tests are shown in Fig. 6.3.13. Also here, similarly to the
case of SC material, an interval of stress amplitudes at which the specimens failed after a
relatively low number of cycles or remained unbroken (run out specimens) after a high
number of cycles (~ 107) is observed. This indicates existence of internal defects in material.
From comparison of results of testing at two different frequencies it can be concluded that the
frequency did not have any influence on fatigue behaviour. The experimental data for both
frequencies overlaps quite well. The endurance limit of the HR material for 10’ cycles is
95 MPa. Fitting of all data by a power law results in Eq. 6.10:

Ca =218 Nf"0® . (6.10)

The correlation coefficient of this fitis 0.52.
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Fig. 6.3.13 S - N curves for smooth specimens Fig. 6.3.14 S - N curves for smooth specimens
of AZ31HR at 20 and 100 Hz. of AZ31ECAP at 20 and 60 Hz.

Experimental results of fatigue behaviour of smooth ECAP specimens tested at two
frequencies (20 and 60 Hz) are presented in Fig. 6.3.14. Also in this case no frequency effect
was found. The experimental data points corresponding to both frequencies overlap very well.
This holds both for low-cycle and high-cycle region. The decreasing part of the S — N curves
is described by Eq. 6.11.
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Ga =219 Ny . (6.10)

The correlation coefficient is 0.72. The fatigue strength at 10’ cycles is 95 MPa for both
frequencies.

S — N curves of notched specimens for AZ31SC, HR and ECAP

The S — N curves for notched SC specimens are presented in Fig. 6.3.15. Specimens
with a theoretical stress concentration factor K; = 2.8 were used for the testing. The specimens
were loaded at frequencies of 20 and 100 Hz. A broad scatter of experimental data at different
stress amplitudes is observed, Fig. 6.3.15. The decreasing parts of the S — N curves tested at a
frequency of 20 Hz and 100 Hz were fitted by power laws, Eqs. 6.11 and 6.12. The
corresponding correlation coefficients are 0.61 and 0.88, respectively.

ca =165 Ny (6.11)
G, = 183 N7 (6.12)

No significant difference in fatigue behaviour for the specimens tested at two
frequencies was observed. The experimental points in LCF and HCF create one broad
scatterband. The fatigue strength of the squeeze cast notched AZ31 corresponding to
107 cycles is 40 MPa.
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Fig. 6.3.15 S-N curves of notched SC Fig. 6.3.16 S - N curves of notched specimens
specimens at 20 and 100 Hz. of AZ31HR at 20 and 100 Hz.

The notched HR specimens with a stress concentration factor of 2.8 were tested at two
frequencies; 20 and 100 Hz. Results of fatigue behaviour are presented in terms of S-N
curves in Fig. 6.3.16. A small increase of fatigue endurance with increasing frequency can be
deduced from the data. The decreasing part of the S — N curve for 20 Hz is described by
a power law, Eq. 6.13 and for 100 Hz by Eq. 6.14. The correlation coefficient for Eq. 6.13 is
0.94 and for Eq. 6.14 it is 0.85.
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ca =318 Ny (6.13)
Ca =415 N7 (6.14)

The fatigue strength at 107 cycles at the frequency of 20 Hz for notched HR specimens
was found to be 40 MPa and at 100 Hz slightly higher, 45 MPa. The experimental points of
notch specimens exhibit substantially smaller scatter as compared to the smooth specimens.

The ECAP notched specimens were tested at two frequencies of 20 Hz and 60 Hz. The
specimens with a stress concentration factor of 2.5 were tested at frequency of 20 Hz and the
specimens with a stress concentration factor of 2.0 were tested at frequency of 60 Hz. The
results of determination of lifetime are shown in Fig. 6.3.17. The ECAP specimens with
smaller stress concentration factor and tested at higher frequency show better fatigue
endurance and fatigue strength as compared to specimens with higher stress concentration
factor tested at lower frequency. The fatigue strength for specimens with K; = 2.5 is 45 MPa,
while for specimens with K; = 2 it is 80 MPa. The decreasing part of the S - N curve for
specimens with K, = 2.5 tested at 20 Hz is described by the Eq. 6.15 with a correlation
coefficient of 0.93. The decreasing part of the S - N curve for the notched specimens with
K= 2 is described by Eq. 6.16 with the correlation coefficient of 0.7.

Ga =359 Ny"'° (6.15)
ca =153 N (6.16)
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Fig. 6.3.17 S - N curves of notched specimens
of AZ31ECAP at 20 and 60 Hz

Fatigue notch factor, fatigue notch sensitivity and critical crack size

When fatigue behaviour of smooth SC specimens at frequency of 20 Hz is compared
with results of notched SC specimens it is possible to conclude that there is no notch effect,
cf. Figs. 6.3.10 and 6.3.15. The fatigue strength of smooth specimens as well as notched
specimens is nearly the same and equal to 40 MPa. Thus, the fatigue notch factor Ky
calculated by Eq. 6.4 is 1. Consequently, the fatigue notch sensitivity is zero according to
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Eq. 6.6. This result means full notch insensitivity of SC material. The results are summarized
in Tab. 6.5.

The situation is very similar when results of smooth SC specimens and notched SC
specimens tested at frequency of 100 Hz are compared. The fatigue strength of smooth
specimens tested at frequency of 100 Hz is 45 MPa. This value is slightly higher when
compared to results of notched SC specimens with fatigue strength of 40 MPa. In this case,
the fatigue notch factor is 1.13. The corresponding fatigue notch sensitivity is 0.07, Tab. 6.5.
Taking into account the scatter of experimental data, it can be concluded that the SC material
is practically insensitive to notches with theoretical stress concentration of about 2.8.

The critical crack size for non-propagating cracks for smooth and notched specimens
of SC material was calculated according to Eq. 6.5. In the case of the SC specimens tested at
20 Hz the critical crack size is 60 um. The critical crack size for SC specimens tested at
100 Hz is 51 um, Tab. 6.5. The critical crack size in both cases differs not too much. With
respect to the accuracy of the experimental determination of lifetime data the critical crack
size of 55+ 5 pum can be considered as representative value for SC material. However, this
size 1s much smaller than the average grain size, which indicates that influence of inherent
defects in SC material may shield the effect of artificial notch with K; = 2.8.

Tab. 6.5 Fatigue notch factor, notch sensitivity and critical crack size

AZ31
SC | SC HR | HR | ECAP |[ECAP

Frequency, f (Hz) 20 | 100 | 20 [ 100 | 20 60
Radius below the notch, d (mm) 7 7 7 7 6 6
Notch depth, h (mm) 0.5 0.5 0.5 0.5 0.5 0.5
Notch radius, r (mm) 04 | 04 0.4 0.4 0.4 0.5
Fatigue strength of smooth sp., 6.5 (MPa) 40 45 95 95 95 95
Fatigue strength of notched sp., 6., (MPa) 40 40 40 45 45 80
Fatigue notch factor, K¢ 1 1.13 ] 238 | 211 )] 211 1.19
Stress concentration factor, K 2.8 2.8 2.8 2.8 2.5 2.0
Critical crack size, ap (mm) 0.060 | 0.051] 0.0076 |0.013 ] 0.0078 | 0.033
Notch sensitivity, q 0 007 ] 076 | 062 ] 074 | 0.19

The significant decrease of fatigue life and fatigue strength of notched HR specimens
is observed when compared to smooth specimens, cf. Figs. 6.3.13 and 6.3.16. It means high
notch sensitivity of HR material. The fatigue notch factor K¢ for specimens tested at
a frequency of 20 Hz is 2.38. This value was determined as the ratio of fatigue strength of
smooth specimens (95 MPa) and notched specimens (40 MPa), Tab. 6.5. The fatigue notch
factor K¢ of 2.11 was determined for specimens tested at frequency of 100 Hz. In this case the
fatigue strength of smooth specimens was 95 MPa and the fatigue strength of notched
specimens was 45 MPa. The fatigue notch factor is slightly higher at lower frequency when
compared to fatigue notch factor at higher frequency. The notch sensitivity factor is 0.76 for
loading with frequency 20 Hz and 0.62 for loading at frequency 100 Hz. Both values are far
from zero and thus they prove a significant notch sensitivity of HR material.

The non-propagating crack size of 7.6 um was determined for specimens tested at
20 Hz and 13 pm for specimens tested at 100 Hz. These values are well comparable with the
grain size of the HR material, ranging between 5 and 20 um. It suggests that the grain size
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may be the responsible structural parameter from the point of view of fatigue damage and the
fatigue strength. The notch with the radius of 0.4 mm and the depth of 0.5 mm and its stress
concentration field is much larger than the grain size and thus the artificial surface notch is
expected to have significant effect on fatigue performance of HR material.

The fatigue strength of smooth ECAP specimens tested at frequency of 20 Hz is
95 MPa, Fig. 6.3.14. The fatigue strength of ECAP notched specimens with K = 2.5 tested at
20 Hz is 45 MPa, Fig. 6.3.17. Consequently, the fatigue notch factor K¢ is 2.11, Tab. 6.5. In
this case the notch sensitivity is 0.74. This value of notch sensitivity indicates a high notch
effect in the case of ultrafine grained material. The situation was slightly different when the
smooth specimens and notched specimens with K; = 2.0 made from of ECAP material were
tested at frequency of 60 Hz. In this case the fatigue notch factor K¢ is 1.19 and the notch
sensitivity factor q is 0.19. The comparison of K and Ky values Tab. 6.5 shows that the notch
geometry and also frequency of loading influences the notch sensitivity of ECAP material.

The calculated critical non-propagating crack size of 7.8 um was determined from
observation on specimens with K;= 1.0 and 2.5 tested at a frequency of 20 Hz, Tab. 6.5. From
observations on the specimens with K;= 1.0 and 2.0 tested at 60 Hz, a critical crack size of
33 um was determined. The value of ay =33 pum is higher than that in the previous case
(a0 =7.8 um, K;=2.5), see Tab. 6.5. The size of the critical crack is larger than the grain size
(2.5 um) of ECAP material. Thus, in ECAP material the grain size itself cannot be directly
considered as a limiting factor for non-propagating cracks.

6.3.3 Fractographic examination

From the observation of fracture surfaces of SC, HR and ECAP AZ31 loaded at
different stress amplitudes some generalising conclusions can be drawn. In this chapter, by
reason of better transparency, only few representative pictures of each material condition are
presented.

Squeeze cast material

The overview picture of a fracture surface of the SC specimen, tested at c, = 70 MPa
and run until fracture at Ny = 139 978 cycles, is shown in Fig. 6.3.18. In the case of SC
specimens, mostly a multiple fatigue crack initiation from the specimen surface was observed.
Detail of a crack initiation site is shown in Fig. 6.3.19 for a specimen loaded at 6, = 80 MPa
and fractured at Ny = 12 186 cycles. The fatigue crack initiated on the specimen surface and
macroscopically propagated towards the specimen centre. However, microscopically, just
after initiation in this case the crack propagated along the cylindrical specimen surface, as can
be inferred from the fracture markings, resembling striations. Typically, the crack does not
follow one specific direction, but it grows in more directions simultaneously. This is
documented in Fig. 6.3.20. Fatigue fracture of SC material had a transcrystalline character.
The detailed analysis of the fracture surface of three neighbouring grains (one of them is very
close to the specimen surface) is shown in Fig. 6.3.21.
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Fig. 6.3.18 Macro view of AZ31SC, multiple Fig. 6.3.19 Initiated crack from specimen

crack initiation, c,= 70 MPa, N; = 139 978 surface follows the circumference of

cycles. specimen surface, 6, = 80 MPa, Ny = 12 186
cycles.

Fig. 6.3.20 Different directions of crack Fig. 6.3.21 Three neighbouring fractured
propagation in AZ31SC, o, = 80 MPa, N; = grains of AZ31SC, 6, = 70 MPa, N = 139
12 186 cycles. 978 cycles.

Hot rolled material

An overview of a typical fracture surface of HR material is shown in Fig. 6.3.22. The
roughness of the surface is substantially lower than that of SC material. The cracks initiated
on the specimen surface. Generally, a multiple crack initiation sites are observed. The fracture
surface with surface markings, striations, indicating the direction of the crack propagation is
shown in Fig. 6.3.23. The fracture surface corresponds in this case to low-cycle fatigue and
high crack propagation rate.
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Fig. 6.3.22 Overview of fatigue fracture on Fig. 6.3.23 Crack propagation from the upper

the notch specimen, AZ31HR; o, = 60 MPa, rfight comer of the picture, AZ31HR,
N;=28 172. Ga= 150 MPa, N¢= 622 cycles.

ECAP material

Overview of the fracture surface of the ECAP material tested at stress amplitude of
110 MPa is shown in Fig. 6.3.24. The significant segmentation of the fracture surface is
clearly visible. Multiple crack initiation was often observed. An example of crack initiation
site 1s presented in Fig. 6.3.25. A high number of secondary cracks was observed. Multiple
crack initiation along the shear planes of the last ECAP plane can be seen on the gauge length
of the specimen, Fig. 6.3.26. These cracks were tilted about 45° away from the loading
direction. Detail of one such a crack is shown in Fig. 6.3.27.

Fig. 6.3.24 View of a fracture surface of Fig 6.3.25 Crack initiation site in
AZ31ECAP, segmentation of the fracture AZ31ECAP, o, = 110 MPa, Ny = 11 162
surface, 6,= 110 MPa, N¢= 11 162 cycles. cycles.
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Fig. 6.3.26 Smooth specimen after fracture,
several cracks on the body of smooth
specimens, AZ31ECAP, o, = 100 MPa,
Ne=84 025 cycles.
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Fig. 6.3.27 Splitting of a crack on the
specimen surface, AZ31ECAP, o, = 100
MPa, N¢= 84 025 cycles.
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7 Discussion and conclusions

The first task in this work was to process the magnesium alloy AZ31 by equal channel
angular pressing. Various processing conditions, differing in pressing temperature, pressing
speed and lubricants were examined. The optimal pressing parameters for producing AZ31 by
ECAP were found: temperature of 200°C and a pressing speed of 5 mm/min. At these
conditions bulk specimens were produced without any cracks and defects. This was a crucial
step for further progress of this work, because the main task of this research was comparison
of fatigue behavior and performance of AZ31 Mg alloy in different conditions including state
after ECAP.

An important achievement of this part of the research is the finding that with sufficient
experience and with suitably defined process parameters, Mg alloy AZ31 can be well
processed by ECAP, though its hexagonal structure. The resulting microstructure exhibits
fine-grain size.

Microstructure and texture

From the data published in the literature, it is obvious that microstructure and texture
are influenced by the processing route. Magnesium alloy AZ31 was produced by squeeze
casting, hot rolling and equal channel angular pressing. The three conditions of AZ31
examined in this work show strong differences in microstructure and texture. These
differences result from the processing details of each production technique. Generally, a
coarse microstructure is observed in the material produced by squeeze casting. It is because
Mg-Al alloys have no reliable grain refiner. The squeeze cast AZ31 presented in this work
shows a coarse dendrite microstructure with random texture. This result is in full agreement
with literature data where the coarse grained microstructure of cast magnesium alloys is
reported. Actually, after gravity casting, a grain size of 1800 um was observed and after
continuous casting the grain size was 350 um [51]. Similar results were found in [53, 72, 75,
and 207].

The materials produced by hot rolling show smaller grain size than materials produced
by squeeze casting. For example, grain sizes of 10 um [208] and 9 um [63] were observed in
rolled AZ31. A grain size of 58 um with very large grains up to 250 um were observed for
rolled AZ31 by Bohlen et al. in [71]. Grain sizes of 50 um [29, 72] and 60 um [75] were
determined for AZ31; a grain size of 40 um for AZ91 [89, 209]. In some microstructures
twins were observed [63]. However, the grain size and twins occurrence strongly depend on
the rolling temperature. In the present work the grains of HR material are equiaxed and well
developed. It indicates that the recrystallization took place as a consequence of elevated
process temperature. The grains have a character of high angle boundaries. Texture
observations of HR alloy proved typical texture after hot rolling process. The basal planes
were parallel to the last rolling direction. The origin of this texture could be explained in the
following way. When the deformation degree in one direction is higher than in the other one,
then the basal planes prefer to align in the higher deformation direction. It means that the
rolling could be understood as a compression perpendicular to the sheet plane and as a tension
in the rolling direction. Consequently, basal planes during rolling are oriented parallel to the
sheet plane. These results, following from this study, are in good agreement with literature
data. The basal texture was observed for rolled AZ31, AZ61 and AMG60 in [59, 73, 185 and
209]. However, the texture of Mg alloys where the basal planes are tilled £ 15 to 25 and 7 — 8
degrees away from the normal direction towards the rolling direction was found as well [63,
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74, 75 and 209]. It is evident that the literature data are not comprehensive and discrepancies
can be often found. Thus, a further detailed study of microstructure is necessary. In this
context it is significant that the strain rate and temperature of the rolling as well as chemical
composition of the magnesium alloy have a strong influence on the microstructure and texture
[65, 69 and 75].

It was stated in literature that the grain size of ECAP alloy is about 1 -2 pm [29 and
59]. For example a grain size of 1.4 um was observed for AZ31ECAP [68] and in AZ91 it
was 1 um [210, 211]. This finding is in full correspondence with the results of the present
work where a grain size of 2.4 um was determined for ECAP material. Since the ECAP
process is performed at elevated temperature, it is basically not possible to obtain
a considerably finer microstructure, let us say in the order of hundreds of nanometers. It is
a consequence of DRX at elevated temperature that is not possible to suppress or exclude. It is
important that the ECAP grains show a high angle boundary character. ECAP alloy shows
definitely higher amount of high angle boundaries than hot rolled material. On the other hand,
coarse grains of the size 15 — 50 um surrounded by grains of 2.5 um were observed for
ZK60ECAP by Stoica et al. [90]. These inconsistencies in literature data may, according to
our experience with ECAP technique, result from different parameters of ECAP process.
Temperature and strain rate have a very strong influence on resulting microstructure. There is
very limited information data base on texture of ECAP magnesium alloys in literature. The
majority of texture observations was done on cubic metals, such as Al, Cu, Fe and their alloys
[33, 59, 72 and 90]. However, in the literature reports about Mg alloys processed by ECAP
the texture with basal planes parallel to the shear plane was observed by many authors [31,
42,50, 59, 81 - 84, 95]. This texture, where the basal planes lay parallel to the shear plane of
ECAP, was observed also for the ECAP material studied in this work. With other words, the
basal planes are inclined by about 45° to the pressing direction. Thus the ECAP texture is a
combination of basal and prismatic planes being inclined about 45° to the pressing direction.
Also in this case a correlation between the direction of a high deformation and the basal plane
orientation could be detected.

Further, the texture intensity of ECAP material is stronger when compared to the HR
one. This is in good agreement with literature data dealing with texture intensity. Agnew et al.
[83] and Kim et al. [84] reported that the texture intensity in magnesium alloys produced by
ECAP is higher than that in extruded or rolled alloys. The highest intensity of ECAP texture
can be explained by the lowest processing temperature (200°C) as compared to the hot rolling
(~370°C) and casting. The next reason for higher texture intensity of ECAP alloy is a larger
strain involved during the deformation process as compared to hot rolling. These conclusions
are in very good agreement with known literature data.

It is not surprising and could be expected that the three different microstructure and
texture conditions of tested AZ31 influence substantially the mechanical properties of the
AZ31 alloy. Considering the Hall-Petch relation the ECAP material should have the best
mechanical properties. Surprisingly, the behaviour of ECAP material was found to be not as
expected. The ECAP material does not exhibit an improvement of the mechanical properties
in such extend as it was expected. On the contrary, in many cases deterioration of the material
properties was observed. The explanation of this finding will be given later in the discussion
of results.
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Tensile behaviour

The literature data show that the tensile properties of magnesium alloys strongly
depend on the material condition, Sec. 3. Texture and microstructure influence the material
properties. Materials with strong textures (extruded and rolled) show in many cases
anisotropy of the mechanical properties [51, 53 and 65]. Agnew et al. [83] stated that the
orientation of the tensile specimen with respect to the initial texture significantly influences
the tensile behaviour. The highest yield stress and tensile strength was observed for the 0°-
specimen with c-axis perpendicular to the loading direction, Sec.3. The same effect was
observed also in the present work. HR material with c-axis perpendicular to the tensile
loading direction showed the highest tensile strength and yield stress. High values can be
explained by unfavorable texture orientation for easy activation of slip or twinning
mechanisms. The Schmidt factor, related to the easiness with which deformation by glide can
occur, is close to zero. Contrary to these observations, other authors demonstrated different
behaviour [51, 53, 63, 74 and 212]. A higher yield stress and ultimate tensile stress were
observed for the 90°-specimens when compared to the 0°-specimen. These differences were
explained by initial texture variability as in the case of rolled AZ31 [74], where the basal
plane was tilted £ 15° to the rolling direction. Further, Wendt et al. reported in [208] any
plane anisotropy of mechanical properties in different directions for hot rolled AZ31. Isotropy
of the tensile properties was also observed for rolled AZ31 by Kim et al. [79].

In the case of texture inclined 45° to the loading direction, simulating ECAP texture, a
low yield stress and improved ductility was observed by Yi [65]. Mukai et al. [81] showed
that material with texture favourable for basal slip showed higher ductility over that having
unfavourable texture for basal slip. The improvement of ductility by a factor of about 2 -3 for
AZ31ECAP over the non-ECAP condition was reported in [72 and 82]. Identical results were
observed for AZ31ECAP in [59, 71, 81 and 83]. These results support also the present work,
where the ECAP alloy showed an enhanced ductility when compared to the hot rolled and cast
condition. Further, a lower yield stress and tensile strength was observed for AZ31ECAP
when compared to the HR material but not to the SC one. Similar behaviour was also found
by Watanabe et al. [95] for extruded AZ31 vs. ECAP one, even the ECAP alloy had a smaller
grain size. These results could be explained by favourable texture orientation (c-axis 45° to
the loading direction) for easy basal slip at the beginning of the loading. The Schmidt factor is
high, approx. m = 0.5. Further, Agnew et al. [72] suggested that the ductility improvement is
due to the randomization of the originally strong extrusion texture. Contrary to this,
subsequent work of Agnew et al. [83] showed that the ECAP texture was stronger than the
original extruded texture, rather than weaker. Thus, the improvement of the ductility for AZ31
is due to a positive change in texture [83]. Results of this work confirm this statement,
because also here a higher texture intensity was found for ECAP material when compared to
hot rolled alloy. Next, any difference in ultimate strength between AZ31ECAP and
AZ31ECAP+annealing was observed by Mukai et al. in [81] and by Komado et al. in [213].
However, a strong discrepancy of the results can be found in relevant literature. First, ECAP
magnesium alloys with enhanced elongation and enhanced strength when compared to the
extruded and cast alloy were reported by Watanabe et al. and del Valle et al. [95 and 59]. This
behaviour was confirmed for AZ31B-ECAP+annealed [66], Mgy7Zn;Y, ECAP [31] and
further for Mg and Mg-9Al (ECAP vs. cast [48]) and AS21 (EX-ECAP vs. HPDC [125]).
Second, enhanced ductility, but not enhanced strength, was reported for ECAP magnesium
alloys when compared to the extruded one. It means that the ductility and the strength are not
always improved with decreasing grain size simultaneously. A higher ductility and lower
strength of ECAP material when compared to the extruded one was reported for ZK60 [90,
126], AZ61 [84] and AZ31 [83]. Also the results of this work belong to this category. The
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third case is when enhanced strength but not enhanced ductility of ECAP material (when
compared to cast one) is reported. So it was for example in the case of AM60ECAP when
compared to the cast alloy [97]. These differences among the literature results are due to the
differences in the texture and microstructure resulting from the big variations in production
techniques conditions regarding temperature, speed, strain etc.

The ECAP material exhibits the highest hardening during tensile loading when
compared to the SC and HR condition. This observation is in full agreement with results
published in [83, 213], where a higher hardening response was reported for AZ31ECAP than
for the non-ECAP alloy. The high hardening of fine-grained alloy observed in this work is
possible to explain by additional intensive twinning and dislocation pile-ups. Consequently,
the ECAP material shows the highest plastic ability during tensile loading. The lowest
hardening when considering the stress increment between the yield and the ultimate tensile
stress, oyrts - Oys, was determined for SC material. The cast alloy with random texture means
that some grains are favourably oriented for activation of deformation modes and other grains
are not. This may lead to a variation of the Schmid factor. Generally, SC alloys with random
texture do not exhibit any anisotropy of tensile properties. These data show that the texture
has an important influence on the tensile properties of wrought Mg alloys.

The texture is, however, not the sole mechanism influencing the material properties.
Also the grain size is expected to influence the tensile properties. From general knowledge it
follows that higher tensile properties are expected for fine-grained material [50, 81 and 122].
The tensile results of the present work show that the squeeze cast alloy with coarse grains
exhibits, according to expectation, the lowest tensile strength and ductility, which is in full
agreement with literature results described in Sec. 3. A low tensile elongation was reported
for the die cast AZ91 (8 %) and AMO60 (11 %) [81] and cast AM60 [59]. The low tensile
properties of SC alloy result from the coarse grained structure, hcp-lattice with restricted slip
systems, slip anisotropy, difficulty of cross-slip within the grains [123] and by deteriorate
effect of cast defects [124].

Wrought magnesium alloys, after rolling and extrusion, have smaller grain size and
thus also better mechanical properties [64 and 122]. The same tendency was expected for
ECAP material due to its fine microstructure [48, 72 and 98]. In the present work the hot
rolled material with grains of 15 um has higher tensile strength than the ECAP material with
grain size of 2.4 um. Additionally, the ECAP alloy has a slightly lower tensile strength than
the hot rolled material. Thus, the Hall-Petch relation is obviously not valid for AZ31ECAP vs.
AZ31HR. The ECAP alloy has higher ductility when compared to other tested conditions. The
explanation of this effect may be based on the influence of unfavourable HR texture and
favourable ECAP texture for activation of deformation modes. To activate the deformation
modes in HR material is more difficult and thus high stresses are necessary. It is just the
opposite to the compressive behaviour, where for this lattice orientation of HR material a low
yield stress was observed [214]. It results from the favourable orientation of hcp lattice for
twinning in compression mode. It is very important to distinguish between the loading
directions. From these results is evident that it is not possible to conclude that the tensile
properties of ECAP alloy depend only on the grain size. The texture plays a certain role too.

The results of this work show that the materials with unfavourable texture for slip
show a higher yield stress and ultimate tensile strength when compared to materials with
favourable texture for slip deformation, almost independently on the grain size. Contrary to
that, a higher ductility is found in the materials with texture favourable for slip deformation,
as it is in the case of ECAP materials.
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The results of this work provide new evidence regarding the effect of grain size and
texture on the tensile properties of magnesium alloys. The texture effect appears to be
predominant in the fine grained alloys and the grain size effect looks to be stronger in coarse
grained SC alloy. However, the quantitative determination of particular contributions of the
two effects to the materials strength is rather difficult. The results of the present study make it
clear that it is necessary to carefully consider which condition of Mg alloy is to be used for a
particular application and what processing route is to be chosen to produce the appropriate
combination of grain structure and texture. New problems for engineering are opened because
these results point out that a “small-grained material” does not automatically means the best
strength characteristics of the material as it is expected on the basis of the Hall-Petch relation.
Further, it is clear that the grain size is not the sole material parameter influencing the tensile
properties. Additionally, results of this work play up the high significance of texture
influence.

Fatigue behaviour

Generally, fatigue properties of materials with fine microstructure are better than those
with coarse microstructure, except of threshold values for propagation of long fatigue cracks.
Thus, it is expected that ECAP materials should exhibit better fatigue endurance than
materials prepared by conventional methods and having conventional grain size. However, the
results of this work show that this general trend is confirmed only partially for magnesium
alloy AZ31. The general trend was confirmed only for magnesium alloys prepared by
conventional techniques as squeeze casting and hot rolling. Research papers dealing with
fatigue properties of ECAP magnesium alloys are completely missing in the literature. Thus,
this work provides the first fatigue data on ECAP magnesium alloy AZ31. That is why the
research was focused on conducting basic fatigue experiments, on determination of cyclic
plastic response, fatigue endurance, notch sensitivity and frequency influence.

Cyclic plastic response. From literature data, cf. Sec. 3 it follows that the cyclic
hardening is typical behaviour of cycled magnesium alloys [161, 188]. This was confirmed
also by the results of this work. Cyclic hardening was observed for all three conditions of
AZ31. However, significant differences were detected among the cyclic plastic responses of
these three conditions. The cyclic hardening is related to the increasing dislocation density
during repeated loading. The cyclic hardening in Mg alloys results from pinning of
dislocations on incoherent precipitates and on the grain boundaries [55, 132]. Magnesium
alloy AZ31 does not have sufficient amount of secondary particles, thus the hardening is most
probably related to dislocation pinning on the grain boundaries. The higher hardening is
expected in materials with small grains due to the higher amount of grain boundaries and thus
having more places for dislocation pinning. Contrary to these expectations, the ECAP
material with the smallest grain size showed the smallest cyclic hardening. The width of
hysteresis loops remains practically constant from the beginning of cycling. Contrary to that,
the HR and SC material show a pronounced hardening. Taking this into account, the
explanation based on the grain size effect solely is not sufficient. The additional explanation
could be sought in texture. ECAP material has strong texture with the majority of the grains
oriented in one direction. The c-axis of hcp is tilted 45° to the loading direction. As it was
already explained above, this is a very favourable position for slip. Since the grains have the
same orientation, the dislocations could pass easily from one grain to another. Relative
easiness of cyclic slip and the reversibility of dislocations glide upon unloading results in very
small hardening of ECAP alloy at the beginning of cyclic loading.
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The situation is different for SC and HR material. SC material has large grains which
mean fewer possibilities for dislocation pinning. On the other hand, SC alloy has a random
texture. Some grains are favourably oriented for easy deformation by slip and twinning and
other grains are unfavourably oriented. The dislocation movement from one grain to another
is obstructed by the neighbouring grains with the unfavourable orientation for glide as well as
for twinning formation. Since twins are also obstacles for dislocation movement, they lead to
hardening of the material, too.

The situation is a bit more complicated in the case of HR material, where an intensive
cyclic hardening was observed. HR material has a grain size that efficiently arrests the
dislocation movement that leads to hardening. However, the hardening of HR material was
not uniform when tensile and compressive characteristic are compared. This effect has to be
related with texture influence. Texture effect on the cyclic plastic response is more complex
and not easy to explain. The c-axis of HR material is perpendicular to the loading. This hcp
orientation means an unfavourable orientation for slip and twinning in tensile loading. On the
other hand, this orientation is extremely favourable for twinning in compression loading. This
was confirmed by comparison of yield stresses in compression and tension reported in [214].
The yield stress of HR material was much smaller in compression than in tension. It means
that in compression loading the twinning is easily activated, even in the tension the
deformation is difficult. Twinning in compression rotates the grains. This rotation causes a
more favourable orientation of grains for easier initiation of deformation modes in tensile
loading. Simultaneously, twinning and high among of grain boundaries mean obstacles for
dislocation movement. It leads to extensive cyclic hardening of HR material. Thus higher
cyclic hardening of HR material when compared to ECAP and SC alloy could be explained by
more efficient pinning of dislocations.

To the author's knowledge this is the first study focused on the cyclic plastic response
under fatigue loading of ECAP magnesium alloy, no such data being available in literature.

S — N characteristics. In Sec. 3 it was shown that the fatigue endurance increases with
decreasing grain size [150]. It is valid at least for conventionally produced materials.
However, this behaviour was not proved for ECAP magnesium alloys [146]. It is necessary to
stress that fatigue data dealing with ECAP magnesium alloys are extremely limited. The
results of the present work confirm that the coarse grained SC material has the lowest fatigue
endurance and so also the lowest fatigue strength when compared to the ECAP and HR
material. This behaviour was found in LCF and HCF. In the LCF, the HR alloy has the
highest fatigue endurance. Thus, ECAP material with the smallest grains did not lead to
improvement of the fatigue properties over the HR one. However, in the area of HCF, the
fatigue strength is identical for both HR and ECAP material. Thus, no improvements of
fatigue properties of ECAP material when compared to HR material were found, but on the
other hand, also no their deterioration. The explanation of poor fatigue properties of SC
material could be sought in the coarse structure with its inherent defects. On the other hand,
the fatigue response of HR and ECAP material is not fully clear. The literature data dealing
with this problem are very scarce [146, 167]. It is clear that the explanation of lower fatigue
resistance of ECAP material could not be based only on the grain size effect. Texture has to
play an important role too. A certain similarity of fatigue behaviour of ECAP and HR material
could be found in tensile behaviour. Due to not yet known reason, the crack initiation and
propagation is faster in ECAP material than in HR. Since the basal planes of ECAP materials
are favourably oriented for easy deformation under loading, this could lead to easy crack
propagation. All grains have identical orientation; thus they can not effectively hinder the
dislocation movement and crack propagation. In the case of HR material, the texture
orientation is unfavourable for easy deformation under tensile loading. On the other hand,
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twinning is activated easily under compression loading. Thus, twins play as obstacle for
dislocation movement. Consequently, due to the difficulty of dislocation movement, the crack
initiation and propagation is slowed. Thus, it appears that the texture effect has bigger
influence on fatigue behaviour of HR and ECAP material than grain size effect. However, to
fully confirm these assumptions, a further, more extensive study is required.

From the literature data is obvious that S — N curves of magnesium alloys show a knee
point in the range of 10° — 10° numbers of cycles [131]. It describes a transient from LCF to
HCF. Such a transient area was found also for S — N curves in the present work. A knee point
was determined for all three tested conditions of AZ31. Thus, results of this work are in good
correlation with the general trend for magnesium alloys described in literature [164], Sec. 3.

Frequency effect on fatigue behaviour of three conditions of AZ31 was evaluated in
this work. Since the loading frequency may significantly influence the fatigue endurance,
these data are interesting from the point of practical applications. However, no critical
frequency effect on fatigue behaviour was reported in the literature. The literature knowledge
is based only on cast magnesium alloys and hot rolled material, ECAP alloys were not studied
at all. Thus, results of this work are important for a complete knowledge of the fatigue
behaviour of different conditions of magnesium alloys under loading at different frequencies.
The experimental results for all three conditions of AZ31 tested at frequencies of 20 Hz, 100
Hz and 20 kHz, did not provide any evidence of a frequency effect on fatigue behaviour. So,
these results are in a very good agreement with the literature data. However, a small
discrepancy among the results for the SC material tested at 20 and 100 Hz is visible. It is
necessary to mention when considering the experimental data for 20 Hz and 100 Hz that the
specimens used for testing were machined from two different castings. The metallographic
analysis brought evidence that the grain size of about 450 um was the characteristic
dimension for specimens tested at 20 Hz and the grain size of about ~150 um was typical for
100 Hz testing. Consequently, the observed lower fatigue resistance at lower loading
frequency reflects most probably the general trend of an increase of fatigue strength with
decreasing grain size than any frequency effect. Therefore, it is not possible to unequivocally
conclude if the observed effect assigns to the loading frequency or to microstructure of cast
alloy. However, when fatigue behaviour of notched SC specimens at different frequencies is
compared, then it could be seen that the frequency does not have any influence on fatigue
behaviour of cast AZ31. (Fatigue behaviour of notched specimens will be discussed in more
detail below). Thus the deterioration effect on fatigue behaviour of smooth SC specimens at a
loading frequency of 20 Hz could be prescribed to the microstructure of the material and not
to the frequency effect. No frequency influence on fatigue behaviour of smooth HR and
ECAP specimen was observed. However, the notched HR specimens show slightly higher
fatigue endurance at higher frequency of 100 Hz than at frequency of 20 Hz. This is not the
case when smooth HR specimens are tested. The reason of this behaviour is not clear yet and
more intensive study has to be done to fully confirm if this is really a frequency effect or not.

Generally, results of this work together with literature data, give information about
negligible effect of loading frequency on the fatigue endurance of magnesium alloys,
independently on the material condition.

To conclude these results, the following could be stated. The HR material has the best
fatigue resistance in LCF region of all. In the HCF, the fatigue strength of HR and ECAP
material is the same. Thus, fine-grained ECAP material does not lead to further improvement
of fatigue properties of the magnesium alloy AZ31. The SC alloy shows the lowest fatigue
endurance. The loading frequency in the frequency range investigated does not have any
negative or positive effect on the fatigue behaviour of the magnesium alloy AZ31.
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Notch sensitivity. Since in the engineering applications irregular parts with stress
concentrators are very often used, the issue of notch influence on fatigue endurance is
extremely important [186 and 195]. Unfortunately, the literature data regarding notch
sensitivity of magnesium alloys are mostly missing. From known literature data it is obvious
that a notch may have a negative effect on the fatigue performance [131]. The notch effect is
more pronounced in the fine grained materials than in coarse ones [197]. This was confirmed
also by results of the present study. The notch sensitivity factor of SC alloy at frequency of
20 Hz was zero. It means that coarse grained material is insensitive to the artificial surface
notch. For the SC material tested at frequency of 100 Hz, a very small notch sensitivity q of
0.07 was found. This value is insignificant and it again confirms the practical notch
insensitivity of SC material. The notch insensitivity of cast AZ31 may be explained in the
following way. The existing inherent defects in the cast material have a stronger influence on
the fatigue endurance than the surface circumferential notches, having theoretical stress
concentration factor up to 2.8. The notch insensitivity of cast magnesium alloys is also
confirmed by Berger et al. and Renner et al. in [186, 191]. Also here the notch insensitivity
was assigned to the effect of internal defects of the cast microstructure. Contrary to that,
a strong notch sensitivity of cast magnesium alloys was reported by Sonsino et al. [131].
Thus, it is seen that the literature data are not really uniform. Just opposite to the SC material
notch insensitivity observed in this work, both HR and ECAP AZ31 show significant notch
sensitivity. The notch sensitivity of ECAP material was found to be higher than that of the HR
material. Not only the fine-grained ECAP material shows worse fatigue resistance in LCF and
HCF region than HR material, but it also has higher notch sensitivity. The experimentally
determined notch sensitivity factor of the HR material is 0.76 for 20 Hz loading and 0.62 for
100 Hz loading. This proves a relative high notch sensitivity of the HR material. The situation
is a bit more complicated in the case of ECAP alloy. In this case, notch specimens with two
different stress concentration factors were used for testing at two frequencies of 20 and
100 Hz. The ECAP specimens with K; of 2.5 tested at 20 Hz show the fatigue notch
sensitivity of 0.74. By contrast, the ECAP specimens with K; of 2.0 tested at 100 Hz show
a substantially lower fatigue notch sensitivity of 0.19. This effect could be theoretically
assigned to the frequency effect. However, no frequency effect was observed when smooth
ECAP specimens were tested. Thus, it looks quite improbable that the frequency effect would
be so strong in the case of notched ECAP specimens. The big difference in notch sensitivity
of ECAP material is possible to assign to the effect of the stress concentration factor. The
specimens with lower stress concentration factor show better fatigue endurance than the
specimens with higher stress concentration. Identical tendency was also found in the literature
reported by Sonsino et al. [131] for the magnesium alloy AZ91.

Tab. 7.1 Stress concentration factor and notch sensitivity

f [HZ] Kt q
HR 20 2.8 0.74

ECAP 20 2.5 0.76

From the experimental results it follows that HR and ECAP alloys have substantially
higher fatigue resistance than SC material. However, the SC alloy is notch insensitive. The
fatigue lifetime of HR and ECAP alloys decreases with increasing K. Additionally, in Tab 7.1
the notch sensitivity of HR and ECAP material is compared. The notch sensitivity values for
both materials are approximately the same. But the stress concentration factors are different.
For the same notch sensitivity, the ECAP material has a lower stress concentration factor than
the HR material. Hypothetically, if the ECAP material would have the same K; as the HR
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7 Discussion and conclusions

material, then the value of notch sensitivity of the ECAP material would be higher than that of
the HR material. It proves a higher notch sensitivity of the ECAP alloy. Thus, it is seen that
the notch sensitivity of AZ31 depends strongly on the material condition. The literature data
concerning the notch sensitivity of magnesium alloys are extremely scarce. The data obtained
in this work bring some light on the notch sensitivity of HR and ECAP Mg alloy AZ31. The
data of this kind were missing in the literature till now. Because the fatigue notch sensitivity is
an important material property/indicator necessary for safe engineering design of cyclically
loaded components, further study of this problem is desirable.

The critical size defect at the endurance limit is an important material parameter,
characterizing the fatigue behaviour. Unfortunately, no data of this kind exist in the literature
for magnesium alloys. In the present work the Klesnil — Luka§ equation [206] was used for
the evaluation of non-propagating crack size at the fatigue strength for all three conditions of
AZ31. The critical defect size is sought to be in a close relation to the decisive structural
parameter of a particular material. The results of this work show that the critical defect size
differs in dependence on material condition. A critical defect of 60 pm was calculated for SC
material tested at a frequency of 20 Hz and at a frequency of 100 Hz it was 51 um. Both
values are much smaller than the grain size of the SC material. Thus, the grain size can not be
the decisive structural parameter for non-propagating cracks at the fatigue strength of SC
alloy. Therefore, other microstructural parameters must be responsible for short crack
propagation. It supports the idea of large inherent defects, the dendrite size or porosity that
influence the short crack propagation and hence the fatigue life more significantly than the
grain boundaries. In the SC alloy inherent defects larger than 60 um have to be present and
therefore the influence of artificial surface notch with K; of 2.8 is shielded. In the case of HR
material, the situation is completely different. The calculated non-propagating crack size at
the frequencies of 20 and 100 Hz was 7.6 um and 13 pum, respectively. These values are in
good correlation with the grain size of HR material. It indicates that the grain size could be
the responsible structural parameter from the point of view of fatigue damage at the
endurance limit. The artificial surface notch size is larger than the grain size of HR material.
The situation is again different for ECAP material. The critical defect size at a frequency of
20 Hz was 7.8 um, while at a frequency of 100 Hz it was 33 pum. These values are obviously
larger than the grain size of ECAP alloy. Consequently, in the ECAP material, similarly to the
SC alloy, the grain boundaries itself cannot be directly considered as decisive obstacles for
non-propagating (short) cracks. As it was pointed out above, no data of critical crack size of
magnesium alloys are available from literature. The only possible comparison can be made
with the results determined for ultrafine-grained copper by Lukas et al. [170]. However, this
comparison is not fully appropriate, because of completely different crystallographic structure
and different slip mechanisms in Cu.

Obtained results on the critical defects enable the following considerations. AZ31
produced by the conventional method of hot rolling shows good correlation between the
critical crack size and the grain size. This is not valid for conventionally prepared squeeze
cast material due to inherent microstructural defects. Further, the correlation between the
critical crack size and grain size was not confirmed for fine-grained ECAP material. The
critical defect is much larger than the grain size. The explanation of this behaviour is missing.
A more detailed study of the mechanisms of crack initiation, slip band formation and
conditions for crack propagation in fine-grained Mg alloys is necessary for better
understanding of this observation.
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8 Summary

8 Summary

The first task of this work was to process magnesium alloy AZ31 by equal channel
angular pressing (ECAP). For that the proper processing conditions had to be found. Further,
the fatigue properties of AZ31 processed by ECAP were examined and later on the results
were compared with fatigue properties of the conventionally prepared AZ31, i.e. by squeeze
casting (SC) and hot rolling (HR).

ECAP technique has been chosen due to its positive impact on the mechanical
properties resulting from ultra-fine grained microstructure. However, due to the hexagonal
structure of magnesium alloy, an elevated processing temperature had to be used and thus the
outcoming microstructure was not in ultra-fine range but rather fine-grained one.

The microstructure and texture of the three conditions of AZ31 were examined. It was
found that these three conditions significantly differ in microstructure and texture
corresponding to the three different production techniques. The SC material shows a coarse
microstructure and random texture, while the HR material shows equiaxed grains with a size
of 15 uym. The HR material has a strong basal texture. It was proved that ECAP leads to
production of a fine-grained microstructure with grain size of 2.4 um. The texture of ECAP
material differs from that of HR and SC. The basal planes are tilted 45° to the ECAP pressing
direction.

From general knowledge it was expected that a small grained material will have
superior mechanical properties. Thus, the influence of the microstructure and texture on
tensile and fatigue properties was examined. Surprisingly, the highest tensile strength and
yield stress were not observed for fine-grained ECAP material but for the HR one. On the
other hand, the highest ductility was detected for ECAP material over the HR and SC one.
The lowest tensile properties were found for coarse grained SC material. It was shown that the
hypothesis based on Hall-Petch relation was not confirmed when properties of HR and ECAP
material were compared. The fine grained ECAP material did not lead to an improvement of
the strength characteristics over the HR material. From the results of this work it could be
stated that texture effect predominates over grain size effect regarding to tensile properties.

Cyclic hardening of all three conditions of AZ31 is a characteristic feature of cyclic
stress - strain response. The strongest cyclic hardening was observed for HR material, while
very weak hardening was measured for ECAP material. This behaviour was explained by the
texture and grain size influence.

The best fatigue resistance in LCF was observed for HR material and not for ECAP
one. However, the HR and ECAP material showed identical fatigue strength in HCF region.
The lowest fatigue strength was determined for SC material. On the other hand, the SC
material is notch insensitive while HR and ECAP material show significant notch sensitivity.
Additionally, the notch sensitivity in ECAP material is even higher than that of HR material.
The ECAP material has not the best fatigue endurance, as it expected; simultaniously it
exhibits the highest notch sensitivity. The fatigue strength of SC material is the same for
smooth specimens as well as for notched specimens. This implies that the fatigue strength
determined for smooth SC specimens can be used for fatigue life assessment even for bodies
with stress concentrators. However, this is not the case of HR and ECAP material. The fatigue
strength of notched HR and ECAP specimens was of same magnitude as for the fatigue
strength of coarse grained SC material. Thus, in the case of HR and ECAP materials their
fatigue notch sensitivity should be carefully evaluated in structural applications exposed to
cyclic loads.
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8 Summary

All three conditions of AZ31 show transcrystalline fatigue fracture surfaces. However,
the significant differences in the roughness of fatigue fracture surfaces of AZ31 squeeze cast,
hot rolled and ECAP specimens were observed. Additionally, a strong segmentation of the
fracture surface of the ECAP material was observed.

The experimental outcomes of this work have demonstrated that the properties of
AZ31 depend strongly on the manufacturing route applied. Surprisingly, the ECAP process
did not bring any improvement of the tensile and fatigue properties of magnesium alloy
AZ31. However, it is generally not possible to say which of the three conditions of AZ31
have the ‘best’ overall properties. Each material condition is suitable for different
applications. Thus, a proper material condition has to be considered on the foundation of the
specific requests. This work offers a first information base to make such decision.
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