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ABSTRACT OF THE THESIS

Investigation of the Mechanical Behavior of WE43 Magnesium Alloy
Modified via Multi Directional Forging

by

Camila Rita de Souza
Master of Science in Materials Science and Engineering
University of California, San Diego, 2017

Professor Marc André Meyers, Chair

Mechanical processing improves the mechanical behavior of modern materials,
thus increasing their strength, toughness, and other physical properties. The main objec-
tive of this research is to characterize structurally the magnesium alloy and analyze the

formation of bulk ultrafine grains produced by two main techniques which promote the
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change in grain size and consequently the increase of the mechanical strength. Multi Di-
rectional Forging is a compression procedure applied to the material in all three direc-
tions, maintaining the dimensional ratio and increasing the strain produced until the cu-
mulative strain be greater than 2.0. As magnesium alloy WE43 has good properties at
higher temperatures; the cumulative plastic strain obtained was higher than 2.0. To com-
plement the study of the strength increase via plastic deformation, Equal Channel Angu-
lar Processing was applied. The required stress to push the material through the die at 550
"C was 867 MPa. The results show a moderate decrease in grain size from 18 pum to 14
pm in ECAP and 12 um in Multi Directional Forging. This decrease in grain size results
in an increase in the hardness. In view of the brittleness of the magnesium alloy it was not
possible to increase the plastic strain as expected in Multi Directional Forging per pass;
the samples fractured if the stress was increased beyond 230 MPa. The yield stress at 1.6
x 102 s increased from 87 MPa for the initial condition, to 115 MPa for the specimens
subjected to a strained. In dynamic compression test, experiments were conducted at a

strain rate of 2.5x10° s™ and the yield stress increased to 246 MPa.
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CHAPTER 1 Background
1.1 Introduction

Magnesium is a chemical element with atomic number (Z) 12, abbreviated Mg. Jo-
seph Black recognized it as an element in 1755, but Sir Humphry isolated this metal al-
most 200 years previously. In 1808, when Davy was working on an electrolyzed mixture
of magnesium oxide (magnesia, MgO) and mercuric oxide (HgO), he named magnesium
first magnium. It was first manipulated in 1618 by a farmer in England named Henry
Wicker who wanted to give his cows better water. The cows refused to drink the water
because it had a bitter taste, due to the presence of magnesium sulphate, MgSQO,4. The
commercial production of magnesium started in 1852 by Robert Bunsen, who constructed
a small place which was called “The Aluminum and magnesium Fabrik” in Germany.
Bunsen designed a new site for dehydration and electrolysis of molten carnalite. Magne-
sium is named after Magnesia, in Thessaly/Greece, where a high amount of magnesium
ore is present [2].

Magnesium is the eight most abundant elements in the world and an amount of

2.1% of magnesium is found in the Earth’s crust [3]. magnesium is not formed naturally
unless combined in large deposits of minerals, most commonly in dolomite (CaCOj3 - Mg
(CQO)3), carnalite (MgCl, - KCI - 6H,0) and magnesium Sulphate (MgSO,) [4].

In 1920, it magnesium manufacturing was practically non-existent, in 2000, it ap-
proached 100.000 tons per year, Figure 1.1 [1]. By then, China produces approximately
80% of the world magnesium market, followed by United States, Russia, Israel, Kazakh-

stan, Brazil, Ukraine, and Serbia [5].
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Figure 1.1 Evolution of magnesium production in the 20" century [1]
1.2 Magnesium and Its Alloys
Magnesium, when found in nature combined with other elements, has different
colors in a magnesite form, Figure 1.2 (a). Magnesium cannot be found in nature, because
it binds with other elements [6], and then it will appear on each mineral with a different
color. Magnesium only arises naturally in combination with other chemical elements,

where it has a 2" oxidation state. [7] The pure element can be obtained artificially, and it



shows a characteristic brilliant- white light as illustrated in Figure 1.2(b)

Figure 1.2 (a) Dolomite CaMg(COg), (white) with magnesite (yellowish) from
Spain [8] (b) Pure artificial magnesium [9]

In its polished form, Figure 1.3, magnesium has a gray silvery-white hue, low
density, and when exposed to the air forms a thin oxide layer [10]. This material is among
the lightest structural metals, has good heat conductivity, good electro-magnetic protec-
tion, and it is very strong metal. Magnesium is an alkali earth metal and, when this ele-
ment burns, creates a white light [11]. By adding water to a magnesium fire, it is possible

to produce hydrogen gas [12].

Figure 1.3 Magnesium has a gray silvery-white hue [10].



Currently, the most common magnesium alloys are produced by conventional
casting methods where the following elements are strongly present: aluminum, cerium,
zinc, silver, thorium, yttrium, zinc, and zirconium [13]. In order to classify magnesium
alloys, the American Society for Testing Materials (ASTM) has established a method for
defining the alloys. This method dictates that the first two letters indicate the most abun-
dant alloy elements, given in Table 1.1. An example of this correlation is the alloy in

study, which is described in Figure 1.4.

WE43

Figure 1.4 Nomenclature designation of magnesium alloy WE43 by ASTM

Table 1.1 ASTM code for designation of magnesium alloys [14]

Code Letter Alloying Element
A Aluminum
B Bismuth
C Copper
D Cadmium
E Rare Earths
F Iron




Table 1.1 ASTM code for designation of magnesium alloys [14], Continued

Code Letter Alloying Element
G magnesium
H Thorium
K Zirconium
L Lithium
M Manganese
N Nickel
P Lead
Q Silver
R Chromium
S Silicon
T Tin
w Yttrium
Y Antimony
Z Zinc

When magnesium alloys are alloyed with rare earth elements, the strength is in-
creased, especially in high temperatures. Also, zirconium can improve exponentially the
corrosion resistance [15]. The principal fabrication method of magnesium alloys is con-
ventional casting, Figure 1.5, where the die casting is used repeatedly, but the initial cost
can be expensive. Cast magnesium Alloys have manufacturing advantages [16]:

e High productivity;

e High precision;



e High quality surface;

e Fine cast structure;

e Thin wall and complex structure possible;
e Can use steel ingots;

e Lower heat content;

e Good machinability;

e High fluidity of melt.

Core»..;~_-;_..,,,| 1+ < , Die
My
Shot ;
Sleeve
L)~ Piston

Figure 1.5 Sketch of indirect squeeze casting [1]
A variety of magnesium alloys and their characteristics are described in Table 1.2

Table 1.2 Adapted magnesium alloys and their characteristics [17]

Magnesium Alloy Characteristics

AE42 Good creep properties to 150°C

AM20 Good ductility and impact strength




Table 1.2 Adapted magnesium alloys and their characteristics [17], Continued

Magnesium Alloy

Characteristics

AMS50 High-pressure die castings

AS21 Good creep properties to 150°C

AS41 Good creep properties to 150°C

AZ31 Medium-strength alloy, weldable, good formability

AZ61 High-strength alloy, weldable

AZ63 Good room temperature strength and ductility

AZ80 High-strength alloy

AZ81 Tough, leak tight castings with 0.0015 Be, used for pressure die-
casting

AZ91 General-purpose alloy used for sand and die castings

EZ33 Good castability, pressure-tight, weldable, creep resistant to
250°C

HK31 Sand castings, good castability, weldable, creep resistant to
350°C

HM21 High creep resistance to 350°C, short time exposure to 425°C, welda-

ble

HZ32 Sand castings, good castability, weldable, creep resistant to
350°C

LA141 Ultra-light weight

M1 Low-to medium- strength alloy, weldable, corrosion resistant
QE22 Pressure tight and weldable, high proof stress to 250°C
QH21 Pressure-tight, weldable, good creep resistance and proof stress
to 300°C

WE43 Good corrosion resistance, weldable

WESH4 High strength at room and elevated temperatures

ZC63 Pressure-tight castings, good elevated temperature strength,

weldable




Table 1.2 Adapted magnesium alloys and their characteristics [17], Continued

Magnesium Alloy Characteristics

ZEAl Sand castings, good room temperature strength, improved cast
ability
ZK30 High-strength alloys
ZK51 Sand castings, good room temperature strength and ductility
ZK60 Good formability
ZK61 Sand castings, good room temperature strength and ductility
ZM21 Medium-strength alloy, good formability, good damping capacity
ZMC711 High-strength alloy

1.3 Properties of magnesium

Magnesium has [18]:

e Hexagonal Close-Packed (HCP) crystal structure;

e Lattice parameters: a;=a,= 0.312 nm and c= 0.512nm;

e c/a=1.632;

e o =f=90°and y=120°%

e Its space group is P63/mmc (No. 194);

e Coordination number = 12.

Magnesium has a different staking sequence (“ABAB...”) from Face Centered Cubic
(FCC) metals (“ABCABC...”) [19]. Figure 1.6 shows a schematic Hexagonal Close-

Packed (HPT) structure and how the sequence of layers is distributed.



) Layer A

e Layer B

\(}/’\-
"\.(

dj

Layer A
S—

az

a —

Figure 1.6 Hexagonal Close-Packed crystal structure [18]

The Atomic Packing Factor (APF), the fraction of volume in a crystal structure
which is occupied by atoms, for HCP is 0.74. Thus, a single crystal of magnesium has
74% of the lattice completed by atoms. The APF for magnesium is shown below.

APF is the ratio of the total volume of spheres (Vs) to the unit cell volume (V).
Then:

4mR3

V= 6(T)=87rR3 (1.1)
The volume of the unit cell is the base area times the cell height. Figure 1.7 (a)

and (b) shows the equilateral triangle to calculate the area:

(a)

Yvév"r

J\ /O\ /\
VAV,

Figure 1.7 (a) The base area of HCP crystal structure (b) Triangle OAB [20]
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Area of equilateral triangle is:
OAB=0.5 x AB x OP
A =% xAB x AO sin60°
A=Y x a x asin60°

A= a?
4
The area of the base plane is

V3 3V3
GXTCIZ :Taz

(1.2)
From the basal plane, Figure 1.6 (a):

a=2R (1.3)
Then, the base area is:

6R%/3 (1.4)
The relation between the unit cell height and the basal plane length is:

c/a=1.63

c=1.63a
From Equation (1.3) combined with the c/a ratio:

c=3.26R
Then, the unit cell volume is:

Ve =3.26 Rx 10.392 R

V.= 33.878 R® (1.5)

Thus,

APF ==

(1.6)
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APF = &R _
33.878R3
Finally:

APF =0.74.

Magnesium is found in over 60 minerals, but dolomite, magnesite, brucite, car-
nalite, and olivine have commercial significance. Magnesium and its minerals are formed

from seawater [21]. Table 1.3 displays the physical properties of magnesium.

Table 1.3 General properties of magnesium [21-24]

General Properties

Name, Symbol, Number

magnesium, Mg, 12

Element Category

Alkaline Earth Metal

Group, Period, Block 2,3,s
Standard Atomic Weight 24.304
Electron Configuration 1s2 2522p°®
Physical Properties
Phase Solid
Density 1.738g/cm’
Melting Point 650 °C
Boiling Point 1091°C
Heat of Fusion 8.48 KJ/mol
Heat of \Vaporization 128 KJ/mol
Specific Heat Capacity 1.02J/g °C
Atomic Radius 1.6 A
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Table 1.3 General properties of magnesium [21.22.23.24], Continued

Covalent Radius

1.30 A

Misce

llanea

Crystal Structure

Hexagonal Close Packed

Electrical Resistivity 43.9 nQ'm
Thermal Conductivity 156 W(m'K)
Thermal Expansion 24.8 w/(mK)
Speed of Sound 4940 m/s
Young’s Modulus 42 GPa
Shear Modulus 17 MPa
Bulk Modulus 45 GPa
Poisson Ratio 0.290
Yield Stress 75-200 MPa
Mohs Hardness 1-25
Vicker’s Hardness 44-260 MPa

Currently, magnesium is used in experiments as an ideal HCP metal, and in this

research, the deformation procedures were performed on the material under its favorable

conditions of weathering high temperature and pressure. Table 1.4 recaps the basic me-

chanical properties of common metals used in experiments and research.
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Table 1.4 Mechanical Properties of common metals itemized in the periodic table [25,26]

Metal S(t:rruycsttl?rle R{/I(())lértlﬁuz Msor(]ieu%s Ml(i)cljJ LIJlI(us
(GPa) (GPa) (GPa)
Aluminum FCC 70 26 76
Beryllium HCP 287 132 130
Bismuth Rhombohedral 32 12 31
Cadmium HCP 61 23 50
Chromium BCC 279 115 160
Cobalt HCP 209 75 180
Copper FCC 110-128 48 140
Germanium Diamond Cubic 103 41 75
Gold FCC 79 27 180
Iron BCC, FCC 211 82 170
Lead FCC 16 5.6 46
magnesium HCP 42 17 45
Molybdenum BCC 329 126 230
Nickel FCC 200 76 180
Niobium BCC 105 38 170
Platinum FCC 168 61 310
Plutonium Monoclinic 96 43 -
Silver FCC 83 30 100
Tantalum BCC Tetragonal 186 69 200
Tin DiamondCubic, Te- 50 18 58

tragonal
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Table 1.4 Mechanical properties of common metals itemized in the periodic table

[25,26], Continued

Crvstal Young’s Shear Bulk
Metal Strlz:ture Modulus Modulus Modulus
(GPa) (GPa) (GPa)
Titanium HCP 116 44 110
Tungsten BCC 411 161 310
Uranium Orthorhombic 208 111 100
Vanadium BCC 128 47 160
Zinc HCP 108 43 70
Zirconium HCP 88 33 91

The initial microstructure of pure magnesium shows equiaxed coarse grains. The di-

mension of the initial grain is about 300 um [27]. Figure 1.8 shows the comparison be-

tween the pure magnesium and AZ80 magnesium alloy microstructures.

2

PilLarsamry Sear, BT AT "
¥ 1) ,}\“\4 A7
%t .

Figure 1.8 (a) Initial Microstructure of pure magnesium and (b) AZ80 magnesium al-
loy [27]
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The coordination number of magnesium depends on the form in which this metal is
found [28]:

e Coordination number = 4, lonic radius Mg** = 0.71 A

e Coordination Number = 5, lonic radius Mg?*= 0.80 A

e Coordination number = 6, lonic radius Mg* = 0.86 A

e Coordination number = 8, lonic radius Mg** = 1.03 A

The slip systems for magnesium, as in other HCP metals, are limited compared to
(BCC) and (FCC) crystal structures. Typically, HCP crystal structures have slip on the
tightly packed basal {0001} planes along the <1120> directions [29]. To activate other
planes in the crystal structure, various parameters are involved such as c/a ratio. Besides,
for plastic deformation to occur, it is necessary that additional twin or slip systems be
motivated [30]. Hexagonal closed-packed materials have many types of twinning, though
the dominant mechanism that contributes for non-elastic shape deformations on c-
direction is on {1012}. The deformation twining mode of {1012} is given by [30]:

Ki= {1120} Ku is the interface of the twin

K;= {I012}; K is the plane rotated by the shear

n1= <1011>, direction parallel to the shear

n2 = <1011>, direction normal to the shear

The angle formed during the rotation is:

Yo =2 tan a, where a is the angle that the plane parallel to the direction n, makes with

the orthogonal plane of the twining shear [31]. Eq 1.7 describes the deformation of the

twining mode.
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. 3
$ = {1210}, o= 2= — C/T: (1.7)

Figure 1.9 shows the tensile twining mode for magnesium. The sketch allows to as-

sume that the shear is specified by:

{Yo, m, n}
Determined by the pairs:

(K1,m2) and (K2, 1)

Thus, the amount of shear is:

Yo=2[(gn)-11" (1.8)
The direction of the shear is:

m = 2Yo" [n-(gn) "g]

Where m is the direction of the shear, n is the normal shear direction, and g is the vec-

tor in the normal shear direction [32].

i
ey
A
(1012) ;
- -
‘7.7 .‘..‘
-y e

_ -t

Figure 1.9 The {1012} <1011> tensile twinning system for magnesium [32]
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Dislocations in materials with hexagonal crystal structure allow the deformation on
the basal plane, ¢ = <0001>, where the burgers vector, b = 1/3 <1120>, is responsible for
the deformation along the c-axis. Table 1.5 lists some burgers vectors and their proper-
ties. The dislocations along the c and a-axes, ¢ + a, have b = <1123> [33]. The basal slip
system, (0001) [2-1-10], and the prismatic slip system, (01-10) [2-1-10], do not produce
plastic deformation when the Burgers vector is parallel to the c-axis [34]. The defor-
mation and twinning on the non-basal slip, <c + a>, depending on the orientation of the
sample, has a stress range of 40 to 450 MPa, Figure 1.10 [35]. The stress produced by the
twin dislocations impedes thickening of the previous twins and induces nucleation of
recent twins in nearby regions [36]. These slips are different at different sizes and direc-

tions, possibly due to the production process.

SLIF SYSTEMS TWINNING SYSTEMS
1-126
A e [ | ll
[0-111)
(01-10) (01-12) 7 e
a - M
Basal Prismatic Tension
 [0-332] h[n- 112]
[1123] ) T -
\ | \
| \ \ \
\ \
\ \
(01-11) 17 (n-22) (01-13) (01-11)
la ”
Pyramidal I Pyramidal il Compression

Figure 1.10 Deformations modes in magnesium [36]
The basal and prismatic planes, <a>, as well as the pyramidal plane, <c + a>, constitute
the slip system, in which the basal slip is the predominately activated. Schmid law de-

scribes the activation of the basal plane, <a>, slip [37,38]:

? = cos@cosy (1.9)

n
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where o; is the shear stress, o, IS the stress applied to the material, and cos@cosy is the
Schmid factor.

Tablel.5 Slip systems in HCP materials and their properties [37]

Slip plane Slip direction Number of slip system
Basal (0001) a type, <1120> 3 2
Prism type I, {1010} a type, <1120> 3 2
Prism type 11, {1010} a type, <0001> 3 2
Prism type I11, {1020} a type, <0001> 3 2
1% order pyramidal type I, {1011} a type, <1120> 6 4
2% order pyramidal type I, {1022} c+a,<1123> 6 5

1.4 WE43 Magnesium Alloy

The biocompatibility of the metals commonly used in medical applications has
increased over the last few years, including magnesium and its alloys [38]. Compared
with polymers and modern ceramics, magnesium alloys have shown excellent mechanical
compatibility when used for in vivo disease treatment [39]. The mechanical behavior
improvement of the alloys has been studied, and procedures that promote fine grain
strengthening are recommended. Procedures such as Equal Channel Agular Pressing and
High Pressure Torsion are intended to increase the hardness, toughness, strength, and
eventually the plastic deformation of the alloys [40].

There are many types of magnesium Alloy that are used in a large number of in-
dustrial segments. The WE43 magnesium Alloy is fabricated in accordance with the

ASTM standard: ASTM B80 — 15, ASTM B94, ASTM B275, and others denoting me-
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chanical treatment and other parameters [41]. The material is manufactured as well as
described on the ASTM documents which designate approximate chemical composition
by weight [42]. WE43 magnesium Alloy is the equivalent ASTM B80, with Unified
Numbering System (UNS) of M18432, and Aerospace Material Specification (AMS)
4427 standard materials [43]. Table 1.6 shows the nominal composition according to
ASTM B80.

Table 1.6 Nominal chemical composition of WE43 magnesium Alloy [44]

ASTM UNS Mg Al | Cu Fe Y Mn Si Ni

WE43B | M18432 | Remainder | O | 0.02 | 0.010 | 3.7-4.3 | 0.03 0 |0.005

Rare Nd Zr Li | Zn | Gd Ag Metallic Impurities
Earths
1.9 2.0-2.5 04-10 |02 | (3 0 @) 0.01

There are some considerations to make about the production of the alloy:
a) Zinc + Silver does not exceed 0.20% of the nominal weight.
b) Some heavy rare earth materials such as gadolinium, dysprosium, erbium, and
ytterbium are sometimes used. If there are other rare earths materials, they are
made up of, usually, 80% of yttrium and 20% of the heavy ones [44].
The mechanical characterization of all series of magnesium alloys are also speci-
fied as well as the standards. Magnesium alloy properties are very advantageous in terms
of lightweight materials [45]. Figure 1.11 compares the weight of some metals that are

also used to make industrial alloys.
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Figure 1.11 Comparison between weight of industrial metals [46]

In terms of casting production, several properties of magnesium alloys such as
damping capacity, dimensional stability, and impact and dental resistance provide many
advantages over other lightweight metals [46]. Table 1.7 relates typical mechanical prop-
erties of main industrial magnesium alloy.

Table 1.7 Mechanical properties of main magnesium alloy [46]

Property AZ91 | AM60 | AM50 | AM20 | AS41 | AS21 | AE42 | WE43

Ultimate Tensile 240 225 210 190 215 | 175 | 230 125
Strength (MPa)

Tensile Yield 160 130 125 90 140 | 110 | 145 90
Strength (MPa)

Compressive Yield 160 130 125 90 140 | 110 | 145 85
Strength (MPa)

Fracture Elongation 3 8 10 12 6 9 10 2
(%)
Elastic Modulus, 45 45 45 45 45 45 45 45
Tension (GPa)
Elastic Modulus, 17 17 17 17 17 17 17 17

Compression (GPa)
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Table 1.7 Mechanical properties of main magnesium alloy [46], Continued

Property AZ91 AMG0 | AM50 | AM20 | AS41 | AS21 | AE42 WEA43
Brineel Hard- 70 65 60 45 60 55 60 60
ness
Impact 6 17 18 18 4 5 5 8
Strength

The grain size of WE43 is about 12um [47] after being extruded. The alloy con-

tains solid solution a-Mg with precipitates of a solid state compound that has metallic

bounding phases at the grain boundaries, Figure 1.12.

Figure 1.12 (a) SEM image of the WE43 magnesium Alloy showing the presence of sec-

ond phase [47], (b) SEM image showing the microstructure of the WE43 magnesium

alloy after extrusion [48]

The resistance to corrosion of WE43 is much appreciated because it permits the

promotion of excellent biocompatibility of the alloy with the human body. The Young’s

modulus and tensile and compression strength of cortical bone is similar to magnesium

and its alloys [49], making orthopedic applications attractive. Usually the corrosion layer
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in WE43 magnesium alloy starts in regions between the middle and the boundaries of the
grain. When zirconium conglomerates with intermetallic constituents, the resistance to
corrosion increases [50].
1.5 Applications of WE43 magnesium Alloy

WEA43 is one of the high strength casting magnesium alloys that offers excellent
mechanical properties both at ambient and elevated and temperature [51]. Figure 1.13
shows how the main mechanical properties of the alloy are developed. This alloy is a
great engineering solution where lightweight materials and satisfactory corrosion re-
sistance are required, without compromising performance. Compared with steel, WE43 is

75% lighter, which makes many automobile industry companies choose magnesium al-

loys over steel [52].
Specific Strength Ductility Creep Resistance
super light, high strength Spray formed, _
I Thermomech. Treatment, MgLi
i mf ¥ Die Casting

Sand Casting
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Figure 1.13 Background of alloy development [1]
The aerospace and automotive industry use WE43 magnesium alloy in 8 applica-

tions, such as missiles, power transmissions, aircraft engines, helicopter rotor heads, en-
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gine casings, racing wheels, gear box casings, among others [53]. In vehicles, the alloy is
used for welded constructions, for example doors, dashboard, seat structure, wheels,

steering, and oil sump, Figure 1.14.

Valve jacket  greering T —
. ( structu
Gearbox-Clutch casing y

Oil sump s,
/‘ T — Door structure

Dashboard Seat structure

Alloy weel

Figure 1.14 Vehicle parts where WE43 magnesium alloy are used [54]

The welding of WE43 magnesium alloys is usually conducted by a laser proce-
dure using helium or argon as inert gas. The penetration of the welding is proportional to
the energy of penetration, calculated by the power (P) and the speed of the welding (v).
The joint can resist up to 250 MPa of tensile strength, making the structure made by
WEA43 satisfactory and reliable [54, 55].

Biocompatibility is the key for successful biodegradable implants, making the
surgery efficient and reducing to zero the necessity of a new surgery which can lead
complications. The dissolution rate of magnesium alloy is an attractive feature for the use
of its alloys in humans. The human body has nearly 20g of magnesium. Because of this,
the dissolution of the magnesium is not damaging. Once magnesium is dissolved, the
hydroxide is simply resorbed, while hydrogen can form bubbles if the rate of generation
is greater than the rate at which the second phases can absorb it. The reaction of dissolu-

tion of magnesium is given by [56]:
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Mg+ 2H,0 —» Mg(OH), +H,

Procedures that modifie the mechanical behavior of the alloy can improve the
disolution rate, which can be measured in vitro [57]. Figure 1.15 describes the
degradation rate of AZ31 magnesium alloy modified by ECAP and Hot Rolling (HR)

compared to standard conditions in saline solution [58].

2.4

2.2 sc
2.0+
1.8
1.6 - ECAP
1.4 -

1.2+~ HR

Degradation rate (um/day)

1.0
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0.6 | I | I | I | I | L | I | ) 1 1 1 1 | L ] L
0 2 4 B 8 10 12 14 16 18 20 22

Time (day)

Figure 1.15 Degradation rate and effect of grain size reduction of AZ31 magnesium alloy
by ECAP, hot rolling and standard conditions [58]

Ultra-fine grained WE43, obtained by methods of severe plastic deformation, pre-
sents better mechanical behavior and elevated corrosion resistance than in its initial state.
This condition improves the performance of the material in biological atmosphere
[59,60].

Balanced diet is also one of the commons applications of magnesium because it

presents itself in many types of food, including grains, vegetables, and fruits [60]. Mag-
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nesium helps maintain normal muscle and nerve function, heart rhythm, the immune sys-
tem, bone structure, normal blood pressure, and sugar levels. Scientists and doctors cur-
rently recommend the ingestion of 400 mg of magnesium per day [61-63]. Table 1.8 pre-
sents the foods highest in magnesium and its percentage in 100g of food.

Table 1.8 Highest magnesium-containing foods and their quantity of magnesium [64,65]

Food Quantity (mg)
Raw spinach 79
Kale 72
Pumpkin seeds 534
Mackerel fish 97
Soy beans 86
Brown rice 44
Avocado 29
Yogurt 19
Banana 27
Fig 68
Dark Chocolate 327

1.6 Principal Methods to Produce Severe Plastic Deformation in Mg Alloys

Severe Plastic Deformation (SPD) is a technique involving very large amounts of
strain produced by a high stress state and shear [66]. Lately, SPD has been an area of
discussion due to its capability of ultrafine-grained materials production [67]. The reor-

ganization of the dislocations given by straining leads to a very substantial grain refine-
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ment, to the submicrometer or even nanometer level. Also, SPD methods offer the possi-
bility of refining the grain size to stages expressively smaller than when produced using
conventional thermomechanical procedures [67,68]. The most common procedures to use
for SPD are Equal Channel Angular Pressing (ECAP) and High-Pressure Torsion (HPT)
[69], and Multi Directional Forging (MDF) is also being used to produce fine grains in
bulk materials by resources of SPD [70]. Magnesium alloys have many prospective ap-
plications because of their low density and excellent machinability. However, as a result
of the HCP crystal structure, they generally exhibit only restricted ductility at room tem-
peratures. ECAP is equally effective at decreasing the grain size of pure magnesium and
its alloys through recrystallization during pressing. The consequence of the procedure is a
significant improvement of strength and ductility [68]. Grain refinement leads to an in-

crease in the strength of the material, which is generally described by the experimental
correlation between the yield stress oy and the average grain size d [71,72], and this is

confirmed by the Hall-Petch equation that is derived below [73].

The length of the grain is approximately:

L

R

N |

(1.10)

Eshelby Equation is used to determine the length of the pileup (L) in terms of n
(number of dislocations in the pileup), G (shear modulus), b (burgers vector), and 7, (ap-

plied stress).

LzanGb (1_11)

TTH

Combining Equations (1.10) and (1.11):

2=2222 (1.12)

TTA



[74].
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Rearranging Equation (1.12)

Drt
n=2m"
2aGb

The stress acting on the dislocation is:

T=NTy (1.13)
Then, the stress is equal to yield stress, considering the minimal amount of stress
to start to move a dislocation:

T= 0, (1.14)

Combining Equation (1.12) after rearrangement and Equation (1.13):

T_DmxTAT
~ 26bp A

D ta 2
_— >
(ZGb) Iy =1

UﬁDﬂzZGbra

5= () TR,
2aGb

/2
which (ﬁ) is defined as strengthening coefficient (k).

Finally, the Hall-Petch relation is:

k

= (1.15)

0y =0p t

The theoretical strengthening coefficient for pure magnesium is k = 0.28 MPa vm

1.6.1 Equal Channel Angular Pressing — ECAP

Equal Channel Angular Pressing (ECAP) is one of the most common processing

methods that produces Severe Plastic Deformation (SPD). ECAP was first studied in

1972 and first divulgated by Segal [75]. This technique can be applied in a very large
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number of materials that may be used in many structural applications. It is performed on
a wide range of metals [76]. ECAP may be developed and applied to materials with all
types of crystal structure and other materials that are precipitation-hardened and have
metal-matrix as a component. A schematic illustration of this procedure is shown in Fig-

ure 1.16.

Figure 1.16 Sketch of ECAP procedure showing the typical ECAP die and the
sample designated by the transversal planes X, Y and Z [76]
ECAP is performed in a two-piece die, the two pieces having the same cross sec-
tion from which the specimen will be extruded [77]. The die is schematically shown in
Figure 1.17, with the two parts intersecting at an internal angle ® (60° and 120°) and an

out angle ¥ (0°).

Figure 1.17 Three conditions of W for calculation of the strain after N passes (a) ¥ =
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120°, (b) W= = - ®,and (¢) an arbitrary angle ¥ = 120°and ¥ =7 - ® [77]

The strain caused on the sample during this process is proportionally affected by
the values of these angles [78]. During ECAP, the cross-section of the samples does not
change, but after a determined number of passes, the microstructure is modified depend-
ing on the rotation scheme [79].

Usually the schemes are:

a) Route A — the billet does not move between passes,

b) Route Ba— the billet routes in 90° in different directions between passes;

c) Route B¢ — the billet routes in 90° in the same direction between passes;

d) Route C — the billet routes in 180° between consecutive passes. [80,81]

Route Bc is the most efficient route because the samples produce grains with approx-
imate size 300 nm [82-84], and thus the microstructure produced is equiaxed. Figure 1.18

shows the different types of routes. Figure 1.19 gives the sketch of slip system.

Fioute A Floute Ba

Figure 1.18 Sketch of fundamental processing routes in ECAP [80]

The strain is predictable when considering a well-lubricated specimen for which
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frictional contribution is neglected. Assuming a square sample labelled a, b, c and d in the
entrance of the channel, as Figure 1.17 shows, the shearing strain (y) is given by the fol-
lowing equations [84,85]:

y = 2cot(®/2) (1.16)
Assuming that Y=n-® from Figure 1.17 (b):

y= @ (1.17)
y =2 cot é +§) + ¥ cosec (% +§) (1.18)

Thus, the equivalent strain after N passes (&n) is:

EN= = 2c0t(§ + g) + ‘I/cosec(g + g)] (1.19)
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Figure 1.19 Sketch of the slip system of four processing routes for consecutive passes
[80]

"
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1.6.2 Multi Directional Forging

Multi Directional Forging (MDF) is one of the various SPD procedures that al-
lows the deformation of the material to modify its mechanical properties [86]. When
submitted to MDF procedures, the material is exposed to very high strain without any
related changes in the cross sectional dimensions of the specimens. In other words, the

deformation occurs in constant ratio [87]. High strain can be transmitted to the sample by
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persistently pressing the material several times using the same amount of loading [88].

During the MDF procedure, the sample is inserted in the system and pressed
downwards to an equivalent strain of 0.2 in each axis, constantly. The equivalent strain is
given by Equation 1.20 [89].

€, =Ink (1.20)

where hy is the initial height of the sample and hs is the final height.
Figure 1.20 shows, schematically, how the specimens are deformed by Multi Di-

rectional Forging.
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Figure 1.20 Schematic diagram of MDF process along X, y, and z axes [89]

Magnesium and its alloys have been considered as hard plastic materials due to
their formability and ductility, which themselves are due to the HCP crystal structure at
room temperature. Structural magnesium alloys, lately, have been manufactured by cast-
ing route with more frequency than plastic working, such as rolling [90,91]. It is known
that:

a) Many slip systems can be operated in addition to the basal slip system during

hot deformation, promoting an increase in the plastic workability [92];

b) Fine grains are developed in magnesium and its alloys at low strain during hot
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working, and the consequence is good improvement of the plastic workability
[93].
The cumulative strain (X¢) is the sum of each strain calculated on each pass.
When Xg> 2, MDF processing successfully deforms the magnesium alloy at 423 K,

which is below 0.5 T, [94]. Figure 1.21 shows the true stress-strain curves during MDF

with decreasing temperature.
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Figure 1.21 True stress-strain curves of AZ31 magnesium alloy [94]
In order to provide data to compare with the literature review presented, Chapter 2
discusses the experimental procedures performed in this study. Figure 1.22 summarizes

the scope of the research.
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Figure 1.22 Research Scope



Chapter 2 Experimental Procedures

2.1 Fabrication of magnesium Alloy WE43

The material used is an alloy fabricated by Dr. Dexue Liu at the Lanzhou Univer-
sity of Technology, China. The We43 Magnesium Alloy was prepared by vacuum melt-
ing and normal casting methods. The chemical compositions are listed in Table 2.1 and
2.2, which were first melted at a temperature of 800 °C and followed by the annealing
treatment at 400 °C for 4 hours. Then, the alloy was cast into a die to obtain the cylindri-
cal shape. Two alloys were fabricated with a tiny difference between them. The two can
both be called WE43 Magnesium Alloy. However, in one of them, Niobium (Nb) was
replaced by Strontium (Sr) because Sr has much better compatibility [48] with biological

devices. Table 2.3 shows the commercial alloys used to fabricate the material of this

study.

Table 2.1 Chemical composition of the magnesium Alloy WE43 — Mg-Y-Nd [48]

Y

Nd

La(Ce)

Zr

Mg

4.2

2.4

0.6

0.5

Balance

Table 2.2 Chemical Composition of the magnesium Alloy WE43 — Mg-Y-Sr [48]

Y Sr La(Ce) Zr Mg
4.2 15 0.6 0.5 Balance
Table 2.3 Commercial alloys [48]
Mg-Y Mg-Sr Mg-La(Ce) Mg-Zr Mg
30 20 30 30 99.9

The Meyers group at the University of California has received two pieces of the

33
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X. Liu, one piece of Mg-Y-Nd and one piece of Mg-Y-Sr. Figure 2.1 shows how the
piece of magnesium alloy WE43 appeared right after casting and the initial shape of the

alloy in this study.

Figure 2.1 Piece of WE43 magnesium alloy produced by melting and casting process.

2.2 Preparation for Equal Channel Angular Pressing and Multi Directional Forging

Multi Directional Forging (MDF) and Equal Channel Angular Pressing (ECAP)
were carried out on this magnesium Alloy. The samples for ECAP were cut by EDM,
which machines magnesium alloys well and with good surfaces integrity, in dimensions
of diameter measured at 6.4 mm and length of 43 mm. Figure 2.2 shows dimensions of
the specimen for ECAP and Figure 2.3(b) shows schematically how the specimen cut was
made. Before starting the cutting process, a conductivity check was made on the surface
of the samples. It was detected that not all the samples exhibited conductivity due to in-

ternal fractures and rearrangement of the atoms after SPD.
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Figure 2.2 Sketch of the ECAP sample

For the Multi Directional Forging (MDF) procedure, the samples were also ma-

chined by wire cutting. The shape and dimensions were 20x16x13 mm and are shown in

Figure 2.3.

(a)

13 mm

Figure 2.3 (a) Sketch of the MDF sample (b) Withdrawal of the samples
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2.3 Equal Channel Angular Pressing Procedure

In order to perform Equal Channel Angular Pressing (ECAP), it is necessary to
fabricate grips to fix the mobile part of the die shown in Figure 2.4 (c), while the pressing
loading was applied on the die system. ECAP processing was carried out through a die
made of nonferrous material. The ECAP die is made of two parts with a 6.7 mm channel
and an outer curvature angle ¢ of 120°. To pressurize the specimen inside the channel
and make it go through the die, the bars were fabricated with High Strength Low Alloy
(HSLA). Figure 2.4 (a) shows the bars, which were conventional, machined, and received
annealing after heat treatment to make it harder. The bars were maintained at a tempera-
ture of 450 °C (bellow the transformation range) for 2 hours, followed by cooling in oil at
an appropriate rate, in order to produce a desired combination of mechanical properties.
The dimensions of the bars are shown in Figure 2.4 (b).

0284

(b)

15

65

06.4

Figure 2.4 (a) Pressure bar (b) Pressure bar with dimensions in mm, and (c) Grips
The Equal Channel Angular Pressing procedure was performed in the ISTRON,
machine under compression loading transmitted to the samples in the die by the pressure
bars. The samples were heated to 550 °C and maintained for 2 hours before the proce-

dure. During the procedure, the temperature was sustained by a conduction system of
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heat transfer. Figure 2.5 shows the ECAP processing system.
During the procedure, the maximum value for stress while pressing the sample
was 891 MPa where the strain was about 2%. Figure 2.6 shows the behavior of the sam-

ple during the procedure. The total time of the compression was about 25 min with speed

of 2 mm/min.

0 — ©

Figure 2.5 (a) ECAP system (b) transversal view of the die (c) view from the top of the
die

700

600
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Figure 2.6 Stress-displacement curve for 1% pass during ECAP procedure
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2.4 Multi Directional Forging Pocedure

Multi Directional Forging (MDF) was also performed in the same INTRON —type
mechanical testing machine with the compression accessories as shown in Figure 2.7.
First, one of the MDF samples was compressed until failure was achieved to set the ap-
plied strength parameters during the process. The speed of the forging process was 2
mm/min, and the forging temperature decreased from 550 °C to room temperature during
the test. The samples were submitted to heat treatment (550 °C) and held in a furnace for
10 min before each forging pass. The initial strain rate was 3 x 102 s and the load was

applied until the stress was equal to 230 MPa.

Figure 2.7 The equipment of Multi Directional Forging
The samples were rotated after each axis pressing, then measured, and pressed in
the following axis and so on. The total strain undergone by each specimen was obtained
by Equation 2.1, where the strain (¢) in one pass is the sum of the strain on the X (g, ), y

(¢y), and z (&,) axes. Figure 2.8 describes how one forging sequence is done.
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Figure 2.8 Sketch of one forging sequence

The total strain after several passes is:

YE= Yex + X+ Yg, (2.1)
where Y ¢ is the cumulative strain reached by the sum of the strains of the total number
of passes. The principal specimens obtained by MDF procedure are shown in table 2.4.
Appendix A details the calculation of Ye.

Table 2.4 Cumulative strain obtained by MDF

Specimen Number of Passes Ye
01 18 1.82
02 20 2.14
03 10 1.22
04 20 2.77

To evaluate how much strength the sample used in the MDF procedure could

support prior to failure, a specimen with the same shape of the ones used in the procedure
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was compressed. It was observed that the sample maximum stress was about 280 MPa
and that yield stress was about 110 MPa, having final strain of approximately 0.2
mm/mm, Figure 2.9.

From this value of stress, it was possible to define how much load could be ap-

plied during the MDF procedure with a uniform deformation between each pass.

W
>
=]

[3°)
n
=}
;
\
\
\
\

[
i
<
T
\
\

s
>
.
\

Compressive Stress (MPa)
2
n\’

i
<>
\

=
—

0.05 0.1 0.15 0.2
Compressive Strain (mm/mm)

Figure 2.9 Stress-strain curve for the compression test in the initial state sample

Appendix B describes the stress-strain curves during the process. The curves
show the approximately the same amount of deformation while the samples are pressed
because of the constant stress produced (about 230 MPa) through the test. It occurred due
to the same amount of load applied in every pass.

The sample in which the cumulative strain is equal to 1.22 stopped being pressed
because it had a crack during the 10™ pass on the X axis. The last compression that this
sample had was on y axis direction, making the crack, initially visible, to reclose. How-
ever, the flaw persisted.

Sample with Y e = 1.82 also stopped being pressed before it reached Y e = 2.0, be-

cause it presented a crack while compressed on x direction.
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Samples with Y ¢ = 2.14 and Y& = 2.77 reached the cumulative strain established
in 18 and 20 passes respectively.
2.5 Tensile Testing of Initial State WE43 Magnesium Alloy

The tensile test was performed on an INSTRON machine, and the sample was
conventional machined as shown in Figure 2.10. Figure 2.11 shows how the specimen
was gripped to run the test. The diameter of the reduced section was 5 mm, the distance

between shoulders was 30 mm, and gage length was 25 mm.

Figure 2.11 Tensile testing procedure
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2.6 Quasi-Static Compression Test

Quasi-static compression tests were carried out in an INSTRON — type machine
with an extensometer. The samples were taken from the parallelepipeds, using Electrical
Discharge Machining. Nine samples were compressed so that the mechanical behavior of
each axis (x, y, and z) in three different conditions of cumulative strain could be seen,

Figure 2.12.

g (b)

Figure 2.12 (a) Marks for cutting (b) Withdraw of the samples

The dimensions of the cylindrical specimens for quasi-static compression had
length equal to 6mm and diameter equal to 4mm. Figure 2.13 indicates the samples from

the three axes.

] mqmmnqmnnﬁpmmnlnnp|u‘mu‘nulnnuml\mpm’luumn‘\mn
M 5™ 1% 17 18 19 2 2 2

Figure 2.13 Cylindrical specimens for quasi—static compression
Figure 2.14 shows the disposition of the samples on the compression system. To

make the results more accurate, an extensometer was plugged into the machine, and the



43

results were analyzed by the Stress versus Strain curve.

Figure 2.14 Quasi-static compression system
The strain rate for the quasi-static compression test is described by the derivation
below [95].
The strain is defined by:

L(t)-Lg

g(t) = - (2.2)

where Ly is the initial length, L(t) is the length at the time t, and ¢ is the strain.
Thus:

- _de
€ it (23)

It is known that:
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de_d (L(t)- Ly
w0 (2:4)
Simplifying the Equation 2.4:

1 dL

£€=——(0)

Lo dt

Combining Equation 2.3 with Equation 2.4, the strain rate is:

g =9 (2.5)

Lo
where v(t) is the compression speed, which is equal to 1 um/s.
The calculation for this value is shown by putting the measurement units on Equa-

tion 2.5.

¢ =t = LEMIS - g 61022
Lo 6mm S

The strain rate during the quasi-static compression for the nine samples was
around 1.6x10% s because specimens had different lengths, between 5.8 and 6.2 mm.

2.7 Dynamic Compression Test

The Hopkinson bar test was the experimental method to produce dynamic defor-
mation, in which the intermediate strain rate testing is (10%-10* ). This test, also known
as the Kolsky bar test, is used to measure stress pulse propagation in a metal bar [96].

For compression testing, two symmetrical bars are positioned in sequence, with
the sample in between the bars, Figure 2.15. The incident bar collides into the sample,
which transmits this force into the transmitted bar [97]. The incident bar is started from a
gas gun and collides with the sample. Thus, the strain scales are attached on both the in-
cident and transmitted bars [98]. Figure 2.16 describes the Hopkinson bar system located

in Dr. Meyer’s lab at UCSD.
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Figure 2.16 (a) Electronic system that reads the information generated by the two
bars of operation, (b) the electronic system located at the bars to collect the data in both
bars and (c) the sample placed between the incident and transmitted bars.
At the end of the incident bar, a stress wave is created which propagates through

the bar in the direction of the specimen, and it splits into two smaller waves. Then, the
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transmitted wave goes through the specimen and finally to the transmitted bar. This
performance causes plastic deformation [99] in the sample. The reflected wave is
reflected back from the sample and travels back down the incident bar. The stress and the
strain produced by this dynamic compression method can be calculated from the
amplitudes of incident, transmitted, and reflected waves [100]. To plot a stress-strain
curve, several derivations to convert the digital data received from the Hopkinson system
are needed. Thus, the folowing equations define the derivation made [101], the
derivations results can bee seen in Appendix C.

From the strain rate equation, already cited by Equation 2.5, is expressed the

velocities as a function of strains in the strain gages:

o= pU,C (2.6)
Z=¢ (2.7)
Ce=U,

where Equation 2.7 indicates that the deformation is elastic and Hook’s Law is
assumed [101]. Also, C is the wave velocity and U, is the particle velocity.

Therefore, the interfaces are:

Vy = Cog att=0 (2.8)

Vy, = Coer

When t>0, V; is decreased because of the reflected wave, then:

Vi = Cole; — &) (2.9)

Putting together Equations 2.5, 2.6, and 2.7, the derived strain rate is found:

€0) == (a1~ ex —er) (2.10)
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Integrating the Equation 2.9 from O to t:

£(t) = 2 [[ey(t) — ex(t) — er ()] (2.11)
To plot the curve, the stress can be found by the equilibrium of the interfaces:
o= % (2.12)

where P1and P, are the forces acting on the interfaces 1 and 2.
Pi(t) = Ao Eo (& — €g) (2.13)
P,(t) = Ao Ey (er) (2.14)

Combining the interfaces given by Equations 2.12 and 2.13:

= 200 [(5(t) + &g (t) + &7 (£)] (2.15)

Eo is the Young’s modulus of the bars, Ay is the cross-sectional area of the bars,
then during the equilibrium of forces (P; (t) = P, (t)), the equilibrium of strain is
&+ &g = er.
The stress is:
o(t) = Eo=2er(t) (2.16)
Thus, the strain rate is:
g(t) = _ZLE R (2.17)
Finally, the strain is:

° 2C, t
M) =—-7 [, erdt (2.18)

The specimens tested had dimensions of length of 6mm and diameter of 4 mm.
Also it is important to mention that, using the derivations described above, wave propa-

gation is not being considered in a sample. This is because when the wave firstly reaches



48

the sample, there are impacts, and after three of them, the specimen ranges the equilibri-
um.
2.8 Microstructure Analysis
The microstructure, fracture analysis, and phase’s characterization of the samples
after the SPD procedures performed and the initial state alloy was analyzed by Optical
Microscope (OM), Scanning Electron Microscope (SEM), Energy Dispersive X-Ray Mi-
croanalysis (EDX), and X-Ray Diffraction Pattern (XRD).
a) Optical Microscope
The samples were grinded, polished, and etched with a solution made by [102]:
e 1mLHNO;
e 75 mL ethylene glycol
e 25 mL water
The difficulty in polishing magnesium alloy is the brittleness of the material.
Once the sample is being grinded, the particles go away, and the sample does not keep its
flatness. With silicon grind paper, this issue is minimized, and a successful sample prepa-
ration is possible. To polish the sample, diamond paste of 3um, 2 um, and 0.5um was
used in a metallographic polisher. Then, it was cleaned with ethanol and dried with com-
pressed air.
b) Scanning Electrical Microscope
The characterization of the fracture surfaces of the specimens from the tensile
test, quasi-static compression test, and dynamic compression test was performed through
the SEM. The model of the SEM is FEI XL30, Figure 2.17, and enables high resolution at

low KV. At 10 KV, a resolution of 1nm is possible and also a resolution of 1.7 nm at
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1KV [103].

Figure 2.17 Scanning Electron Microscope at Nano3 Cleanroom [103]
c) Energy Dispersive X-Ray Microanalysis
In order to determine the phase’s constituents of the material after SPD and to
confirm the initial composition of WE43, EDX was carried out. This analytical technique
is used for elemental analysis or chemical characterization because it is capable of sepa-
rating peaks on the electromagnetic emission spectrum for each present atomic element
[104].
d) X-Ray Diffraction Pattern
The initial state, MDF with the cumulative strain equal to 2.77, and ECAP sam-
ples were analyzed by X-Ray Diffraction Pattern in order to provide information about

the phases and elements present in the material. This analytical procedure was performed



50

by an X-Ray Diffraction Pattern System located in Dr. Olivia Graeve‘s laboratory at
UCSD.

The specimens were ground and polished, allowing the X-rays generated by short
wavelength and high energy waves of electromagnetic radiation to be characterized by
wavelength or photon energy. The X-rays are produced by high speed electrons acceler-
ated by a high voltage filled colliding with a metal target, and the rapid deceleration of
electrons on target enables the kinetic energy of electrons to be converted to energy of X-
ray radiation.

e) Microhardness Testing

A measurement of the Microhardness can quantify the amount of strength of a
material after plastic deformation [105]. The Hardness Vickers (HV) equation shows that
the HV value is determined by the ratio F/A as the derivation below shows [106]. The
diamond indenter touches the material, making a 22-degree-angle indentation relative to
the horizontal surface on each side, Figure 2.18 [107].

The area of indentation is given by:

dZ
T 2sin(136°/2) (2.19)
A is approximately:

dZ
A=
1.8544

The diameter d is in millimeters, and the force applied is in kgf.

_ 1.8544F

HV = =2

[kgf /mm?] (2.20)

To convert the HV value from kgf/mm?to MPa is necessary to multiply the num-

ber by the standard gravity (9.8).
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136° between
opposite faces

P

N

Figure 2.18 Sketch of the indentation procedure [107]

Microhardness evaluation was completed on an LM-810AT (LECO corp., Michi-
gan, USA) instrument equipped with a Vickers indenter, Figure 2.19. Samples were em-

bedded in epoxy and polished. A load of 25 gf was utilized to indent the samples.

Figure 2.19 Microindenter at Graeve’s group laboratory



Chapter 3 Results and Discussion
3.1 Microstructure Evaluation

The microstructure of the WE43 before any mechanical processing showed equi-
axed grains with an average grain size of 18 um and secondary phases along the grain
boundaries. The average grain size after the ECAP procedure was 14 um, and the aver-
age grain size after 20 passes of MDF was 12 um. By increasing the number of passes
and consequently increasing the cumulative strain, the grain size was decreased as early
studies showed [108]. Some details of the measurement procedure by SEM are shown in
Appendix D. The initial microstructure of WE43 magnesium alloy, the microstructure of
the ECAP sample after one pass, and the microstructure of the MDF sample after 20
passes are illustrated in Figure 3.1.

The a-Mg matrix phase and the secondary phases Mg24Y's, Mg41Nds, and Mg;,Nd
were found in the WE43 magnesium alloy both before and after the mechanical proce-
dures. Also, a Zr-LA phase was found because of the presence of zirconium in the grain
boundaries, as seen in Figure 3.2.

Figure 3.3 shows the Hall-Petch relation, in which can be observed the lower
yield point related to the grain size. The strengthening coefficient used is the theoretical.
oy is the minor stress required to move the dislocations. The plot indicates that the yield
stress to move dislocations after MDF was greater than the non-processed sample.

Comparing the results shown in Figure 3.3 with other metals, it is reasonable say
that while the grain size of WE43 after mechanical processing decreased, the slope of
yield stress increased. The Hall-Petch equation is very useful for characterizing materials

[73].
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Figure 3.1 Microstructure of (a) as received material, (b) ECAP sample, and (c) MDF

sample



Figure 3.2 EDX reveals the phases present in WE43 magnesium alloy (a) Zr-LA phase,

In transverse sections of WE43, there were sections constituted of recrystallized

grains with Mg;2Nd, phases with Zr, Nd along the grain boundaries, Y particles, and the

(©)

(b) a-Mg phase, and (c) region analyzed

equilibrium B-phase Mgi4Nd,Y with the matrix Mg-K.
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Figure 3.3 Hall-Petch relation
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The XRD analysis, shown in Figure 3.4, confirms that the amount of the second-
ary phases did not change significantly after the mechanical processing, and the grain
boundaries remained practically constant. This was attributed to the formation of non-
equilibrium grain boundaries containing an excess of uniform dislocations [109]. The
spectrogram in Figure 3.5 relates the exact amount of each chemical element present in

the alloy in its initial state.
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Figure 3.5 EDX spectrum analysis WE43 magnesium alloys
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3.2 Quasi-Static Evaluation

An increase in yield stress was observed during the quasi-static compression
compared to the compression of the material in its initial form. Table 3.1 and Figure 3.6
show the summary of the results of the quasi-static compression test.

Table 3.1 Summary of quasi-static compression test results

Specimen Yield Stress Maximum Stress Strain
(MPa) (MPa) (mm/mm)
X 108 424 0.23
>Ye=1.82 y 103 421 0.18
z 98 395 0.16
X 112 426 0.24
Ye=2.15 y 92 328 0.18
z 90 312 0.16
X 95 383 0.23
Ye=122 y 96 385 0.18
z 115 430 0.28
Initial State 87 293 0.18

The Y& = 1.82 sample supported 18 completed passes, the > ¢ =2.15 sample sup-
ported 20 passes, and the Y& = 1.22 sample presented a crack during the 13" pass on the
y-axis. Considering this information and the strain rate compressive properties (about
6x10 s1), the results shown in Table 3.1 and the curves 3.6 to 3.7 are reasonable in

terms of improvement of plasticity and strength after MDF. It was observed that during
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the x-axis passes, the strain was a bit higher than during the other passes, because when
the specimen was compressed in the x-axis, the temperature was higher than in the other

axes.
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Figure 3.6 Compressive stress-strain curves of the MDF specimen with (a) > & =1.82,
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(b)e=2.15and (c) Ye=1.22
The comparison between the mechanical behaviors of the axes during quasi-static
compression can be seen in Figure 3.7. It is noted that during y and z axes, the sample
with Y& = 1.22 showed a different behavior during the compression test due to the crack

that originated during the 13" pass.
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Even though pressure stress was not uniform throughout the specimen, satisfacto-
ry plastic deformation was still achieved. The minimal variation of the strain exhibited a
perfectly plastic behavior with maximum stress about 400MP and strain of approximately
3% in the X axis.
3.3 Dynamic Compression Evaluation

The dynamic compression test showed smaller strain because the test is conducted
very quickly. Sometimes the sample did not even broke. However, the yield stress was

greater when compressed in quasi-static mode. Table 3.2 shows the values of stress-

strain.
Table 3.2 Summary of dynamic compression test results
Specimen Yield Stress Maximum Stress Strain
(MPa) (MPa) (mm/mm)
X 205 447 0.06
Ye=1.82 y 246 515 0.063
z 240 508 0.08
X 121 413 0.042
Ye=2.15 y 183 445 0.048
z 103 283 0.022

The stress found in dynamic compression test is higher than the one found in qua-
si static-compression test, what can be explained by non-local failure, Figures 3.8 and
3.9. The main difference between the tests is how the fracture starts and its angle. Also,

the surface presents the slip systems in a different disposition because of the dynamic
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3.4 Fracture Surface Analysis

The evolution of the fracture morphology of the samples after tensile testing,
compression quasi-static testing, and dynamic compression testing showed mostly brittle
structure that could be seen by the presence of a minimum number of dimples and tearing
ridges of different sizes. Figure 3.10 shows the tensile response of the initial state. The
specimen fractures at a strain of 0.19. The fracture mode surface resulting from tensile
testing of the initial state was a mix of some ductile and predominantly brittle fractures.

The facture surfaces of the specimen during the tensile test are shown in Figure 3.11.
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Figure 3.10 Tensile Stress-strain curve of the initial state WE43 magnesium alloy
In accordance with the fracture surfaces of the compression tests, Figures 3.13, a
lack of dimples in the fracture surface indicates decreased ductility. In contrast, the com-
pression surfaces of the material processed by both MDF and ECAP presented predomi-
nantly brittle surfaces, which explains why the failure occurred by cleavage. Thus, the

drop in the number of active slip systems indicates that ductility and strength were re-
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duced after MDF and ECAP.
In figure 3.11 are shown the three stages of the crack: the crack initiation zone,

the crack propagation zone, and the final stage of the crack.

Figure 3.11 (a) Crack initiation zone, (b) propagation and final stage of the crack

The red marks show non-deformed areas, Figure 3.12(a), probably due to the
presence of yttrium in the grain boundaries. Figure 3.12(b) shows how the fracture hap-

pens in these regions.

Figure 3.12 (a) Non-deformed areas (b) second phase region with presence of yttrium
Figure 3.13 (a) displays the fracture surface after quasi-static compression test
showing the beginning of the fracture. The crack did not start from the very edge of the

sample, then it is possible to visualize a portion of the sample surface. Figure 3.13 (b)
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shows the fracture surface after quasi-static compression showing some ductile regions
with predomint brittle regions of the same sample. As the dynamic compression test did
not show very large strain, and the strain ratio is significantly greater than in quasi-static
compression test, the surface does not show brittleness as in quasi-static compression,

Figure 3.14.

Figure 3.13 (a) Fracture surface after quasi-static compression of Y € = 2.15 sample along

y-axis, (b) internal crack region

Figure 3.14 Fracture surface after dynamic compression test of Y € = 2.15 sample along
y-axis
Details of the fracture surfaces of tensile, quasi-static compression test can be

seen in Appendix E.
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3.5 Microhardness Testing Evaluation

The Microhardness value in the center of the specimens after ECAP and MDF
increased compared to the edges or even the initial material, Figure 3.15. It is due to the
non-uniform compression applied during the procedures. The evolution of hardness is

attributed to shear strain accumulation at different positions during the deformation pro-
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Figure 3.15 Microhardness evolution



Chapter 4 Conclusions
The following are the main conclusions form this investigation:

1. A moderate decrease in grain size occurred after several passes of Multi Direction
Forging and one pass of ECAP. The MDF procedure consists of straining a sam-
ple sequentially in compression along X, y, and z directions. It showed consistent
results, but the strain at each pass was small (0.02-0.09) because otherwise crack-
ing of the sample would occur. This limited the reduction in grain size.

2. The decrease in grain size in our investigation was less than expected because alt-
hough the sample was being heated between passes, it still was able to undergo
cooling and recrystallization during compression passes.

3. The ductility decreased with MDF, and the fractures exhibited many cleavage
planes.

4. Moderate decreases in grain size from 18 pm to 14 pym in ECAP and to 12 um in
Multi Directional Forging were obtained. This decrease in grain size resulted in
an increase in the hardness. In view of the brittleness of the magnesium alloy, it
was not possible to increase the plastic strain per pass; the samples fractured if the
stress was increased beyond 230 MPa.

5. In MDF, high strain rate experiments were conducted at a strain rate of 3x10° s,
and the yield stress increased to 246 MPa. This shows that magnesium has high
strain-rate sensitivity.

6. The presence of second phases did not change significantly after mechanical pro-

cessing.
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7. New methods of processing which subject the alloy to higher strains per pass

without fracture need to be developed.
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Appendix B

Stress-Strain curves of Multi Directional Forging

It pass on X axis
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Figure B.1 Stress-strain curves in three dimensions during 1% pass: (a) stress-strain curve

on X axis; (b) stress-strain curve on Y axis; (C) stress-strain curve on Y axis
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4th pass on X axis
250 ‘ T ‘

(S

3

=
T

Stress (M Pa)
=

100
07
0 =
4
Strain (%)
4th pass on ¥ axis

Srress (MPa)

Strain (%)

4th pass on Z axis
250 \ \

=
==
T

Stress (M Pa)
—
=

0 ’ | | | | |
L B NS BT B

Strain (%)

Figure B.2 Stress-strain curves in three dimensions during 4% pass: (a) stress-strain curve

on X axis; (b) stress-strain curve on Y axis; (C) stress-strain curve on Y axis.
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Figure B.3 Stress-strain curves in three dimensions during 9% pass: (a) stress-strain curve

on X axis; (b) stress-strain curve on Y axis; (C) stress-strain curve on Y axis.
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Figure B.4 Stress-strain curves in three dimensions during 10™ pass: (a) stress-strain

curve on X axis; (b) stress-strain curve on Y axis; (C) stress-strain curve on Y axis.
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12th pass on X axis
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Figure B.5 Stress-strain curves in three dimensions during 12" pass: (a) stress-strain

curve on X axis; (b) stress-strain curve on Y axis; (C) stress-strain curve on Y axis.
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13 th pass on X axis
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Figure B.6 Stress-strain curves in three dimensions during 13" pass: (a) stress-strain

curve on X axis; (b) stress-strain curve on Y axis; (c) stress-strain curve on Y axis
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Appendix C

Dynamic Compression Test Calculations
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true strain, > € = 1.82 on x-axis, Continued
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true strain, Y€ = 1.82 on x-axis, Continued
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Figure C.1 Derivations of equations (2.6) to (2.18) to obtain strain rate, true stress and

true strain, > € = 1.82 on x-axis, Continued
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Figure C.2 Digital data from Hopkinson machine converted to numerical data showing

the reflected and transmitted waves
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Figure C.3 Portion of the curves showed in C.2, showing one cycle of deformation
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Figure C.4 Dynamic Compression Stress-strain before data smoothing



Appendix D

Grain Size Measurement

Aperture Size = 30.00um WD= 9.6 mm EHT= 5.00 kV
Date :14 Jul 2017 Stageat T= 0.0° Detector= SE2

Figure D.1 SEM images of the grain size in magnitude of 1.14 kx of the initial state
sample

ST

Aperture Size = 30.00yum WD= 9.6 mm EHT= 5.00 kV 20 um Display Mag= 1.86 KX
Date :14 Jul 2017 Stageat T= 0.0° Detector=SE2

Figure D.2 SEM images of the grain size in magnitude of 1.86 kx of the initial state
sample
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Aperture Size = 30.00um WD= 7.0 mm EHT = 5.00 kV
Date :14 Juf 2017 Stageat T= 0.0° Detector=SE2

100 #m  Display Mag= 1.14KX

Figure D.3 SEM images of the grain size in magnitude of 1.14 kx of the MDF sample
with Ye=2.77

Aperture Size = 30.00ym WD= 7.0 mm EH= 5.00 kV 100 um  Display Mag= 1.14KX
Date :14 Jul 2017 Stageat T= 0.0° Detector=SE2

Figure D.4 SEM images of the grain size in magnitude of 1.14 kx of the MDF sample
with Ye=2.77




Aperture Size = 30.00ym WD = 7.0 mm EHT = 5.00 kV 10uym  Display Mag= 3.37 KX
Date :14 Jul 2017 StageatT= 0.0° Detector=SE2

Figure D.5 SEM images of the grain size in magnitude of 1.14 kx of ECAP sample
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Appendix E

SEM and Macro Images of Fracture Surfaces

—————{50m

Sl TIF

Figure E.2 SEM image of the fracture surface after tensile test of the initial state material
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Figure E.3 SEM images of the fracture surface after quasi-static compression showing an

internal crack that is probably caused during MDF, > e = 2.150n y-axis

J e
p———— 100 pm

L.TIF

Figure E.4 SEM images of the fracture surface after quasi-static compression showing

some ductile regions with predomint brittle regions, > e = 2.15 on y-axis
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Z-axis

Figure E.6 Sample after quasi static compression test > € =2.15 on y-axis



Figure E.7 Fracture surface of quasi static compression test e = 2.15 on y-axis

Figure E.8 Fracture surface of dynamic compression test > = 1.82 on y-axis
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