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Abstract

Tension and compression experiments have been carried out on a series of Mg-Y alloys
with Y content up to 1.3 at. %, in a range of temperatures between 4.2K and 298K, to
study the effect of Yttrium on mechanical properties and strain hardening. The alloys show
strong difference in the hardening behavior under tension and compression attributed to the
effect of texture. The yield strength scales with concentration of the solute as c”, where
c is the concentration of the solute in atomic percent and n~2/3. The results suggest that
in addition to the atomic size and modulus misfit effects, the valence effect and prismatic
slip system strengthening may be responsible for the enhanced strengthening of Y in Mg.
Strain rate sensitivity measurements carried out under tension and compression reveal that
Mg-Y alloys show decreasing SRS with increasing Y content at 298K and exhibit a nega-
tive SRS in highly concentrated alloys, which may be attributed to dynamic strain aging. At
low temperatures the alloys show positive SRS increased with Y content. Texture measure-
ments suggest that increasing Y content in alloys decreases the amount of basal component
and enhances non-basal orientations. The reduced yield asymmetry between tension and
compression observed in higher Y content alloys is being attributed to the weakening of the
basal texture. The fracture mode shows dependence on deformation temperature. At 298K
and 78K the failure is a mixture of ductile and cleavage type which is dominated by ductile

and cleavage, respectively. At 4K, failure occurs predominantly by cleavage fracture.

v
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Chapter 1

Introduction

1.1 Objective

Magnesium alloys are attractive materials for weight-sensitive applications in automotive
and aerospace industries. The application of die-cast magnesium alloys is widespread,
while the application of wrought magnesium alloys as structural materials is hindered by
their poor room temperature formability. Consequently, there is extensive research going
into wrought magnesium alloys containing rare earth elements (REs). Mg-RE alloys such
as Mg-Gd alloys and Mg-Nd alloys exhibit better mechanical properties with respect to
Mg alloys containing aluminum or zinc. Yttrium (Y) is considered to be one of the most
effective rare earth elements to improve mechanical properties of Mg alloys. It is com-
monly believed that Y is an effective solid solution hardener and recrystallization texture
modifier. Y has already been used as alloying element in a number of commercial alloys
with high strength. However, it has not been very clear as to how Y element affects the
mechanical properties of magnesium alloys during alloy processing and during application

of a final product. Consequently, it is important to investigate the effect of Y on mechanical
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properties of magnesium alloys and understand the deformation mechanisms. It has been
reported that Mg-Y alloys show significantly enhanced room temperature ductility and in-
creased strength with the increase of Y addition, compared to pure Mg and other classes
of Mg-based wrought alloys. In the case of low-temperature deformation of Mg-Y alloys,
no theoretical or experimental explanation has been available on the effect of Y on these
properties. The objectives of the present research are: (i) to develop a better understanding
of mechanical properties and deformation behavior in a series of Mg-Y alloys between 4K
and 298K, (i1) to determine, in a qualitative way, the solid solution strengthening effect of Y
in Mg-Y solid solutions (iii) to investigate texture evolution during tensile and compressive
deformation in Mg-Y alloys (iv) to study fundamental mechanisms that control plastic flow
and the asymmetry of the deformation behavior under tension and compression and (v)
to understand the effect of temperature on mechanical properties of Mg-Y solid solutions

between 4K and 298K.

1.2 Magnesium-Yttrium alloy

The Mg-Y based alloys are being developed as light structural materials with high strength
at ambient and elevated temperatures, up to 575K. The alloys with Y show the highest
strength at room temperature among other Mg-RE alloys containing cerium, lanthanum,
praseodymium, thorium and neodymium (L.L.Rokhlin, 2003). This effect is believed to
be connected to the Mg-Y phase diagram showing limited solubility of Y in solid Mg
(Figure 1.1). As can be seen the solubility of Y decreases with decreasing temperature.
The Mg-Y phase diagram is depicted in Figure 1.1a. There are three binary compounds

in the Mg-Y phase diagram, Mg,4 Y5, Mg, Y and MgY. The Mg-rich side of the Mg-Y phase
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diagram is depicted in Figure 1.1b according to the results of the Baikow Institute of Metal-
lurgy (L.L.Rokhlin, 2003). The maximum solubility of Y in the solid solution with Mg oc-
curs at the eutectic temperature of 565°C and at a composition of approximately 12.0 mass
% (3.59 at. %). The solubility of Y decreases with decreasing temperature and at room
temperature, about 7.0 mass % (2.02 at. %) remains in the solid solution (R.Muraliraja
etal., 2013).

A number of commercial magnesium alloys containing rare earth elements have been
produced and used in industry for a long time. The alloy WES54A, containing Y as the
dominant alloying element, is one of the latest Mg cast alloys. High strength at elevated
temperature is the major advantage of WES4A alloy. Alloys from a group of WE43 were
also developed and tried for industrial application. A series of new wrought magnesium al-
loys containing rare earth elements were developed in Russia for commercial applications,
which are named IMVS5, IMV6, IMV7 and IMV8. Y is the main alloying element in all

alloys (L.L.Rokhlin, 2003).
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Figure 1.1: (a) Mg-Y phase diagram, (b) Mg-rich side of Mg-Y phase diagram.
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1.3 Deformation mechanism

Deformation of magnesium and magnesium alloys at room temperature occurs by crystallo-
graphic slip and twinning. Mechanical properties of these alloys are significantly impacted
by the interactions of these two mechanisms. Figure 1.2 shows four common slip systems
for magnesium: basal <a> slip {0001} <1120>, prismatic <a> slip {1101} <1120>,
15" order pyramidal <c+a> slip {1101} <1213> and 2"¢ order pyramidal <c+a> slip
{1122} <1123> . Crystallographic characteristics of these slip systems in Mg are sum-

marized in Table 1.1.

Prism <a> slip 4 ¢

2" Pyramidal ac

d3

{1100}

[1120)k Basal <a> slip
a,  (0001)

Pyramidal "
<a> slip

Figure 1.2: Crystallographic planes and directions for different slip systems in Mg.
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Table 1.1: Crystallographic characteristics of slip systems in Mg

Slip plane Slip direction Crystallographic description Number of
independent slip systems
Basal <a> {0001} <1120> 2
Prismatic <a> {1101} <1120> 2
Pyramidal <a> {1101} <1120> 4
Pyramidal, 1*' order <c+a> {1101} <1213> 5
Pyramidal, 2" order <c+a> {1122} <1123> 5

Figure 1.3 shows the temperature dependence of the critical resolved shear stress (CRSS)
for basal <a> slip, prismatic <a> slip and 2"? order pyramidal <c+a> slip in magnesium.
At room temperature, basal slip is the dominant deformation mechanism due to its low
CRSS. The CRSS of the non-basal slip systems, prismatic and pyramidal slip, is almost a
hundredfold greater than that of basal slip, but these slip modes can also be activated as

secondary slip under some conditions.
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Figure 1.3: CRSS for Slip and Twinning Systems in Magnesium. Image provided by Fu-
miaki Hiura (F. Hiura, Master Thesis, McMaster University, 2008).



M.A.Sc. Thesis - Xiaohui Jia McMaster University - Matls Sci & Eng —8

Table 1.2: Crystallographic characteristics of twinning modes in Mg

Twin type Crystallographic description  Strain along c-axis Rotation about
<1120> (deg.)

Single {1012} <1011> Extension 86
Single {1011} <1012> Contraction 56
Single {1013} Contraction 64
Double 1011}-<1012> Contraction 38
Double } 1013 % -<1012> Contraction 22

Due to the limited number of slip systems in magnesium, twinning is an important de-
formation mode to accommodate deformation along c-axis of hcp lattice. Crystallographic
characteristics of twinning in pure Mg and its alloys are summarized in Table 1.2.

In magnesium and magnesium alloys, two types of twins are most commonly observed:
Tension twin {1012} and Compression twin {101 1 } They are also called extension twin
and contraction twin, respectively, because they result in the extension and the contrac-
tion of the crystal along the crystallographic c-axis of the unit cell. Tension twin should
be formed when a tensile stress is applied along c-axis and Compression twin should be

formed when a compressive stress is applied along c-axis (Figure 1.4).
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{1012} Tension twin {1011} Compression twin

Figure 1.4: Schematic representation of Tension and Compression twin in magnesium.
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1.4 Solid solution strengthening behavior

Mott and Nabarro (N.F.Mott & F.R.N.Nabarro, 1940) proposed a theory which attributes
the average magnitude of the stress in the matrix of a dilute solid solution to the size misfit
induced by the lager or smaller solute atoms. However, this theory does not include the
interaction of screw dislocation with solute atoms and does not agree with experimental
results. Fleischer (R.L.Fleischer., 1961, 1963) proposed another mechanism of solution
hardening, modulus misfit. Fleischer assumed that every individual atom may induce a
small elastically deformed region, where the solute atom results in hard or soft spots in the
matrix. These regions act as obstacles to dislocation glide, both screw and edge disloca-
tions. Labusch (R.Labusch, 1970) proposed another theory, which is similar to Fleischer’s
theory.

The relationship of alloying concentration and yield stress can be expressed as de-

scribed by Fleischer (R.L.Fleischer., 1961, 1963)

0ys = 00+ ZrG(|8|+ B [n])*/?c!/? (1.1)
or according to Labusch (R.Labusch, 1970)

0y = 0y + Z1G (8% + B*n )32 (1.2)

Akhtar and Teghtsoonian (A.Akhtar & E.Teghtsoonian, 1969a,b) investigated the solid
solution strengthening of both basal slip and prismatic slip using magnesium single crys-
tals. Figure 1.5 shows that the CRSS of basal slip remains independent of alloying element
up to 0.025 at. % Zn and then increases with ¢'/2. Two linear stages are observed in Figure

1.5. The transition point, which is independent of temperature, is at 0.025 at. % Zn. The
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slope of stage II is almost three fold higher than stage I. Akhtar and Teghtsoonian proposed
that the increase in the forest dislocation density with solute content and the change in the
thermally activated mechanism occurs from intersection to single solute atom dislocation
pinning mechanism, are the reason for stage I and stage II, respectively. Figure 1.6 and
Figure 1.7 show that at low temperatures the CRSS of prismatic slip decreases with solute
concentration. At higher temperatures, the CRSS increases by a small amount with solute
content, followed by a decrease as the solute content increases. They proposed that the
increase in the athermal component and the decrease in the thermally activated compo-
nent of the flow stress with solute content are the reasons for the observation. Caceres et
al., (C.H.Caceres & D.M.Rovera, 2001; C.H.Caceres & A.Blake, 2002) have studied the
solid solution strengthening of Mg-Al and Mg-Zn alloys using polycrystalline magnesium
alloys. For Mg-Al alloys ( Al content between 0.87 and 7.44 at.% ), proof strength increases
linearly with c”, where n =1/2 or 2/3. The results, which are consistent with Akhtar and
Teghtsoonian’s basal slip study for dilute Mg-Al single crystal alloy, suggest that basal slip
strengthening dominates the solid solution strengthening in Mg-Al alloys. For Mg-Zn al-
loy (Zn contents between 0.21 and 2.66 at.%), proof strength does not change significantly
with Zn additions up to 0.7 at.% Zn, followed by higher strengthening rate. They attributed
the increasing strengthening rate to the formation of regions of short-range order during
the solution heat treatment of the alloy. Stanford and Barnett (N.Stanford & M.R.Barnett,
2013) studied the solute strengthening of prismatic slip, basal slip and {1012} twinning
in Mg and Mg-Zn alloys. They observed solute softening of prismatic slip for grain sizes
above 50 um, while the CRSS of prismatic slip increases with Zn contents below this grain
size. They also concluded that the activation stress of {1012} twinning is independent of

Zn content and the activation stress of basal slip increases with the reduction of grain size.
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Figure 1.5: CRSS versus /2 for Mg-Zn single crystals at different temperatures (A.Akhtar
& E.Teghtsoonian, 1969a).
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Figure 1.6: CRSS for prismatic slip as a function of temperature for Mg-Zn alloy crystals
(A.Akhtar & E.Teghtsoonian, 1969b).
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crystals (A.Akhtar & E.Teghtsoonian, 1969b).
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Recently, some researchers studied the solid solution strengthening of Mg-RE alloys.
Wu and Hu (Wu & Hu, 2008) compared solid solution properties of three Mg-RE (RE=Gd,
Dy, Y) alloys. Figure 1.8 shows the bulk modulus of Mg alloys as a function of solute
concentration. The increase of bulk modulus due to RE additions suggests that the strength
of Mg alloys can be increased by additions of Gd, Dy, Y and especially additions of Gd.
Gao et al., (L.Gao ef al., 2009b,a) and Stanford et al., (Stanford et al., 2010) focused on
solid solution strengthening behaviour of Mg-Y and Mg-Gd alloys. Gao et al. compared
strengthening rate of Mg-Y, Mg-Al and Mg-Zn alloys ( Figurel.9). They suggested that
the significantly high solid solution strengthening rate of Mg-Y alloys may be due to the
valence effect.

Stanford et al., (Stanford et al., 2010) considered the texture effect in strengthening of
Mg-Gd alloys. Figurel.10 displays the solute strengthening of prismatic slip. Presence of
Gd contributes to the strengthening of the prismatic system, which is different from the

behaviour of Al, Zn and Li.
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Figure 1.8: Comparison of the bulk modulus for Mg-RE alloys with different rare earth
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L) v L) v L) v L) v L) v L
120 - Ln=2/3 A n=1/2 2]
n=127.
= 100 i .
&
z
= 80 .
S0
5 n=2/3 n=1/2
Z 604 o i o
= - T
2
= [ . = Mg-Y
4"";‘—;11;' o Mg-Al[15]
N
S A Mg—Zn[16]
20 T T I v L)

v — —T— .
0.00 0.05 0.10 0.15 0.20 0.25 0.30

n n
¢ (at.%)
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1.5 Effect of strain rate

The strain rate during deformation tests can have a great effect on the flow stress. At a fixed

strain and temperature, this effect can be expressed as per Equation 1.3:

GZCémIZ’T (1.3)

Where £ is the strain rate, C is a constant and the exponent, m, is called engineering strain
rate sensitivity. There are two ways to obtain the value of m. One way is to test two samples
at different strain rates and get the stress at the same strain (Figure 1.11a). The other way
is to change the strain rate during the test and get the stress before and after the strain rate

change (Figure 1.11b). So, m, can be calculated by

dlnoc
dlné

m=( )T (1.4)

For most metals, the values of engineering strain rate sensitivity are between -0.005
and 0.015. Table 1.3 shows the m values of some typical engineering materials. For a
multi-component system, Equation 1.4 can be rewritten as follows:

1 dinc 1

T (G st = 7:(Guma+yms+ oim) 15)

where d, s and t stand for dislocations, solutes and thermally activated species, respectively.
In this equation, m, represents dislocation-dislocation interactions, m; represents interac-
tions of dislocations with thermally activated species and m; represents dislocation-solute

interactions. Equation 1.5 can be expressed as Equation 1.6 for polycrystalline materials.
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1 dinoc 1
T(M)Z’T = T((G — 0p)my + Osms + opmy ) (1.6)

0y 1s the yield stress of the material. A plot of %(%ll’rllg) as a function of effective stress

(0 - 0p) is termed as Haasen Plot. Figurel.12 shows the schematics of a Haasen Plot. The
Haasen Plot provides two important parameters. One is the y-axis intercept. A positive
intercept represents the existence of thermally activated components. A negative intercept
represents the existence of athermal components in the flow stress. When the intercept is
zero, only dislocation-dislocation interactions dominate the flow stress. The other one is
the value of engineering strain rate sensitivity, m. Engineering strain rate sensitivity, m, can

be calculated by using the slope of the Haasen Plot multiplied by deformation temperature.
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Figure 1.11: (a) Continuous stress-strain curves at different strain rates, (b) Sudden changes
of strain rate.
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Figure 1.12: Schematic Haasen Plot.

Table 1.3: Typical values of the strain rate exponent, m, at room temperature (Hosford,
2009)

Material m
Low-carbon streels 0.010-0.015
HSLA steels 0.005-0.010

Austenitic stainless steels -0.005-0.005
Ferritic stainless steels 0.010-0.015

Copper 0.005
70/30 brass -0.005-0
Aluminum alloys -0.005-0.005

A-titanium alloys 0.01-0.02

Zinc alloys 0.05-0.08
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Activation area, which is defined as the area of the slip plane swept by the dislocation

during thermal activation overcoming the obstacle, can be expressed as:
dA
Aa :Aa’+/—a|TdG (1.7)
Jdo

Aa is the actual activation area, A a’ is the apparent activation area, which is defined as the
area swept by a dislocation during the glide between the unstable and stable equilibrium
states at a given stress. The second term represents glide resistance induced by stress. The

apparent activation area can also be expressed as:

 MKT dlné MKT

A= 5 2= mb(c — op) (1.8)

where M is Taylor factor, k is Boltzmann constant, b is Burger’s vector and m is engineering
strain rate sensitivity. Equation 1.8 is used in this work to calculate the apparent activation
area.

The apparent activation volume, which is defined as the volume swept by a dislocation

during activation over the obstacles, can be calculated from:

dlné MEkT

AV’ = bAa = MkT R
. do =1 m(c — 0p)

(1.9)
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1.6 Texture weakening mechanisms

One way to modify the deformation behaviour of Mg alloys is to change the texture. Con-
sequently, various studies have been focused on texture development in Mg alloy. Basal
texture, in which the c-axis of most grains is parallel to the direction of compression strain,
is usually observed after plastic deformation. The activation of basal slip and extension
twinning is associated with the development of basal texture.

Recently, the texture weakening effect of some rare earth (RE) elements, such as yttrium
and gadolinium, has been discovered (N.Stanford & M.R.Barnett., 2008; K.Hantzsche
et al., 2010; L.W.F.Machenzie et al., 2007; S.A.Farzadfar et al., 2011). Three main mech-
anisms of texture weakening have been proposed in previous studies. They are: particle-
simulated nucleation (PSN) of recrystallization (L.W.F.Machenzie et al., 2007; E.A.Ball &
P.B.Prangnell, 1994), recrystallization at shear bands (N.Stanford & M.R.Barnett., 2008;
K.Hantzsche et al., 2010) and grain boundary mobility (Bohlen et al., 2007; L.W.F.Machenzie

et al., 2007; N.Stanford, 2010; S.A.Farzadfar et al., 2011).

1.6.1 Particle Simulated Nucleation

Particles exert a great effect on microstructure evolution during plastic deformation. During
deformation, some hard particles do not deform, which induces the development of local
strains and stresses. Strain relaxation is required to accommodate the shape difference
between the hard particles and the plastically deformed matrix. For small particles and
low strain, the strain relaxation occurs by the generation of prismatic loops. For large
particles (diameter larger than 0.1 wm) and high strain, the strain relaxation occurs by local
lattice rotations in the matrix adjacent to the particles. Such regions are known as particle

deformation zones. The formation of particle deformation zones is associated with strain,
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strain rate, temperature, particle size and particle distribution. The particle deformation
zone can be the source of the nucleation during recrystallization. This is termed Particle
Simulated Nucleation (PSN).

Ball and Prangnell (E.A.Ball & P.B.Prangnell, 1994) reported that little asymmetry in
tension and compression deformation was observed in WE54 alloy deformed along extru-
sion direction. They attributed the little asymmetry to the weakened texture. Due to the
relationship of the distribution of recrystallized grains and particles, they proposed that
PSN could be a weakening mechanism of texture in WES54 alloy. Their results have been
confirmed by Mackenzie et al., (L.W.F.Machenzie et al., 2007). However, Mackenzie
proposed that PSN was not the major mechanism of texture weakening in WE43. The nu-
cleation of recrystallized grain was also associated with grain boundaries and deformation

features.

1.6.2 Recrystallization at shear band

Stanford and Barnett (N.Stanford & M.R.Barnett., 2008) found a new texture peak with
<1121> parallel to the extrusion direction, which was termed Rare-Earth Texture in Mg
alloys containing La and Gd. They reported that the single-phase Gd containing alloy does
not contain precipitates, which suggests that Particle Simulated Nucleation theory is not
the mechanism of weakened texture. They found that the recrystallized grains originating
from shear bands, produce the weakened rare earth texture. Senn and Agnew (W.Senn &
R.Agnew, 2008) observed shear bands in alloys with content of RE or Y. The recrystallized
grains originating from the nuclei in the shear bands exhibit a weaker texture compared to
the deformed grains. Hantzsche et al., (K.Hantzsche et al., 2010) proposed that the weak-

ened texture of Mg-RE alloys containing Ce, Nd and Y is connected with the appearance
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of deformation bands containing deformation twins.

1.6.3 Grain Boundary Mobility

Under some conditions, grain boundaries of a particular character may have high mobility.
Recrystallization nuclei originating from the high mobility boundaries may have a growth
advantage as a result of their orientation, size, position or surrounding deformation sub-
structure. Those recrystallized grains have a great effect on deformation texture.

Bohlen et al., (Bohlen et al., 2007) proposed that the texture modification of RE/Y alloy
may be attributed to the nature of the solid solution alloy matrix. Y atoms are large atoms
which have low diffusivity. It is speculated that the strong influence of solute drag on grain
boundary mobility of different grain boundary orientations and recrystallization kinetics
are responsible for the texture weakening.

Mackenzie et al., (L.W.F.Machenzie et al., 2007) studied the texture evolution of as
extruded and annealed WE43 alloy. Although PSN appears to be a recrystallization mech-
anism, it does not govern the final texture. They found that the weakened texture was
associated with an orientation selection in the early stages of recrystallization and grain
growth. It is known that solute elements can change grain boundary behavior and ori-
entation relationships for high boundary mobility. Consequently, they concluded that the
weakened texture may be dominated by growth selection where alloying additions change
the grain boundary behavior and orientation relationships for high boundary mobility.

Stanford (N.Stanford, 2010) investigated the texture evolution of Mg alloys containing
Y, Ce, Gd and La after extrusion at 450°C. It is reported that a strong interaction of solute
elements with dislocations and grain boundaries induced the weakened texture. Farzadfar et

al., (S.A.Farzadfar et al., 2011) found non-basal texture component in recrystallized grains
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lager than 8.6 um in Mg-2.9 wt.% Y alloys. It is suggested that the weakened texture is
associated with the preferential growth of non-basal recrystallized grain whose advantage

is due to the change in grain boundary mobility.



Chapter 2

Experimental procedure

2.1 Alloy development and thermo-mechanical processing

The binary Mg-Y alloys were produced in laboratory by mixing appropriate amount of
99.99% purity Magnesium with Mg-20.8 wt.% Y master alloy. Mg-Y alloys were cast
in a cylindrical stainless steel mould cavity couted with boron nitride, using an induction
furnace under argon atmosphere. High purity Magnesium and Mg-20.8 wt.% Y master
alloy pieces were put into a graphite crucible placed above the mould. The chamber was
evacuated with a vacuum pump and then backfilled with argon gas. This cycle was repeated
three times. Using the induction furnace, the metal was heated to approximately 770°C and
held for 6 minutes around this temperature. The melt was then cast and cooled down until
the temperature had reached approximately 120°C. All these procedures were performed
under argon atmosphere. The cast ingots which were cylindrical in shape and ¢70mm
X 45mm in size were homogenized at 520°C for 24 hours under argon atmosphere. The

surface of the homogenized ingots was milled away to remove the oxide layer.

25
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Table 2.1: Composition of Mg-Y Alloys

Chemical composition at.% Nominal composition at.% Grain size tm

0.29751 0.30 170
0.54905 0.55 170
0.81537 0.82 124
1.13467 1.13 132
1.29778 1.30 75
pure Mg pure Mg 183

Homogenized ingots were annealed at 470°C for 1 hour in air. The ingots were cold-
rolled with a Imm reduction in a pass and annealed again at 470°C for 1 hour. This process
was repeated until the desired thickness of Smm was achieved in the as rolled sheet. Part of
the rolled sheet was cut to prepare compression samples, while the rest of the materials was
further processed by a combination of rolling and annealing to a final thickness of 3mm.

The compositional analysis of samples used in the present study was performed using
inductively coupled plasma mass spectrometry (ICP-MS). The compositions of all Mg-Y

alloys, which have been developed by this procedure, are given in table 2.1.
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2.2 Deformation Procedure

Tensile test samples with gauge dimensions of 2 x 3 x 40 mm and compression test samples
with ¢5mm x 10mm were machined from the cold rolled sheet. The sample orientation is
displayed in Figure 2.1. Before deformation, the samples were annealed at 500°C for 15
minutes to produce a recrystallized material and to relieve residual stresses in the sample
after the rolling and machining process. Tensile and compressive tests were performed
on samples at 298K, 78K and 4K using a homemade screw-driven single axis tensile test
apparatus. The samples were deformed at a constant cross-head velocity corresponding to
an initial strain rate of 2.8 x 10~* s~!'. For room temperature tensile tests, the samples
were open in air atmosphere; for 78K, samples were sealed in a chamber and immersed
in a dewar filled with liquid nitrogen; for 4K, samples were sealed in a chamber which is
immersed in a dewar filled with liquid helium and covered by a dewar with liquid nitrogen.

This experimental setup is displayed in Figure 2.2.
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Figure 2.1: Orientation of machined samples with respect to the rolled sheet. (a) Orienta-
tion of tensile samples (b) Orientation of compression samples.
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Figure 2.2: Schematics of the arrangement of dewars for 78K and 4K experiments.
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2.3 Strain rate sensitivity measurement

Strain rate sensitivity (SRS) test were performed on samples under both tension and com-
pression. The strain rate sensitivity jumps were carried out by repeating the instantaneous
strain rate change between 2.8x10~% s~! and 2.8x107> s~! during deformation. The ex-

perimental data of strain rate sensitivity measurements are analyzed by the Haasen Plot.

24 SEM

Fracture surfaces of Mg-0.55at.% Y and Mg-1.13 at% Y alloys deformed under tension
and compression at three different temperatures were analyzed by using JEOL JSM-7000F

Scanning Electron Microscope (SEM).

2.5 Texture measurements

The bulk texture of samples before deformation, during deformation and after deformation
was measured by XRD using a Bruker D8 diffractometer with a Co Ko source. Transverse
section was the plane from which X-ray data was taken (Figure 2.3). The pole figures
were evaluated by using Bruker GADDS software. The distribution of basal planes was
calculated from orientation distribution functions by using MTEX package in MATLAB
software (S.A.Farzadfar et al., 2011). The volume fraction of twinning was calculated

using Bruker’s MULTEX software.
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Figure 2.3: Orientation of tensile and compression samples used for texture measurements
with respect to the orientation of the rolled sheet. ND-TD plane of the sheet. Thus, the
rolling direction,RD, of the sheet coincides with the tensile or compression axis of the
samples.



Chapter 3

Results

3.1 Mechanical testing

3.1.1 Tensile test at 298K, 78K and 4K

Figure 3.1 shows true stress - true strain characteristics of Mg-Y alloys at 298K, 78K and
4K. As the concentration of Y increases, the alloys show higher flow stress. The maximum
flow stress of about 206 MPa, 333 MPa and 280 MPa is being observed in Mg-1.13at.%Y
alloy at 298K, 78K and 4K, respectively. The elastic-plastic transition becomes more pro-
nounced with the increase of Y content. For 298K and 78K, the strain at failure decreases
with increasing solute content up to 0.82at.%, at which point there is an increase in strain
at failure. Then, the strain at failure decreases again as the solute content increases. Addi-
tionally, the strain at failure of all alloys is larger than that of pure Mg. Tensile curves of
Mg-Y alloys exhibit extensive serration at 4K (Figure 3.1c), which is associated with the

adiabatic shear deformation. The adiabatic deformation is accompanied by characteristic

32
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acoustic emission of clicks, easily detectable by human ear. The frequency and the ampli-
tude of adiabatic stress drops increases with the flow stress and the concentration of Y in
the alloys (Figure 1c). The stress drop of alloys, during adiabatic instabilities, increases
as the flow stress increases, from approximately 3 MPa at the early stage of deformation
to more than 10 MPa at the later stage of deformation. The onset of adiabatic instabilities
shifts a little bit towards the lower stress with the increasing Y content.

Figure 3.2 shows deformation behaviour of individual Mg-Y alloys and pure Mg at
three deformation temperatures. The yield strength increases as deformation temperature
decreases for each alloy composition. It is seen that temperature has a strong effect on
the flow stress; alloys deformed at lower temperatures exhibit higher flow stress and work-
hardening rate, but lower ductility. For pure Mg, anomalous flow stress and yield stress
behaviour are observed, expressed in the lower yield and the flow stress at 4K than that at

78K.
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Figure 3.1: True stress vs. true strain characteristics for five compositions of Mg-Y alloys

deformed under tension at deformation t

emperatures of: (a) 298K, (b) 78K and (c) 4K.

Insert in figure (c) shows adiabatic instabilities observed in Mg-1.13at.%Y at 4K.
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Figure 3.2: Comparison of true stress vs. true strain characteristics of Mg-Y alloys de-
formed under tension at 298K, 78K and 4K for different alloy compositions: (a) Mg-
0.30at.% Y, (b) Mg-0.55at.% Y, (c) Mg-0.82at.% Y, (d) Mg-1.13at.% Y, (e) Mg-1.30at.%
Y, (f) pure Mg.
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Figure 3.3 provides the summary of tensile yield stress for different alloy compositions
at different deformation temperatures. The yield strength increases approximately linearly
with Y content up to 1.13 at.% beyond which the yield strength still increases with Y
concentration, but with a lower rate. The yield stress show well pronounced temperature
dependence; it increases by about 40 - 80 MPa between room temperature and 4K in every

alloy.
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Figure 3.3: Tension yield strength as a function of Y content at three deformation temper-
atures of 298K, 78K and 4K.
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Figure 3.4 shows the variations of the flow stress as a function of alloy composition
at 298K, 78K and 4K at different strain levels marked on the figures. At all deformation
temperatures the flow stress increases approximately linearly with increasing Y content,

reflecting the kinetics of the work-hardening process in these alloys.
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Figure 3.4: Strengthening effect in Mg-Y alloys, measured as the value of tensile true stress
at different strain levels as a function of Y content at: (a) 298K, (b) 78K and (c) 4K.
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3.1.2 Compression test at 298K, 78K and 4K

Figure 3.5 shows true stress - true strain characteristics of Mg-Y alloys and pure Mg de-
formed under compression at 298K, 78K and 4K. Compression characteristics of Mg-Y
alloys show substantial differences than tension curves discussed previously. For pure Mg,
the plastic flow is initiated by plateau-like behaviour followed by increase of the flow stress.
When the yttrium content increases, the initial plateau behaviour gradually disappears. For
the lowest concentration alloy, Mg-0.30 at.% Y alloy, the flow stress behaviour is still sim-
ilar to pure Mg. As the concentration of Y increases, the flow stress still increases, but at a
lower rate. Also, the transition from elastic to plastic becomes more pronounced.

The instability observed in tensile testing at 4K was also observed in compression test-
ing at 4K. The amplitude of the adiabatic stress drop is independent of Y content, but still
increases with the flow stress, even though it is not as pronounced as during tensile test. The
stress drops of alloys increase from approximately 2 MPa at the early stage of deformation
to about 10 MPa at the later stage of deformation. The onset of adiabatic instabilities shifts
towards the lower stress with the increasing Y content.

Figure 3.6 shows the deformation behaviour under compression of individual Mg-Y
alloys at three deformation temperatures. The yield strength in every alloy increases with
decreasing deformation temperature. The difference in flow stress between 298K and 78K
increases with the increase of Y content. Temperature has a pronounced influence on the
deformation behaviour of Mg-Y alloys; the alloys show systematically the higher flow
stress, the higher work-hardening rate and the lower ductility at lower deformation temper-

atures.



M.A.Sc. Thesis - Xiaohui Jia McMaster University - Matls Sci & Eng —42

—— Mg-0.30at.% Y
350 Mg-0.55at.% Y
—— Mg-0.82at.% Y
300 Mg-1.13at.% Y
€ 50l Mg-1.30at.% Y I
£ ——Mg
7]
E’ 200 /, /__
(2]
150
§ v /7
1004, P
/ [ T=208K
504
0
0.00 0.05 0.10 0.15 0.20
True Strain
(a)
450 ‘
400 T=78K | -
= 350 — ya
x L/
o
S 300 L
"
@ 250
o
o 200 = —— Mg-0.30at.% Y
Z 150 e Mg-0.55at.% Y
" A ) | —Mavsatuny
100 / Mg-1.13at.% Y
g-1.30at.%
50 7 d Mg-1.30at.% Y
). L —— Mg
¢ ————
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
True Strain
(b)
600 : ‘ ‘
—— Mg-0.30at.% Y
5001 Mg-0.55at.% Y
= ——— Mg-0.82at.% Y
S o0l Mg-1.13at.% Y Wis
= Mg-1.30at.% Y 7 /
" —M
£ 300 4 z /5/
(7]
g
E 200
/ / / =4K |
100 =
/

0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

True Strain

(©)

Figure 3.5: True stress vs. true strain characteristics for five compositions of Mg-Y alloys

deformed under compression at deformation temperatures of: (a) 298K, (b) 78K and (c)
4K.
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Figure 3.6: Comparison of true stress vs. true strain characteristics of Mg-Y alloys de-
formed under compression at 298K, 78K and 4K for different alloy compositions: (a) Mg-
0.30at.% Y, (b) Mg-0.55at.% Y, (c) Mg-0.82at.% Y, (d) Mg-1.13at.% Y, (e) Mg-1.30at.%
Y, (f) pure Mg.
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Figure 3.7 provides the summary of compression yield stress for different alloy compo-
sitions at different deformation temperatures. The yield strength increases with Y content
and shows well pronounced temperature dependence; it increases by about 20 - 70 MPa
between room temperature and 4K in every alloy. Table 3.1 summarizes the tensile and
compression yield stress at temperatures of 298K, 78K and 4K. It is seen that the yield

stress during compression is lower than in tension.
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Figure 3.7: Compression yield strength evolution as a function of Y content at three defor-
mation temperatures of 298K, 78K and 4K.
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Table 3.1: Yield Stress of Mg-Y Alloys

Composition at.% 298K (MPa) 78K (MPa) 4K (MPa)
Tension Compression Tension Compression Tension Compression
Mg 70.7 11.1 80.8 15.5 69.6 20.1
0.30 45.4 35.1 66.5 38.6 81.1 58.7
0.55 61.4 46.6 87.7 56.3 101.0 83.5
0.82 73.5 60.2 133.9 81.5 136.3 128.7
1.13 113.4 99.1 176.8 134.4 199.2 140.1

1.30 118.3 101.1 182.5 143.2 201.1 145.3
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Figure 3.8 shows the variations of the flow stress as a function of alloy composition
deformed under compression at 298K, 78K and 4K at different strain levels marked on the
figures. For 298K, the flow stress of Mg-0.30at. %Y alloy is higher than Mg-0.55at. % Y
alloy. Then, the flow stress increases with Y content up to 1.13at. % Y, followed by a small
decrease. The high flow stress of Mg-0.30at. %Y alloy is very similar to the flow stress of
pure Mg which exhibits high work hardening rate during plastic region. For 78K, the flow
stress of Mg-0.30at. % Y alloy is still higher than Mg-0.55at. % Y alloy, but not as much
as that at 298K. Then, the flow stress increases with increase of Y content. For 4K, the flow
stress increases with the increasing Y concentration till the concentration of Mg-1.1at. %Y

and it stabilizes at the same level.

250

200. £=0.10|

150

100

True Stress (MPa)

e
| =

50

\

T=298K

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Solute Content, at.%

(@)



M.A.Sc. Thesis - Xiaohui Jia

McMaster University - Matls Sci & Eng —49

True Stress (MPa)

True Stress (MPa)

300
250 I N =
2004 c=0.08 — ]
=
150 ¥ S
//
=0.05
10045 J /
. =

{[e=0.03 | T=78K
50

0 . . . . . .

00 02 04 06 08 1.0 12 1.4

Solute Content, at.%
(b)

350
300
250 4 s=0-@ ———
200 el —

{[c=006] &
150 O B
100 — —

1/ £=0.02 T=4Kl
50

0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Solute Content, at.%

©

Figure 3.8: Strengthening levels under compression, measured as the value of the true stress
at different strain levels marked on the figures, as a function of Y content at: (a) 298K, (b)

78K and (c) 4K.
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3.2 Work-hardening results

3.2.1 Work-hardening behaviour in tension

Figure 3.9 shows the characteristics of work-hardening rate, do/de, as a function of ef-
fective stress (0 - 6¢) deformed under tension at different deformation temperatures. All
alloys show stage III of continuous decrease of work-hardening rate from the initial value
®p until the fracture. Pure Mg exhibits very high work-hardening rate at the beginning of
deformation as a result of elastic-plastic transition, which decreases rapidly with the flow
stress. Comparing to pure Mg, Mg-Y alloys exhibit more gradual exhaustion of work-
hardening capacity. The solute atoms change the kinetics of the dynamic recovery process.
When Y is present in the alloy, the Y atoms segregate to dislocations, forming solute atmo-
spheres that exert a drag effect on dislocations and inhibit dislocation glide, cross slip and
climb. At low temperatures, one observes that work-hardening decreases at a much lower
rate for all alloys, which exhibit similar work-hardening behaviour indicating that the ef-
fect of solute on hardening capacity is diminished as the temperature decreases. Figure 3.10
shows work-hardening rate as a function of effective stress for an individual alloy and pure
Mg deformed under tension at 298K, 78K and 4K. In all cases, work-hardening capacity
at low temperature is larger than that at 298K, suggesting that more effective dislocation

storage occurs at low temperature than at room temperature.
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Figure 3.9: Work-hardening rate as a function of effective stress for Mg-Y alloys and pure
Mg deformed under tension at: (a) 298K, (b) 78K and (c) 4K.
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Figure 3.10: Work-hardening rate as a function of effective stress for Mg-Y alloys and pure
Mg deformed under tension at 298K, 78K and 4K for different alloy compositions: (a) Mg-
0.30at.% Y, (b) Mg-0.55at.% Y, (c) Mg-0.82at.% Y, (d) Mg-1.13at.% Y, (e) Mg-1.30at.%
Y, (f) pure Mg.
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3.2.2 Work-hardening behaviour in compression

Figure 3.11 shows characteristics of the work-hardening rate as a function of effective stress
for Mg-Y alloys deformed under compression at 298K, 78K and 4K. Work-hardening com-
pression characteristics show substantial differences than tension curves. The Y content
changes the kinetics of work-hardening. For pure Mg, the work-hardening rate increases
from the beginning of plastic deformation, forms a plateau at some value of the effective
stress and then decreases. For Mg-Y alloys, the behaviour of work-hardening rate is quali-
tatively similar, although three stages are less pronounced than in pure Mg. Nevertheless, it
is also observed that work-hardening decreases from the initial value, forms a plateau and
then increases gradually at higher stresses, followed by decreasing work-hardening rate.
This behaviour will be discussed later, but it is attributed to the activity of twinning.
For both pure Mg and Mg-Y alloys, twinning starts from the beginning of the plastic defor-
mation. For Pure Mg, twins interact with other twins and slip dislocations almost from the
beginning of plastic deformation and the work-hardening rate increases right from the be-
ginning. For Mg-Y alloys, deformation is accommodated by more slip systems. Twins do
not interact with other twins at the beginning of plastic deformation and the initial work-
hardening rate decreases under this condition. When twins start interacting with other
twins and slip dislocations, the work-hardening rate increases. It is seen that the behaviour
of the work-hardening rate is related to Y content. Figure 3.12 shows the work-hardening
rate as a function of effective stress for an individual alloy and pure Mg deformed under
compression at 298K, 78K and 4K. In all cases, both initial work-hardening rate and work-
hardening capacity increase with the decrease of deformation temperature, indicating that

dislocation storage at low temperatures is more effective than at high temperatures.



M.A.Sc. Thesis - Xiaohui Jia McMaster University - Matls Sci & Eng —54

—— Mg-0.30at.% Y
Mg-0.55at.% Y
T=298K I —— Mg-0.82at.% Y
Mg-1.13at.% Y
/ \ Mg-1.30at.% Y

2000 ﬂ— Mg

wl 7 N
AN N

T
0 50 100 150 200
Effective Stress (c-c ) [MPa]

3000

Work Hardening (do/de), [MPa]

(a)

——Mg-0.30at.% Y

Mg-0.55at.% Y
T=78K ——Mg-0.82at.% Y

5000 Mg-1.13at.% Y

/J _\\ Mg-1.30at.% Y
— Mg
4000
3000 e
=S

6000

Work Hardening (do/de), [MPa]

2000 e \\
10004 -

0

0 50 100 150 200 250 300

Effective Stress (c-c ) [MPa]

(b)

6000 —— Mg-0.30at.% Y

Mg-0.55at.% Y
5000 /_,’_'
4000

—— Mg-0.82at.% Y
Mg-1.13at.% Y
Mg-1.30at.% Y

Va

T
o
2
)
2 mo
T
© 3000 / /\3& - T=4K
£ f"“‘
g \ v, \
g \ |
5 2000 4— ==~
I
s 1000 |
H

0

0 100 200 300 400

Effective Stress (c-c ) [MPa]
()

Figure 3.11: Work-hardening rate as a function of effective stress for Mg-Y alloys and pure
Mg deformed under compression at (a) 298K, (b) 78K and (c) 4K.



M.A.Sc. Thesis - Xiaohui Jia McMaster University - Matls Sci & Eng —55

4500 5000
_ Mg-0.30at.% Y | Mg-0.55at.% Y
= 4000 =
o —— 298K /"\ o —
2 3500 78K v S a000{ | ;giK
= ——4K =
3 3000 o) —— 4K T
2 A 3 oA et
o
S 2500 /1 § 3000 <
= o
g 2000 £
3 S 2000
° 1500 -
© ]
I T
£ 10001 N\ = 1000
2 s \ g \
0 0
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350
Effective Stress (c-c) [MPa] Effective Stress (c-c,) [MPa]
(a) (b)
5000 4000

[Mg-1.13at.% Y

— 298K|
— 78K H

3000 J \— .
™~

Mg-0.82at.% Y

4000

—— 298K ’_\J\f\
78K
30004 ——=4K /\-'—\ /U ‘-"/m\

c I
Z z
3 /’ 3 //‘
2 @ 2000 N
£ e/ £
$ 2000 S
B T
[} [}
T T
% 1000 T oo
] )
2 \ $ ™

0 0

50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 400
Effective Stress (c-c,) [MPa] Effective Stress (c-o,) [MPa]

(©) (d)

5000 ~ —— 298K
/_/ \\'\ 78K

4000 —4K

3000

2000 / AN \

4000 6000
Mg-1.30at.% Y

—— 298K
r(—\ — 78K
W 4K
7~ \J*\

By / |
I A R A A AW A

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Effective Stress (c-c) [MPa] Effective Stress (c-o,) [MPa]

3000

Work Hardening (do/dc), [MPa]
Work Hardening (ds/de), [MPa]

(e) ®

Figure 3.12: Work-hardening rate as a function of effective stress for Mg-Y alloys and pure
Mg deformed under compression at 298K, 78K and 4K for different alloy compositions:
(a) Mg-0.30at.% Y, (b) Mg-0.55at.% Y, (c) Mg-0.82at.% Y, (d) Mg-1.13at.% Y, (e) Mg-
1.30at.% Y, (f) pure Mg.
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3.3 Strain Rate Sensitivity Measurements

3.3.1 Strain Rate Sensitivity of Mg-Y alloys under tension.

The strain rate sensitivity (SRS) jumps were carried out by repeating the instantaneous rate
change between 2.8x10~% s~! and 2.8x107> s~! during deformation. The experimental
data of strain rate sensitivity measurements are analyzed by the Haasen Plot. There are two
important parameters determined from the Haasen Plot: (1) the engineering SRS parameter
obtained from the slope of a given characteristic and (2) the thermal component of the flow
stress given by the intercept of Haasen Plot with the Y-axis.

Figure 3.13 shows the tension Haasen Plot at 298K and 78K determined from stress
down and stress rise jumps. The experimental data points have been fitted with a line to ob-
tain the average values of the slopes and corresponding intercepts. The engineering strain
rate sensitivity (ESRS) parameter, m, has been determined as the slope of these charac-
teristics multiplied by deformation temperature. The variance of y-intercept and ESRS in
regards to stress drop and stress rise are depicted in Figure 3.14. For 298K, the ESRS
decreases from positive to negative as the solute content increases. The negative ESRS
is attributed to dynamic strain aging. When the dislocation is arrested at solute atoms or
solute clusters, solute atoms will diffuse along dislocations and create solute atmospheres.
When the strain rate increases, dislocations escape from the atmospheres. Without the drag
of solute atmospheres, less stress is required for continuous deformation. The negative
ESRS is obtained under these conditions. The y-intercept for all Mg-Y alloys is positive,
suggesting that solute-dislocation interactions greatly affect the flow stress behaviour. The
intercept value is relatively unchanged as the solute content increases.

For 78K, the ESRS increases as the solute content increases. When the deformation
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temperature decreases to 78K, the diffusion rate of Y is not enough to create solute atmo-
spheres during the arrest time and positive ESRS arises under these conditions. The inter-
cept values increase with increasing solute content, suggesting that the solute-dislocation

interactions become more effective as the solute content increases.
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Figure 3.13: Haasen Plot characteristics obtained from ‘‘ jump down ” strain rate sensitivity
tests under tension at (a) 298K and (c¢) 78K. Haasen Plot characteristic obtained from **
jump up ” strain rate sensitivity tests under compression at (b) 298K and (d) 78K.
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Figure 3.14: Haasen intercept values evaluated from ‘‘stress drop” and ‘stress rise” jumps
at (a) 298K and (c) 78K. Engineering strain Rate Sensitivity parameter, m, of Mg-Y alloys
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3.3.2 Strain Rate Sensitivity of Mg-Y alloys under compression.

Figure 3.15 shows the compression Haasen Plot at 298K, 78K and 4K determined from
“‘stress down” and ‘‘stress rise” jumps. Figure 3.16 shows the variance of y-intercept and
ESRS in regards to stress drop and stress rise.

For 298K, the ESRS decreases linearly from positive to negative as the solute content
increases. The mechanism of the negative ESRS is the same as discussed above for alloys
deformed under tension. The y-intercept increases with increasing solute content, sug-
gesting that the solute-dislocation interactions become more effective as the solute content
increases. For 78K and 4K, the ESRS for all alloys is positive and increases with increasing

Y content. It is seen that also the intercept increases with increasing solute content.
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Figure 3.15: Haasen Plot characteristics obtained from ‘‘ jump down  strain rate sensitivity
tests under compression at (a) 298K, (c) 78K, (e) 4K. Haasen Plot characteristic obtained
from ‘ jump up ” strain rate sensitivity tests under compression at (b) 298K, (d) 78K, (f)
4K.
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Figure 3.16: Haasen intercept values obtained from *‘stress drop” and *‘stress rise” jumps
during compression test at (a) 298K, (c) 78K and (e) 4K. Engineering strain Rate Sensitivity
parameter, m, of Mg-Y alloys obtained from ‘‘stress drop” and ‘‘stress rise” jumps under
compression at (b) 298K, (d) 78K and (f) 4K.
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3.4 Fracture Surface Analysis

Fracture surface analysis was performed on Mg-0.55at. %Y deformed under tension and
compression. Figure 3.17 shows fracture surface of Mg-0.55 at. % Y alloys deformed
under tension at 298K, 78K and 4K and compression at 298K and 78K (sample deformed
under compression at 4K was not fractured).

The fracture surface of Mg-0.55 at. % Y alloy deformed at 298K (Figure 3.17a) exhibits
a predominantly ductile character with a high density of micro-void areas present on the
surface and some areas of the fracture occurring by cleavage. Both the high density micro-
voids area and the sharp tearing ridges indicate that this quasi cleavage fracture mode is
dominated by ductile fracture. When the deformation temperature decreases to 78K (Figure
3.17c¢), the fracture surface is still a mixture of micro-void areas and cleavage facets, but
the density of voids decreases and the cleavage facets become flatter, suggesting that in
this case, the fracture mode is dominated by cleavage mode. At 4K (Figure 3.17¢), the
fracture surface shows a brittle character with evidence of cleavage dominating the fracture
surface. Particles are not apparent on the fracture surfaces of the samples, which indicate
that particles do not initiate the fracture.

Fracture surfaces of Mg-0.55at. %Y deformed under compression show substantial
differences than tensile fracture surfaces. The fracture surfaces of Mg-0.55 at. % Y alloy
deformed under compression at 298K and 78K exhibit brittle character with cleavage facets
(Figure 3.17 b and d). Even at 298K, no micro-voids area is observed. Ductile character of
tearing range is observed in both 298K and 78K. The fracture surface of alloy deformed at
298K shows more layers (tearing ridges) in the cleavage facets. The sharper tearing ridges
observed at higher deformation temperature indicates that the ductility decreases with the

decreasing deformation temperature.
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Figure 3.17: SEM observations of the fracture surface of Mg-0.55 at. % Y alloy series
deformed under tension at (a) 298K (c) 78K (e) 4K and compression at (b) 298K and (d)
78K, at X1000 magnification.
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3.5 Texture

Texture measurements were performed on the transverse section (Figure 2.3) of annealed
and deformed samples. As mentioned in section 2.2, the samples were machined from
the sheet with deformation axis parallel to rolling direction and the normal direction (ND)
of the projection plane is parallel to the rolling direction of the sheet. The pole figure is
indexed with respect to sheet axis systems as given in Figure 2.3.

The results of X-ray texture measurement for annealed Mg-Y alloys and pure Mg are
presented by basal pole figures (Figure 3.18). It is seen that the texture formed during
rolling procedure is retained in the sample subjected to recrystallization annealing. The
intensity peaks appear around RD, indicating that c-axis is nearly perpendicular to ND,
which is parallel to the rolling direction and deformation direction. This is the initial texture

of the samples before deformation.
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(e) Mg-1.13at.% Y alloy (f) Mg-1.30at.% Y alloy

Figure 3.18: Basal pole figures for pure Mg and Mg-Y alloys in as recrystallized state.
Orientation of ND and TD directions is defined with respect to sheet axis system.
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Figure 3.19 shows the basal pole figures of pure Mg and Mg-Y alloys deformed under
tension at 298K. After the maximum tensile deformation, the intensity peaks around RD
still exist, while the additional peaks in the neighbourhood of TD are observed. The ad-
ditional intensity peak which is almost 90° rotated from the initial intensity peaks around
RD, may be due to the {1012} tension twins, whose misorientation angle is 86°.

For pure Mg, the intensity peaks along TD are almost as strong as the intensity peaks
along RD, suggesting that certain amount of tension twins is formed during the tensile
deformation. For Mg-Y alloys, the intensity peaks around RD are much stronger than
those close to TD, indicating that the volume fraction of tension twins formed during tensile

deformation is smaller than that observed in pure Mg.
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(b) Mg-0.30at.% Y alloy

(e) Mg-1.13at.% Y alloy (f) Mg-1.30at.% Y alloy

Figure 3.19: Basal pole figures for pure Mg and Mg-Y alloys deformed under tension at
298K. Orientation of ND and TD directions is defined with respect to sheet axis system.
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Figure 3.20 shows the basal pole figures of pure Mg and Mg-Y alloys deformed under
compression at 298K. The basal pole figures for compression samples show substantial dif-
ferences when compared with the pole figures of annealed samples or samples after tensile
test. Basal texture was observed in all alloys and pure Mg after advanced deformation by
compression, indicating that the c-axis is aligned almost parallel to ND. During compres-
sion deformation, c-axis is rotated nearly 90° from initially being perpendicular to ND to
being parallel to ND. Under both tension and compression, pure Mg exhibits the strongest
intensity among all samples, even though the deformation of pure Mg is the lowest, indi-

cating that Y content weakens the texture by broadening the distribution of basal planes.
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Figure 3.20: Basal pole figures for pure Mg and Mg-Y alloys deformed under compression
at 298K. Orientation of ND and TD directions is defined with respect to sheet axis system.
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Figure 3.21 and Figure 3.22 show the basal pole figures of Mg-0.55 at.%Y alloys and
Mg-1.13 at. %Y alloys compressed at different strains, respectively. After 3% compression,
the texture has already changed (Figure3.21b and Figure3.22b). The intensity peaks along
ND indicate that the orientation of some grains rotated 90° after only 3% deformation.
This may be attributed to {1012} tension twins. After 8% compression, strong intensity
peaks around ND in addition to intensity peaks between RD and ND were observed (Figure
3.21c and Figure 3.22c). For 3% compression, the texture of Mg-0.55 at. % Y alloy and
Mg-1.13 at.% Y alloy are similar. The texture of these two alloys shows differences after
8% deformation. The basal component seems stronger in Mg-0.55 at. % Y alloy than in
Mg-1.13 at. % Y alloy.

Table 3.2 shows the volume fraction of twinning for Mg-Y alloys deformed under ten-
sion and compression at different strain levels. The volume fraction of twinning values
show substantial differences in tension and compression. For tension, the volume fraction
of twinning increases with increasing strain at the beginning of deformation, after 8% de-
formation, the volume fraction of twinning stays at the same level. For compression, the
volume fraction of twinning increases rapidly with the increase of strain from the begin-
ning of deformation to the end. For every strain level, the volume fraction of twinning for
compression sample is larger than that of tension sample.

To determine the effect of Y on recrystallization texture, texture measurements were
performed on another Mg-0.55 at. % Y alloy sample deformed under compression followed
by annealing at 350°C for 5 min, 30 min and 1h. Figure 3.23 shows the basal pole figures
for samples before annealing and after annealing for different times. After annealing for 5
min, the maximum intensity of the basal pole figure decreases a bit, while a large decrease

of maximum intensity was observed after annealing for 30min. Further annealing does not
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Table 3.2: Volume fraction of twinning in Mg-Y alloys.

Composition at.% 3%de formation 8%de formation Maxde formation
Tension Compression Tension Compression Tension Compression
0.30 — — — — 26% 82%
0.55 12% 27% 20% 85% 20% 93%
0.82 — — — — 22% 95%
1.13 — 14% — 24% 22% 85%
1.30 — — — — 21% 56%

change the texture intensity. The results suggest that Y content weakens the texture during

recrystallization process.
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(c) 8% deformation (d) Maximum (16%) deformation

Figure 3.21: Basal pole figures for Mg-0.55 at. % Y alloy deformed under compression at
different strains at 298K. Orientation of ND and TD directions is defined with respect to
sheet axis system.
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(b) 3% deformation

(¢) 8% deformation (d) Maximum (30%) deformation

Figure 3.22: Basal pole figures for Mg-1.13 at. % Y alloy deformed under compression at
different strains at 298K. Orientation of ND and TD directions is defined with respect to
sheet axis system.
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(a) After Compression (b) Annealed Smin

(c) Annealed 30min (d) Annealed 1h

Figure 3.23: Basal pole figures for Mg-0.55 at. % Y alloy deformed under compression at
298K followed by annealing for 5 min, 30 min and 1 h at 350°C. Orientation of ND and
TD directions is defined with respect to sheet axis system.



Chapter 4

Discussions

4.1 Mechanical properties

4.1.1 Solid solution strengthening

There are several strengthening mechanisms in polycrystalline materials. The factors influ-

encing the yield strength can be expressed by following equation:

Ty =T =+ Tgb + Tgs+ Tp + Tppt + Trexture (4'1)

To is intrinsic strengthening, which is related to atomic bond nature; 7, is grain bound-
ary strengthening, 7o, = k*d~1/2, where k is a constant for a given material and d is the grain
size of the material; T is solid solution strengthening, 7, = k*c” (n = 2/3 (R.Labusch,
1970)); tp is dislocation strengthening, Tp = aGbp!/2 (o0 = 0.3 (Ashby, 1970)), where
G is shear modulus, b is Burgers vector and p is dislocation density; 7,, is precipitation
strengthening, 7,,, = Gb/2R, where R is radius of precipitate; Troyure 18 texture strengthen-

ing. In order to focus on the effect of solid solution strengthening, the other contributions

75
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must be controlled as much as possible.

The tensile yield strength of Mg-Y alloys studied in this work is presented in Figure
3.3. The tensile yield strength increases with the amount of solute content Y. The volume
fraction of precipitates in Mg-Y alloys in this work is very small, so the major strengthening
mechanisms are grain boundary strengthening and solid solution strengthening. In our

system, the solid solution strengthening can be isolated by:
Aoy = 6y, — Aoy, 4.2)
The grain boundary strengthening can be calculated by the Hall-Petch law:
Ay, = Gy +kd™'/? (4.3)

0o and k are parameters determined for the polycrystalline material, oo = 11 MPa sug-
gested by Hauser for pure Mg ((Hauser et al., 1956)) will be used in the analysis. No
detailed studies of Hall-Petch effects are available for Mg-Y alloys. According to the ex-
periment, k values for pure Mg and AZ91 alloy range between 220 MPaum'/% and 370
MPauml/z; k =300 MPa,uml/2 suggested by Caceres et al., (C.H.Caceres & D.M.Rovera,

2001) will be used in the following analysis.
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Table 4.1: Solid solution strengthening rate of Mg-Y alloys at 298K, 78K and 4K

Deformation Temperature Strengthening rate

do/dc?/3
298K 1885
78K 3303
4K 3489

Figure 4.1 shows the experimental 0.2% proof strength and solid solution components
of the strength of the Mg-Y alloys as a function of c” at three different deformation tem-
peratures. According to Fleischer and Labusch, n = 1/2 or 2/3, respectively. Based on the
plot of In(Aoy) as a function of In(c), it is found that n = 2/3 is more appropriate for Mg-Y
alloys studied in this work.

The solid lines of best fit and solid symbols represent the experimental 0.2% proof
strength. The dashed lines and open symbols represent the solid solution component of
strength. It is seen that the solid solution strength increases linearly with c2/3. At low
temperatures, the data points follow the c¢2/3 better than at room temperature. The solid
solution strengthening rate, which is the slope of the dashed lines of best fit, increases with
the decreasing temperature. Table 4.1 summarizes the solid solution strengthening rate of

Mg-Y alloys at three different temperatures.
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Figure 4.1: Experimental 0.2% proof strength (solid blue symbols) and solid solution
strength (open red symbols ) of the Mg-Y alloys as a function of c2/3 at (a) 298K, (b)
78K and (c) 4K.
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Figure 4.2: Solid solution strength of Mg-Y alloys compared with that of Mg-Gd alloys,
Mg-Zn alloys and Mg-Al alloys as a function of c%/? at 298K.
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Figure 4.2 shows the solid solution strength of Mg-Y alloys compared with that of
Mg-Gd alloys, Mg-Zn alloys and Mg-Al alloys as a function of ¢/3. Tt is seen that the
solid solution strengthening rate of Mg-Y is higher than that of Mg-Gd, Mg-Zn and Mg-
Al alloys, suggesting that Y atoms are more efficient strengthening constituents than other
elements.

As mentioned in section 1.4, the major contributions to the solid solution strengthen-
ing induced by random distribution of solute are: (a) size misfit, suggested by Mott and
Nabarro (N.F.Mott & F.R.N.Nabarro, 1940) (b) modulus misfit, suggested by Fleischer
(R.L.Fleischer., 1961) and Labusch (R.Labusch, 1970). According to Labusch, the rela-

tionship of alloying concentration and yield strength can be expressed as:

Oys = 0o+ 2. G(82 + B?n?)*3c/3 (4.4)

In this equation, oy is yield strength, 0 is the yield strength of pure Mg, Z; is a
constant, G is shear modulus of pure Mg, § is size misfit, B is a value between 1/20 and
1/16, n is modulus misfit. 7 can be approximately calculated by:

2(G1 —G)

T=7G16 ()

where G is the shear modulus of Mg-Y alloy and G is the shear modulus of pure Mg.
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Table 4.2 summarizes the solid solution strengthening parameters for Y (this work),
Gd (L.Gao et al., 2009a), Zn (C.H.Caceres & A.Blake, 2002) and Al (C.H.Caceres &
D.M.Rovera, 2001) atoms in Mg. The misfit parameters of Y and Gd are smaller than
that of Al and Zn, which suggests that the solid solution strengthening rate of Y and Gd
should be smaller than that of Al or Zn. However, the present results show the opposite
trend. So the size misfit and modulus misfit cannot explain the solid solution strengthening
induced by Y and some other rare earth elements, such as Gd. Chen and Boyle (Chen &
P.Boyle, n.d., 2012) calculated the bond strength of some Mg-based alloys, including Y,
Al, Zn, Gd and some other rare earth elements. Electron localized function (ELF) evalua-
tions show that the bonds between Mg and Y are more localized and stronger than between
Al and Zn. They suggested that the bond strength enhancement may be attributed to the
hybridization between the d-orbital of Y and the p-orbital of Mg atoms. Stanford et al.,
(Stanford et al., 2010) found the effect of Gd on strengthening prismatic slip systems in
Mg-Gd alloys by modelling. They proposed that the rare earth element, Gd, has a tendency
to increase the CRSS for prismatic slip in magnesium. Sandldbes (S.Sandlobes et al., 2012)
found the effect of Y on decreasing the intrinsic stacking fault I energy (I; SFE). So, there
will be more stacking faults formed on prismatic plane, which is strong obstacles. The
stacking fault will also resist dislocations cross slip from basal plane to prismatic plane.
Consequently, the prismatic slip system strengthening may be attributed to the strengthen-
ing effect of stacking fault and the reduced cross slip of basal dislocations into the prismatic
plane. It is suggested that the enhanced solid solution strengthening of Y in Mg may be
attributed to valence effect and prismatic slip systems strengthening. The simulations in-

corporating the prismatic slip systems strengthening effects are in progress in our research

group.
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Table 4.2: Solid solution strengthening parameters for Y, Gd, Zn and Al atoms in Mg

Solute Misfits Strengthening rate
S n do/dc?/3
Y +11% 0.404 1885
Gd +11% 0.247 1168
Zn -17% 0.867 905

Al -14% 0.419 196
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Figure 4.3 shows the effect of Y on the hardness of Mg-Y alloys, the data for Mg-Al
alloys are also included in the figure (C.H.Céceres & D.M.Rovera, 2001). It is seen that the
hardness increases approximately linearly with the increase of Y content. The increasing
rate of hardness for Mg-Y alloys, which is the slope of the line of best fit, is significantly
higher than that of Mg-Al alloys. According to the line of best fit, the relationship between

concentration of Y and hardness can be expressed as:

H, =43.59+21.33Y 4.6)
65 — T T
1 i e Mg-Y (this work)
60 o Mg-Al i
] ]4'
—~ 554 -
e 1t |
E 50. ¥
3 45 =
T ) yl
40 &
1
35 i
30. . T ———————————f——f—
0 1 2 3 4 5 6 7 8 9

Solute Content, at%

Figure 4.3: Effect of concentration of Y on the hardness of Mg-Y alloys. The data for
Mg-Al alloys from Caceres and Rovera are also included in the graph (C.H.Céceres &
D.M.Rovera, 2001).
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4.1.2 Work-hardening behaviour

The work- hardening of engineering materials can often be expressed in terms of the Voce
law
o

®=0(1——) 4.7
Oy

where ® is work-hardening rate, ®q is the athermal constant hardening term, o is true
stress and oy is Voce stress. According to Kocks and Mecking (U.F.Kocks & H.Mecking,
2003), various methods are available to determine oy . In this work, oy is determined from
work-hardening vs. true stress plot by extrapolating the Stage III work-hardening to ®@=0.
This corresponding intersection with true stress axis is the Voce stress, oy .

Figure 4.4 shows work-hardening rate normalized with respect to the shear modulus
as a function of true stress normalized with respect to the Voce stress for individual alloys
deformed under tension at different temperatures. Shear modulus, u=1.64GPa, 1.84GPa,
1.86GPa for 298K, 78K and 4K are used in this work. Qualitatively, work-hardening be-
haviour for each alloy deformed at different temperatures is similar. It is evident that all the
hardening curves for three temperatures fall into a quite narrow band for a wide range of
stresses. The work-hardening behaviour can be expressed by one master curve, suggesting
that the hardening behaviour can be predicted from two parameters: ®g and oy, which may

have important technological implications in the processing applications of these alloys.
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Figure 4.4: Normalized ®-0 plots for Mg-Y alloys deformed under tension at 298K, 78K
and 4K for different alloy compositions: (a) Mg-0.30at.% Y, (b) Mg-0.55at.% Y, (c) Mg-
0.82at.% Y, (d) Mg-1.13at.% Y, (e) Mg-1.30at.% Y.
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To account for the decrease of the work-hardening rate during plastic flow, Kocks and
Mecking (U.F.Kocks & H.Mecking, 2003; H.Mecking & U.F.Kocks, 1981) suggested the
mechanism of dynamic recovery which assumes thermally activated annihilation of dis-
locations dynamically during deformation. According to Kocks and Mecking the strain

hardening rate encompasses two mechanisms:

® =0 —0,(7,T) (4.8)

where O is the macroscopic-hardening rate, ® is the athermal constant hardening term, ©,
is the dynamic recovery term, ¥ is shear rate and T is temperature. These two mechanisms
operate from the beginning of deformation to the end. The first athermal term, giving con-
stant contribution to the hardening, governs the work-hardening behaviour at low strains.
The second term depends strongly on the temperature and mildly on strain rate and it is
dominant at large strains.

For polycrystalline materials, Equation 4.8 can be re-written as:

(0—00)®=(0—0))[Oy—0,(0,¢,T)] 4.9)

where o is the flow stress, o is yield stress and € is strain rate. Figures 4.5 show Kocks-
Mecking plots of all alloys deformed under tension at different temperatures. Kocks-
Mecking plot is generated by using Equation 4.9. It is seen that the curves cut through
the origin and show an approximately linear initial stage. The downwards curvature, ob-
served at higher stress, follows the linear stage. The downwards curvature indicates the
onset of dynamic recovery dominated deformation process. The downwards curvature oc-

curs far before the ultimate tensile strength of these alloys, so it is not caused by nucleation
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Table 4.3: Initial slope ®¢ of Kocks-Mecking plots for Mg-Y Alloys under tension.

Composition at.% 298K (GPa) 78K (GPa) 4K (GPa)

Mg 33 55 3.0
0.30 1.5 3.0 3.1
0.55 2.2 3.1 3.7
0.82 2.3 3.5 3.8
1.13 2.1 43 5.3
1.30 2.6 45 4.7

of voids but it is likely that recovery is accelerated at a certain level of dislocation density.

Athermal storage of dislocation, ®¢, can be measured as the initial slope of curves in the
Kocks-Mecking plot. Table 4.3 shows the ®¢ values of all alloys deformed under tension
at 298K, 78K and 4K. The ® value increases with both the increase of Y content and
the decrease of deformation temperature, indicating that the ability of dislocation storage
increases with increasing Y content and decreasing deformation temperature. The larger
® value indicates more effective accumulation of dislocations in the substructure.

Figure 4.6 shows Kocks-Mecking plots for individual alloys at three different temper-
atures. The initial slopes of hardening curves for low deformation temperatures are much
larger than those for the high deformation temperature, suggesting that the accumulation of
dislocations is more effective at low deformation temperature. As deformation temperature
decreases, the linear stage and downwards curvature shifts to higher stress, indicating that

dynamic recovery process is suppressed at low deformation temperatures.
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Figure 4.5: (0 - o) O versus effective stress (0 - 0() characteristics for Mg-Y alloys
deformed under tension at (a) 298K, (b) 78K and (c) 4K.
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Figure 4.6: Comparison of (0 - 0) © versus effective stress (0 - 6¢) characteristics of Mg-
Y alloys deformed under tension at 298K, 78K and 4K for different alloy compositions:
(a) Mg-0.30at.% Y, (b) Mg-0.55at.% Y, (c) Mg-0.82at.% Y, (d) Mg-1.13at.% Y, (e) Mg-
1.30at.% Y, (f) pure Mg.
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Lukéc and Balik (P.Lukic & J.Balik, 1994) proposed a model for evolution of work-
hardening during deformation as a function of dislocation density in the following form:
do

<o =Ki+Kap'/? —K3p — Kap? (4.10)

In this model, the multiplication of dislocation inducing strain hardening occurs due to
the interaction between primary dislocation and forest dislocations, grain boundaries and
precipitates. K; is associated with interaction of primary dislocations with grain boundaries
and precipitates and K; is connected with interaction between primary dislocation and
forest dislocations. The annihilation of dislocation inducing softening occurs due to cross
slip and dislocation climb. Kj relates to dislocation cross slip and K4 is connected with
dislocation climb. For polycrystalline materials, the stress dependence of work hardening

rate can be re-written as:

®=A/(c—0y)+B—C(c—0p)—D(c —0p)° (4.11)

where A relates to interaction between primary dislocations and non-dislocation obsta-
cles; B is connected with the interaction of primary dislocation with forest dislocations; C
relates to recovery induced by cross slip; D is associated with dislocation climb.

From Equation 4.11, we can get Equation 4.12:

O(c —0y) =A+B(c —0y) —C(6 —06y)> —D(6 —0p)* (4.12)

A is mainly influenced by precipitates. In this case, the volume fraction of precipitates
in alloys is very small. From Kocks-Mecking plots, A is close to 0. Therefore, A =0 is

applied in this work. The climb of dislocations for Mg and Mg alloys deformed at room
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temperature and lower temperatures can safely be neglected. In order to simplify the model,
D =0 is used in this work. Therefore, the relationship between @(o - 6) and (0 - () can
be expressed as:

0O(0 —0y) = B(o — 0y) — C(6 — 6p)? (4.13)

As mentioned before, C relates to the annihilation of dislocations. C is affected by grain
size, texture type, twinning and alloying elements. In this work, pure Mg and all Mg-Y
alloys exhibit the same type of texture, rolling texture, and twinning is active in all sam-
ples. So, the effect of twinning and texture type can be neglected as independent variables.
Dislocation multiplication and dislocation annihilation easily occur at grain boundaries. If
a grain size is the major factor, high concentrated Mg-Y alloys with small grain size should
have larger C values. According to table 4.4, the present work shows the opposite trend.
The results indicate that alloying element strongly affects C values.

Figure 4.4 shows the simulation results of Kocks-Mecking plots for 298K and Table
4.4 summarizes the C values for pure Mg and all Mg-Y alloys deformed under tension at
different temperatures. C values for alloys are much smaller than that of pure Mg. For
Mg-Y alloys, C values decrease with the increasing Y content. The substitutional Y atoms
inhibit the motion of dislocations. Therefore, dislocation annihilation process is retarded.

The large decrease in work-hardening rate for pure Mg are due to the large C values.
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Figure 4.7: Simulated (o - o) ® versus effective stress (0 - 6¢) characteristics for Mg-Y
alloys deformed under tension at 298K.
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Table 4.4: Parameter C for Mg-Y alloys deformed under tension at different temperatures.

Composition at.% C (298K) MPa C (78K) MPa C (4K) MPa

Mg 34 70 24
0.30 18 14 12
0.55 14 13 11
0.82 13 12 10
1.13 12 9 8

1.30 10 8 7
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Figure 4.8 shows Kocks-Mecking plots of all alloys deformed under compression at dif-
ferent temperatures. Compression characteristics show substantial differences than tension
characteristics at low stress regions. Instead of one linear stage, compression curves inter-
cept the origin, show first a linear stage and transition to a second linear stage with higher
slope than the first one. Deviation from second linear stage is followed by downwards
curvature at large stress.

X-ray data in Table 3.2 indicate that the second stage of high work hardening under
compression is due to twinning process. Twinning happens at the beginning of compression
deformation for both pure Mg and Mg-Y alloys. For pure Mg, the interaction of new-
formed twins with existing twins and dislocations is very strong and the twin boundaries
introduce strong barriers to the propagating dislocations and twining fronts. This increases
work-hardening. Instead, in Mg-Y alloys, where the twinning activity is reduced and the
slip occurs more frequently, the twin boundaries introduce less obstacles to the propagating
dislocations and other twins. As a result, the slope of the second stage for pure Mg is larger
than that of Mg-Y alloys.

Figure 4.9 shows comparison of tension and compression curves in Kocks-Mecking
plots for individual alloys and pure Mg. The compression curves, depicted with C label,
are shifted systematically to larger stresses than corresponding tension curves. The slope of
the linear stage of tension curves is larger than the first linear stage of compression curves,
but it is smaller than that of the second stage. The relationship between effective stress, &

- 00, and dislocation density, p, can be expressed as

6 —0p=Maub\/p (4.14)

where: M is Taylor factor, u is shear modulus and « is the constant. The athermal storage
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of dislocation, ®, can be expressed in terms of dislocation density and dislocation mean

free path by Equation 4.15:
_ o
- 2AP

where, as before « is the constant, t is shear modulus, p is dislocation density and A is the

®p (4.15)

dislocation mean free path. According to Equation 4.14, flow stress is determined by the
dislocation density, p, stored in the sample, therefore, if two different alloys are deformed
to the same stress level they expect to contain approximately the same dislocation density.
Thus, A and @ scales as A~1/ ®¢. For compression, the ® is low at the beginning of
deformation, indicating that the dislocation mean free path, A, is large at the beginning.
The large ®g observed at higher stresses indicates that A decreases with the increase of
strain. Decreasing A correlates well with the twinning activity observed during this stage in
compression and the fact that twinning introduces to the structure very effective obstacles,
in the form of twin boundaries, that impede the motion of mobile dislocations.

Three independent mechanisms were proposed for the effect of twinning on strain hard-
ening: (i) quasi Hall-Petch effect (A.A.Salem et al., 2002; Niewczas et al., 2001), (ii) tex-
ture effect (Kalidindi et al., 2003; C.H.Caceres et al., 2008; Kaschner et al., 2006), and
(111) Basinski et al. hardening mechanism (Basinski et al., 1997; C.H.Céceres et al., 2008).
For tension, X-ray measurements on Mg-Y alloys reveal that samples deformed until frac-
ture contain a volume fraction of twinning in the range of 20%-26% (Table 3.2).Volume
fraction of twinning increases with strain at the beginning of deformation, however, af-
ter 8% deformation, the volume fraction of twinning retains the same value. 20% vol-
ume fraction of twinning would be expected to change the work-hardening behaviour
by increasing work-hardening rate after initial decrease. However, a continuously de-

creasing stage III work-hardening behaviour was observed in all Mg-Y alloys, suggesting
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that none of the three hardening mechanisms for twinning has a strong effect on work-
hardening behaviour for Mg-Y alloys deformed under tension, which is consistent with
Bhattacharya (B.Bhattacharya, 2006) and Céaceres (C.H.Caceres et al., 2008) results. For
compression, X-ray measurements on Mg-Y alloys reveal that samples deformed until frac-
ture (or crack) contain a volume fraction of twinning in the range of 56%-95%, which is
much larger than the volume fraction of twin phase produced under tension. The work-
hardening rate for compression samples decreases slightly at the beginning of deformation,
which is a common behaviour observed during propagation of twins, and then increases
gradually at higher stresses. Based on Céceres’ analysis (C.H.Céceres et al., 2008), quasi
Hall-Petch effect and Basinski et al. hardening mechanism do not have a strong contri-
bution to the strain hardening during compression. Consequently, the increase of work-
hardening rate is due to the texture hardening effect induced by twinning. In this case, both
tensile and compressive stress are applied perpendicular to c-axis, indicating that slip and
twinning is the dominant deformation mode for tension and compression, respectively.
Based on texture measurement, results it is seen that tension twinning rotates the c-axis
of the twinned grains around ND direction towards TD direction (eg. Figure 3.19a) during
tensile deformation. In this case, the tensile stress is still applied perpendicular to the c-axis
of these grains and the newly-formed twins can be further deformed by dislocation glide.
However, for compression samples, twinning transforms c-axis of the the twinned grains
from ND direction to RD direction (Figure 3.20a-f), resulting in a compressive stress being
applied parallel to c-axis of these grains. This requires a larger stress to deform the newly-
formed twins under compression. In other words, large volume fraction of twins formed
during compression act as hard particles in the polycrystalline sample and significantly

increase the work-hardening rate after initial deformation. On the other hand, twins formed
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under tension are most likely accommodation twins that are produced to accommodate the
Poisson strain perpendicular to the tensile axis of the samples and they do not contribute to

the work-hardening.
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Figure 4.8: (0 - 0g) O versus effective stress (0 - 0() characteristics for Mg-Y alloys
deformed under compression at (a) 298K, (b) 78K and (c) 4K.
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Figure 4.9: Comparison of (o - ) O versus effective stress (0 - 0() characteristics of Mg-
Y alloys deformed under tension and compression at 298K, 78K and 4K for different alloy
compositions: (a) Mg-0.30at.% Y, (b) Mg-0.55at.% Y, (c) Mg-0.82at.% Y, (d) Mg-1.13at.%

Y, (e) Mg-1.30at.% Y, (f) pure Mg.
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4.2 Strain rate sensitivity

The apparent activation area swept by dislocations during dislocation glide is calculated

from the relationship:
A MKT dIné | MkT
a = =
b oo =T mb(G — 0p)

(4.16)

where Taylor factor M=2.88, is used in this work. Apparent activation volume, another

description of thermal activation of dislocation, can be calculated as:

dlné MET

AV = bAa' = MkT =~ |y 7= ————
do 7" m(o—o0p)

4.17)

where Burgers vector b=0.3196 nm for basal dislocation is used in this work.

Figure 4.10 shows evolution of apparent activation volume for Mg-Y alloys as a func-
tion of effective stress deformed under tension at 78K. The right axis on the figures repre-
sents apparent activation volume normalized with respect to b3, where b is Burgers vector.
The apparent activation volume for all alloys shows similar trend. In all cases, the activa-
tion volume decreases at the beginning of deformation from about 120b> to about 30-40 b>.
The apparent activation volume evaluated from stress rise and stress drop exhibit similar
characteristics. The apparent activation volume shows strong dependence on solute atoms.
The presence of Y content reduces the apparent activation volume.

Figure 4.11 shows evolution of apparent activation volume for Mg-Y alloys as a func-
tion of effective stress deformed under compression at 78K and 4K. In all cases, the appar-
ent activation volume decreases with flow stress. The apparent activation volume decreases
from about 210 b? to about 30 b3 and from about 50 b3 to about 18 b? at 78K and 4K,
respectively. The apparent activation volume exhibits strong temperature dependence in-

dicating that temperature helps in overcoming the obstacles that dislocations meet on their
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paths. For example, at the effective stress of 50 MPa, the apparent activation volume for

Mg-0.82at.%Y alloy determined from stress rise decreases from about 100 b® to about 31

b3. For 78K, apparent activation volume for pure Mg is larger than that of Mg-Y alloys,

once again, indicating that solute content reduces the apparent activation volume.
The apparent activation volume can be expressed as:

bd  Maub*d

AV’ = bAa> = bld = —

N (4.18)

where b is Burgers vector, [ is the average dislocation spacing, d is the activation dis-
tance, p is dislocation density, & is a constant, i is shear modulus and M is Taylor factor.
The activation distance can be calculated from the slope of apparent activation volume plot-
ted as a function of the reciprocal of the effective stress. The slope of AV’ =f(1/6 -0 ) is
proportional to Mo ,ubzd, thus activation distance, d, can be determined. In this analysis, o
=0.3, u =16.4 GPa, 18.4 GPa and 18.6 GPa for 298K, 78K and 4K, b =0.3196 nm and M
= 2.88 are used. The activation distance gives information about the dominant mechanism
of thermally activated dislocation glide and is a fingerprint characterizing the strength of
different obstacles.

The activation distance values for alloys deformed under tension at 78K and compres-
sion at 78K and 4K are depicted in Table 4.5. The activation distance for pure Mg is found
as d~0.514b and d~0.065b at 78K and 4K, respectively. The value of activation distance,
d~0.514b, is taken as a representative of the characteristic dislocation-dislocation interac-
tion distance, although impurities present in Mg could also affect this value. According to
Bhattacharya and Niewczas (B.Bhattacharya, 2006), the low d-value at 4K suggests that
the obstacle structure is represented by a very narrow energy barrier, and the overcoming

of such obstacle structure by mobile dislocations may be controlled by tunneling effects.
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Table 4.5: Activation distance for Mg-Y alloys deformed under tension and compression.

Composition at.% Tension Compression
78K 78K 4K

Mg — 0.514b 0.065b
0.30 0.510b 0.520b 0.039b
0.55 0.208b 0.522b 0.031b
0.82 0.172b 0.421b 0.029b
1.13 0.080b 0.204b 0.035b
1.30 0.019b 0.125b 0.045b

For 78K, in all cases, the activation distance decreases with increasing Y solute content,
suggesting that solute atoms reduce the activation distance of dislocations. For pure Mg
and Mg-Y alloys whose activation distance is around 0.5b, dislocation - dislocation inter-
action is the dominant mechanism of thermally activated dislocation glide. The effect of
solute - dislocation interaction increases gradually with the increase of Y content. For 4K,
it is difficult to find any trend of the activation distance as a function of Y, and all alloys
consistently show the activation distance is in the range of 0.065b - 0.019b, suggesting that

perhaps tunneling effects dominate the process of thermally activated obstacle passing.
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Figure 4.10: Apparent activation volume as a function of the effective flow stress on a log
scale determined from (a) the stress rise and (b) the stress drops under tension at 78K.
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Figure 4.11: Apparent activation volume as a function of the effective flow stress on a log
scale determined from (a) (c) the stress rise and (b) (d) the stress drops under compression
at (a) (b) 78K, and (c) (d) 4K.
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4.3 Texture

Figure 3.18, Figure 3.19 and Figure 3.20 show the texture of Mg-Y alloys before defor-
mation and after deformation. Under the same conditions, the texture type of five Mg-Y
alloys and pure Mg is similar to each other and the maximum intensity of texture compo-
nents is similar. In order to analyze quantitatively evolution of the texture, the distribution
of basal planes as a function of tilt angle from rolling direction (deformation direction) were
calculated from orientation distribution function (ODF), calculated from incomplete pole
figures using MTex software. The data points in the distribution of basal planes, represent
the volume fraction of basal planes in the range of (6-10)° to 6°.

Figure 4.12 shows the distribution of basal planes for annealed and deformed samples.
For annealed samples, all alloys and pure Mg have the same initial texture, which is repre-
sented by the spectrum of basal poles in the range from 70° to 90° to the rolling direction.
The distribution of basal planes for Mg-Y alloys are broader than that of pure Mg, which
is consistent with the observation that the maximum intensity of pure Mg is higher than
that of Mg-Y alloys. For compressed samples, all alloys and pure Mg have the same tex-
ture after compression, with the basal poles oriented in the range between 20° to 40° to
the compression direction (rolling direction). Pure Mg exhibits the narrowest orientation
distribution of basal planes, while the distribution of basal planes for Mg-Y alloys is much
broader. Compared to pure Mg, the volume percent peak of Mg-Y alloys shifts towards
higher angles and decreases with the increase of Y content, suggesting that the compres-
sion texture is weakened by Y content. For tension samples, all alloys and pure Mg have
the same texture after tension and there is no obvious difference between pure Mg texture

and alloys’ texture.
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Figure 4.12: Volume percent of basal planes for (a) annealed, (b) compressed and (c) ten-
sioned samples as a function of tilt angle from rolling direction.
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Figure 4.13 shows the evolution of the distribution of basal planes during compression
of Mg-0.55at. % Y and Mg-1.13at. %Y alloys. Texture was measured before deformation,
after 3% deformation, after 8% deformation and after maximum deformation in compres-
sion corresponding to 16% strain and 30% strain, respectively. It can be seen that the
volume percent peak of both alloys shifts from high angle to low angle as the strain rises,
indicating that basal texture becomes stronger and stronger with increasing strain. The tex-
ture evolution trend of Mg-0.55at. % Y and Mg-1.13at. %Y alloys seems similar. If we
compare the distribution curves of these two alloys at 3% deformation and 8% deforma-
tion, it can be seen that the distribution curves are similar after 3% deformation. However,
after 8% deformation, the volume percent peak of Mg-0.55at. % Y alloy already moves
to 30°, while the peak of Mg-1.13at. %Y alloy just moves to 70°. It is suggested that Y
content retards the formation of basal texture in Mg-Y alloys. Twinning, especially tensile
twinning, whose misorientation angle is 86°, induces a rapid rotation of grain orientation
during compression, which contributes to the development of sharp basal texture. The Y
alloying element, presumably decreases the activation energy of pyramidal slip, causing
more slip systems and less twinning to be activated during compression. This conclusion
will have to be verified independently by appropriate electron microscopy observations of

the microstructure, which were beyond the scope of this work.
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Figure 4.13: Volume percent of basal planes for (a) Mg-0.55at. % Y and (b) Mg-1.13at.
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4.4 Analysis of Yield Asymmetry

Figure 4.15 shows the comparison of true stress-true strain characteristics of pure Mg and
five Mg-Y alloys deformed under tension and compression at 298K. For pure Mg, the
tension-compression yield asymmetry is very huge; both the yield stress and the flow stress
exhibit substantial differences. With addition of Y, in Mg-0.30at. %Y alloy, the yield stress
of tension and compression become similar and so does the flow stress at low strains. Both
the yield stress and flow stress of tension and compression become more and more similar
as the Y content increases. If we define the yield asymmetry as 1 - oyc/0yr, the yield
asymmetry can be expressed quantitatively. From this definition, the yield asymmetries of
pure Mg and five Mg-Y alloys are summarized in Table 4.6. It can be seen that the yield
asymmetry of pure Mg, 0.843, is almost seven fold of the lowest yield asymmetry for Mg-
Y alloys. All these results suggest that Y content reduces the tension - compression yield
asymmetry. This behaviour is related to the crystallographic texture, which has a broader
distribution of the basal planes of Mg-Y alloys than that of pure Mg. For a rolled sheet,
most of the basal planes in the samples should be oriented parallel to the rolling direction.
This kind of crystallographic texture induces different dominant deformation modes for
tension and compression. In this case, both tensile stress and compressive stress are applied
perpendicular to c-axis. It is known that when compressive stress is applied perpendicular
to c-axis or tensile stress is applied along c-axis, the activation energy of twinning is much
lower than slip, but not in the opposite loading direction. This means that twinning dom-
inates the compression deformation and slip dominates the tensile deformation, while the
activation stress of twinning is lower than that of slip. This is the reason why & of pure
Mg is much lower than 6,7. Y content broadens the distribution of basal planes, which

decreases the twinning preference in compression deformation. So, the weakened texture
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induced by Y content reduces the tension-compression yield asymmetry.

As mentioned in section 1.6, three main mechanisms of texture weakening induced
by rare earth element have been proposed in previous studies: particle-simulated nucle-
ation (PSN) of recrystallization (E.A.Ball & P.B.Prangnell, 1994; L.W.E.Machenzie et al.,
2007), recrystallization at shear bands (N.Stanford & M.R.Barnett., 2008; K.Hantzsche
et al., 2010) and grain boundary mobility (Bohlen et al., 2007; L.W.F.Machenzie et al.,
2007; N.Stanford, 2010; S.A.Farzadfar et al., 2011). Hantzsche et al., (K.Hantzsche et al.,
2010) found that texture can be weakened in Mg-Y alloys without any precipitation, indi-
cating that PSN is not a significant texture weakening mechanism. The volume fraction of
precipitation in the alloys is extremely small and the precipitates can be neglected as im-
portant structural elements. Therefore, it is concluded that PSN is not responsible for the
texture weakening phenomenon. Barrett et al., (M.R.Barnett ez al., 2004) found that Mg-
0.2Ce alloy, which has same volume fraction of shear bands as pure Mg, exhibits weaker
cold rolling texture than pure Mg, suggesting that shear band recrystallization is also not
responsible for texture weakening. Alternatively, it is hypothesized that the change of grain
boundary mobility may be responsible for the texture weakening of Mg-Y alloys. Yttrium
has large atoms with low diffusivity in solid solution with Mg. The existence of solute drag
in Mg-Y alloys in this work has been proven by the strain rate test. It is known that solute
drag has a strong effect on grain boundary mobility for different grain boundary orienta-
tions, which may induce a form of growth advantage of non-basal grains over basal ones.
Therefore, it is speculated that texture weakening during recrystallization is attributed to
the change of grain boundary mobility induced by Y solute drag. To confirm this theory,

detailed study of the microstructure should be performed.
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Figure 4.15: Comparison of true stress versus true strain characteristics of Mg-Y alloys
deformed under tension and compression at 298K for different alloy compositions: (a)
pure Mg, (b) Mg-0.30at. % Y, (c) Mg-0.55at. % Y, (d) Mg-0.82at. % Y, (e) Mg-1.13at. %
Y, (f) Mg-1.30at. % Y.
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Table 4.6: Yield asymmetry, 1 - oyc/0yr, of pure Mg and Mg-Y alloys.

Composition at.% Yield asymmetry

Mg 0.843
0.30 0.227
0.55 0.241
0.82 0.181
1.13 0.126

1.30 0.145




Chapter 5

Summary and conclusions

Tension and compression experiments have been carried out on a series of Mg-Y alloys
with Y content up to 1.30 at. %, in a range of temperatures between 4.2K and 298K to
study the effect of Y on mechanical properties of these alloy systems. The focus was on
understanding solid solution strengthening, work hardening behaviour, strain rate sensi-
tivity, fracture surface and texture evolution and in general, the effect of temperature on
mechanical properties.

The study on Mg-Y alloys revealed an anomalous change of ductility in the temperature
range from 4K to 298K. The ductility of Mg-Y alloys deformed under tension and com-
pression decreases when the deformation temperature decreases from 298K to 78K. While,
the ductility at 4K is similar to 78K or a slightly higher than at 78K, but it is still lower than
at 298K. It is known that the ductility of FCC materials increases with decreasing defor-
mation temperature due to the enhanced work hardening capacity (Park & Niewczas, 2008;
Isaev et al., 2012). In this case, the ductility decreases as the temperature decreases. This

is a completely different fundamental observation. In HCP materials, such as Mg alloys,
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CRSS for prismatic and pyramidal slip systems increases rapidly as the temperature de-
creases from about 250K (A.Akhtar & E.Teghtsoonian, 1969a,b; Ward et al., 1961; Hiura,
2008). Consequently, prismatic and pyramidal slip systems are suppressed at low temper-
ature due to their high CRSS. Generally, only basal slip and twinning is available at low
temperature, which lead to the decrease in ductility of the alloys.

For Mg-Y alloys deformed under tension and compression, higher flow stress, higher
yield stress, higher work hardening and lower dynamic recovery were observed at lower
deformation temperature. Additionally, for pure Mg deformed under tension, anomalous
flow and yield stress behaviour were observed, which rely on the phenomenon that the
flow stress is lower at 4K than that at 78K. This was also observed in Bhattacharya’s stud-
ies on Mg single and polycrystals (B.Bhattacharya, 2006). Bhattacharya explained this
anomalous flow stress behaviour due to enhanced activity of <c+a> slip system.

Large tension-compression yield asymmetry was observed in pure Mg deformed at
298K. Compared to pure Mg, the tension- compression yield asymmetry for Mg-Y alloys
is reduced. The reduction of yield asymmetry is due to the weakened texture induced by
Y content. Generally, it is known that when compressive stress is applied perpendicular to
c-axis or tensile stress is applied along c-axis, activation of twinning is easier than slip. Due
to the type of texture formed during the rolling procedure, twinning dominates the com-
pression deformation and slip dominates the tensile deformation. The difference between
activation stress for slip and twinning, which is lower for twinning, induces the yield asym-
metry. Y content weakens the texture by broadening the distribution of basal planes, which
decreases the twinning preference in compression deformation. As a result, the weakened

texture induced by Y content reduces the tension-compression yield asymmetry.
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The main results of this study are summarized as follows:
(1) After correcting for grain size strengthening effects, the yield strength scales with con-
centration of the solute as c”, where c is the concentration of the solute in atomic percent
and n ~ 2/3. The yield strength increases linearly with ¢”. Comparing with the effect of
Al, Zn and Gd, solid solution strengthening of Y is much stronger. The results suggest that
in addition to the atomic size and modulus misfit effects, the valence effect and prismatic
slip system strengthening may be responsible for the enhanced strengthening of Y in Mg.
At room temperature, the hardness increases with the Y content as the relationship: Hy
=43.59+21.33Y.
(2) Kocks-Mecking analysis reveals that the initial hardening rate, ®q value, increases with
both the increase of Y content and the decrease of deformation temperature, indicating that
the ability of dislocation storage increases with increasing Y content and decreasing defor-
mation temperature. In Lukac and Balik model, C values for alloys are much smaller than
that of pure Mg and decrease with increasing Y content. The substitutional Y atoms inhibit
the motion of dislocations. Therefore, dislocation annihilation process is retarded.
(3) Strain rate sensitivity measurements carried out under tension and compression reveal
that Mg-Y alloys show decreasing ESRS with increasing Y content at 298K and exhibit a
negative ESRS in highly concentrated alloys. The negative ESRS is attributed to the inter-
action between solute atoms and dislocations. At low temperatures the alloys show positive
ESRS, increasing with Y content, suggesting that the solute atoms - dislocation interactions
control the flow stress and deformation behaviour.
(4) In all cases, the activation volume decreases at the beginning of deformation from
about 120b> to about 30-40 b3. The apparent activation volume shows strong dependence

on solute atoms. The presence of Y content reduces the apparent activation volume. For
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78K, in all cases, the activation distance decreases with the increase of Y solute content,
suggesting that solute atoms reduce the activation distance of dislocations. For 4K, the
activation distance is in the range 0.055b - 0.010b and it suggest that the tunnelling effects
during thermally activated dislocation glide become the controlling mechanisms. For com-
pression, activation distance exhibits temperature dependence. The activation distance at
78K is larger than at 4K.

(5) Fracture surface analysis reveals that the fracture mode shows dependence on defor-
mation temperature. At 298K and 78K, the failure is a mixture of ductile and cleavage
type which is dominated by ductile and cleavage, respectively. At 4K, failure occurs pre-
dominantly by cleavage fracture. The observations correlate well with the view that with
the decrease of the deformation temperatures various glide and twinning modes in Mg-Y
alloys are suppressed and this leads to the early failure by cleavage.

(6) Texture measurements reveal that the initial texture with c-axis perpendicular to defor-
mation axis (rolling direction) is transformed to the twin texture with c-axis aligned parallel
to compression axis after compression. After tension, c-axis is still perpendicular to tensile
axis, while some texture components due to tensile twinning appear at about 90° rotated
from the initial components. This has strong effect on the flow stress and work-hardening
properties as discussed in section 4.1.2.

(7) The distribution of basal planes reveals that increasing Y content in alloys decreases
the amount of basal component and enhances non-basal orientations. Y additions broaden
the distribution of basal poles and retard the formation of basal texture. The weakened
texture induced by Y content reduces the tension-compression yield asymmetry.

(8) Solute drag has a strong effect on grain boundary mobility of different grain boundary

orientations, which may induce a form of growth advantage of non-basal grains over basal
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ones. Therefore, it is speculated that texture weakening is attributed to the change of grain

boundary mobility induced by Y solute drag.
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