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ABSTRACT

This study focused on the microstructures and mechanical properties of Mg-2, 5,
8(wt. %)Sn alloys at high temperatures after Equal Channel Angular Extrusion
(ECAE).The results showed -that the Mg,Sn-phase - increased gradually with the
addition of tin. The grain boundary of the Mg-2, 5, 8(wt. %)Sn alloys was seen to
contain continuous eutectic a-Mg + Mg,Sn precipitates in the Mg-5(wt. %)Sn and
Mg-8(wt. %)Sn as-cast alloys. Besides the grain boundary particles, ultra-fine Mg,Sn
particles were observed within the matrix of Mg-2, 5, 8(wt. %)Sn alloys. After ECAE
four passes, the effect of grain refining was very obvious. For example, the average
grain size of Mg-5(wt. %)Sn alloy could refined from 147 um to 28 um after ECAE
four passes. The continuous eutectic a-Mg + Mg,Sn were broken by ECAE four
passes. Optimum tensile properties were attained by adding 5(wt. %)Sn. The UTS of
as-cast increased from 67 MPa to 179 MPa at 200 °C, as well as the elongation

increased from 10.6 % to 18.9 % at 200 °C after ECAE four passes.



The Mg-5(wt. %)Sn alloy was extruded six passes by using ECAE process. The
superplastic ability of Mg-5(wt. %)Sn alloy has been investigated. The result showed
that average grain size was refined from 147 um (as-cast) to 10 um (N = 6); the
continuous eutectic a-Mg + Mg,Sn precipitates were broken and distributed more
uniformly in the matrix after ECAE six passes. The Mg-5(wt. %)Sn alloy
demonstrated that an elongation of 550 % has been obtained at 350 °C with a strain
rate of 1 x 10°s™. Further, an elongation of 238 % has been obtained with a high
strain rate of 1 x 10%s™ at the same temperature. Those results mean that the Mg-5(wt.
%)Sn alloy not only has the best UTS at high temperatures, but also has ability of
superplasticity.

Moreover, this study tried to use. in succession Solution Heat Treatment (SHT)
and ECAE four passes extrusion on the Mg-5(wt. %)Sn alloy. The results exhibited
that the average grain size was significantly refined from 147 pm (as-cast) to 16 pm
by SHT + ECAE four passes.-The degree of grain refinement was larger than that of
none SHT process of Mg-5(wt. %)Sn.alloy. Furthermore, the fine Mg,Sn particles
were uniformly distributed in the matrix by dynamic precipitation during ECAE
process. The UTS of as-cast increased from 67 MPa to 209 MPa at 200 °C, as well as
the elongation increased from 10.6 % to 22.1 % at 200 °C after SHT + ECAE four
passes. Those results showed that SHT + ECAE process was useful to enhance the

high temperatures mechanical properties of Mg-5(wt. %)Sn alloy
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CHAPTER 1 GENERAL INTRODUCTION

Magnesium, which was the lightest structural metal, had excellent heat

dissipation and vibration resistance. It was used in computers, portable information

equipment (3C products) and automotive applications [1]. Most conventional

magnesium alloys were based on the Mg-Al alloy system (AZ31, AZ91 and AM60);

in the recent years, many scholars have studied different issues about Mg-Al alloy

system. First of all, the magnesium alloys were hexagonal close packed (HCP) crystal

structure [2, 3]; this structure demonstrated limit plasticity behavior at room

temperature; thus, some scholars clearly_investigated crystal-plasticity of magnesium

alloys [4-6]. Secondly, the ‘twins in the magnesium alloys were observed after

deformation or annealing; therefore, several studies directly reported the effect of

twins in the magnesium alloys [7-12]. Thirdly, because the texture structure was

obviously exhibited after different thermo-mechanical process (extruding, rolling or

ECAE), there were many research to focus on the evolution of texture during

thermo-mechanical process [13-22]. However, the Mg-Al alloy systems exhibited

poor strength at high temperatures [23]. Improving the high temperature properties

have become a critical issue for possible cast magnesium alloy applications. Because

the main B phase (Mg;7Al1;) was unstable at temperatures above 120 °C [24].



Addition of rare earth (RE) and other elements has been attempted to try to improve

the high temperature properties, while the RE elements were much expensive [25-27].

The Mg-Sn alloy systems have recently been the focus of attention because the

melting point of the Mg,Sn phase (770 °C) within the matrix of Mg-Sn alloys was

much higher than that of the Mgi7Al1, phase (462 °C) in Mg-Al alloys [28-39]. This

phenomenon could significantly improve high temperature properties of magnesium

alloys.

In the present study, the Mg-2, 5, 8(wt. %)Sn alloys were chosen because an

earlier study reported that Mg-(1-10)Sn alloys-demonstrated good creep resistance at

high temperatures [39]. Equal channel angular extrusion (ECAE) [40] was used to

improve the room and high temperatures mechanical properties of these alloys. Then

this study could discuss the microstructures and mechanical properties from three

stages.

In the first stage, this work attempted to enhance the UTS and elongations of

these alloys at room temperature; then this work further investigated the relation

between microstructures and mechanical properties.

In the second stages, this work intended to investigate the UTS and elongations

of these alloys at high temperatures (100 °C and 200 °C); then the potential for



achieving superplastic deformation at high temperatures (250 °C, 300 °C and 350 °C)

was evaluated in this stage.

In the third stages, this work could discuss the effect of ECAE on the Solution

Heat Treated (SHT) Mg-5(wt. %)Sn alloy; then the relation between microstructures

and mechanical properties were studied.



CHAPTER 2 LITERATURE REVIEW

2.1 Advantages of Mg-Sn alloy system

The Mg-Sn alloy system had three main advantages to cause the scholars

interesting and studying. [36]

First of all, tin had large solubility in the a-Mg matrix. Fig. 2-1 showed the

Mg-Sn binary phase diagram [38]; the tin solubility in the a-Mg was demonstrated

from the Mg-Sn binary phase diagram; the amount of tin solubility sharply dropped

when the eutectic transformation temperature decreased from 561 °C (14.85 wt. %) to

200 °C (0.45 wt. %). It provided a basis for improving the mechanical properties of

Mg-Sn alloy via the Solution Heat Treatment (SHT) and aging treatment.

Secondly, the melting point of the Mg,Sn phase (770 °C) within the matrix of

Mg-Sn alloys was much higher than that of the Mg;;Al;; phase (462 °C) in Mg-Al

alloy systems. This fact could significantly improve the high temperature properties of

magnesium alloys. [24]

Thirdly, the Mg,Sn particles, which existed in the a-Mg matrix, were ultra-fine

as shown in Figs. 2-2(a) and (b). It means that these particles could effectively resist

the grain boundary sliding at room and high temperatures. [41]

Actually, the Mg-Sn alloy system had more advantages to attract scholars, like

inexpensive, easily to obtain and easily to add. [37]
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Figs. 2-2 Ultra-fine Mg,Sn particles in the a-Mg matrix: (a) OM low magnification

and (b) OM high magnification [41].



2.2 Development status of Mg-Sn alloy systems

In the recent years, many scholars respectively focused on the different issues of

Mg-Sn alloys. High temperature application, plasticity deformation or new Mg-Sn

systems development were more common. [42-48]

2.2.1 High temperatures application

Liu et al. have reported the microstructures, tensile properties and creep behavior

of as-cast Mg-(1-10 wt. %)Sn alloys [39]; they used the method of Dendrite Arm

Spacing (DAS) to calculate the average spacing of second dendrite arm because they

considered that the DAS could affect the. mechanical properties of as-cast Mg-(1-10

wt. %)Sn alloys.

d,=Lt/PM (2-1)

where d, was the DAS; M was magnification; Lt was the total length of through

measuring line, as well as P was the crossing point between the measuring line and

the secondary dendrite.

Figs. 2-3(a)-(e) showed the microstructures of as-cast Mg-(1-10 wt. %)Sn alloys; the

eutectic a-Mg + Mg,Sn layered precipitates increased with increasing tin contents.

Table 2-1 showed the results of DAS; the DAS values similarly increased with

increasing tin contents. The authors explained that the tin was partitioned into the

liquid ahead of the solidification front; thus, it caused a constitutional super-cooling



zone of liquid ahead of the interface. They also found that the tin induced a
refinement effect in Mg-Sn alloys because the constitutional super-cooling caused by
the tin enrichment in the liquid ahead of the solid-liquid interface promoted

nucleation ,and hindered the fast growth of grain gives rise to dendrites.

A Li‘

Figs. 2-3 OM microstructures of the Mg-Sn alloys: (a) Mg-1%Sn, (b) Mg-3%Sn,

(c) Mg-5%Sn, (d) Mg-7%Sn and (e) Mg-10%Sn [39].



Table 2-1 The DAS (d) of Mg-Sn alloys [39].

Alloy The zverage values of P da{pm)
Mz-1%5n 12 69.4
Mg-3%5n 9.6 ilé
Mg-3%5n 173 1849
Mg-7%5n 19.1 26.1
Mg-10%8n 19.6 155

Fig. 2-4 exhibited the tensile test at room temperature results of Mg-(1-10 wt. %)Sn
alloys; the authors discovered that the Mg-5(wt. %)Sn alloy had the best tensile

strength at room temperature.
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Fig. 2-4 Relationship between mechanical properties and tin content in Mg-Sn

alloys [39].
As these results, the authors reported that the average secondary dendrite arm spacing
had an effect on the mechanical properties of these alloys [49, 50]; they studied many
researches about DAS of aluminium alloys [51- 53]. An empirical relationship existed

between DAS and the mechanical properties as follows: [51]
9



Y = A+ BX + CX? (2-2)
where Y was the value of ultimate tensile strength, yield strength or elongation; X
was DAS, while A, B (negative value) and C were constants. The enhancement in the
tensile strength and the elongation of Mg-Sn alloys transferred from the decreasing of
DAS when the tin contents was less than 5 wt. %.

Kim et al. have investigated Mg-xSn-5Al-1Zn alloys, and tin contained 5, 6, 7
and 8 wt. % [54]. They found a similar result with Liu et al. reporting [39]. The

tensile strength at room temperature decreased with increasing tin contents as shown

in Fig. 2-5.
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Fig. 2-5 Mg-xSn-5Al-1Zn alloys volume percentage of precipitates of Mg,Sn and
Mgi7AlL, [54].
Wei et al. have further reported the creep behavior of Mg-5(wt. %) Sn alloy by
using aging hardening at high temperatures from 150 °C to 200 °C [32]; they
successfully improved the compressive creep resistance by uniformly distributing

10



Mg,Sn particles as shown in Figs. 2-6(a) and (b); they observed that the discrete

Mg,Sn phase mainly precipitated at grain boundaries, and might restrain the

movement of dislocations and grain boundary.

(b)

[ ' 500nm

Figs. 2-6 The microstructure of aging-treated Mg-5(wt. %)Sn alloy: (a) OM and (b)

TEM bright-field image [32].
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Besides Wei et al. research, Mendis et al. have investigated an enhanced age
hardening response in Mg—Sn based alloys containing Zn [30]. The authors
discovered that the effect of age hardening could strengthen by adding Zn elements.
Fig. 2-7 demonstrated the results of aging heat treatment at 200 °C with different
aging times; the result obviously showed that Mg-Sn based alloys, which added Zn,
had more high HV hardness. Table 2-2 demonstrated the detail results of HV hardness;
it was clear that the aging kinetics of Mg-Sn binary alloys were sluggish at 200 °C;
these alloys required in excess over 200 hours to reach peak hardness, and the
hardening increment of these alloys was poor (only 10 HV) than that of containing Zn
element. These results indicated that the Mg-Sn binary alloys had a potential of

enhancing mechanical properties by adding another elements.

100
4+ Mgp-1.358n-1.27n-0.13Na
| & Mg-1.380-1.27n
¥ Mg-138n-0.47n
go b © Mg-1.35n

Hardness (HVN)
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001 0.1 1 10 100 1000 10000
Aging Time ()

Fig. 2-7 Isothermal aging curves at 200 °C for the binary Mg-1.3 Sn alloy [30].
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Table 2-2 Time to reach maximum hardness [30].

Alloy composition (at.%)  Time to Maximum  Maximum
reach peak hardness increment in
hardness (h}  (YHN) hardness (YHMN)

Mg—1.3 Sn | 000 47 10

Mg-1.3 Sn04 Zn 300 56.8 16.83

Mg-1.3 8n-1.27n 211 70.1 30

Mg—1.3 3n-0.12 Na [5] 58 63.2 268

Mg—1.3 3n-1.2 Zn-0.19 Na 6.7 T6.4 3l5

Zhang et al. have further studied the crystallography of Mg,Sn precipitates in
Mg-Sn-Mn-Si alloy [55]. The authors investigated the orientation of Mg,Sn
precipitates after aging treatment. They observed that the Mg,Sn particles had an
orientation of [2-1-10] , // [-110] s. Moreover, the results of aging hardening were
shown in Fig. 2-8. The results.demonstrated-a similar phenomenon with Mendis et al.
reporting [30]; The HV hardness could spend much time to reach peak aging (over
200 hours); these results indicated that the-adding elements Mn and Si were not

helpful to improve the aging hardening of the alloy.
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Fig. 2-8 Age hardening response of Mg-Sn-Mn-Si alloy during ageing at

150 °C, 250 °C and 350 °C [55].
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However, Sasaki et al. offered a new idea to shorten the time of peak aging [31].
The authors used a wrought Mg-Sn-Zn alloy, which have pre-extruded; then the alloy
was treated by SHT + aging treatment. Fig. 2-9(a) demonstrated the results of aging
hardening; they discovered that the time to peak aging significantly decreased; further,
the creep resistance was obviously promoted by SHT + aging treatment as shown in
Fig. 2-9(b). Although the grain growth caused the degradation of the tensile strength
as shown in Fig. 2-9(c), the authors believed that the dispersion of fine Mg,Sn
particles within the matrix still played a key role to improve the high temperature

mechanical properties.
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Figs. 2-9 The extruded Mg-2.1Sn-0.1Mn alloys (a) Vickers hardness as a
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engineering stress—strain curves [31].
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On the other hand, Kang et al. tried to add Al and Si elements in the Mg-Sn

binary alloy (Mg-8Sn-3Al-1Si, TAS831) [29]. The authors focused on a new high

temperature precipitates of TAS831 alloy. Figs. 2-10(a) and (b) showed the

microstructure of TAS831; they observed that there were three main phases in this

alloy (Mg,Sn particles with small amounts of Mg,Si and Mg;7Al;, particles).

Especially Mg,Si particles, these particles were present as globular type; then authors

believed that the Mg,Si particles could further promote the high temperature

mechanical properties because the melting point (1102 °C) of Mg,Si precipitates were

much higher than that of Mg,Sn particles (770 °C).

Figs. 2-10 Images of TAS831 alloy: (a) SEM and (b) TEM images with SAD pattern

[29].
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Although the RE was an expensive element, some scholars still attempted to add
RE to the Mg-Sn based alloys.

Wei et al., Liu et al. and Pan et al. have respectively investigated the tensile and
creep properties of Mg-Sn based alloys by adding La, Di, Sc and Ce elements [48, 56
and 57]. Their reports had similar results as shown in Table 2-3; the creep resistance
obviously increased by adding RE elements than that of Mg-Sn binary alloy, but the
degree of improvement seemed very close to the commercial AE42 magnesium alloy;
the enhancement of tensile strength at room temperature was not very significantly
than that of AE42 magnesium alloy. However, the advantages of RE addition have
been found at more high temperatures (150 °C and 175 °C); both tensile and creep

properties at high temperatures‘'were obviously promoted by RE addition.

Table 2-3 Tensile properties of Mg-5% Sn, Mg-5% Sn-2% Di and AE42 alloys at

various temperatures [56].

Alloys RT 130°C [75°C (ry dropping ratio (%)

oy (MP2) 8(%) oy (MP2) a(%) tp (MPa) §(%) 150°C 175°C

Mg-5% Sn 122 18 % 113 §l 136 189 336
Mg-5% Sn-20% Di 135 84 13 178 118 193 148 A9
AE4 165 10 126 22 14 24 B4 30

17



Besides high temperature applications and heat treatment of Mg-Sn based alloys,
there were a few scholars to contribute in the field of thermo dynamic calculation of
Mg-Sn based alloys, like Kozlov et al., Doernberg et al. and Bamberger [43-45, 47].
They respectively focused on the Mg-Sn-Ca, Mg-Sn-Al and Mg-Sn-Zn triple systems;
then both they drawn the diagrams of phase equilibrium, while these phase diagrams
were very useful for feature research of Mg-Sn fields.

2.2.2 Plasticity deformation

From above 2.2.1, many authors focused on the domain of tensile strength or
creep resistance at high temperatures of Mg-Sn.based alloys; the researches of
plasticity deformation seemed much fewer. Park et al. indicated that controlling the
microstructure via heat treatment prior to wrought processing was difficult in Mg-Sn
based alloys because these alloys had the thermally stable characteristics of the
Mg,Sn phase [35, 41].
2.2.2.1 Essential factor of superplasticity

Superplasticity was an important index to evaluate the ability of magnesium
alloy deformation. In the recent years, scholars focused on the two directions to study
the superplasticity.

First of all, high speed deformation, it means that the strain rates of magnesium
alloy forming were above 1 x 10 %s™,

18



Secondly, low temperature deformation, it means that the temperatures of

magnesium alloy forming were below 100 °C.

However, both high speed deformation and low temperature deformation had a

common essential factor; these magnesium alloys must existed a fine grain structure

(the average grain size < 20-15 um), and it could anti grain growth during heat

treatment or mechanical properties test at high temperatures.

2.2.2.2 Grain refining and dynamic recrystallization

There were three major methods of grain refining in the magnesium alloys.

First of all, alloying, the grains of magnesium alloy were refined by adding Zr

element; then this element produced heterogeneous nucleation with Mg element

during melting. The ultra-fine grain structure could directly obtain when alloy cooled

after casting in mould.

Secondly, static recrystallization, the grains of magnesium alloys were refined at

high temperatures by using annealing treatment, while the fine grains were nucleated

at pre-existing grain boundary, twins or dislocations.

Thirdly, dynamic recrystallization (DRX), the grains of magnesium alloys were

refined at high temperatures by using thermo-mechanical treatment, like rolling,

extruding and ECAE. This part in the present work was a main mechanism of grain

refining.
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Sakai et al. have detail investigated the DRX in their early report [58]. The

authors reported that the procedure of DRX was very similar with static

recrystallization, while this procedure needed grain nucleation and grain growth.

Because the strain energy was continuously accumulation during thermo-mechanical

treatment, the strain energy must be released by DRX. Then the ultra-fine grains were

nucleated at pre-existing grain boundary, twins or dislocations, like static

recrystallization. The dynamic recrystallization could make density of dislocations

numerous decreasing; then magnesium alloy produced soft- phenomenon in local area.

According to the grain nucleation.and growth, Sakai et al. further reported that there

were two kinds of DRX; one was the cycle recrystallization, while another one was

continuous recrystallization. When energy of grain nucleation (g;) was higher than

energy of grain growth (gy), the cycle recrystallization was defined; moreover, the

continuous recrystallization means that the grain nucleation and growth was a

discontinue process.

In the cycle recrystallization, the DRX started grain nucleation and growth when

strain energy satisfied the grain nucleation; then the density of dislocations could

obviously decrease during DRX; however, the density of dislocations restarted

increasing when grain grew finish; then the working hardening phenomenon could be

observed in this stage. Because the cycle recrystallization continuous produced, the

20



phenomenon of working hardening and softening could be found in the stress-strain

curve as shown in Fig. 2-11(a).

By contrast, when energy of grain nucleation (e;) was lower than energy of grain

growth (&), the continuous recrystallization could be defined; it means that the DRX

started grain nucleation and growth during process of strain energy accumulation

when strain energy satisfied the energy of grain nucleation. However, the strain

energy has satisfied the energy of grain nucleation in next time before grain growth

finishing; this procedure made that the DRX was grain nucleation again. Then this

phenomenon could create a stable state between working hardening and softening as

shown in stress-strain curve Fig. 2-11(b).

On the other hand, the DRX mechanisms were respectively controlled by grain

nucleation and grain growth. The initial grain size was a key factor to decide what

mechanism could dominant the process of DRX.

If the initial grain size was coarser, the DRX was easily nucleation at fewer sites;

then the strain energy gap between initial grains and DRX grains were decreasing. At

the same time, the strain energy of working hardening could simultaneously affect on

the initial grains and DRX grains. Therefore, less train energy gap was so decreasing

the driving force of dynamic recrystallization, that the DRX quickly reached a stable
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grain size. This phenomenon was the grain growth controlling as shown in Fig.

2-11(c).

By contrast, if the initial grain size was finer, the DRX was difficult nucleation at

more sites; then the DRX could perform to decrease the strain energy, which

produced by working hardening. Therefore, the surface energy, which produced by

excess grain boundary, could increase, while these surface energy further offered the

driving force to help DRX; then making the grains became coarse.

From above all about DRX, the initial grain size played a key role to decide the

mechanisms of grain refining or.grain coarsening during DRX. However, the

deformation temperature was an important factor to decide the DRX performing.

Sakai et al. considered that there existed a relationship between the Zener-Hollomon

parameter and initial grain size; the Zener-Hollomon parameter showed as following

equation (2-3):

Z=¢exp (Q/RT) (2-3)

where Q was active energy, R gas constant, and T was absolute temperature.

This relationship decided the microstructures, which were grain refining or grain

coarsening during deformation process, as shown in Fig. 2-11(d). This figure

indicated that if the main method of grain refining was DRX, the Z value could

increase with decreasing the size of initial grains.
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2.2.2.3 Superplasticity of Mg-Sn based alloys

From above all of section 2.2.2.3, the DRX has been reviewed in detail; this

section would focus on the relationship between DRX and superplastic of Mg-Sn

based alloys.

Park et al. have investigated that the tensile properties of extruded Mg-8Sn-1Zn

(TZ81) alloy subjected to different heat treatments [41]; the authors used SHT (500

°C, 3 hours) + extruding (250 °C, ratio = 50 %) combination process to treat TZ81

alloy. Figs. 2-12(a) and (b) showed that the microstructures of TZ81 alloy; the result

exhibited that the SHT + extruding combination process successfully adjusted the

microstructure of TZ81 alloy. The average grain size of the alloy was 1.5 um, which

satisfied the stander of superplastic; the authors explained that these fine grains were

obtained by DRX during extruding process; then the ultra-fine Mg,Sn particle

effectively resisted the grain growth during extruding at high temperature 250 °C.

Figs. 2-12 (a) OM and (b) TEM micrographs of the extruded TZ81 alloy [41].
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They also conducted the deformation evaluating by using tensile test at 250 °C
with strain rates 1 x 10 2s?to 1 x 10 *s™. The largest tensile elongation attained at a
strain rate of 1 x 10™*s™ was 670 % in the alloy heat-treated at 500°C as shown in Fig.
2-13. This result give an evidence to prove that the Mg-Sn based alloys had a
potential to reach the superplasticity deformation.

Park et al. have further studied extruding Mg-Sn-Al-Zn (TAZ811) alloy by using
similar process [35]. Table 2-4 showed the results of tensile test; although the results
and trends of TAZ811alloy were very similar with TZ81 alloy, the largest tensile
elongation (950 %) has been observed at.200 °C with a fixed strain rate 1 x 10 *s™.
Moreover, the authors observed an elongation (140 %), which conducted a constant
strain rate 1 x 10 *s™. This result further proved that the Mg-Sn based alloys had an

opportunity to obtain superplastic at high strain rates (> 1 x 10™*s?).
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Fig. 2-13 Variations in elongations as a function of strain rate in theTZ81 alloys [41].

Table 2-4 Comparison tensile tests at with different strain rates [35].

Tensile test Load-mlaxation test

s Elongation igup Eoms fgpsffamp
(%) (s (s7)

1= 107 950 6AR x 1077 352 1077 054

2 107 o0 144 % 107% 562 % 1077 039

5% 107 540 412 107 R&4x 1077 021

1= 1077 410 889 1074 11lwx107% 012

2x 1077 3 187 = 107 130107 o007

5. 107 190 4841077 158 = 107 003

1= 1072 140 979 1077 207= 107" 002
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2.3 Equal Channel Angular Extrusion (ECAE)

The Equal Channel Angular Extrusion (ECAE) was invented by scientist Segal

[27]. The principle of ECAE was very simple; the pure shear stress was conducted to

the sample, while shear strains were produced, and accumulated in the samples by

several ECAE passes; then the cross-sectional area of sample was not changing after

several ECAE passes. Fig. 2-14(a) demonstrated a schematic diagram of ECAE [59];

the figure showed that the ® was a stagger angle of route, while the ¥ was an outside

arc angle. The sample could subject a shear strain when the sample though the stagger

angle (@) of the die; then the shear stress was constantly accumulated by pass and

pass with different ECAE routes. Fig. 2-14(b) exhibited a geometry changing map of

simple shear [60]; the map showed. that a large number of plastic deformations were

produced by shear plane of the die; then the sample became a parallelogram from a

square at the same time because the deformation route had different length (¢c'—c; #

d—d,). Although the ECAE process was very simple, there were many parameters to

affect whole process, like die angle, extruding passes, extruding temperatures,

extruding speeds and extruding routes.
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Figs. 2-14 Brief diagram of ECAE: (a) ECAE die cross-sectional and (b) geometry

changing map of simple shear [59, 60].
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2.3.1 Effect of die angle

Segal et al. have derived the relationship between stagger angle (®) and shear
strain as shown in equation (2-4) [61]:

vy = 2 cot (d/2) (2-4)

where 7 was shear strain.

Moreover, from the plasticity theory, Segal et al. further derived the relationship
between stagger angle (®) and equivalent shear strain; the e could represent as
equation (2-5) [61]:

€eq = (21 3) cot (®/2) (2-5)

where g,q Was an equivalent shear strain.

By equation (2-5), Segal et al. calculated the equivalent shear strain (&) after
ECAE one pass with different stagger angle (@) as shown in Table 2-5. The table

showed that the &, increased with decreasing stagger angle (@) after extruding.

Table 2-5 Equivalent shear strain after ECAE a pass with different stagger angle [61].

Punch pressure . Equivalent .
Tool angle (2®) to flow stress Infr:fr?le?[tal Ztraln reduction ratio . Edqmt\; alnen;\zliqrei/
ratio (p/Y) ensity (Az) (RR) eduction (AR) %
150° 0.31 0.31 1.37 30
120° 0.68 0.68 1.95 49
90° 1.15 1.15 3.20 69
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However, Segal et al. specially indicated that the sample could produce a Dead
Zone at route bottom when @ angle was smaller than 90 degree; this phenomenon
made that the microstructure of sample demonstrated an uneven deformation after
ECAE. Harris et al. have used the finite element analysis to study the similar question;
they reported that the sample not easily filled in the stagger angle of route when ¥ =
0°and ®=90° [62].

Iwahashi et al. have derived the relationship between &, and @ by using

geometric relation as shown in Figs. 2-15 (a)-(c) and equation (2-6, 2-7 and 2-8) [63].

(@) If ¥ =0° y=2cot (D/2) (2-6)
(b) If ¥ =180° y=® (2-7)
(c) If 0° < ¥ < 180°, y = 2°cot (@2 + W/2) + Y csc (D/2 + V/2) (2-8)

Figs. 2-15 Brief diagram of geometric relation: (a) ¥ = 0°, (b) ¥ = 180°and

(c) 0°< ¥ < 180° [63].
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Nakashima et al. investigated the effect of stagger angle on the microstructure

after ECAE process [64]. The authors found that an ECAE process had a vintage

extruding stagger angle; they observed that the grain refining consequent of ® = 90°

was better than that of ® = 135°. Furthermore, they indicated that the microstructure

not only related with amount of total equivalent strain, but also related with amount of

plastic deformation, which produced by each ECAE passes.

2.3.2 Effect of extrusion passes

Iwahashi et al. and Tergune et al. studied the effect of extruding passes on the

microstructure after ECAE process [65, 66].The authors used the die (® = 90°and ¥

= 20°) to extrude several passes on pure Al by using different ECAE routes. They

discovered the banding structure in the sample after ECAE one pass, while these

banding structure were composed by elongated sub-grains; the average grain size of

these sub-grain was decreased from 1mm to 4 um by ECAE one pass; then the

equiaxial sub-grains were observed after ECAE three passes, while the average grain

size decreased from 4 um to 1 um. From the above studies, the consequent of grain

refining was very obvious by using ECAE with several passes; it means that the total

equivalent strains increased with increasing ECAE passes, while the high angle grain

boundary significantly increased at the same time. Finally, the average grain size was

obviously refined, and gradually tended equiaxial grains.
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Chang et al. further proved that this high angle grain boundary evolved from the
low angle grain boundary [67]; the authors indicated that these boundary structures
could distinguish three types: (a) Polygonized Dislocation Wall (PDW), (b) Grain
Boundary (GB) and (c) Partially Transformed Boundary (PTB) as shown in Fig. 2-16.
They observed that boundary structure of grains transformed by increasing total
equivalent strains; most boundary structures were PDWs when total equivalent strains
equaled 2; then the boundary structures evolved from the PDWs to the PTBs when
total equivalent strains equaled 4, while there were a few PTBs transformed to the
GBs; all the PTBs finally changed to the GBs when equivalent strains reached to 8.
From Chang et al. conclusions, increasing the amount of total strain could promote
the density of dislocations; thus, it.could form the closely dislocation walls to induce

subsequent grain refining.

Fig. 2-16 Brief diagram of boundary structures types [67].
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2.3.3 Effect of extrusion routes

Segal et al. and Iwahashi et al. have classified the ECAE routes between pass and
pass [62, 68]; the authors concluded that there were three main types of ECAE routes,
route A, route B and route C, while route B further classified route Ba and route B¢ as
shown in Fig. 2-17(a) :

(a) Route A: The sample was not rotation after ECAE one pass; then the sample kept
the same direction to put in the die. The deformation produced on the
different shear plane, while the shear planes could intersect as 90°
between pass and pass as shown in Fig..2-17(b).

(b) Route Ba: The sample rotated 90° as the clockwise direction after ECAE one pass;
then the sample putted in die to extrude in the next time. After ECAE
two passes, the sample rotated 90° according to the counterclockwise
direction; then the sample putted in die to extrude at the next time as
shown in Fig. 2-17(b).

(c) Route B: The sample rotated 90°according to the same direction (clockwise or
counterclockwise) after ECAE each passes; then the sample putted in

die to extrude at the next time as shown in Fig. 2-17(b).
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(d) Route C: The sample rotated 180°according to the same direction after ECAE
each passes; then the sample putted in die to extrude at the next time as

shown in Fig. 2-17(b).

channel angle : 90°
rotation around X axis

after 1stpress  after 2nd press

Route A 0° o°

RouteBa  90° Y 50° 7
RouteBc  90° Y g° Y
RouteC  180° %) 180° )

(b)

Routs A

Route B,

Route C

Figs. 2-17 Brief diagram of different ECAE routes: (a) rotation degree and (b) shear
plane direction [67, 68].
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From the above terms, the deformation could form at different shear planes of

the sample when extruding routes changed between each ECAE passes; it means that

ECAE route changing made that the microstructure of previous extrusion was affected

by next extrusion.

Iwahashi et al. investigated that the microstructure of pure Al transformed by

using different ECAE routes [68]. The authors observed that the band structures

decreased with increasing ECAE passes by using route A, while the band structures

were almost eliminated after ECAE four passes. However, the band structures were

not existed in the sample after extruding by using route B, while the grains gradually

transformed to the equiaxed grains structure after ECAE four passes. The

microstructures were very similar between route A-and route C; the band structures

were major structure, while this structure could gradually eliminate after EACE four

passes. As these results, Iwahashi et al. concluded the route B easily to obtain the

high angle grain boundary; thus, the equiaxed grains structure was observed in route

Bc.

Sun et al. studied a similar report [69]; although the results were very close with

Iwahashi et al. reporting [68], the authors stilly found that ability of grain refining had

obviously differences between route A, B; and C. They indicated that the route B,
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could easily obtain an ultra-fine grain structure, while this microstructure
simultaneously appeared in the die of stagger angle (® = 90° and ® =120°).
2.3.4 Effect of extrusion speeds

Although the average grain size, grain shapes and grain boundary angle were
significantly influenced by different ECAE routes, the ECAE speeds also affected the
microstructures during whole ECAE process.

Segal et al. have studied the influence of microstructure by different ECAE
speeds [70]; the authors observed that the pure Cu produced an uneven deformation
after ECAE three passes with extrusion speeds 0.25'mm/s and 25 mm/s as shown in
Figs. 2-18 (a) and (b). Additionally, Semiatin et al. have studied a similar result; the
authors discovered that the CPTi and 4340 steel could fracture if the ECAE speeds
were faster as shown in Fig. 2-19. Berbon et al. used pure Al and Al-1%Mg alloy to
extrude with ECAE speeds 7.6 mm/s and 8.5 x 10" mm/s at room temperature [71];
the authors indicated that the average grain size seemed no obviously changing after
different ECAE speeds, but they further observed that the dynamic recovery

phenomenon was induced at lower ECAE speed condition 8.5 x 10 mm/s.

Figs. 2-18 Uneven deformation after ECAE: (a) 0.25 mm/s and (b) 25 mm/s [70].
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Fig. 2-19 The specimens after EACE process with different speeds [71].
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2.3.5 Effect of extrusion temperatures

Yamashita et al. investigated the effect on microstructures of Al-3%Mg-0.2%Sc

alloy after ECAE process at room and high temperatures (300 °C) [72]; the results

exhibited that the average grain size increased with increasing ECAE temperature,

while the grains would become more equiaxed after ECAE twelve passes with route

Bc. Chen et al. reported a similar result [73]; the authors observed that a 5052 Al-Mg

alloy, which processed ECAE eight passes, had equiaxed grain structure, while the

average grain size obviously increased after ECAE at 300 °C. Wang et al. used a 1050

Al alloy to perform ECAE twelve passes.at 300 °C [74]; the authors obtain a similar

result with Yamashita et al. and Chen et al. According to the above researches, the

average grain size, which increased with increasing ECAE temperatures, was a

common phenomenon; it means that the thermo energy was very helpful to induce

grain coarsening; then coarse grains could affect performance of subsequent

mechanical properties at room or high temperatures. In view of this, many authors

stared to research the ECAE process of multi temperature stages; they attempted to

obtain fine grain structure, and avoided grain growth.

Kim et al. studied that the average grain size of AZ31 extruding alloy decreased

from 24 um to 2.2 um after ECAE six passes, while two passes were 280 °C in the

first stage, and last four passes were 220 °C in the second stages [75]. This result

39



demonstrated that multi stage temperatures controlling were an affect method to

obtain fine grain structure during ECAE process.

Matsubara et al. have successfully reduced the average grain size of as-cast

AZ91 alloy by using similar method [76]; the average grain size decreased from 50

um to 0.7um. The authors further discovered that the effect of grain refining, which

performed two passes at 200 °C (0.7 um), were smaller than that, which performed

four passes at 300 °C (10 um). Therefore, they indicated that less ECAE passes at

lower temperatures were better than more ECAE passes at higher temperatures.

There existed an interesting phenomenon; . although the effect of grain refining at

lower temperature had better performance, it did not mean that whole ECAE process

could 100 % succeed. From above of Matsubara et al. study [76], they broken done

the as-cast AZ91 sample after ECAE one pass at 200 °C because the initial grain size

50 um was too coarsening to extrude by ECAE. Therefore, the authors tried to treat

the alloy by using extrusion, while the average size decreased from 50 um to 12 pm,;

then using ECAE continued extruding process. Finally, they successfully obtained the

fine grain structure (0.7 pum).

Matsubara et al. further investigated the pure Mg and Mg-0.6 % Zr alloy [77];

the initial grain sizes were respectively 1.4 mm and 70 pm. The authors used

pre-extrusion to reduce the initial grain size of samples, while the average grain size
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were respectively decreased to 55 um and 11 um; then they used ECAE process to

refine the average grain size of the samples; the results were shown in Table 2-6.

From these results [77], Matsubara et al. concluded that the initial grain size was an

important factor to influence the ECAE process.

Table 2-6 The results of ECAP with different passes and temperatures [77].

_ Number of Cast Cast + Extruded
Material passes ECAPat T (K) ECAP at T (K)
573 623 673 473 523 573 623
1 B X X X X
Pure Mg 2 B X X X
3 B B B
1 X B A X
2 B B X
Mg-0.6Zr 3 X
4 X

X = successfully extruded; A = crack observation after ECAP; B = broken during ECAP
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CHAPTER 3 EXPERIMENTAL PROCEDURES

3.1 Alloy designing of Mg-2, 5, 8(wt. %)Sn alloys

In this study, the magnesium alloys, which contained 2, 5, 8 (wt. %) tin elements,

were selected. Although the Mg-(1-10)Sn alloys have been investigated by early

report [39], the authors just focused on the creep resistance at high temperatures.

Therefore, this study would focus on the high temperature tensile properties, and

would compare the influence of different tin addition after ECAE process.

3.2 Casting of Mg-2,5, 8(wt. %)Sn alloys

The Mg-Sn alloys with three compaosition of Mg-2, 5, 8(wt. %)Sn were prepared.

Pure magnesium (99.95 wt. %) and 2, 5, 8 (wt. %) pure tin (99.98 wt. %) were melted

in a crucible under the protection of SFs gasat 800 °C. The melted mixture was

stirred to ensure homogeneity. It was then held at 720 °C for 30 min and finally cast

into a steel mould that was preheated to 250 °C. The cavity dimensions of the mould

were 300 mm x 70 mm x 60 mm.

3.3 ECAE Process of Mg-2, 5, 8(wt. %)Sn alloys

3.3.1 ECAE die preparation and extrusion

ECAE was conducted using a die, which was a block with two intersecting

channels of identical cross-section, with a 120° angled channel through the die via a

B¢ processing route. A B¢ processing route means that the sample was removed from
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the die, and then rotated by +90° in the same direction between each pass, while 4

passes equaled 1 cycle. The alloy samples were extruded through three stages: The 1,

2 and 4 passes (1 cycle) would extrude in the first stage of the experiments, and the

samples would extrude for 2 more passes (4 + 2 = 6 passes) in the second stages of

the experiments; further, using SHT + ECAE 4 passes two steps process extruded .

All samples were extruded at a fixed temperature of 200 °C with an extrusion rate of

about 2 mm/min. The complete experimental conditions for ECAE were listed in

Table 3-1.

3.3.2 Heating and temperature ‘controlling

The die of ECAE was placed in the heating cover, which contained many heating

coils; then the die of ECAE was increased the temperature to 200 °C by heating cover,

while these coils were heated by resistive heating.

ECAE temperature was controlled, and maintained by thermocouple and digital

temperature controller. If the temperature changing was detected by thermocouple, the

digital temperature controller could feedback, and immediately adjusted the ECAE

temperature.

3.4 Mechanical properties test

3.4.1 Hardness test
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This study used Vickers hardness (Akashi MVK-H21) to evaluate the micro
hardness of Mg-Sn alloys. The load of hardness test was 200 g, and the holding time
of test was 30 sec. The test points of test selected 10 points, which were randomly
selected; then average micro hardness was calculated from the values of these 10
points.

3.4.2 Tensile test at room temperature

The tensile test was conducted using an Instron8500 at room temperature with a
constant strain rate of 1 x 10 % s . Specimens for the tensile test were cut from the
ECAE processed samples via wire-electrode cutting, each with a gauge length of 6
mm [37].

The tensile fixture was designed by our self. The specimen was clamped by two
wedge clips, while these wedge clips were held in the tensile fixture. The specimen
could tightly clamp by tensile fixture when tensile test started.

3.4.3 Tensile test at high temperatures
3.4.3.1 Test for tensile strength

The tensile test was conducted using an Instron8500 at high temperatures 100 °C
and 200 °C with a constant strain rate of 1 x 10 % s *. The tensile specimens were
heated by tubular furnace, while this tubular furnace could open, and close during
disassembly tensile specimens. Tensile temperatures were controlled, and maintained
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by thermocouple and digital temperature controller. If the temperature changing was
detected by thermocouple, the digital temperature controller could feedback, and
immediately adjusted the tensile temperatures. The complete experimental conditions
for tensile tests at this stage were listed in Table 3-1.
3.4.3.2 Test for superplasticity

In this stage of experiments, the tensile tests were conducted at higher
temperatures 250 °C, 300 °C and 350 °C with different strain rates 1 x 1072, 1 x 10
and 1 x 10 *s™%. The complete experimental conditions for tensile tests at this stage
were listed in Table 3-1.

Table 3-1 The complete experimental conditions for ECAE and tensile tests.

Stages ECAE process Tensile-tests
Stagel 1,2 and 4 ECAE passes Strainrate =1 x 10 3s*
at 200 °C Temperatures = RT, 100 °C and 200 °C
Stage2 6 ECAE passes at 200 °C Strainrates=1x 10%s %, 1x10°3s and1x 10*s*

Temperatures = 250 °C, 300 °C and 350 °C
Stage3  SHT at 480 °C for 22 hours + Strainrate=1x 10°3s*
1, 2 and 4 ECAE passes Temperatures = RT, 100 °C and 200 °C
at 200 °C

3.5 Characteristic analysis

3.5.1 X-Ray diffraction (XRD) analysis

X-ray diffraction analysis was a kind of non-destructure analytical technique,

while it had many applications such as phase identification, crystal structure
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identification, orientation of single crystal and preferring orientation. A collimating
beam of XRD was incident on the specimen; then the beam of XRD could be
diffracted by the crystalline phases of the specimen according to the Bragg's law (nA
= 2dsin0) during XRD analysis. The diffraction pattern was used to identify the phase
of specimen, and to measure the structure properties. In this study, the XRD was used
to analysis, and identify the phase of Mg-2, 5, 8(wt. %)Sn alloys by using Bruker/D2
phase system (Cu Ka, A = 1.5418 A).
3.5.2 Energy Dispersive Spectroscopy (EDS) analysis

The energy dispersive spectroscopy was an instrument, which usually appended
on the electron microscope. This device could be applied as accurate electron probe
micro-analyzer, efficient and non-destructive elements analysis and investigating
element distribution of micro areas in the specimen. This function was very powerful
to find unknown elements like metal alloys, polymers and semiconductors. In this
study, The EDS analysis would calculate, and confirm the composition ratio of Mg-2,
5, 8(wt. %)Sn alloys and Mg,Sn phase by using Oxford system.
3.5.3 Optical Microscope (OM) observation

The optical microscope was a very useful instrument to observe the

metallographic of metal alloys. Researchers could investigate the size of grains, the
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shape of grains and some small cracks of specimen. In this study, the metallographic

of Mg-2, 5, 8(wt. %)Sn alloys were be observed by using Olympus BH2-MJLT.

The specimens of metallographic were produced as fowling procedure:

The samples were divided at the same place in each cast and ECAE processed sample;

then they were polished by the sandpaper from #100 to #1000, while these specimens

were etched with a solution of 5 vol. % nitric acid and ethyl alcohol after polishing.

3.5.4 Scanning Electron Microscope (SEM) observation

There existed that secondary electrons, backscattered electrons, transmitted

electrons characteristic X-ray and so forth were emitted from the specimen when the

electron probe illuminated the specimen. The SEM was a useful instrument to obtain

high resolution image. The surface or-cross-section image of specimen could observe

by using the second electron detector of SEM. In this study, the morphologies of

Mg.,Sn precipitates would be investigated by using SEM (JEOL JSM-6500).

3.5.5 Calculation average grain size distribution

The image software was common in the material science field such as area

calculation, pores distribution, precipitates ratio, as well as grain size distribution.

Therefore, the average grain size of Mg-2, 5, 8(wt. %)Sn alloys was measured by

using the linear intercept method, and the grain size distribution was further

calculated by using an imaging software (Image Pro5.0) in this study.
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CHAPTER 4 MECHANICAL PROPERTIES

AT ROOM TEMPERATURE

4.1 Motivation

Most conventional Magnesium alloys were based on the Mg—Al alloy system.

However, the main B (Mgi17Al1,) phase usually precipitated at grain boundary, and

obviously showed the shape as continuous and laminar, while this type of precipitates

was not conducive tensile properties at room temperature. By contrast, the Mg-Sn

alloy system was selected by researchers because Mg-Sn system not only precipitated

the a-Mg + Mg,Sn continuous and laminar phase in‘'the grain boundary, but also

directly formed the small Mg,Sn particles in the a-Mg matrix. Moreover, these

continuous and laminar a-Mg +.Mg,Sn phase could break down by subsequent ECAE

process. Therefore, this stage would expect that broken and Mg,Sn particles could

enhance the tensile properties at room temperature.

4.2 EDS and XRD analysis

The as-cast Mg-2, 5, 8(wt. %)Sn alloys were examined by EDS analysis as

shown in Table 4-1. The results showed all the known elements within the

configuration. Figs. 4-1(a)-(c) exhibited the results of XRD, which the phase of a-Mg

and Mg,Sn could clearly be distinguished. It shows that the Mg,Sn phase diffraction

peak intensity increased with increasing tin content.
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Table 4-1 EDS composition analysis table.

Mg 2 Sn 5Sn 8 Sn
wt. %
Bal. 2.19 5.92 8.84
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Figs. 4-1 XRD analysis results: (a) Mg-2(wt. %)Sn, (b) Mg-5(wt. %)Sn and (c)

Mg-8(wt. %)Sn.

4.3 Microstructure observation and grain size distribution
4.3.1 In as-cast state

The grain boundary was very clean in the optical micrograph of as-cast Mg-2(wt.
%)Sn alloy as shown in Fig. 4-2(a). By contrast, the eutectic a-Mg + Mg,Sn
continuous layered precipitation could be found in the grain boundary of Mg-(wt.
%)Sn alloy; then the segregation (core structure) could be observed, while this
segregation phenomenon formed during solidification; thus, it caused the dark area
near grain boundary as shown in Fig. 4-2(b). The Mg-8(wt. %)Sn alloy as shown in

Fig. 4-2(c); it was very obviously that the eutectic a-Mg + Mg,Sn precipitation
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increased with increasing tin content, while the coarsening degree of eutectic a-Mg +

Mg,Sn phase was more obvious than that of Mg-2 and 5(wt. %)Sn alloys.

Liu et al. have found a similar result; the authors observed that the Mg-10Sn

alloy demonstrated the most coarsening a-Mg + Mg,Sn phase in the Mg-(1-10)Sn

alloys [39].

The SEM micrographs of Mg-2, 5, 8(wt. %)Sn alloys showed a large amount of

ultra-fine particles in the matrix of which were between 80nm to 120nm in length as

shown in Figs. 4-3(a)-(c). These ultra-fine particles of as-cast Mg-2, 5, 8(wt. %)Sn

alloys were identified by EDS as'shown in Table 4-2; this analysis found that Mg : Sn

=1 : 2; thus, this result confirmed that the particles were indeed Mg,Sn.

Table 4-2 Mg,Sn precipitates EDS composition analysis table.

Element (at. %) Mg-2%Sn Mg-5%Sn Mg-8%Sn
Mg K 36.02 34.17 36.09
SnL 63.17 64.88 65.91
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Butetic ¢=-Mg + Mg,Sn

Figs. 4-2 OM images of as-cast state: (a) Mg-2(wt. %)Sn, (b) Mg-5(wt. %)Sn and

(c) Mg-8(wt. %)Sn.
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Figs. 4-3 SEM images of as-cast state: (a) Mg-2(wt. %)Sn, (b) Mg-5(wt. %)Sn and

(c) Mg-8(wt. %)Sn.
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Comparing three components in the as-cast state Mg-2, 5, 8(wt. %)Sn alloys;

then the average grain size was calculated, while the average grain size of Mg-2(wt.

%)Sn alloy (296 um) was larger than that of Mg-5(wt. %)Sn (147 um) and Mg-8(wt.

%)Sn alloy (106 um) . These results were estimated from the Growth Restriction

Factor (GRF) as shown in fowling equation (4-1) [78]:

GRF = mcg (k - 1) (4-1)

where m was liquidus slope of binary phase diagram; co was tin content, and k

was solute partition coefficient.

From the literature [79], m (k-1) = 1.47 was grain-refining effect of tin element,

substituting the tin content into ¢, could be got different GRF values as shown in

Table 4-3, which showed that GRF values were positive. This result proved that tin

content could produce different degrees of grain refinement.

Table 4-3 Mg-X(wt. %)Sn Growth Restriction Factor (GRF) table.

Composition Sn wt. % GRF
Mg-2%Sn co = 0.02 0.0249
Mg-5%Sn co = 0.05 0.0735
Mg-8%Sn co = 0.08 0.1176
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4.3.2 After ECAE four passes

ECAE process was a type of thermo-mechanical treatment; the thermo energy and

shear strain energy could be produced at the same time during extrusion process.

Additionally, the magnesium alloys were HCP structure, which only had three sliding

systems at room temperature. Therefore, grain refining in magnesium alloys will

nucleation along the preexisting grain boundaries at 200 °C during ECAE process,

while this nucleate was attributed to the development of stress concentrations at the

boundaries and the subsequent activation process of both basal and non-basal slip [80].

The result of Mg-2, 5, 8(wt. %)Sn alloys, which extruded four passes, was shown in

Figs. 4-4(a)-(c). Besides the Mg-2 (wt. %)Sn alloy, the microstructures of Mg-5 and

8(wt. %)Sn alloys were homogeneous distribution, but there also existed some large

grains. This result was very similar with previous literature [81, 82].
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Figs. 4-4 OM images of ECAE four passes: (a) Mg-2(wt. %)Sn, (b) Mg-5(wt. %)Sn

and (c) Mg-8(wt. %)Sn.
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The grain size distributions with different tin content of Mg-2, 5, 8(wt. %)Sn
alloys were shown in Figs. 4-5(a)-(f). Comparing the percentage of average grain size
(0-10 um) for Mg-2(wt. %)Sn alloy could reach from 0 % to 37 %, while the
percentage of Mg-5 and 8(wt. %)Sn alloys respectively reached from 0 % to 54 % and

58 %.
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Figs. 4-5 Grain size distribution maps: (a) as-cast Mg-2(wt. %)Sn , (b) as-cast
Mg-5(wt. %)Sn, (c) as-cast Mg-8(wt. %)Sn, (d) Mg-2(wt. %)Sn N = 4,

(e) Mg-5(wt. %)Sn N = 4 and (f) Mg-8(wt. %)Sn N = 4.
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It was worth noting that the microstructures of Mg-2, 5, 8(wt. %)Sn alloys after

ECAE one and two passes showed the bi-model distribution. For example, the OM

images of Mg-5(wt. %)Sn alloy after ECAE one and two passes were exhibited as

shown in Figs. 4-6(a) and (b), while the grain size distribution of were respectively

drew the grain size distribution maps, as shown in Figs. 4-6(c) and (d). The grain

size distribution maps could explain that the microstructures of Mg-5(wt. %)Sn alloy

evaluate from the bi-model distribution to the homogeneous distribution by DRX.

Fig. 4-6(c) was a grain size distribution map of ECAE one pass; the map showed

dual peaks at right side (peak al) and left side (peak a2) on the map; it was very

obviously to index that the fine grain area and coarse grain area independently

distributed; thus, the microstructure of Mg-5(wt. %)Sn alloy formed the bi-model

distribution after ECAE one pass. Likewise, it was very significantly to index dual

peaks on the map after ECAE two passes, as shown in Fig. 4-6(d); however, the peak

b1 was higher than that of peak b2; it means that the DRX was very helpful to

produce fine grains during ECAE process; thus, inducing the fine grain area

increased with increasing ECAE passes. Finally, the dual peak model changed to the

single peak model; the percentage of average grain size (0-10 um) for Mg-5(wt.

%)Sn alloy reached 54%.
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Figs. 4-6 (a) OM image of Mg-5(wt. %)Sn N =1, (b) OM image of Mg-5(wt. %)Sn N
= 2, (c) grain size distribution map of Mg-5(wt. %)Sn N = 1 and (d) grain

size distribution map of Mg-5(wt. %)Sn N = 2.
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Further, the average grain size of Mg-2, 5, 8(wt. %)Sn alloys after ECAE four

passes was calculated as shown in Table 4-4; the trend of these results matched with

the grain size distribution of Mg-2, 5, 8(wt. %)Sn alloys. For example, the average

grain size of Mg-5(wt. %)Sn alloy increased from 147um (as-cast) to 28 pum after

ECAE four passes; it means that the thermo energy and shear strain energy were

significantly helpful to induce grain refining, while the mechanism of grain

refinement was dynamic recrystallization (DRX) during ECAE process.

On the other hand, The Mg-5 and 8(wt. %)Sn alloys formed the continuous

eutectic a-Mg + Mg,Sn precipitates in the grain boundary before ECAE. However,

after ECAE four passes, the continuous eutectic a-Mg + Mg,Sn was broken, and

formed discontinuous precipitation of Mg,Sn particles as shown in Fig.4-7(a); then

these Mg,Sn particles could distribute more uniform after ECAE four passes than that

of as-cast Mg-5(wt. %)Sn alloy. The result of Mg-8(wt. %)Sn alloy was similar to that

of Mg-5(wt. %)Sn alloy after ECAE four passes as shown in Fig. 4-7(b). However,

the Mg-8(wt. %)Sn alloy had higher tin content, which induced more volume fraction

of continuous eutectic a-Mg + Mg,Sn precipitates; then it leads that the shearing

effect on ECAE was not better than that of Mg-5(wt. %)Sn alloy. It could be

obviously seen that the eutectic a-Mg + Mg,Sn precipitates were maintained

geometric shape before ECAE four passes.
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Table 4-4 Average grain size of Mg-2, 5, 8(wt. %)Sn alloys.

ECAE passes N =0 (as-cast) N=1 N=2 N=4
Mg-2(wt. %)Sn 213.0 um 125.7 um 87.0 um 43.6 um
Mg-5(wt. %)Sn 147.0 pm 87.5 um 69.7 um 28.0 um
Mg-8(wt. %)Sn 106.0 um 77.1 um 51.4 um 22.3um

SEIl 150KV X1,000

SEI 15.0kv  X1,000

Figs. 4-7 SEM images: (a) Mg-5(wt. %)Sn N = 4 and (b) Mg-8(wt. %)Sn N = 4.
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4.4 Vickers hardness test

Table 4-5 showed the Vickers hardness test results; the hardness increased with

increasing tin content, while the Mg-8(wt. %)Sn alloy had the highest hardness after

ECAE four passes (HV=59.9) . The main reason for this result was effect of grain

refining; when micro-indentation imposed deformation to the Mg-8(wt. %)Sn alloy,

the grain boundaries could resist dislocations migration. Moreover, the high-density

Mg, Sn ultra-fine particles, which distributed in the a-Mg matrix, also had obvious

contribution; it could form stress field to further resist dislocations migration.

Therefore, the factors of both grain boundaries and Mg,Sn ultra-fine particles

significantly produced Mg-8(wt. %)Sn alloy to reach the highest hardness.

Table 4-5 HV hardness test of Mg-2, 5, 8(wt. %)Sn alloys.

HV (100gf) Mg-2(wt. %)Sn Mg-5(wt. %)Sn Mg-8(wt. %)Sn
As-cast 35.9 46.4 49.9
N=1 41.8 50.9 56.1
N=2 43.0 51.3 55.0
N=4 42.8 55.8 59.9
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4.5 Tensile test at room temperature

Both Yield Strength (YS) and Ultimate Tensile Strength (UTS) of Mg-2, 5, 8(wt.

%)Sn alloys could increase with increasing ECAE passes at room temperature as

shown in Figs. 4-8(a)-(c); the detail values of tensile properties were listed in the

Table 4-6.

Especially the Mg-5(wt. %)Sn alloy, the YS significantly increased from 104

MPa to 270 MPa at room temperature, while this result was also consistent with

Hall-Petch Equation’s prediction, which the alloy strength was inversely with average

grain size. The UTS of Mg-2, 5, 8(wt. %)Sn alloys had a similar trend with YS. The

UTS of Mg-5(wt. %)Sn alloy.obviously increased from 126 MPa to 327 MPa at room

temperature.

Additionally, the elongations of Mg-2, 5, 8(wt. %)Sn alloys were shown in Figs.

4-9(a)-(c); the elongation slightly increased from 7.9 % to 9.5 % at room temperature

for Mg-5(wt. %)Sn alloy after ECAE four passes, while this result might cause by

Mg,Sn particles resisting because these Mg,Sn particles could pin grain boundary

sliding during tensile test at room temperature.

Although the Mg-8(wt. %)Sn alloy had the highest hardness, but the YS and

UTS of this alloy were lower than that of Mg-5(wt. %)Sn alloy; there existed a key

reason to explain this phenomenon. The Mg-8(wt. %)Sn alloy contained the highest
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density of continuous eutectic a-Mg + Mg,Sn precipitates, which had very hard and

brittle phase (HV = 121); thus, the cracks initiation would have more opportunities to

form between the interface of a-Mg matrix and Mg,Sn precipitates.

Table 4-6 Tensile properties of Mg-2, 5, 8(wt. %)Sn alloys after ECAE process.

YS (MPa) & UTS (MPa)

Elongations (%)

ECAE passes Mg-2Sn Mg-5Sn  Mg-8Sn Mg-2Sn  Mg-5Sn  Mg-8Sn
N=0 81 101 104 126 99 120 7.1 7.9 4.6
N=1 99 125 113 137 105 127 7.4 8.4 4.9
N=2 146 180 186 225 167 202 8.5 9.2 5.8
N=4 249 299 270 327 253 320 8.9 9.5 6.2
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Figs. 4-8 Tensile strength with different ECAE passes: (a) Mg-2(wt. %)Sn, (b)

Mg-5(wt. %)Sn and (c) Mg-8(wt. %)Sn.
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Figs. 4-9 Elongations with different ECAE passes: (a) Mg-2(wt. %)Sn, (b) Mg-5(wt.

%)Sn and (c) Mg-8(wt. %)Sn.
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4.6 Fracture surface observation

The failure of magnesium alloy was brittle through cleavage or quasi-cleavage
with a H.C.P structure at room temperature [83]. Figs. 4-10(a)-(c) was the fracture
surface of Mg-2, 5, 8(wt. %)Sn alloys after ECAE four passes, which conducted
tensile test at room temperature with a fixed strain rate 1 x 10 s™*. The figures
exhibited that all fracture surface was composed of cleavage at room temperature,
while a number of cleavages and steps were presented. This result indicated that the
major fracture mode of Mg-2, 5, 8(wt. %)Sn alloys after tensile test at room

temperature was brittle fracture; thus, many cleavages formed during tensile test.
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Figs. 4-10 Fracture surface after tensile test with a fixed strain rate 1 x 10°st: (a)

Mg-2(wt. %)Sn, (b) Mg-5(wt. %)Sn and (c) Mg-8(wt. %)Sn.
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4.7 Summary

From above all, the Mg-2, 5, 8(wt. %)Sn alloys have been detail investigated in

the chapter 4. Adding tin in the magnesium alloy was helpful for grain refinement of

as-cast Mg-2, 5, 8(wt. %)Sn alloys, while the average grain size of these alloys

respectively reached as Mg-2(wt. %)Sn (213 um), Mg-5(wt. %)Sn (147 um) and

Mg-8(wt. %)Sn (106 um); the effect of grain fining was very obvious by tin

increasing. Moreover, the continuous eutectic a-Mg + Mg,Sn phase of Mg-2 and 8(wt.

%)Sn alloys could be observed, while the these precipitates increased with increasing

tin content. Furthermore, the Mg-2, 5, 8(wt. %)Sn alloys produced large amounts of

fine grains, and the minimal percentage of average grain size (0-10 um) was more

than 35 % after ECAE four passes. Especially, the Mg-5(wt. %)Sn alloy had the best

tensile properties after ECAE four passes; the YS and UTS had a similar trend, while

the UTS reached 328 MPa at room temperature, and the elongation still retained about

9.6 %. The fracture surface of Mg-5(wt. %)Sn alloy after tensile test at room

temperature was cleavage; it means that the main fracture mode was still the brittle

after ECAE four passes.
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CHAPTER 5 MECHANICAL PROPERTIES

AT HIGH TEMPERATURES

5.1 Motivation

Although the tensile strength at room temperature have been successfully

improved in the chapter 4 by using an ECAE process, the applications of Mg-Sn

alloys at high temperatures were a very critical issue. The Mg,Sn particles, which

have existed in the a-Mg matrix or been broken down by ECAE process, played a key

role to enhance the tensile properties at high temperatures because the Mg,Sn

particles owned a higher melting‘point (770 _°C) than that of 462 °C for B phase

-Mg;7Al,. 1t means that the Mg-Sn alloys might have an opportunity to further

promote the tensile strength of Mg-Sn-alloys at high temperatures. Therefore, this

chapter expected to improve the tensile strength at high temperatures 100 °C and 200

°C by using ECAE four passes extrusion. In addition, this chapter would further

evaluate the superplastic ability. Although the commercial magnesium alloys (AZ31

or ZK60) have applied the superplastic deformation on the 3C or mobile fields, the

applications at high temperatures seemed not good enough. Therefore, this chapter

chosen the Mg-5(wt. %)Sn alloy to evaluate the superplastic ability at higher

temperatures 250 °C to 350 °C, while the Mg-5(wt. %)Sn alloy possessed the best
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tensile strength and elongations between Mg-2, 5, 8(wt. %)Sn alloys at room

temperature.

5.2 Tensile strength at high temperatures

5.2.1YSand UTS

The Yield Strength (YS) and Ultimate Tensile Strength (UTS) of Mg-2, 5, 8(wt.

%)Sn alloys significantly increased at high temperatures 100 °C and 200 °C after

ECAE four passes as shown in Figs. 5-1(a)-(c), while the tensile strength of these

alloys increased with increasing ECAE passes. All the tensile properties were showed

in the Table 5-1; the Mg-5(wt. %)Sn alloy still had the best performance at high

temperatures; the Y'S respectively increased from 74 MPa to 176 MPa at 100 °C ,and

from 40 MPa to 108 MPa at 200 °C. It means that these results were stilly consistent

with Hall-Petch Equation’s prediction at high temperatures, while the alloy strength

was inversely with grain size. The UTS of Mg-2, 5, 8(wt. %)Sn alloys has a similar

trend with YS. The UTS of the Mg-5(wt. %)Sn alloy obviously enhanced from 103

MPa to 248 MPa at 100 °C, as well as from 67 MPa to 179 MPa at 200 °C. In

addition, the elongations of Mg-2, 5, 8(wt. %)Sn alloys were shown in Figs. 5-2(a)-(c);

while the elongations of Mg-2, 5, 8(wt. %)Sn alloys exhibited a similar trend after

tensile test at high temperatures. The elongations of the Mg-5(wt. %)Sn alloy

demonstrated the largest deformation at high temperatures, while the elongations of
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this alloy evidently increased from 9.7 % to 14.5 % at 100 °C, and from 10.6 % to

18.9 % at 200 °C after ECAE four passes.

At high temperature conditions, even though the Mg-8(wt. %)Sn alloy had the

highest tin content, the YS and UTS of this alloy at high temperatures 100 °C and 200

°C were still lower than that of Mg-5(wt. %)Sn alloy. This result seemed very similar

with room temperature condition; it could be explained that the high density

continuous eutectic a-Mg + Mg,Sn precipitates were very stable even at high

temperatures; thus, these thermo stable precipitates still became the sites of cracks

initiation during tensile test at high temperatures.

Table 5-1 Tensile properties of Mg-2, 5, 8(wt. %)Sh alloys after ECAE process.

YS (MPa) & UTS (MPa) Elongations (%)

Mg-2Sn  Mg-5Sn  Mg-8Sn Mg-2Sn  Mg-5Sn  Mg-8Sn

ECAE passes 100°C 200°C 100°C 200°C 100°C 200°C 100°C 200°C 100°C 200°C 100°C 200°C

51 74 31 48 7410340 67 62 77 3451 72 99 97 106 6.0 7.2
56 81 39 60 901256210468 85 49 76 105 11.8 112 126 78 9.0
110165 80 123136188 91 151119175 82 140 12.6 149 134 155 94 118
149220 86 131176248108179161230 96 152 13.7 18.1 145 189 105 155

Z22Z22Z2Z
I n
A DNEO
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Figs. 5-1 Tensile strength at high temperatures 100 °C and 200 °C with different

ECAE passes: (a) Mg-2(wt. %)Sn, (b) Mg-5(wt. %)Sn and (c) Mg-8(wt.

%)Sn.
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Figs. 5-2 Elongations at high temperatures 100 °C and 200 °C with different ECAE

passes: (a) Mg-2(wt. %)Sn, (b) Mg-5(wt. %)Sn and (c) Mg-8(wt. %)Sn.

5.2.2 Fracture surface observation

Figs. 5-3 exhibited the fracture surface of Mg-5(wt. %)Sn alloy after tensile test
at high temperatures 100 °C and 200 °C.-Fig.-5-3(a) showed the result at 100 °C,
while this result was very similar to the room temperature; it means that the cleavage
was still a major fracture mode. Fig. 5-3(b) demonstrated that the specimen was
broken at 200 °C; by contrast, the result showed that the fracture surface has consisted
of a few dimples and a large number of cleavages. It could be explained that the
fracture mode of Mg-5(wt. %)Sn alloy during tensile test at high temperatures 100 °C
and 200 °C was gradually transformed from the brittle mode to the plastic mode

through thermal activation.
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Figs. 5-3 Fracture surface of Mg-5(wt. %)Sn alloy after tensile test with a fixed strain

rate 1 x 10° s™: (a) test at 100 °C and (b) test at 200 °C.
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5.3 Superplastic behavior evaluation

5.3.1 Microstructure observation and grain size distribution

Figs. 5-4(a) and (b) respectively exhibited the OM and SEM microstructures of

the Mg-5(wt. %)Sn alloy after ECAE six passes. In Fig. 5-4(a) all the coarsening

grains have been replaced by fine grains. The average grain size of the Mg-5(wt.

%)Sn alloy the average grain size was further reduced from 147 um (as-cast) to 10 um

after ECAE six passes. It means that more two ECAE passes at 200 °C contributed

DRX production, while the DRX then produces equiaxed grains with a high

concentration of high angle grain-boundaries. This phenomenon was similar as

Somjeet et al. report [84].

Fig. 5-4(b) showed that the ultra-fine Mg,Sn particles were very uniformly

distributed in the Mg-5(wt. %)Sn alloy, while these fine Mg,Sn particles were formed

by two reasons:

First of all, the continuous a-Mg + Mg,Sn precipitates were completely broken

down by ECAE six passes, while it could be distributed more uniform in the a-Mg

matrix.

Secondly, the ultra-fine Mg,Sn particles were directly produced by dynamic

precipitation during the ECAE six passes.
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Figs. 5-4 The microstructures of Mg-5(wt. %)Sn alloy after ECAE six passes: (a) OM

image and (b) SEM image.
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These Mg,Sn particles were very helpful in restricting grain growth after ECAE

six passes at 200 °C with a low extrusion rate (2 mm/min). Wei et al., Matsubara et al.

and Miyahara et al. have reported similar results in their earlier studies [76, 84, 85];

the authors discovered that a large number of fine Mg;7Al;, particles were directly

formed via dynamic precipitation during extrusion, while these ultra-fine particles

could inhibit grain boundary migration.

Fig. 5-5 showed a grain size distribution map of the Mg-5(wt. %)Sn alloy after

ECAE six passes; the percentage of grains with an average size of 0-10 um obviously

risen from 57 % (four passes) to. 83 % (six passes). This means that the microstructure

of the Mg-5(wt. %)Sn alloy became a more homogeneous distribution.
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Fig. 5-5 Grain size distribuiion map of Mg-5(wt. %)Sn alloy after ECAE six passes.
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5.3.2 Deformation at high temperatures

All the tensile elongations of the Mg-5(wt. %)Sn alloy that were subject to
ECAE six passes as shown in Fig. 5-6(a). The results showed that superplasticity was
achieved with the lowest strain rate (1 x 10*s %) at 250 °C, 300 °C and 350 °C.

The un-deformed and broken specimens were shown in Figs. 5-6(b)-(d). The
maximum elongation reaches 550 % at 350 °C with a constant strain rate of 1 x 10
s ! then the necking phenomenon could be observed in the Fig. 5-6(d). This
phenomenon was very similar to the previous studies of Mg-based alloys [76, 86];
Matsubara et al. and Lin et al. observed that the necking was occurred when the
tensile strain rates range from1'x 107 %s *to1x 10 “ s,

However, Fig. 5-6(a) showed that the elongation of 238 % at 350 °C with a
strain rate of 1 x 1072 s * was much lower than that of 550 % with a strain rate of 1 x
103 s at the same temperature; this result could be explained that the grain
boundary diffusion requires more time to cause an exchange between atoms and
vacancies; thus the elongation of 238 % with the highest strain rate of 1 x 10 %s * did
not have enough time to allow for diffusion in the grain boundary. In contrast, the
elongation of 365 %, which was observed at the lowest strain rate of 1 x 10 *s* at
the same temperature of 350 °C, was much lower than that of 550 % seen with a

-1

strain rate of 1 x 10 s * at 350 °C. As shown in Table 5-2, the average grain size
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markedly increased from 10 um to 42 pum after the tensile test with the strain rate of 1
x 10 s at 350 °C; it means that the opportunity for grain boundary sliding
decreased with increasing average grain size during the tensile test; this phenomenon
could explain that the elongation of 365 % was much lower than that of 550 % at the
same temperature 350 °C. In addition to the strain rates of 1 x 10 2s *and 1 x 10°°

s !, which decreased the opportunity for grain growth, the Mg,Sn precipitates also
played an important role in resisting grain growth during the tensile test. Therefore,
the stability of grains was maintained up to 300 °C during the tensile tests. However,
the Mg,Sn precipitates were no longer able to restrain grain boundary migration at

350 °C with the lowest strain rate of 1 x 10 *s ™.

Table 5-2 Average grain size of Mg-5(wt. %)Sn alloy before & after tensile test at

different temperatures and strain rates.

Before tensile test Tensile test Tensile test strain rates
(6 ECAE passes ) temperatures 1x 102%s? 1x 10%s? 1% 10%s?
250 °C 10.6 pm 11.2 pm 12.6 pm
10.0 um 300 °C 11.5 pm 12.8 pm 17.8 pm
350 °C 13.0 pm 14.3 pm 42.0 pm
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Figs. 5-6 Tensile results of Mg-5(wt. %)Sn alloy: (a) elongation obtained at different
strain rates and temperatures, (b) test specimens at 250 °C, (c) test
specimens at 300 °C and (d) test specimens at 350 °C.
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5.3.3 Deformation mechanism

Fig. 5-7(a) showed the flow stress versus strain rate curve at different
temperatures obtained from the strain rate step tests. To understand the mechanism
during the superplastic process, the activation energy (Q) was calculated at constant
strain rate by using the following equation as shown in (5-1) [87]:

Q=nR[0(Inc)/d(1/T)] (5-1)

where o was the flow stress; n was the stress exponent (n = 1/m); R and T were
respectively the gas constant and temperature.

The mean strain rate sensitivity (m value) of 0.32 was obtained from the slope of
the curve in Fig. 5-7(a); then & (In'6) / @ (1/T) was estimated from the slope of the
curve in Fig. 5-7(b); thus, the activation energy was determined to be 98.7 kJ mol™,

Noteworthy, Park et al. investigated that the m value at low strain rate range of
Mg-8Sn-1Al-1Zn alloy was 0.37; then the superplastic deformation mechanism of this
alloy was controlled by Grain Boundary Sliding (GBS) and Grain Matrix Slip
deformation (GMD) [35].The m value (0.32) of this section was so close to the m
value (0.37) of Park et al. reporting, that the mechanism of superplasticity in this
section was mainly controlled by the GBS + GMD at 250 °C, 300 °C. By contrast, the
major deformation mechanism at 350 °C may transfer gradually from GBS + GMD (1
x 10% s and 1 x 10°s™?) to GMD (1 x 10 s™). Table 5-2 showed that the average
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grain size obviously grew from 10 um to 42 pum at high temperature 350 °C with a
fixed strain rate 1 x 10™*s™. It was well known that grain refinement and resisting
grain growth was beneficial for high temperature plasticity, which was due to the
activation of GBS; however, grain coarsening was performed by high temperatures or
low strain rates [88]. Furthermore, the deformation mechanism of GBS and GMD
competed against each other at high temperatures [35]. Therefore, grain coarsening
could reduce the opportunity of GBS; thus, the GMD became a key role to control the
deformation mechanism during tensile test at high temperature 350 °C with the lowest
strain rate 1 x 10 s™.

Further, the active energy. (Q) of 98.7 ki mol™* was calculated in this section; this
value was higher than grain boundary diffusion (95 kJ mol™), but much lower than
lattice self-diffusion (135 kJ mol™) of magnesium alloy [89, 90]. It means that the
grain boundary diffusion may dominate the superplastic deformation mechanism

during whole tensile test at high temperatures.
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5.3.4 Fracture surface observation

The failure of magnesium alloy was usually brittle through cleavage with a
H.C.P structure [83]. Figs. 5-8 showed SEM image of the tensile fracture surface. Fig.
5-8(a) was a fracture surface of specimen after ECAE six passes, which conduct
tensile test with strain rate 1 x 107 s at 250 °C; the result showed that the major
fracture surface was composed of cleavage. Fig. 5-8(b) showed that the specimen was
broken at 300 °C with the same strain rate; the result showed that the main fracture
surface consisted dimples and cleavages, while this means that the deformation of
Mg-5(wt. %)Sn alloy was transformed gradually from the brittle mode to the plastic
mode through thermal activation. Further, when the tensile test temperature increased
to the 350 °C with strain rate 1% 10”s™: the fracture pattern changed to the dimples
as shown in Fig. 5-8(c). Compared with Fig. 5-8(a), all the cleavages disappeared

very obviously, and the major patterns were replaced by dimples.
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Figs. 5-8 SEM images of fracture surface after tensile test with strain rate 1 x 1072

s 'at different temperatures (a) 250 °C, (b) 300 °C and (c) 350 °C.
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5.4 Summary

This chapter detail investigated the high temperature tensile properties including
high temperature strength and superplastic deformation of Mg-5(wt. %)Sn alloy. In
high temperature strength after ECAE four passes, the YS and UTS had a similar
trend; the UTS increased from 67 MPa to 179 MPa at 200 °C, and the elongation
increased from 10.6 % to 18.9 % at 200 °C. The fracture surface was cleavage at
100°C with a fixed strain rate 1 x 10°s™, and the fracture surface found the few
dimples at 200 °C.

On the other hand, the grain'size of Mg-5(wt. %)Sn alloy was successfully
reduced from 147 pum (as-cast) to 10 pm by ECAE six passes, while the
microstructure of this alloy after ECAE six passes was homogeneous fine grains and
Mg,Sn precipitates. There was no obvious grain growth at 350 °C after tensile tests
with strain rates 1 x 10%and 10 s™*; however, the grain growth could be found at 350
°C with a strain rate 1 x 10 s™, while the average grain size increases from 10 um to
42 pm. The maximum elongation was conducted at 350 °C with a strain rate of 1 x
10 s; the elongation could reach 550 %. Then the superplastic behavior of Mg-5(wt.
%)Sn alloy was mainly controlled by GBS + GMD. However, the deformation
mechanism at 350 °C with the lowest strain rate 1 x 10 s could change to the
GMD.
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Further, the activation energy (Q) was calculated to be 98.7 kJ mol™, while the grain
boundary diffusion might dominate the superplastic deformation mechanism during
whole tensile test. The fracture surface was cleavage at 250 °C with strain rate 1 x
102 s™and the fracture surface replaced by the dimples was transformed gradually

from the brittleness to the plasticity at 350 °C.
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CHAPTER 6 SHT + ECAE PROCESS ENHANCING

MECHANICAL PROPERTIES AT HIGH TEMPERATURES

6.1 Motivation

The Mg-5(wt. %)Sn alloy has been proved that the alloy had the best tensile

strength at room and high temperatures. However, the Mg,Sn particles, which have

been broken down by ECAE process, were stilly observed some coarsening Mg,Sn

particles after ECAE four passes, while these coarsening Mg,Sn particles might be an

not completely breaking a-Mg + Mg,Sn continuous precipitates. By contrast, Solution

Heat Treatment (SHT) + aging treatment were an effect method to refine and

redistribute precipitates. Therefore, this chapter would use the SHT + ECAE two

steps process to refine the Mg,Sn particles; then expecting the tensile strength of

Mg-Sn alloys could further promote by these refining Mg,Sn particles.

6.2 Microstructure observation and grain size distribution

6.2.1 States after SHT

The microstructure of Mg-5(wt. %)Sn alloy after an SHT process at 480 °C for

22 hours was shown in Fig. 6-1. The grain boundary was clean; it means that the

segregation and the continuous eutectic a-Mg + Mg,Sn precipitates were dissolved in

the a-Mg matrix after SHT and water quenching.
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Fig. 6-1 OM image of Mg-5(wt. %)Sn alloy after SHT at 480 °C for 22 hours.

6.2.2 Microstructures after ECAE process state

Figs. 6-2(a)-(c) demonstrated the OM images of the Mg-5(wt. %)Sn alloy after

SHT + ECAE one, two and four passes. The microstructures distribution were

homogeneous; the average grain size decreased with increasing ECAE passes from

147 pm (as-cast) to 16 um (SHT + ECAE four passes).

Figs. 6-3(a)-(c) showed the SEM images of the alloy after SHT + ECAE one,

two and four passes. Fig. 6-3(a) exhibited that the fine and discontinuous Mg,Sn

particles were precipitated through the dynamic precipitation during ECAE one pass.

Further, the fine Mg,Sn particles, which distributed more uniformly, were observed

after ECAE two and four passes, as shown in Figs. 6-3(b) and (c). These results mean

that the coarsening a-Mg + Mg,Sn precipitates were significantly dissolved in the
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a-Mg matrix after an SHT process; then these fine and uniform Mg,Sn particles were

redistributed by dynamic precipitating during ECAE process at 200 °C. Further

comparing the results of ECAE four passes none SHT in the chapter 4, those results

showed that the Mg,Sn particles still maintained some coarsening shape. Therefore,

the Mg,Sn particles, which produced by SHT + ECAE two steps process were smaller

than that produced by breaking coarsening o-Mg + Mg,Sn precipitates none SHT.
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Figs. 6-2 OM images of Mg-5(wt. %)Sn alloy after SHT + ECAE process:

@N=1,(b)N=2and (c) N=4.
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Figs. 6-3 SEM images of Mg-5(wt. %)Sn alloy after SHT + ECAE process:

@N=1,(b)N=2and (c) N=4.
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6.2.3 Grain size distribution

Table 6-1 showed the average grain size of the Mg-5(wt. %)Sn alloy with or

none SHT after ECAE one, two and four passes. It was clear that the average grain

size of the alloy decreased with increasing ECAE passes. There were two reasons for

the decreasing in the average grain size.

First of all, the thermal energy and shear strain energy were helpful for the

dynamic recrystallization (DRX); therefore, the DRX leaded to the production of fine

grains. Secondly, the as-SHT Mg-5(wt. %)Sn alloy could dynamically precipitate a

large number of Mg,Sn particles‘in the grain boundaries during the ECAE process at

high temperature 200 °C; then'these particles could retard grain boundary migration.

Therefore, the average grain size of the Mg-5(wt. %)Sn alloy with SHT was smaller

than that of the same alloy none SHT.

Similarly, Park et al. reported in their early study [35]; the authors indicated that

the thermally stable uniform precipitates at the grain boundaries inhibited grain

growth during high temperature deformation.

Table 6-1 Average grain size of Mg-5(wt. %)Sn alloy.

As-cast ECAE passes ECAE none SHTed ECAE after SHTed
N=1 87.5 um 48.4 ym

147.0 um N=2 69.7 um 20.3 um
N=4 28.0 um 16.0 pm
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Figs. 6-4(a)-(c) demonstrated the maps of grain size distribution, while these

maps were the Mg-5(wt. %)Sn alloy after ECAE one, two and four passes with SHT.

These maps showed that the percentage of average grain size (0-10 um) reached from

3 % to 66 %, while this value was obviously higher than the value 54 % of Mg-5(wt.

%)Sn alloy non SHT. These results further proved that the fine and uniform

distribution Mg,Sn particles, which were formed by SHT + ECAE two-step process,

could obviously promote the effect of grain refining.

Comparing section 4.3.2, the Mg-5(wt. %)Sn alloy none SHT after ECAE one

and two passes were obviously found dual-peaks inthe maps; however, this section

has not found any bi-model distribution in the microstructure of the Mg-5(wt. %)Sn

alloy with SHT after ECAE one and two passes; this result might cause by fowling

reason.

The SHT process produced a non-stable state structure, which contained a huge

amount of solution tin atoms, while these atoms further induced many micro stress

fields in the structure. Therefore, the new grains would uniformly form in these

pre-existing micro stress fields during ECAE process at high temperature 200 °C.

Park et al. have observed a similar result in their early reports [41].
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Figs. 6-4 Grain size distribution maps (a) N =1 after SHT, (b) N =2 after SHT and

(c) N =4 after SHT.

100



6.3 Tensile test at room and high temperatures

Table 6-2 detail showed the tensile test results of the Mg-5(wt. %)Sn alloy

including as-cast, ECAE four passes none SHT, as-SHT and ECAE four passes after

SHT. The YS and UTS of as-SHT condition were better than that of as-cast, but much

poorer than that of SHT + ECAE four passes and ECAE four passes none SHT

conditions. Although the strength of the alloy slightly increased by solid solution

strengthening, the gains still maintained coarsening after SHT, while the average

grain size after SHT was 161 pm.

Further, all the YS and UTS values increased after ECAE four passes at room

temperature and high temperatures (100 °C and 200 °C). However, all the YS and

UTS values of the Mg-5(wt. %)Sn.alloy after SHT. + ECAE four passes were larger

than these of the alloy after ECAE four passes none SHT. For example, The UTS of

the alloy after SHT + ECAE four passes significantly increased from 126 MPa to 360

MPa at room temperature, but the UTS of the alloy after ECAE four passes none SHT

increased from 126 MPa to 327 MPa at room temperature. There were two reasons

induced this phenomenon.

First of all, the average grain size of the alloy after SHT + ECAE four passes

were smaller than that of the alloy after ECAE four passes none SHT as shown in

Table 6-1.

101



Secondly, more fine and uniform Mg,Sn particles were redistributed by SHT +

ECAE two-step process as shown in Fig. 6-3(c).

Moreover, the elongations of the Mg-5(wt. %)Sn alloy including as-cast, ECAE

four passes none SHT, as-SHT and ECAE four passes after SHT were also shown in

Table 6-2. All the elongations of the alloy after SHT + ECAE four passes, and after

ECAE four passes none SHT displayed a similar trend. However, all the elongations

of the alloy after SHT + ECAE four passes were larger than those of the alloy after

ECAE four passes none SHT. For example, the elongation of the alloy after ECAE

four passes none SHT only increased from.7.9 % t0°9.5 % at room temperature, but

the elongation of the alloy after SHT + ECAE four passes obviously increased from

7.9 % to 11.3 % at room temperature. Table 6-1 showed the evidence to support these

results; the average grain size of the alloy after SHT + ECAE four passes (16 um) was

smaller than that of the alloy after ECAE four passes none SHT (28 pm ); it means

that more high degree of grain refining still played an important role to enhance the

elongations of the alloy after SHT + ECAE four passes at room and high temperatures

(100 °C and 200 °C).

From the above, only SHT process could increase in limit the YS and UTS at

room and high temperatures (100 °C and 200 °C), but it was not enough to effectively

promote the YS, UTS and elongations at the same time. By contrast, the SHT +
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ECAE two-step process were very helpful to enhance the strength and elongation of

Mg-5(wt. %)Sn alloy at room and high temperatures (100 °C and 200 °C) because the

ECAE process still played a key factor to obviously increase the strength and

elongations by grain refining and precipitates uniformly distribution.

Table 6-2 Tensile properties of Mg-5(wt. %)Sn alloy after four ECAE passes.

Samples YS (MPa) UTS (MPa) Elongations (%)
as-cast
R.T 104 126 7.9
100°C 74 103 9.7
200°C 40 67 10.6
as-SHT
R.T 142 175 4.3
100°C 106 134 6.2
200°C 76 99 7.1
N=4 none SHTed
R.T 270 327 9.5
100°C 176 248 145
200°C 108 179 18.9
N=4 after SHTed
R.T 302 360 11.3
100°C 232 281 16.8
200°C 173 209 22.1
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6.4 Fracture surface observation

It was well known that a magnesium alloy failed in a brittle mode through

cleavage or quasi-cleavage with an HCP structure at room temperature [83].

Figs. 6-5(a)-(c) were the fracture surfaces of Mg-5(wt. %)Sn alloy samples after SHT

+ ECAE four passes. Fig. 6-5(a) showed that the fractures were due to the cleavage at

room temperature, and that several cleavages were presented. Fig. 6-5(b) exhibited the

result at 100 °C, which was similar to that at room temperature; the cleavage was the

major fracture mode. Fig. 6-5(c) demonstrated that the specimen broken at 200 °C.

The result showed that the fracture surface consisted of dimples and cleavages; it

means that the process of SHT + ECAE four passes could improve the plastic

deformation of the Mg-5(wt. %)Sn alloy; thus, the fracture mode of the alloy

gradually transformed from the brittle to the ductile through thermal thermo

activation.

This section further compared the fracture surface, which broken at high

temperature 200 °C between as-cast and SHT + ECAE four passes conditions of

Mg-5(wt. %)Sn alloy. Fig. 6-5(d) showed the fracture surface of as-cast condition,

while the major fracture mode was cleavage, and a huge crack was observed. By

contrast, although a small crack was observed in the fracture surface of SHT + ECAE

four passes condition as shown in Fig. 6-5(c), this crack was very smaller than that of
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as-cast condition; This means that the coarse eutectic a-Mg + Mg,Sn precipitates

obviously induced the crack initializing and growing; then using SHT + ECAE

two-step process could reduce this phenomenon by redistributing fine Mg,Sn particles.

Feng et al. have reported a similar result [91]; the authors found that the cracks of

AZ91D magnesium alloy were increased by coarse eutectic Mg;7Al;, phase during

tensile test; then using Friction Stir Process (FSP) + aging treatment two-step method

could decrease the cracks by dissolving and refining the coarse eutectic Mg;7Al 1,

phase.
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Figs. 6-5 Fracture surface after tensile test with a constant strain rate 1 x 10°s™
(a) N = 4 after SHT broken at RT, (b) N = 4 after SHT broken at 100 °C,
(c) N =4 after SHT broken at 200 °C and (d) as-cast broken at 200 °C.
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6.5 Summary

From above all of chapter 6, the continuous eutectic a-Mg + Mg,Sn precipitates

were not observed in the Mg-5(wt. %)Sn alloy, while the grain boundary was clean

after SHT. Moreover, the ECAE process was helpful for grain refining; then the

average grain size decreased with increasing ECAE passes from 147 um (as-cast) to

16 um (SHT + ECAE four passes). Beside grain refinement, the fine and uniform

Mg,Sn particles of the as-SHT Mg-5(wt. %)Sn alloy were produced by dynamic

precipitation during ECAE process. On the other hand, the YS and UTS of the

Mg-5(wt. %)Sn alloy increased after SHT + ECAE four passes at room temperature

and high temperatures (100 °C and 200 °C). The fracture surface of the Mg-5(wt.

%)Sn alloy after SHT + ECAE four passes was due to cleavage at room temperature

and 100 °C, and the fracture surface consisted of dimples and cleavages at 200 °C.
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CHAPTER 7 CONCLUSIONS

7.1 Microstructures of Mg-Sn alloys

1. Adding tin in the Magnesium alloy was helpful for grain refinement; the average

grain size decreased form 296 um (Mg-2 wt. %Sn) to 147 um (Mg-5 wt. %Sn);

finial, the average grain size obviously decreased t0106 wm (Mg-8 wt. %Sn).

2. The continuous eutectic a-Mg + Mg,Sn precipitates increased with increasing tin

content.

3. The Mg-2, 5, 8(wt. %)Sn alloys produced large amounts of fine grains after ECAE

four passes, while the minimal percentage of average grain size (0-10 um) was

more than 35 %.

4. The microstructures distribution.of Mg-2, 5, 8(wt. %)Sn alloys were a bi-modal

distribution after ECAE one and two passes. However, this phenomenon could not

observe after SHT + ECAE two steps process.

5. The grain size of Mg-5(wt. %)Sn alloy was reduced from 147 um (as-cast) to about

10 um by ECAE six passes.

6. The microstructure of Mg-5(wt. %)Sn alloy after ECAE six passes was

homogeneous fine grains and ultra-fine Mg,Sn precipitates.
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7. There was no obvious grain growth at 350 °C after tensile test with strain rate 1 x
102 and 10 s, However, the grain growth could be found at 350 °C with strain
rate 1 x 10 s™., the average grain size increases from 10 pm to 42 pm.

8. The continuous eutectic a-Mg + Mg,Sn precipitates of Mg-5(wt. %)Sn alloy were
dissolved in the a-Mg matrix after SHT, while the grain boundary was clean.

9. The ECAE process was helpful for grain refining; the average grain size decreased
with increasing ECAE passes from 147 um (as-cast) to 16 um (SHT + ECAE four
passes).

10. The ultra-fine and uniform Mg,Sn particles of the as-SHT Mg-5(wt. %)Sn alloy

were produced by dynamic precipitation during ECAE process.

7.2 Tensile properties of Mg-Sn allays

1. Mg-5(wt. %)Sn alloy had the best tensile properties after ECAE four passes. The
YS and UTS had a similar trend; the UTS reached 328 MPa at room temperature,
and the elongation still retained about 9.6 %. Moreover, the UTS increased from 67
MPa to 179 MPa at 200 °C, as well as the elongation increased from 10.6 % to 18.9
% at 200 °C.

2. The maximum elongation of Mg-5(wt. %)Sn alloy was conducted at 350 °C with a

strain rate of 1 x 10° s; the elongation could reach 550 %.
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3. The superplastic behavior of Mg-5(wt. %)Sn alloy was mainly controlled by GBS +
GMD. However, the deformation mechanism at 350 °C with the lowest strain rate 1
x 10™ s could change to the GMD.

4. The activation energy (Q) was calculated to be 98.7 kJ mol™. The grain boundary
diffusion dominated the superplastic deformation mechanism during tensile test

5. The YS and UTS of the Mg-5(wt. %)Sn alloy obviously increased after SHT +
ECAE four passes at room temperature and high temperatures 100 °C and 200 °C.

7.3 Fracture surface of Mg-Sn alloys

1. The fracture surface of Mg-5(wt. %)Sn alloy,; which processed by ECAE four
passes, was cleavage at RT:and 100 °C with strain rate of 1 x 10°s™, but the
fracture surface found the few dimples at 200 °C.

2. The fracture surface of Mg-5(wt. %)Sn alloy, which processed by ECAE six passes,
was cleavage at 250 °C with strain rate of 1 x 107 s™. However, the fracture
surface replaced by the dimples was transformed gradually from the brittleness to
the plasticity at 350 °C.

3. The fracture surface of the Mg-5(wt. %)Sn alloy after SHT + ECAE four passes
was due to cleavage at room temperature and high temperature 100 °C, while the

fracture surface consisted of dimples and cleavages at high temperature 200 °C.
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CHAPTER 8 FUTURE WORK

The present study successfully enhanced the tensile properties of Mg-Sn alloys at

room and high temperatures by using ECAE or SHT + EACE two steps process, and

carefully investigated the relationship between microstructures and tensile properties.

However, there were some works should be studied in the feature.

First of all, although the crystal structures of as-cast Mg-Sn alloys were

investigated by using TEM analysis from early reports, there were too many crystal

structures of wrought Mg-Sn alloys to study by authors. Therefore, this direction of

research stilly has prodigious potential in the feature works.

Secondly, the texture evolution of Mg-Sh alloys between ECAE pass and pass

was very important. However, these studies seemed very rare in the Mg-Sn alloys

domain; therefore, this field may become a critical work in the feature.

Thirdly, although this study evaluated the superplastic forming of Mg-5(wt.

%)Sn alloy by using ECAE six passes, as well as enhanced the tensile strength of this

alloy at high temperatures by using SHT + ECAE two steps process. However, the

superplastic forming of Mg-5(wt. %)Sn alloy by using SHT + ECAE process was not

studied in this work. Therefore, this issue may have an opportunity to perform better

superplastic deformation of Mg-5(wt. %)Sn alloy in the feature.
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