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Abstract

In_this study, the as—cast and solution—heat—treated Mg-8 wt.% Zn-5 wt.% Al
(ZA85) alloys were subjected to the equal-channel angular extrusion (ECAE). The
microstructural evolutions and tensile properties of the experimental alloys were
investigated. In the as—cast ZA85 alloy, the initial grain size and precipitate size of
150 and 100 um were greatly reduced to 4 and 1 um, respectively, after the ECAE
process. The grain—refinement mechanism of the experimental alloy fabricated by the
ECAE process is dynamic recrystallization. At room temperature (RT), the ultimate
tensile strength (UTS) and yield strength (YS) of the ECAE processed specimens
were 402 and 281 MPa, respectively, compared with 175 (UTS) and 131 MPa (YS)
for the as—cast specimens. At 200 °C, the UTS and YS of the ECAE processed
specimens improved to 249 and 162 MPa, respectively, compared with 105 MPa
(UTS) and 74 MPa (YS) for the as—cast specimens. This improvement in tensile
properties of the ZA85 alloy was attributed to the refined grains and the

well—distributed fine Mgs2(Al,Zn)49 (t—phase) precipitates.



In order to further improve the mechanical properties of the ZA85 alloy, the
as—cast ZA85 alloy was subjected to solution heat treatment (SHT). Dynamic
precipitation was then induced using two—step ECAE process. After the SHT process,
almost all the non—continuous t—phase dissolved into the a—Mg matrix and the
average grain size slightly increased to 170 um. After six ECAE passes, the average
grain size was greatly reduced to 4 um, and fine =—phase particles with ~100 nm in
size were uniformly distributed in the a—Mg matrix by dynamic precipitation. The
combination of SHT + ECAE process was demonstrated to greatly improve the tensile
properties of the experimental alloy. By testing over a range of temperatures, the
maximum ultimate tensile strength-and the yield strength of 415 MPa/284 MPa and
261 MPa/173 MPa were obtained at RT and 200 °C, respectively. The strengthening
factors for the SHT + ECAE alloy are the grain refinement, precipitation hardening,
and presence of fine and well—distributed T—phase particles.

It was also demonstrated that ECAE processing produces superplasticity. By
testing over a range of temperatures and strain rates, the ECAE processed ZA85 alloy
exhibits both low temperature superplasticity (elongations of 147% and 400% at 300
°C with initial strain rates of 1.0 x 10° s'and 1.0 x 10™ s*, respectively; an
elongation of 205% at 250 °C with the initial strain rate of 1.0 x 10 s™) and high
strain rate superplasticity (an elongation of 113% at 400 °C with the initial strain rate
of 1.0 x 10 s™%). The dominant deformation mechanism for the specimens tested at
300 and 350 °C with the initial strain rates ranging from 1.0 x 10* s* t0 1.0 x 10° s
is GBS controlled by grain boundary diffusion. At the higher testing temperature of

400 °C, the deformation mechanism for the experimental alloy is dislocation creep.

Keywords: ZA85 alloy; Equal-channel angular extrusion (ECAE); Grain refinement;
Solution heat treatment; Dynamic precipitation; Superplasticity
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Chapter 1 Introduction

1.1 General Background

Magnesium-based alloys are among the lightest of all structural metals. They
have excellent strength (or stiffness)—to—weight ratio, superior damping capacity, high
impact resistance, well electromagnetic shielding characteristics and are
cost—effective in engineering applications [1-4]. These properties give magnesium
alloys a broad range of applications, especially in electronic industries, aircraft
industries as well as automobile industries. In automobile industries, the use of
magnesium alloys was only 0.22kg/car in Europe in 1995. However, European Union
had demanded that the manufacturers need to take the discarding charges by
themselves from 2006 and the recycle rate of discarding cars need to reach to 95% by
2015..The strict laws had greatly increased the consumption of magnesium alloys in
automobile industries in Europe. According to the estimation, the growth rate of
magnesium usage in Europe is going to reach 30% per year. In addition, the recycle
rate of automaobile rubbish will arrive at 95% by 2015 in Japan, which also makes
Japan automobile manufacturers take more consideration in designing new cars in the
future. Thus, the application of magnesium alloys in automobile industries will be
increased.

However, the application of magnesium alloys in automobile industries is mainly
on the structural components and frame of cars. The engine and transmission system
which possess considerable extent in total weight of automobiles are the potential
parts for the development of magnesium alloys. The main limitation for the
application of magnesium alloys in the engine and transmission system in which the

working temperature is about 200 °C is the poor high—temperature properties of the

1



commercial AZ- and AM-series magnesium alloys. These alloys are unsuitable for
use at temperature above 120 °C since they show poor creep resistance and large
decrease in strength at elevated temperature. This phenomenon is attributed to the
presence of the intermetallic phase B-Mgi7Al1; which precipitates along grain
boundaries and exhibits a low melting point. Thus, grain boundary sliding is allowed
to occur even at temperature below 150 °C [5]. In recent year, it has been reported
that a ternary addition of a large amount of zinc to binary Mg—Al alloys can
completely suppress the formation of the B—phase [6,7]. The precipitate of Mg—Zn-Al
(ZA) alloys is Mgsa(AlZn)se (t—phase), which has a higher melting point and
decomposition temperature -[8]; therefore, ZA alloys exhibit better properties at
elevated temperatures compared with commercial AZ alloys.

Besides, there are still some properties- which make the applications of
magnesium alloys not as extensive as aluminum alloys by now: (I) Poor
high—temperature properties because magnesium alloys are all prone to excessive
creep deformation when exposed to even low levels of load at high temperature, as
mentioned above; (11) Low ductility at room temperature because of their hexagonal
close—packed (HCP) crystalline structure which has deficient slip systems; (1)
Difficult to smelt and manufacture, and easy to combust with oxygen because of their
high chemical activity; (I\VV) Poor corrosion resistance. In recent years, as the
improving surface-treatment techniques, the oxidation resistance of magnesium
alloys can be improved effectively. Consequently, improving the poor ductility and
high—temperature properties of magnesium alloys in order to broaden their
applications is the most important issue of magnesium alloys nowadays.

One of the promising methods adopted to increase both the strength and ductility
of materials is microstructural refinement. Such methods are mechanical alloying

[9-12], rapid solidification processing [13-15], torsion straining [16-18],
2



reciprocating extrusion [19-21], and equal channel angular extrusion (ECAE) [22-25].
They all resulted in producing bulk ultrafine-grained magnesium alloys with high
strength and ductility. Among them, the ECAE process is one of the most often used
severe plastic deformation (SPD) methods, which can result in bulk, homogeneous
submicron or nanocrystalline microstructure [26-29]. The ECAE die is a block with
two intersecting channels of identical cross section. SPD by simple shear occurs in a
zone where the two channels meet. Large amount of strain can be accumulated by
repeated pressing since the cross section of the specimen is identical after pressing
[25]. Also, the ECAE process can be used to eliminate defeets such as blow holes and
shrinkages introduced by the casting process and to refine coarse precipitates, which
will significantly improve the strength and ductility of the materials.

ECAE research on Mg alloys has focused mainly on AZ alloys. The effects of the
ECAE process on ZA alloys, which have better high—temperature properties
compared with AZ alloys, have not been investigated yet. Therefore, the purpose of
this study is an attempt to improve the strength and ductility at room temperature (RT)
as well as at elevated temperatures of the ZA85 magnesium alloy by using the ECAE

process. The microstructural evolutions after the ECAE process are also investigated.

1.2 Organization of the Dissertation

This dissertation is divided into six chapters.

In chapter 2, the literatures are reviewed, including the development of
high—temperature magnesium alloys, characteristics of the ECAE process,
deformation mechanism of magnesium alloys, precipitation hardening of magnesium
alloys, and Superplasticity of Magnesium alloys.

In chapter 3, the as—cast ZA85 alloy was subjected to the ECAE process and the
3



microstructural evolutions after the ECAE process are investigated in details. Both the
size of grains and precipitates were greatly refined after the ECAE process. The
grain—refinement mechanism of the experimental alloy is characterized as dynamic
recrystallization. Moreover, the mechanical properties are also investigated at RT and
high temperature of 200 °C. It was found that both the strength and ductility of the
experimental alloy increased with increasing number of ECAE passes.

In chapter 4, the as—cast ZA85 alloy was subjected to the solution heat treatment
(SHT) prior to the ECAE process in order to further improve the mechanical
properties of the experimental materials. The microstructural evolutions after the SHT
+ ECAE process are also-characterized in details. It was found that dynamic
precipitation occurred during the ECAE process and formed the fine and
well-distributed t—phase (~100 nm in size) within the o—Mg matrix. RT and
high-temperature tensile tests showed that the specimens fabricated by SHT + ECAE
have better mechanical properties than those fabricated only by the ECAE process.

In. chapter 5, superplasticity of the ZAB85 alloy processed by ECAE is
investigated. The deformation mechanism of the experimental alloy is characterized in
details. It was demonstrated that ECAE processing greatly enhances ductility of the
experimental alloy. In this study, the ECAE processed ZA85 alloy exhibits both low
temperature superplasticity and high strain rate superplasticity.

Finally, the summary and conclusions of the results in this dissertation is given in

chapter 6.
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Chapter 2 Literature Review

2.1 Development of High—Temperature Magnesium Alloys

In 1960, Volkswagen cooperated with Dow Chemical, Norsk Hydro, and
University of Hanover to develop the first high—temperature magnesium alloy: AS41.
The main second phase of the AS41 alloy is the thermally stable micro—needlelike
Mg,Si phase which precipitates along grain boundaries, resulting good creep
resistance at elevated temperature, as shown in Fig. 2.1 [1-3]. The AS21 magnesium
alloy which was developed afterwards has better creep resistance than the AS41 alloy.
However, the decrease of aluminum content leads to poor casting properties. In 1970,
two major types of high-temperature magnesium alloys were developed: AE- and
ZA-series alloys. AE-series magnesium alloys which were developed by Dow
Chemical and named as AE21 and AE42 had the addition of rare earth elements. The
thermally stable intermetallic phase Al1(RE)s would precipitate along grain
boundaries, as shown in Fig. 2.2 [4]. At 150 °C with the load of 50MPa, the creep
resistance of the AE42 alloy is a time and five times higher than those of the AS41
and AZ91 alloys, respectively, as shown in Fig. 2.3 [5]. However, the rare earth
elements are expensive and easy to vanish during the melting process, which limits
widespread applications of such alloys. On the other hand, NL Industries have
developed several high-zinc magnesium alloys (ZA), including ZA124, ZA102, AZ88,
and AZ55 alloys. The ZA124 alloy showed the same level of creep resistance as the
AS41 alloy with better corrosion resistance and fluidity. The corrosion resistance of
the ZA102 alloy can be further improved to the level of the AS42 alloy by adding 0.3
wt.% Ca into the alloy [6]. However, it had been reported that the addition of the Ca

element would form the eutectic Mg—Al-Zn—Ca phase with low melting temperature.
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Therefore, the ZA + Ca magnesium alloys cannot be used at temperatures above 175
°C [7]. They also have some problems such as hot cracking and the difficulty to be
subjected to the die—casting process. The main precipitates of ZA series magnesium
alloys is the —Mgs2(Al,Zn)49 phase, which has higher melting point and decomposed
temperature than those of the p—Mgi7Al;, phase [8]. This result is also confirmed by
the Mg-Zn-Al phase diagram, as shown in Fig. 2.4. J. Zhang et al. [9] reported that
the high—temperature creep resistance of ZA-series magnesium alloys was superior to
that of commercial AZ—series magnesium alloys, as shown in Fig. 2.5.

In 1990s, lots of magnesium-alloy suppliers and automobile corporations
invested much capital in-developing high—temperature magnesium alloys. Hydro
corporation added small amount of RE into AS—series alloys in order to remain the
creep resistance with the increase of corrosion resistance. In recent year, adding the
Ca and Sr elements to replace the high-cost RE elements into magnesium alloys
would result in better high-temperature properties [10-12]. The creep resistance of
AJ- and AJC-series magnesium alloys is much better than that of the AE42 alloy by
forming the high-temperature—stable phase along grain boundaries, as shown in Figs.
2.6 and 2.7. Dead Sea and Honda automobile corporations used the Ca element to
replace some amount of RE elements to develop. Mg—Zn—Al-Ca-RE alloys. It had
been reported that in Mg-Zn-Al-Ca—RE alloys, Al;;Las phase formed in the o—Mg
matrix with Al,Ca precipitated along grain boundaries to hinder grain—boundary
migration. Therefore, the creep resistance of Mg-Zn—Al-Ca—RE alloys is superior to

those of the AE42 and AS41 alloys, as shown in Figs. 2.8 and 2.9 [13].

2.2 Equal-Channel Angular Extrusion (ECAE)
The ECAE process, invented by V.M. Segal in 1995, is one of the most often

used SPD methods to result in bulk, homogeneous submicron or nanocrystalline
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microstructure [14,15]. The ECAE die is a block with two intersecting channels of
identical cross section. The inner angle and outer curvature of the ECAE channel are
denoted as @ and W, respectively, as shown in Fig. 2.10. During the ECAE process,
the specimen would be pressed through the ECAE channel and be deformed by a pure
shear stress. Because the cross—sectional areas of the entrance and outlet channels are
identical, large amount of strain can be accumulated by repeated pressing. This is the
great merit of ECAE over the conventional extrusion. When subjected to the ECAE
process, there are several factors which would affect the final microstructure of the
materials, including the ECAE die angle, ECAE route, number of ECAE passes,
processing temperature, and pressing rate.

Fig. 2.11 shows three different types of die—angle combination in the ECAE—die
design. Under the assumption of no friction between the specimen and ECAE die,
with different ¥, the accumulated strain can be determined as the following equations
[16].

(a)¥Y=0° y= ZCOt%,

(b)¥=180°-@, y =D >
() 0°< ¥ <180°— @, 7=2cot| L+ |+ wesd 24 E
2 2 » .
where /- is the accumulated shear strain. Therefore, when the specimen is pressed
through the ECAE die with the angles of ® and ¥ once, the accumulated shear strain

will be 7/:200'[(%+%)+‘PCSC(%+%). In addition, from the theory of plastic

mechanics, the equivalent strain can be determined by the following equation:

r 2+ 2+ 2 -1/2
282+82+82+7/xy 7yz 72)(
X y z 2

Eoq = 3 | (D)




where &qq is the equivalent strain, &, &y, and &, are the normal strains in X, y, and z
directions, respectively, and )y, 7y, and ), are the shear strains in x-y, y-z, and
z—x planes, respectively. Because the specimen experiences pure shear stress during
the ECAE process, &x = & = & = 7y, = 7= 0. Thus, the relationship between the

equivalent strain and die angles of @ and W after one single pass can be evaluated by

Zcot(q) + \Pj +¥ csc(q) + \Pj
A W N U

Eoq = " /3 (2)

Consequently, after N ECAE passes, the total amount of accumulated strain can be

the following equation:

determined by the following equation:

ZCOt((;) + lg] + ¥ csc(i) + le
geq,total - N \/§ ......... (3)

Fig. 2.12 shows the relationship between the amount of equivalent strain.and ECAE
die angles of ® and W after one single pass [17]. It can be inferred that the equivalent
strain decreases with increasing both ® and ¥, while ® shows more influence than V.

Different routes of ECAE process result in different microstructures. There are
four kinds of ECAE routes: route A, route Ba, route Be, and route C, as shown in Fig.
2.13 [18]. By using route A in which the sample is deformed in the same surface, the
microstructure will become to a thin—foil structure like the one fabricated by the
conventional extrusion. Route Ba in which the specimen is rotated through 90° in the
different direction after each pass. That is, after one pass, if the specimen is subjected
to clockwise rotation, the specimen will be rotated counterclockwise after another one
pass. Therefore, the shear stress is applied on two specific planes, leading to a
non—uniform microstructure. By using route B¢ in which the specimen is rotated

through 90° in the same direction after each pass, the refined and equiaxed—grain
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structure will be obtained after every 4 ECAE passes [19]. Route C in which the
specimen is rotated through 180° after each pass is another way to obtain the
equiaxed—grain microstructure.

There are several factors that determine whether the specimen can go through the
ECAE die successfully or not, such as the ECAE processing temperature, pressing
rate, and initial grain size. As for the ECAE processing temperature, Al alloys which
have 12 sets of slip systems because of their face—centered cubic (FCC) crystalline
structure can be pressed through the ECAE die successfully even at RT. However, in
Mg alloys, there are only three slip systems at RT due to their HCP crystalline
structure. Therefore, the ECAE processing temperature is usually higher than 200 °C
[20-22]. By applying a back pressure, the ECAE processing temperature can be
lowered in the. Mg alloys. K. Xia et al. applied a back pressure of 50 MPa to
successfully press the AZ31 alloy through the ECAE die for eight passes at 150 °C
[23]. Inthe aspect of the pressing rate, Semiatin et al. subjected the 4340 steel to the
ECAE process at 350 °C with different pressing rates and.found that high pressing
rate would lead to the failure of the sample, as shown ‘in Fig. 2.14 [24]. Kang et al.
subjected the AZ31 alloy to the ECAE process with different temperatures and
pressing rates and found that the pressing rate could be increased by increasing ECAE
processing temperature, as shown in Fig. 2.15 [25]. The initial grain size is also an
important factor for the ECAE process. Matsubara et al. subjected the as—cast Mg—
9% Al alloy with the initial grain size of 50 um to the ECAE process at 200 °C and 8
mm/s and found that the sample experienced failure after only one ECAE pass. Thus,
they conducted the conventional extrusion prior to the ECAE process to reduce the
grain size of the alloy to about 12 um. With the same ECAE processing condition, the
as—extruded Mg— 9% Al alloy was successfully pressed through the ECAE die for two

passes [26]. In summary, raising the ECAE processing temperature can increase the
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pressing rate; conducting to other processes prior to the ECAE process to
preliminarily refine grains can increase the ECAE processing temperature and/or

pressing rate.

2.3 Deformation Mechanism of Magnesium Alloys

Magnesium alloys which have HCP crystalline structure have limited slip
systems, leading to a poor workability. In order to address this issue, a large number
of studies have been carried out to date on single crystals, poly—crystals, and by
modeling to understand the deformation and recrystallization mechanisms at a wide

range of temperatures [27-31]. Possible slip systems in magnesium alloys include

three basal ((0001)<a>), three prismatic ({1010}<a>), and twelve pyramidal ({10i1}<a>
and {1152}<c +a>). In addition, six {1012} extension twinning systems and a total of

twelve {10]1} and {1013} contraction twinning [32] systems are also available. The

critical resolved shear stress (CRSS) Is the minimum stress required to activate the
slip systems. It is agreed that, at RT, CRSSpasai < CRSSextension twinning < CRSSprismatic <
CRSSpyramical [29]. The relative ratio of these CRSS values depends on the alloying
elements, grain size, strain rate, and temperature. Slip band analysis on Mg single
crystals deformed along ‘the hexagonal axis at temperatures ranging from room
temperature to 400 °C showed basal and prismatic slip traces at temperatures below

400 °C. After deformation at 400 °C, pyramidal slip traces were observed [33,34].

Galiyev et al. found {1152}1/3<]_i23> slip traces and <c + a> dislocations in a warm

deformed (150 °C) ZK60 alloy. They observed increasing <c + a> dislocation density
with increasing temperature. The authors ascribed the activation of non—basal slip to

locally high compatibility stresses at grain boundaries, which exceeds the CRSS for
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non—basal slip [35].

Understanding the recrystallization mechanisms during hit working of
magnesium alloys is also a key to improve workability, to control the grain size and
texture and, thus, to alter the final properties. Several recrystallization mechanisms
were observed to be operative in magnesium alloys, namely continuous dynamic
recrystallization (CDRX) [36,37], discontinuous dynamic recrystallization (DDRX)
[38,39], twinning induced dynamic recrystallization (TDRX) [40], and particle
stimulated nucleation (PSN) [41]. DRX has been found to be strongly related to the
operative slip and twinning systems [35,42-44]. Most studies agree that
recrystallization occurs readily when multiple slip operates, i.e., when both basal and
non—basal systems contribute to deformation. The main characteristics of CDRX are
summarized as-follows [45]: (I) Stress—strain curves exhibit a single and smooth
maximum, followed by a slow but significant softening stage. A steady. state is
observed at large strains, which can only be achieved in torsion (at von Mises
equivalent ¢ ~ 30). The flow stress and all the average microstructural parameters
remain independent of strain; (1) The crystalline size decreases greatly up to a strain ¢
~ 5, then, it increases slowly to reach a steady value at large strains (¢ ~ 30); (111)
Low-angle boundaries are generated at low strains, and part of them start to transform
into high—angle boundaries at moderate strains (¢ ~ 1); (IVV) A strong crystallographic
texture forms at large strains. DDRX typically accompanies regular multipeak stress
oscillations on stress—strain curves resulting from constant-strain-rates or
constant—displacement—speeds tests [46]. The microstructure after testing shows
recrystallized grains containing subgrains. In general, DDRX occurs in low to
medium stacking fault energy alloys during the hot deformation. New grains are
formed by strain—induced grain boundary motion once a critical shear stain is reached

[47]. Dislocation—free grains then grow as deformation continues by bulging into their
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surroundings and consuming the deformed regions [48].

Janecek et al. proposed that the grain—refinement mechanism for magnesium
alloys processed by ECAE is DRX [49]. They have subjected the as—cast AZ31 alloy
with the initial grain size of 380 um to the ECAE process at 200 °C with the pressing
rate of 15 mm/min via route Bc. After one ECAE pass, the microstructure shows a
typical large—deformed structure with high dislocation density in the matrix, as shown
in Fig. 2.16. After four ECAE passes, the microstructure of the experimental alloy
consists of larger grains of 1-3 pm in size and finer grains of 500-800 pm in size, and
no dislocation is observed within some grains, as shown in Fig. 2.17. The dislocation
density increases owing to-the large amount of strain accumulated by the repetition of
ECAE processes. Then, dynamic recrystallization occurs in the area of high
dislocation density, producing numerous fine grains and reducing dislocation density.
Lv et al. had investigated the DRX evolution of Mg-2.0 Zn-0.3 Zr- 0.9 Y alloy using
compression test conducted at 250400 °C with strain rate rang of 0.001-1 s™ [50].
They concluded that in the strain rate range of 0.001-0.01 s, DRX grains are mainly
formed at original grain boundaries and second phase particles, and DRX volume
fraction increases with increasing deformation temperature; in the strain rates range of
0.1-1 s, DRX grains are mainly formed in_twins, and DRX volume fraction
decreases with increasing deformation temperature, as shown in Fig. 2.18. The
processing map exhibits a deformation domain of complete DRX occurring in the

deformation range of 350-400 °C and the strain rate range of 0.001-0.01 s,

2.4 Precipitation Hardening of Magnesium Alloys
2.4.1 Precipitation Hardening (T6 Heat Treatment)
In general, T6 heat treatment involves two separate steps, including solution heat

treatment (SHT) and artificial aging. SHT in which an alloy or metal is heated to a
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suitable temperature, is held at that temperature long enough to allow a certain
constituent to enter into solid solution, and is then cooled rapidly to form
supersaturated solid solution (SSSS). The complete dissolution of phases is depended
on the solutionising temperature, time, and chemical composition of the alloy. Among
these parameters, the temperature and time are controlled to elucidate the heat
treatment process. The artificial aging process results transformation of SSSS into fine
precipitates [51]. The artificial-aging behavior is also depended upon the aging time,
temperature, and coherency between the matrix and precipitates. Because
precipitation is a diffusion—dependant process, higher temperature results in faster
nucleation and growth rates.- At same aging temperature with longer time, the size of
precipitates increases. As a result, the coherency between the matrix and precipitates
transforms from coherent to semi—coherent, and then to incoherent. These
transformations correspond to the three stages in the age—hardening curve, i.e. under
aging, aging, and overaging, respectively. In Mg-Zn-Al alloys, the high Zn content
(above 6 wt%) makes it difficult for complete dissolution of the precipitates because
Zn exceeds the maximum solid solubility limit [52]. Furthermore, the solutionising
time must be carefully determined to allow the maximum dissolution of precipitates
into the matrix. Balasubramani et al. [53] have subjected the as—cast ZA84 alloy to the
T6 heat treatment at different temperature and/or time in order to determine the
optimum parameters for the SHT and artificial aging in the ZA84 alloy. The
differential thermal analysis (DTA) showed that the liquidus and solidus temperatures
of the ZA84 alloy are 593.44 and 346.62 °C, respectively. Based on the DTA results,
the solutionising temperature of the ZA84 alloy is 335 °C which is slightly less than
the solidus temperature. They also reported that the amount of dissolved precipitates
increases with increasing time at solutionising temperature of 335 °C, whereas phase

melting is observed at grain boundaries when solutionising time exceeds 48 h, as
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shown in Fig. 2.19 [53]. As for the artificial aging, the hardness of the
solution—heat-treated ZA84 alloy reached maximum value at 180 °C for 16 h, as
shown in Fig. 2.20 [53]. Therefore, the optimum temperature/time required for SHT

and artificial aging in the ZA84 alloy are 335 °C/48 h and 180 °C/16 h, respectively.

2.4.2 Dynamic Precipitation

Dynamic precipitation (or. dynamic aging) is a process that combines
thermo—mechanical processing (TMP) and an aging treatment. After the SHT process,
the precipitation reaction occurs simultaneously during TMP. Several studies have
reported that materials fabricated by SHT + TMP process have greater mechanical
properties than those fabricated by T6 heat treatment [54—57]. Cai et al. have reported
that, compared with a static aging process, both the 6061 and 6069 aluminum alloys
experienced dynamic precipitaion and that the peak values of the hardness were
reached within a shorter time after the SHT + TMP process, as shown in Fig. 2.21 (a)
[54]. Moreover, the peak values of hardness, ultimate tensile strength (UTS), and
yield strength (YS) of the dynamically aged alloys are also greater than those of the
statically aged alloys, as shown in Fig. 2.21 (b) [54]. Roven et al. investigated the
precipitation behavior during the ECAE process in.an Al-Mg-Si alloy and found that
fine—spherical precipitates are dynamically formed during ECAE. The length of the
precipitates is much less than that of the precipitates observed after static aging. The
hardness values after ECAE at both RT and 175 °C are much higher than the peak
values in the specimens statically aged at 175 °C. They suggested that this increase in
strength is because the finer precipitates and high dislocation density induced by the
ECAE process enhance dislocation strengthening and precipitation refinement
strengthening [55]. Hou et al. have subjected the Mg—Gd—-Y—Nd-Zr alloy to the hot

compression process to investigate the dynamic precipitation behavior [58]. They
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found that the morphology of precipitates obtained by dynamic precipitation differs
from that of the same phase produced by T6 heat treatment. But their orientation

relationship with Mg matrix does not change.

2.5 Superplasticity of Magnesium Alloys

Superplastic forming (SPF), defined as elongations of at least 100% and strain
rate sensitivity close to 0.5, is an effective method to fabricate hard—to—form materials
into complex shapes [59,60]. For SPF to be used in industry, the development of high
strain—rate superplasticity (HSRSP), defined as superplasticity occurring at strain rates
at or above 1.0 x 1072 s’ [61], is needed, especially for Mg alloys with poor
formability. R.B. Figueiredo et al. [62] proposed two strategies for achieving HSRSP
in Mg alloys processed by equal-channel angular extrusion (ECAE): (1) by pressing
the alloys through a reduced number of passes in order to increase the thermal
stability of the microstructure; and (Il) by increasing the processing temperature to
permit the occurrence of superplastic flow at higher testing temperatures. Another
desirable property for developing superplasticity in a material is low temperature
superplasticity (LTSP), defined as superplasticity occurring at temperatures at or
below 0.55 T, where T, is the alloy melting temperature [61]. The presence of LTSP
is an attractive property in Mg alloys because of their susceptibility to surface
oxidation when formed at elevated temperatures and their low formability at
temperatures close to RT.

Many previous experiments established that superplasticity requires a small
polycrystalline grain size (typically less than 10 um [63]) and these small grains are
generally achieved through the application of SPD. As mentioned in chapter 2.2,
ECAE is one of the most popular SPD methods and has proved to be effective in

refining grains in various Mg alloys, resulting in improved ductility, strength, and
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superplasticity [14,26,64-71]. K. Matsubara et al. [26] reported that the Mg-9% Al
alloy processed by a combination of extrusion and ECAE exhibited a maximum
elongation of 840% at 200 °C with a strain rate of 3.3 x 10 s™. R.B. Figueiredo et al.
[64] reported that an ECAE processed ZK60 alloy showed a maximum elongation of
3050% at 200 °C with a strain rate of 1.0 x 10 s™. V.N. Chuvil’deev et al. [65] found
that the ECAE processed AZ91 alloy possessed 570% in elongation at 300 °C with a
strain rate of 3.0 x 107 s™ and the ECAE processed ZK60 alloy exhibited 810% in
elongation at 260 °C-with a strain rate of 3.0-x 10 s, as shown in Fig. 2.22. X. Liu
et al. [68] reported that the as—rolled LZ82 alloy exhibited superplasticity with a
maximum elongation of 430% at 225 °C and of 120% even at 150 °C with a strain
rate of 1.6 x 10 s, as'shown in Fig. 2.23. Y. Miyahara et al. [69] found that the
ECAE processed AZ61 possessed 1320% at 200 °C with a strain rate of 3.3 x 10 s™,
as shown in Fig. 2.24. M. Kawasaki et al. [70] also provided a very detailed tabulation
of all papers reporting superplasticity in metals processed by the ECAE process.
Superplastic deformation is an integrated process that combines grain boundary
sliding (GBS), dislocation movement, and diffusion in intracrystalline. The m value
represents the proportion of GBS, and it is well known that high strain rate sensitivity
(typically m close to 0.5) is a characteristic of superplastic metals and alloys [72,73].
The stress exponent (n value), which 1s reciprocal of the m value, is calculated to
determine deformation mechanism of the materials. It has been reported that the n
value of the GBS and the dislocation creep mechanisms are 2 and 3, respectively
[73,74]. Moreover, GBS is usually accommodated by slip controlled by diffusion [75].
To further understand the deformation mechanism of mateirals, the activation energy
for the deformation is calculated under constant strain rate using the following

formula [76]:
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o(Ino)
o@/T)

Q=nR
where Q is the apparent activation energy, n is the stress exponent, R is the gas
constant (R = 8.31 J/((K-mol)), o is the true stress, and T is the absolute temperature.
Therefore, according to the relationship of Ino versus 1/T at different strain rates

during the deformation, the activation energy Q can be calculated, and then, the

deformation mechanism of materials can be determined.
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Figure 2.1..Microstructure of the AS21 alloy [1].

Figure 2.2. Microstructure of the AE42 alloy [4].
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Figure 2.3. Creep properties of the AE42, AE41, AS41, and AZ91 alloys [5].

26



4 [ 8 [+ H
AL, weight %

Figure 2.4. Ternary phase diagram of Mg—Zn—Al alloy.
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Figure 2.6. Microstructure of the AJ43 alloy [10].
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Figure 2.7. Creep behaviors of Mg—Al-Sr and Mg—Al-Sr—Ca alloys [10].
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Figure 2.8. Microstructure of the Mg—Zn-Al-Ca—RE alloy [13].
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Figure 2.16. Microstructure of the as—cast AZ31 alloy after one ECAE pass, (a)

dislocation; -b=[1210], g=[1011];and (b) subgrain: b=[1210],

g =[1010] [49].

Figure 2.17. Microstructure of the as—cast AZ31 alloy after four ECAE passes [49].
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Figure 2.19. SEM micrograph of the ZA84 alloy subjected to the SHT for (a) 24 h, (b)
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(@) 9
*
75
z
= 70
g
g
T 654
T
L]
x
60
1 L) L 1 1 L}
5 10 15 20 25 30 36
Ageing Time (hrs)

Figure 2.20. Hardness vs. aging time of the ZA84 alloy after the T6 treatment [53].
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Chapter 3 Effects of Equal-Channel Angular Extrusion on
the Microstructure and Tensile Properties of the ZA85

Magnesium Alloy

3.1 Introduction

In recent years, the development of magnesium alloys, which generally have
excellent properties such as low density, high speeific strength, superior damping
capacity, high thermal conductivity, and good electromagnetic shielding
characteristics, has been-attracting much attention [1-4]. These properties make
magnesium alloys suitable for a broad range of applications in electronic devices and
the aircraft and automobile industries among others. Among various magnesium
alloys, Mg—-Al-Zn (AZ) alloys are widely used because of their desirable mechanical
properties, corrosion resistance, and castability. However, the application of these
alloys is limited at temperatures above 120 °C. This is because their heat resistance is
inferior to that of aluminum alloys at high temperatures [5]. This phenomenon is
attributed to the presence of intermetallic Mgi7Al1> (B—phase), which mainly
precipitates along grain boundaries and exhibits a low decomposition temperature of
approximately 470 °C. Thus, grain boundary sliding occurs even at temperatures
below 150 °C [6,7]. It has been reported that the addition of rare earth (RE) elements
to magnesium improves its properties at elevated temperatures [8-10]. However, the
use of Mg-RE alloys is limited owing to their inferior ductility and the high cost of
RE elements. Another way to improve the high-temperature performance of AZ
alloys is to suppress the formation of the f—phase [11]. It has been reported that a

ternary addition of a large amount of zinc to binary Mg-Al alloys, with a Zn:Al
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composition of approximately 2:1, can completely suppress the formation of the
B—phase [12,13]. The main precipitate of Mg-Zn-Al (ZA) alloys is Mgs2(Al,Zn)4g
(t—phase), which has a higher melting point and decomposition temperature than the
B—phase [14]; therefore, ZA alloys exhibit better properties at elevated temperatures
compared with commercial AZ alloys.

Another disadvantage of commercial magnesium alloys is their poor formability
and low ductility at room temperature (RT) as a result of their hexagonal close-packed
(HCP) crystal structure, which limits their practical applications. Microstructure
refinement is a promising method to increase the ductility and strength of magnesium
alloys. Severe plastic deformation (SPD) has been introduced in materials processing
to produce ultrafine-grained microstructures [15]. Equal-channel angular extrusion
(ECAE) is one-of the most popular SPD methods and can produce a homogeneous
submicron or nanocrystalline microstructure in bulk materials [16,17]. A block with
two intersecting channels that have identical cross sections is used as an ECAE die.
Severe deformation occurs via simple shear in the zone where the two channels
intersect. Large amounts of strain can accumulate by repeated pressing because the
channel cross sections are identical. ECAE is proven to be effective in refining grains
in various magnesium alloys, resulting in improved ductility, strength, and
superplasticity [18-22].

ECAE research on Mg alloys has focused mainly on AZ alloys. The effects of
ECAE on ZA alloys, which have better high-temperature properties compared with
AZ alloys, have not been investigated yet. Therefore, we investigate the
microstructure and tensile properties of the as—cast ZA85 alloy after ECAE via route

B¢ [23] at 180, 220, and 250 °C.
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3.2 Experimental Procedures

The experimental alloy was prepared from commercially pure Mg, Al, and Zn
(>99.9%). A steel crucible and an electron resistance furnace were used for melting
and alloying with SFg as the protective atmosphere. Steel molds were used for casting
the alloy. The as—cast alloy was air cooled from the molten state. The chemical
composition of the experimental alloy was determined by energy dispersive
spectroscopy (EDS). The results of chemical analyses were averaged over three
different regions that were chosen randomly from the ingot. The chemical
composition of the alloy is 8.34 wt.% Zn, 4.74 wt.% Al with the balance Mg, as
shown in Table 3.1. For ECAE, specimens of dimensions 17 mm x 17.mm x 60 mm
were cut from the ingot, and an ECAE die with an angle of 120° was used. Boron
nitride was used as the lubricant during ECAE. The ECAE die was preheated to 180,
220, and 250 °C and maintained for 15 min before inserting a lubricated ECAE
specimen into the entrance channel. All specimens were held inside the ECAE die for
5 min before pressing. These specimens were processed via route B¢ in which after
each pass, the specimen was rotated through 90° in the same direction at a pressing
speed of 2 mm/min. Microstructures of the as—cast and ECAE materials were
examined by standard metallographic procedures. The polished surface was etched
with 3 mL acetic acid solution, 5 mL deionized water, 35 mL ethanol, and 1 g picric
acid. The microstructures were observed by optical microscopy, scanning electron
microscopy (SEM), and transmission electron microscopy (TEM). Regarding the
ECAE specimens, the surfaces perpendicular to ND (y—plane) were observed [24].
The average grain size, grain size distribution, and area fraction of grain size were
obtained with Image Pro software (IpWin32). A Rockwell indenter with a load of 100
kgf was used for a Rockwell hardness B (HRB) test at RT. The HRB values were

averaged over 10 tests under each set of conditions. The ECAE specimens were
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longitudinally cut to obtain tensile specimens with a gauge section of 6 mm x 3 mm x
2 mm. Tensile tests were conducted at RT and 200 °C with an initial strain rate of 1 x
10%s7! using an Instron 8501 universal testing machine. A furnace mounted on the
machine was used for high—temperature tensile tests. The specimens were heated to
200 °C and then held for 10 min prior to the tensile tests. Ultimate tensile strength
(UTS), vield strength (YS), and elongation were averaged over three to five tests

under each set of conditions.

3.3 Results and Discussion

The optical micrograph-of the as—cast ZA85 alloy shows an equiaxed grain
structure with an average grain size of approximately 150 pm, as shown in Fig. 3.1.
The coarse precipitates, identified as the =—phase by X-ray diffraction (the same as in
previous literature [12,14,25]), are distributed along the grain boundaries, as shown in
Fig. 3.2. The chemical composition of matrix and t—phase checked by EDS are shown
in Table 3.2. Moreover, several defects such as blow holes and shrinkage voids are
clearly observed in the as—cast specimen. These defects result from the air trapped in
the melting alloy during casting and from the difference between the cooling rates in
the inner and outer regions of the ingot.

Fig. 3.3 shows the optical micrographs of the ECAE—processed specimens after
different number of passes were conducted at 180 °C. After fewer than four ECAE
passes, all microstructures became inhomogeneous with fine recrystallized grains
along the grain boundaries and a number of large distorted grains. This resultant
microstructure, termed as “bimodal,” was also observed by Chang et al. [26]. These
differ from the microstructure of aluminum alloys subjected to the ECAE process.
Nakashima et al. [27] reported that after two ECAE passes at RT, the microstructure

of aluminum alloys became homogeneous with ultrafine grains less than 1 um in size.
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This phenomenon is attributed to the difference between the grain refinement
mechanisms of magnesium and aluminum alloys. For aluminum alloys, Berbon et al.
[28] proposed a grain refinement mechanism during ECAE deformation. In the first
pass, several dislocations are introduced within the grain because of the applied strain.
These dislocations then rearrange into low—energy dislocation structures (LEDSS).
The dislocations generated in the following passes then transform the LEDSs into
subgrains. With increasing number of ECAE passes, boundary misorientation would
increase to form high-angle grain boundaries. However, the grain refinement
mechanism of magnesium alloys by ECAE is mainly dynamic recrystallization [29,
30] because of the relatively few- slip systems in HCP metals during the ECAE
process at testing temperatures. In HCP metals, the slip system at RT is mainly the
basal slip system. At high temperatures, non—basal slip systems such as prismatic and
pyramidal slip systems can become activated. However, in this study, ECAE
processing temperatures are below 250 °C, which is not high enough to activate all
non—basal slip systems [31]. Therefore, dynamic recrystallization is responsible for
grain refinement. From the TEM micrograph shown in Fig. 3.4, it can be observed
that after six ECAE passes at 180 °C, there are several dislocation—free grains
attributable to dynamic recrystallization. The density of dislocation increases owing to
the large amount of strain accumulated by the repetition of ECAE processes. Then,
dynamic recrystallization occurs in the area of high dislocation density, producing
numerous fine grains and reducing dislocation density. It should be noted that the
microstructures exist in a preferential orientation after one, two, and six passes but not
after four passes. In this study, because ECAE is conducted via route Bc, in which the
specimen is rotated 90° in the same direction after each pass, the grain structure
would return to an equiaxed structure after every four passes.

Fig. 3.5 shows the area fraction of grain sizes for the ECAE-processed
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specimens. As can be observed in Fig. 3.5(a), the area fraction of fine grains (less than
10 um) increased with the number of ECAE passes at 180 °C. This indicates that the
area fraction of dynamically recrystallized grains progressively increased with strain.
In addition, the area fraction of large grains apparently decreased with subsequent
passes. This suggests that ECAE can result in a uniform microstructure. Furthermore,
defects such as blow holes and shrinkage voids in the as—cast specimen were
eliminated after the ECAE process, as shown in Fig. 3.3.

The SEM micrographs (Fig. 3.6) show the effect of ECAE on the precipitates.
The precipitate size reduced with increasing number of ECAE passes. After four
passes, the size was significantly reduced to less than 10 um. After six passes, it was
further reduced to an average of 1 pm with uniform distribution. This proves that
ECAE not only-reduces grain size but also shatters coarse precipitates. In general, the
precipitates shattered by shear stress during the ECAE process ought to have an
irregular shape and a rough surface. In this study, the ECAE process is conducted at
high temperatures with a low pressing speed; hence, the precipitate surface becomes
smoother to reduce surface energy.

Figs. 3.7 and 3.8 show the optical micrographs of the ECAE-—processed
specimens after different number of passes at 220 and 250 °C, respectively. Compared
to the results at the lower ECAE temperature of 180 °C, the degree of dynamic
recrystallization increased with ECAE temperature so that a more uniform
microstructure was obtained at higher temperatures. Figs. 3.7(c) and 3.8(c) show that
the microstructures obtained after four ECAE passes at 220 and 250 °C were more
uniform than those at 180 °C. These new fine grains grew slightly during the ECAE
process at 220 and 250 °C. This indicates that a higher temperature is more beneficial
for dynamic recrystallization. Therefore, the degree of dynamic recrystallzation

increases with ECAE temperature, leading to much more uniform microstructures at
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higher ECAE temperatures with the same number of ECAE passes. The area fraction
of grains less than 10 um in size reached 80% after six passes at 180 °C. On the other
hand, most of the dynamically recrystallized grains had grown to 1020 um during
ECAE at 220 °C, as shown in Fig. 3.5(b). The area fraction of grains of sizes 10-20
um was approximately 1.5% after one pass and increased to approximately 14.5% and
44% after two and four passes, respectively. After ECAE at 250 °C, grain growth was
more evident. In particular, most of the dynamically recrystallized grains had grown
to sizes 20-30 um, as shown in Fig. 3.5(c). Furthermore, the area fraction of grains
with sizes 20—30 pum increased to approximately 38% after four passes.

Fig. 3.9 shows the average grain size with different number of ECAE passes at
different temperatures. It can be observed that the degree of grain refinement
increased with ECAE temperature after one pass. The average grain sizes of the
specimens were 31, 19, and 16 pum after one pass at 180, 220, and 250 °C,
respectively. However, the grain refinement rate decreased with additional passes at
220 °C. Note that the average grain size increased from 14 um after two passes to 20
um after four passes at 250 °C. In contrast, at the lower ECAE temperature of 180 °C,
the average grain size reduced to 8 pum after four ECAE passes. It was further reduced
to 4 um after six ECAE passes without conspicuous grain growth.

Fig. 3.10 shows that hardness increases with the number of ECAE passes, which
can be attributed to two factors. The first one is grain refinement. As can be observed
in Figs. 3.9 and 3.10, a smaller grain size is accompanied by greater hardness. The
second factor is the shattered precipitates. These uniformly distributed fine
precipitates would hinder grain boundary sliding as well as dislocation slips, which
leads to better mechanical properties. After six ECAE passes at 180 °C, hardness
increased significantly from HRB 19 to HRB 46.

Fig. 3.11 shows the results of the tensile tests on the ZA85 alloy conducted at RT.
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The trend of the tensile properties is similar to the trend of the hardness properties.
For the as-cast specimen, UTS was 175 MPa at RT. After one ECAE pass at 180, 220,
and 250 °C, UTS increased to 187, 198, and 220 MPa, respectively. It can be observed
that ECAE temperature varies directly with the strength of the alloy. In addition, UTS
and YS increased with additional ECAE passes at 180 and 220 °C but decreased with
increasing number of ECAE passes from two to four; this is owing to the grain growth
effect at 250 °C. At 180, 220, 250 °C, the UTS of the four—pass ECAE—processed
specimens were 373; 348, and 242 MPa, respectively. At 180 °C, the UTS of the
six—pass ECAE-processed specimens reached 402 MPa. Compared with those of the
as—cast ZA85 alloy, the UTS and YS at RT were improved by up to 230% and 215%,
respectively. The tensile properties at RT in the present study are also superior to
those of many other AZ series alloys that were subjected to ECAE, as shown in Table
3.3[18,29,32,33].

Fig. 3.11(c) shows that the elongation of the present alloy at RT was improved by
ECAE. After six passes at 180 °C, the elongation of the alloy improved from 2.3% to
approximately 6.4%. This increment in elongation is attributed to (1) the elimination
of defects such as blow holes and shrinkage voids formed during casting, as shown in
Fig. 3.3, and (2) precipitate refinement. It is worth-mentioning that after four ECAE
passes, the average grain size at 180 °C is smaller than that at 250 °C, whereas
elongation is higher in the latter case. This phenomenon can be attributed to the
degree of dynamic recrystallization during ECAE. As can be observed in Fig. 3.3(c),
after four ECAE passes at 180 °C, the microstructure is rather inhomogeneous with
fine recrystallized grains as well as a number of large initially distorted grains. On the
other hand, the microstructure is more uniform with fully recrystallized grains after
four ECAE passes at 250 °C, as shown in Fig. 3.8(c). Therefore, the dislocation

density would be considerably reduced by the high degree of recrystallization in the
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latter case, thereby leading to a material with higher ductility.

Fig. 3.12 shows the results of the high-temperature tensile tests conducted at
200 °C. The trend of the high—temperature tensile properties is similar to the trend of
the RT properties. The UTS and YS of six—pass ECAE-processed specimens
increased to 249 and 162 MPa at 200 °C, respectively. Compared with the 105 and
74 MPa values of the as—cast ZA85 alloy, the UTS and YS at 200 °C were improved
by up to 229% and 210%, respectively. Note that the high—temperature tensile
properties of the ZA85 alloy in the present study are superior to those of other
high-temperature magnesium alloys, as shown in Table 3.4 [34]. In addition,
elongation increased to 28.5%-in the tensile test at 200 °C after six ECAE passes at
180 °C. The high—temperature tensile properties of materials are influenced by several
factors such as average grain size and precipitate size as well as their distribution. In
this study, the improvement in high-temperature tensile properties is mainly attributed
to the refined grains and precipitates. After the ECAE process, both coarse grains and
precipitates with initial sizes greater than 100 um are considerably refined to less than
10 um. According to the deformation mechanism map of pure magnesium, the
high—temperature deformation of the present experimental condition could be termed
as dislocation glide. Therefore, we assume that the deformation of the ZA85 alloy
during the high-temperature tensile tests is dislocation glide. Consequently, the
refined grains less than 10 um in size would hinder dislocation to improve the
high—temperature properties. Moreover, the precipitates also play an important role in
improving the high-temperature properties. The refined precipitates uniformly
distributed at grain boundaries hinder grain boundary migration. The precipitate of the
ZA85 alloy is the t—phase instead of the pB—phase. The t—phase has a higher
decomposition temperature than the f—phase. Therefore, the significant improvement

in the high—temperature tensile properties of the ZA85 alloy after ECAE is ascribed to
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the well—distributed T—phase.

3.4 Summary and Conclusions
The effects of ECAE on the microstructure and tensile properties of the ZA85

magnesium alloy were examined, and some interesting findings were obtained.

1. The grain size under the as—cast condition (about 150 um) was significantly
reduced to 4 um after six ECAE passes at 180 °C. On the other hand, the average
grain size of the ECAE—processed specimens at 250 °C increased from 14 pum
after two passes to 20 um after four passes owing to the grain growth effect. At
first, the microstructure -was.-not uniform, showing a “bimodal” grain size
distribution; however, it became more homogeneous with further ECAE passes.

2. The hardness at RT increased with the number of ECAE passes; this can be
attributed to grain refinement and the shattered precipitates that were distributed
uniformly in the material. Furthermore, hardness increased from HRB 19 to HRB
46 after six passes at 180 °C.

3. The precipitate size was significantly reduced, from an average of 100 pum to 1 um,
with increasing number of ECAE passes and uniform distribution was obtained
after six passes.

4. In RT tensile tests, the UTS, YS, and elongation of the as—cast ZA85 alloy were
175 MPa, 130 MPa, and 2.3%, respectively. After six passes at 180 °C, UTS, YS,
and elongation increased to 402 MPa, 281 MPa, and 6.4%, respectively.

5. Tensile tests at an elevated temperature of 200 °C showed that the UTS, YS, and
elongation of the as—cast ZA85 alloy were 105 MPa, 74 MPa, and 5.1%,
respectively. After six ECAE passes at 180 °C, UTS, Y, and elongation increased

to 249 MPa, 162 MPa, and 28.5%, respectively. Moreover, the high-temperature
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tensile properties of the present alloy are superior to those of many other

commercial high-temperature magnesium alloys.
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Figure 3.3 (a)

Figure 3.3 (b)
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Figure 3.3 (c)

Figure 3.3 (d)

Figure 3.3 Optical micrographs of the ZA85 alloy after ECAE at 180 °C for (a) N = 1,

()N =2, (c)N =4, and (d) N = 6.
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Figure 3.4 TEM micrograph of the ZA85 alloy after six ECAE passes at 180 °C.
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Figure 3.5 Area fraction of grains with different sizes after ECAE at (a) 180, (b) 220,

and (c) 250 °C.
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Figure 3.6 (b)
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Figure 3.6 (d)

Figure 3.6 SEM micrographs of the ZA85 alloy after ECAE at 180 °C for (a) N =0,

()N =1, (c) N =4, and (d) N = 6.
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Figure 3.7 (a)

Figure 3.7 (b)
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Figure 3.7 (c)

Figure 3.7 Optical micrographs of the ZA85 alloy after ECAE at 220 °C for (a) N = 1,

(b) N=2,and (c) N =4.
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Figure 3.8 (a)

Figure 3.8 (b)
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100 pm
Figure 3.8 (c)
Figure 3.8 Optical micrographs of the ZA85 alloy after ECAE at 250 °C for (a) N = 1,

(b) N=2,and (c) N =4.

64



30 -m ECAE at 180C
e —e-ECAE at 220C
£ —A—ECAE at 250C
g
= 20+
£
o
o
(0]

2 10}
@
®
0 1 1 1 1 1 |

0 1 2 3 4 5 6
number of ECAE passes (N)
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ECAE temperatures.
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Figure 3.12 Tensile properties at 200 °C: (a) UTS, (b) YS, and (c) elongation.
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Table 3.1 Chemical composition of the ZA85 alloy

Element Zn Al Mg

wt.% 8.34 4.74 Bal.

Table 3.2 Composition of matrix and second phase in the ZA85 alloy

Phase Mg (wt.%) Zn (Wt.%) Al (Wt.%)
Matrix 96.67 -- 3.33
Second phase 37.27 48.18 14.55

Table 3.3 Room temperature tensile properties of the ZA85 alloy

Alloy Condition UTS (MPa)
AZ91 die—cast, N=8 375 [18]
AZ31 as—extruded, N=8 310 [32]
AZ31 SC°, N=4 210 [29]
AZ31 HR®, N=4 350 [33]
ZA85 as—cast, N=6 402

a: this work; b: squeeze casting; c: hot rolling
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Table 3.4 High—temperature tensile properties of the ZA85 alloy [33]

Alloy Temp. (°C) UTS (MPa)
AE42 177 135
AX53 175 196
AJ52X 175 148

AXJ 196

ZA85* /""\ 249

a: this work
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Chapter 4 Effects of Equal-Channel Angular Extrusion on
the Microstructure and Tensile Properties of the

Solution—Heat-Treated ZA85 Magnesium Alloy

4.1 Introduction

In recent years, magnesium alloys have been widely used in the transportation,
aerospace, and mobile electronics industries because of their advantages, which
include low density, high specific strength, good damping capacity, high thermal
conductivity, and good - electromagnetic shielding characteristics [1-4]. Among
various_magnesium alloys, Mg—Al based alloys are widely used because of their
desirable mechanical properties, corrosion resistance, and casting performance.
However, the service temperature of Mg—Al based alloys is limited at temperatures
above 120 °C because of the presence of MgizAli2 (B—phase), which precipitates
primarily along grain boundaries and exhibits a low decomposition temperature [5,6].
Therefore, numerous studies have been conducted to develop heat-resistant
magnesium alloys. Magnesium alloys containing rare—earth (RE) elements heve been
reported to be interesting light structureal materials with high strength at both room
and elevated temperatures [7—9]. However, the application of Mg—RE alloys is limited
because of their poor ductility and high cost of RE elements. At a Zn:Al composition
of approximately 2:1, the ZA alloys with the Mgs2(Al,Zn)49 (-—phase) as the dominant
intermetallic phase have been reported to completely suppress the formation of the
B—phase. The T—phase has a higher melting point and decomposition temperature than
the B—phase. Consequently, ZA alloys exhibit strong potential for the development of
heat-resistant magnesium alloys [10-12].

Conventional static aging is an effective way to improve the mechanical
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properties of materials. Artifitial aging after a solution heat treatment (SHT) is a
matter of temporal discretion in the nucleation and growth of precipitates. Dynamic
precipitation (or dynamic aging) is a process that combines thermo—mechanical
processing (TMP) and an aging treatment. After the SHT process, the precipitation
reaction occurs simultaneously during TMP. Cai et al. have reported that, compared
with a static aging process, both the 6061 and 6069 aluminum alloys experienced
dynamic precipitaion and that the peak values of the hardness were achieved within a
shorter time after the SHT + TMP process [13]. Moreover, the peak values of hardness,
ultimate tensile strength (UTS), and yield strength (YS) of the dynamically aged
alloys are also greater than-those of the statically aged alloys. Equal-channel angular
extrusion (ECAE) is an efficient TMP method. A great advantage of ECAE over other
TMP methods is the possibility of accumulating a large amount of strain by repeating
the process over several cycles because the channel cross—sections are identical. In
addition, ECAE is a promising process for obtaining ultrafine—grained materials with
increased strength and ductility through severe plastic deformation [2,6,12,14—-19]. An
ECAE die consists of two channels with identical cross—sections that intersect at an
angle. A billet of the experimental material is placed into one of the channels and is
pressed through the second channel. The material experiences severe deformation via
pure shear as it crosses the intersection channel.

In the present study, the effects of ECAE on ZA85 alloy subjected to SHT were
investigated. The ZA85 alloy was chosen as the experimental alloy because we found
that both the strength and ductility of the ZA85 alloy are greatly increased by the
ECAE process [2,12]. The strength at room temperature (RT) and at 200 °C are both
superior to those of many other commercial magnesium alloys. Dynamic precipitation
occurred during the ECAE process for the solution—heat-treated ZA85 alloy, leading

to the formation of fine and well—distributed t—phase particles in the o—Mg matrix.
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Therefore, to further improve the tensile properties of the experimental material, the

SHT process was conducted prior to the ECAE process in this study.

4.2 Experimental Procedures

An alloy with a composition of Mg—8 wt.% Zn-5 wt.% Al (ZA85) was prepared
from commercially pure Mg, Al, and Zn (> 99.9%). A steel crucible and electronic
resistance furnace were used for melting and alloying at 750 °C with SFs as the
protective atmosphere. Steel molds with cavity dimensions of 300 mm x 70 mm x 60
mm were used for casting the alloy. The as—cast alloy in the molten state was air
cooled. The chemical composition of the as—cast alloy, as determined by energy
dispersive spectroscopy, was 8.34 wt.% Zn and 4.74 wt.% Al with the balance Mg.
For the SHT process, specimens with dimensions of 17 mm X 17 mm x 60 mm were
cut from the as—cast ingot. The SHT process was conducted at 335 °C for 48 h using a
tube furnace. After the SHT process, the treated specimens were subjected to a
two-step ECAE process. The first ECAE pass was conducted at a higher temperature
of 250 °C to prevent cracking of the specimen during the ECAE process. The
subsequent passes were conducted at 200 °C. An ECAE die with a 120° angle was
used, and boron nitride was used as the lubricant during the ECAE process. The
ECAE die was preheated to the selected temperature and maintained at that
temperature for 15 min before a lubricated ECAE specimen was inserted into the
entrance channel. The specimen was held inside the ECAE die for 5 min before being
pressed. The ECAE process was conducted via Route B¢, in which the specimen was
rotated through 90° in the same direction after each pass with a pressing speed of 1
mm/min [20]. X-ray diffraction (XRD) studies were conducted to identify the phases
present in the experimental alloy. Microstructures of the as—cast and ECAP materials

were examined using standard metallographic procedures. The polished surfaces were
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etched with 3 mL acetic acid solution, 5 mL deionized water, 35 mL ethanol, and 1 g
picric acid. The microstructures were observed by optical microscopy and scanning
electron microscopy (SEM). The average grain size was determined using Image Pro
software package (IpWin32). A Rockwell indenter with a load of 100 kgf was used for
Rockwell hardness B (HRB) tests at RT. The HRB values were averaged over 10 tests
under each set of conditions. The tensile specimens with a gauge section of 6 mm x 3
mm x 2 mm were longitudinally cut from the ECAE specimens. Tensile tests were
conducted at RT and-200 °C with an initial strain rate of 1 x 10 °s™* using an Instron
8501 universal testing machine. A furnace mounted on the machine was used for
high-temperature tensile tests.. The specimens were heated to the selected temperature
and then maintained at that temperature for 10 min prior to the tensile tests. The UTS,

YS, and elongation were averaged over three to five tests under each set of conditions.

4.3 "Results and Discussion

Fig. 4.1 presents the optical micrograph of the as—cast ZA85 alloy. The initial
grain size of ~150 pm was obtained with an equiaxed grain structure. The coarse
non—continuous second phase was distributed along the grain boundaries. Moreover,
casting defects such as blow holes and shrinkage voids were clearly observed in the
as—cast alloy. Fig. 4.2 shows the XRD pattern of the as—cast ZA85 alloy. The pattern
confirms that the alloy consisted of the o—Mg matrix and the —phase, consistent with
the results of previous reports [21-23]. Fig. 4.3 shows the SEM micrograph of the
solution—heat—treated ZA85 alloy. The average grain size slightly increased to ~170
um because of the high—temperature effect. A large amount of the t—phase was
dissolved into the o—Mg matrix, with only a small amount left along the grain
boundaries. The resultant microstructure is very similar to that reported by

Balasubramani et al. [24]. The XRD patterns do not show peaks that correspond to the
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7-phase in the solution-heat—treated specimens, as shown in Fig. 4.4, which is
consistent with the microstructure of the solution—heat-treated ZA85 alloy.

A two-step ECAE process was used in this study. The first pass was conducted at
higher temperature of 250 °C in to prevent cracking of the specimen. The following
passes were then conducted at a lower temperature of 200 °C to reduce the grain
growth effect. Lin et al. [12] reported that the average grain size of the ZA85 alloy
would obviously increase at an ECAE temperature greater than 220 °C. Fig. 4.5
shows the microstructure of the solution—heat-treated ZA85 alloy after the ECAE
process. After fewer than four ECAE passes, all  microstructures became
inhomogeneous with fine dynamic-recrystallized grains along the grain boundaries
and a number of large distorted grains. This resultant. microstructure, termed as
“bimodal,” was also observed by Chang et al. [25]. Because of the dynamic
recrystallization, the average grain size was greatly reduced as the number of ECAE
passes increased [12,26,27], as shown in Fig. 4.6. Dynamic recrystallization led to the
production of equiaxed grains with a high fraction of high—angle grain boundaries.
After six ECAE passes, the microstructure became visibly uniform, and the average
grain size was substantially reduced to approximately 4 um, as shown in Fig. 4.5(d).
In addition, casting defects such as blow holes and shrinkage voids were eliminated
by the ECAE process.

In the present study, the =—phase is divided into two categories: a non—dissolved
1-phase after the SHT process (denoted as t1) and the one formed by dynamic
precipitation during the ECAE process (denoted as 17). The t3—phase would be
shattered by shear stress during the ECAE process. Fig. 4.7(a) shows the SEM
micrograph of the initial grain boundaries of the solution—heat—treated alloy after four
ECAE passes. The shattered t;—phase particles with the average size of ~1 um are

distributed on the grain boundaries of the dynamic recrystallized grains. Close
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inspection of the shape and surface of t;—phase particles reveals an irregular shape
and rough surface, which is evidence that the t;—phase particles were shattered by
shear stress during the ECAE process. These fine and well distributed t1—phase
particles can effectively inhibit grain—boundary migration to improve the strength of
the experimental alloy [12]. Fig. 4.7(b) shows the SEM micrograph of the o—Mg
matrix of the solution—heat-treated alloy after four ECAE passes. The t,—phase
particles with sizes of ~100 nm are well distributed in the o—Mg matrix. The round
shape and smooth surface of these t,—phase particles are evidence that they form by
dynamic precipitation during the ECAE process. However, after six ECAE passes,
some t,—phase particles grew-to ~300 nm and some precipitation—free zones (PFZs)
were clearly observed, as shown in Fig. 4.7(c). The coarsening phenomenon is due to
the longer time at high temperature in the case of samples subjected to six ECAE
passes.compared with those subjected to four passes. These coarsened t,—phase
particles and PFZs are evidence of overaging, which would be unfavorable to the
mechanical properties of the experimental alloy. Furthermore, XRD analysis showed
that the t—phase was present in the SHT + ECAE samples, as shown in Fig. 4.8. This
result also implies that the t,—phase was formed by dynamic precipitation during the
ECAE process.

Fig. 4.9 shows the results of a hardness test on the ZA85 alloy at RT. The HRB
values were averaged over 10 tests under each set of conditions. The hardness of the
as—cast alloy was HRB 19 and increased to HRB 24 after the SHT process, which is
attributed to solid—solution hardening. The results in Fig. 4.9 also suggest that the
hardness increased with increasing number of ECAE passes, with the exception of the
one fabricated using six ECAE passes. The maximum hardness of HRB 46 occurred
in the specimen fabricated using four ECAE passes. In general, smaller grains resulted

in greater strength, as shown in Figs. 4.6 and 4.9. After six ECAE passes, the hardness
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decreased to HRB 44 even though the average grain size for six ECAE passes was
smaller than that for four ECAE passes. This result is attributed to overaging of the
experimental alloy. The coarsened to—phase particles and PFZs would adversely affect
the strength of the materials. Balasubramani et al. [24] proposed that for
solution—heat—treated ZA84 alloy, the optimum conditions for static aging are 180 °C
and 16 h. In this study, the maximum hardness was observed in the sample fabricated
using four ECAE passes. The time required for one single ECAE pass was
approximately 1 h, which means that attaining the maximum hardness of the
experimental alloy requires only 4 h. This phenomenon is due to two factors: the
ECAE temperature is higher-than 180 °C, and aging occurs during the ECAE process.
Both the higher temperature and external force would decrease the energy barriers
required for precipitation and growth, thereby leading to a shorter time required to
reach the peak hardness value. Cai et al. [13] proposed that, compared with 6061 and
6069 aluminum alloys aged by a static aging process, the same alloys underwent
dynamic precipitaion, and the peak values of the hardness were achieved within a
shorter time after being subjected to the SHT + ECAE process. The aging responses in
some Al-Mg-Si alloys have also been reported to be accelerated by the ECAE
process [28]. In the present study, the great improvement in the hardness of the
experimental alloy is attributed to the grain refinement and presence of fine and
well-distributed t;— and t,—phase particles. The ti—phase particles can inhibit
grain—boundary migration, and the t,—phase particles can effectively obstruct the
dislocation motion; thus, improve the properties of the experimental alloy.

Figs. 4.10 and 4.11 show the results of the tensile tests conducted on the ZA85
alloy at RT and 200 °C, respectively. Notably, the data for the as—cast + ECAE
condition are referenced from our previous study [12]. Also, the values for N = 0 in

these figures represent results for the solution—heat-treated alloy in this study and for
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the as—cast alloy in our previous study, respectively. The trend of the tensile properties
determined in this study is similar to the trend of the hardness properties, i.e., the
tensile strength reached its maximum value after four ECAE passes but decreased
after six ECAE passes. The maximum UTS/YS of 415 MPa/284 MPa and 261
MPa/173 MPa were obtained at RT and 200 °C, respectively. These figures also
clearly imply that, after the same number of ECAE passes, both the UTS and YS of
the samples fabricated using the SHT + ECAE process are greater than those of the
samples fabricated using only the ECAE process, with the exception of the sample
subjected to six ECAE passes. According to our previous study [12], the strengthening
factors for the ECAE alloy are the grain refinement and well-distributed t,—phase
particles. However, in this study, the strengthening factors for the SHT + ECAE alloy
are the grain - refinement, precipitation hardening, and presence of fine and
well—distributed 1, and t—phase particles. Refined grains less than 5 um in size would
hinder dislocation and improve mechanical properties. After SHT, the solute atoms act
as a barrier to obstruct the dislocation movement and. increase the strength of the
materials. Moreover, the fine and well-distributed t; and t,—phase particles are also
important in improving the mechanical properties. The t;—phase particles uniformly
distributed at dynamic recrystallized grain boundaries hinder grain— boundary
migration. The t,—phase particles uniformly distributed in the o—Mg matrix impede
dislocation movement. Therefore, the application of the SHT process prior to the
ECAE process can obviously improve the tensile properties of the present alloy at RT
as well as at 200 °C. Notably, the tensile properties at RT and 200 °C of the SHT +
ECAE ZAB85 alloy in the present study are superior to those of many other ZA series
Mg alloys, as shown in Tables 4.1 and 4.2, respectively [12,29-32]. Fig. 4.12 shows
that the elongation of the present alloy was improved by the ECAE process. Notably,

N = 0 represents the solution—heat-treated sample. At RT, the elongation of the alloy
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improved from 4.2% to approximately 9% after six ECAE passes. At 200 °C, the
elongation of the alloy increased from 7.4% to approximately 60% after six ECAE
passes. This increase in elongation after the ECAE process is attributed to three
factors: (1) the elimination of casting defects such as blow holes and shrinkage voids,
as shown in Fig. 1; (Il) the improvements of not only the strength but also the
ductility of the materials via grain refinement; (I1I) the homogeneity of the
microstructure.

Fig. 4.13 shows the tensile fracture surface for the experimental alloy. In general,
the failure of Mg alloys is brittle through cleavages at RT because of their HCP
structure. Fig. 4.13(a) shows-that the fracture surface for the solution-heat-treated
sample tested at RT was mainly cleavages. Fig 4.13(b) shows that the fracture surface
tested at RT. consisted of some minor dimples and cleavages for the
solution—heat—treated sample fabricated using six ECAE passes. This result means
that the ductility of the materials was improved by the ECAE process, which is
consistent with the elongation values shown in Fig. 4.12. Fig. 4.13(c) shows that the
fracture surface for the solution—heat—treated sample tested at 200 °C was cleavages.
Fig 4.13(d) shows that the fracture surface tested at 200 °C was mainly large dimples
for the solution—heat—treated sample fabricated using six ECAE passes. The size of
dimples is related to the ability to impede crack propagation in that a good ability to
impede crack propagation would lead to large dimples. Therefore, the results in Fig.
4.12 suggest that both the number of ECAE passes and testing temperature affect the
fracture surface of the investigated alloy. At the same testing temperature, additional
ECAE passes corresponds to a finer grain size, which, in turn, results in improved
ability to impede crack propagation and leads to a larger dimple size and better
ductility. In addition, at six ECAE passes, a higher temperature leads to a larger

dimple size and to better ductility through thermal activation. The resultant fracture
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surface matches the value of the elongation in the experimental alloy shown in Fig.
4.12 with the value of the elongation that increases with increasing fraction of

dimples.

4.4 Summary and Conclusions
The effects of ECAE on the microstructure and tensile properties of the

solution—heat—treated ZA85 magnesium alloy were examined, and some interesting

findings were obtained:

1. The initial grain size of ~150 um of the as—cast sample slightly increased to ~170
um after the sample was. subjected to the SHT process. The grain size
subsequently decreased as the number of ECAE passes increased. After six ECAE
passes, the grain size decreased to ~4 um.

2. After the SHT process, a large amount of t—phase was dissolved into the o—Mg
matrix, and XRD analysis did not indicate the presence of the t—phase in the
solution—heat—treated specimens.

3. In this study, t—phase is divided into two categories: the t,—phase represents the
non—dissolved t—phase after the SHT process, whereas the t—phase is formed by
dynamic precipitation during the ECAE process. After the ECAE process, the
T1—phase would be shattered to an average size of ~1 pm and would be distributed
on the grain boundaries of the dynamic recrystallized grains; the t,—phase
particles with sizes of ~100 nm are well distributed in the o—Mg matrix. However,
after six ECAE passes, some to—phase particles grow to ~300 nm and PFZs are
clearly observed, which indicate overaging.

4. The best mechanical properties were found in the specimen fabricated by SHT +
four ECAE passes. At RT, the maximum hardness, UTS, and YS values of HRB

46, 415 MPa, and 284 MPa, respectively, were obtained. At 200 °C, the maximum
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UTS and YS of 261 MPa and 173 MPa, respectively, were reached. The
strengthening factors for the SHT + ECAE alloy are the grain refinement,
precipitation hardening, and presence of fine and well—distributed t; and t,—phase
particles. The mechanical properties of the present alloy at RT and at 200 °C are
both superior to those of numerous other ZA—series Mg alloys. After six ECAE
passes, the strength of the experimental alloy slightly decreased due to overaging.

. The elongation of the present alloy increased with increasing number of ECAE
passes is ascribed to three factors: (1) the elimination of casting defects; (I1) grain
refinement; (I11) a homogeneous microstructure. After six ECAE passes, the
maximum elongations.-of -9%. and 60% were attained at RT and 200 °C,

respectively.
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Figure 4.4. X—ray diffraction analysis of the solution-heat—treated ZA85 alloy.
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Figure 4.5 (b)
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200 pm

Figure 4.5 (c)

Figure 4.5 (d)

Figure 4.5. SEM micrographs of the solution—heat-treated ZA85 alloy after the ECAE

process for (@) N=1, (b)) N=2,(c) N=4,and (d) N =6.
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Figure 4.7 (b)
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Figure 4.7 (c)

Figure 4.7. SEM micrographs of (a) the initial grain boundaries of the
solution—heat-treated alloy after four ECAE passes, (b) the o—Mg matrix
of the solution—heat-treated alloy after four ECAE passes, and (c) the

a—Mg matrix of the solution—heat-treated alloy after six ECAE passes.
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Figure 4.10. Tensile properties of the ZA85 alloy at RT: (a) UTS and (b) YS.
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Figure 4.11. Tensile properties of the ZA85 alloy at 200 °C: (a) UTS and (b) YS.
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Figure 4.13 (b)
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Figure 4.13 (d)

Figure 4.13. Tensile fracture surface for (a) the solution—heat-treated sample tested at
RT, (b) the SHT + ECAE sample tested at RT, (c) the
solution—heat-treated sample tested at 200 °C, and (d) the SHT + ECAE

sample tested at 200 °C.

98



Table 4.1. Tensile properties of the ZA—series Mg alloy at room temperature

[12,29-32]
Alloy Condition UTS (MPa)
ZA62 as—cast 190
ZA62 as—cast + ECAE (N = 8) 330
ZA73 as—cast 165
ZAT73 as—cast + extrusion 360
ZA84 as—cast 174
ZA85 as—cast + ECAE (N =6) 402
ZA85° SHT + ECAE (N = 4) 415
ZA104 as—cast 188
a: this work

Table 4.2. Tensile properties of the ZA-series Mg alloy at high temperature

[12,31,32].
Alloy Condition Temp. (°C) UTS (MPa)
ZAT3 as—cast 200 130
ZA84 as—cast 150 126
ZA85 as—cast + ECAE (N = 6) 200 249
ZA85° SHT + ECAE (N =4) 200 261

a: this work
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Chapter 5 Superplasticity of the ZA85 Magnesium Alloy

Fabricated by Equal-Channel Angular Extrusion

5.1 Introduction

Combinations of light weight and high strength magnesium (Mg) alloys
represent ideal materials for a wide range of applications in the automobile and
aerospace industries [1,2]. However, owing to the closed—packed hexagonal (HCP)
crystal structure, Mg alloys have a poor plasticity at room temperature (RT) and a
limited forming and machining ability. Consequently, their potential applications are
limited [3,4]. Superplastic forming (SPF) is an effective method to fabricate
hard-to—form materials into.complex shapes [5]. For SPF to be used in industry, the
development of high strain-rate superplasticity (HSRSP), defined as superplasticity
occurring at strain rates at or above 1.0 x 10%s™ [6], is needed, especially for Mg
alloys with poor formability. Another desirable property for developing superplasticity
in a material is low temperature superplasticity (LTSP), defined as superplasticity
occurring at temperatures at or below 0.55 T., where Ty is the alloy melting
temperature [6].

Many previous experiments established -that superplasticity requires a small
polycrystalline grain size (typically less'than 10 pm [7]) and these small grains are
generally achieved through the application of severe plastic deformation (SPD). Equal
channel angular extrusion (ECAE) is one of the most popular SPD methods and has
proved to be effective in refining grains in various Mg alloys, resulting in improved
ductility, strength, and superplasticity [8-14]. K. Matsubara et al. [9] reported that the
Mg-9% Al alloy processed by a combination of extrusion and ECAE exhibited a

maximum elongation of 840% at 200 °C with a strain rate of 3.3 x 10” s™. R.B.
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Figueiredo et al. [10] reported that an ECAE ZKG60 alloy showed a maximum
elongation of 480% at 220 °C with a strain rate of 1.0 x 102 s, V.N. Chuvil’deev et
al. [11] found that the ECAE AZ91 alloy possessed 570% in elongation at 300 °C
with a strain rate of 3.0 x 10 s and the ECAE ZK60 alloy exhibited 810% in
elongation at 260 °C with a strain rate of 3.0 x 10 s™. X. Liu et al. [14] reported that
the as-rolled LZ82 alloy exhibited superplasticity with a maximum elongation of
430% at 225 °C and of 120% even at 150 °C.

In the present study, the ZA85 alloy was chosen as the experimental alloy
because Mg—Zn-Al (ZA) alloys have been developed as new high-strength Mg alloys
for elevated-—temperature applications [15,16]. The poor high—temperature properties
of commercial Mg-Al-Zn (AZ) alloys are attributed to the presence of intermetallic
Mgi7Als2 (B—phase), which mainly precipitates along grain boundaries and exhibits a
low decomposition temperature. Thus, grain boundary sliding (GBS) occurs even at
temperatures below 150 °C [17,18]. It has been reported that a ternary addition of a
large amount of zinc to binary Mg-Al alloys, with a Zn:Al composition of
approximately 2:1, can completely suppress the formation of the f—phase [15,16,19].
The main precipitate of the ZA alloy is the t—phase that has a higher melting point and
decomposition temperature than the p—phase [20], leading to better properties at
elevated temperatures than commercial AZ alloys. In this study, ECAE was used to
refine grains and precipitates, and to eliminate defects for developing superplasticity
in the ZA85 alloy. It was found that the ECAE ZA85 alloy exhibits both HSRSP and
LTSP. The mechanism and activation energy of superplastic deformation of the

experimental alloy were also investigated.

5.2 Experimental Procedures

An alloy with a composition of Mg—8 wt.%Zn-5 wt.%Al (ZA85) was prepared.
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Pure Mg, Al, and Zn (>99.9%) were melted at 750 °C with SFg as the protective
atmosphere. Steel molds with cavity dimensions of 300 mm x 70 mm x 60 mm
were used for casting the alloy. The as—cast alloy in the molten state was air cooled.
The chemical composition of the alloy was 8.34 wt.%Zn, 4.74 wt%Al with the
balance Mg.

For the ECAE process, the dimensions of the specimens are 17 mm x 17 mm x
60 mm, and an ECAE die with 120° angle was used. Boron nitride was used as the
lubricant during ECAE. An ECAE temperature of 180 °C was used because higher
ECAE temperatures would have led to grain growth [15]. The ECAE die was
preheated to 180 °C and -maintained for 15 min before inserting a lubricated ECAE
specimen into the entrance channel. The specimen was held inside the ECAE die for 5
min before pressing. The ECAE process was conducted via Route B¢ in which the
specimen was rotated through 90° in the same direction after each pass with a
pressing speed of 2 mm/min.

Following the ECAE process, some samples were sliced perpendicular to the
longitudinal axes to a 3 mm thickness. These small disks were sealed in glass tubes
under vacuum and annealed for 1 h at selected temperatures ranging from 200 to 400
°C. These static annealing experiments were used.to observe the thermal stability of
the microstructure.

Microstructures of the as—cast and ECAE materials were examined using
standard metallographic procedures. The polished surfaces were etched with 3 mL
acetic acid solution, 5 mL deionized water, 35 mL ethanol, and 1 g picric acid. The
microstructures were observed by optical microscopy and scanning electron
microscopy (SEM). The average grain size was determined with Image Pro software
(IpWin32).

The tensile tests were conducted over temperatures ranging from 250 to 400 °C
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with the initial strain rate ranging from 1.0 x 102 to 1.0 x 10“s™, using a testing
machine operating at a constant cross—head displacement rate. The tensile specimens
were longitudinally cut from the samples after ECAE by wire—electrode cutting and
were made with a gauge section of 6 mm x 3 mm x 2 mm. The specimens were
heated to the selected temperatures and then held for 10 min prior to the tensile tests.
All tensile specimens were pulled to failure to obtain information on the total

elongations.

5.3 Results and Discussion

Fig. 5.1 shows the optical micrograph of the as—cast ZA85 alloy. The initial grain
size of ~150 pum was obtained with an equiaxed grain structure. The coarse
precipitates, identified as the t—phase by X-ray diffraction (the same as in prior
literature [19-21]), were distributed along the grain boundaries. Furthermore, defects
such as blow holes and shrinkage voids were clearly observed in the as—cast
specimens. These defects resulted from the air trapped. in the melting alloy during
casting and from the difference between the cooling rates in the inner and outer
regions of the ingot. Fig. 5.2 shows the microstructure of the ECAE ZA85 alloy. After
six ECAE passes at 180 °C, the average grain size was significantly reduced to 4 um,
as shown in Fig. 5.2 (a). The mechanism of grain refinement for Mg alloys by ECAE
was dynamic recrystallization (DRX) [15,22,23]. DRX led to the production of
equiaxed grains with a high fraction of high—angle grain boundaries. In addition,
defects such as blow holes and shrinkage voids were totally eliminated by ECAE. The
precipitate size was also refined during the ECAE process; it was greatly reduced to
an average of 1 um with uniform distribution after six ECAE passes at 180 °C, as
shown in Fig. 5.2 (b).

The ECAE samples were subjected to a static annealing treatment for 1 h at
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selected temperatures ranging from 200 to 400 °C to investigate the thermal stability
of the fine—grained structure. The results are shown in Figs. 5.3 and 5.4 and it is
apparent that there was reasonable grain stability up to 325 °C; however, at higher
temperatures, there was grain growth yielding grain sizes of ~13.7, ~21.0, and ~36.5
um after annealing at 350, 375, and 400 °C, respectively. The SEM micrographs (Fig.
5.4) show the microstructures of the ECAE samples after annealing at 300, 350, and
400 °C. After annealing at 300 °C for 1 h, the average grain size merely increased to
7.1 um, which is still desirable for superplastic deformation. This thermal stability of
the fine—grained structure at the temperatures at or below 325 °C is attributed to the
presence of the fine and. well-distributed t—phase, which inhibits grain—boundary
migration. With the annealing temperature higher than 350 °C, the average grain size
increased to above 10 um and the fine precipitates were gradually dissolved into the
matrix. Fig. 5.4 (c) shows that after annealing for 1 h at 400 °C, the fine precipitates
were hardly observed in the microstructure and the average grain size increased to
36.5 um.

Fig. 5.5 shows the stress versus elongation to failure for samples processed by
six ECAE passes at 180 °C and then pulled to failure in tension at temperatures
ranging from 250 to 400 °C with the initial strain rates from 1.0 x 102 to 1.0 x 10™s™.
The outer appearance of the testing specimens is illustrated in Fig. 5.6, where the
upper specimen is untested and the other specimens were pulled to failure under the
selected conditions. A maximum elongation of 400% was achieved at 300 °C with the
initial strain rate of 1.0 x 10™s™. The necking phenomenon observed in the specimens
tested at 300 and 350 °C with initial strain rates of 1.0 x 10°sand 1.0 x 10*s™is
very similar to that previously reported for Mg-based alloys [9,24]. It is worth
mentioning that the flow stress was relatively uniform without apparent strain

hardening when testing at higher temperatures with slower initial strain rates. This
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phenomenon is ascribed to the occurrence of strain softening under higher
temperatures and slower initial strain rates, which compensated for the effect of strain
hardening.

Fig. 5.7 shows the elongation to failure versus the initial strain rate for the ECAE
samples. The inspection of Fig. 5.7 provides five significant trends. First, the
maximum elongation achieved at each temperature tends to increase with temperature
up to 300 °C, but decreases at higher temperatures of 350 and 400 °C. This is
attributed to the rapid grain growth occurring above 350 °C, as demonstrated in Figs.
5.3 and 5.4. Second, the elongations generally increase with decreasing initial strain
rates, except at 400 °C.where the peak elongation is achieved at 1.0 x 10°s™, and the
elongation decreases when the initial strain rate is reduced to 1.0 x 10™*s™. Third, for
testing temperatures of 350 and 400 °C, higher elongations are achieved at the initial
strain_rate of 1.0 x 10%s™ with a testing temperature of 400 °C, but the situation
reverses for initial strain rates at and below 1.0 x 10°s™. The higher elongation
achieved at 400 °C with the higher initial strain rate of 1.0 x 10 s™is ascribed to the
short testing time that limits grain growth within the specimens during tensile testing.
On the other hand, the slower strain rate allows grains to have sufficient time to grow,
leading to a reduction in the elongations when tested at 400 °C in comparison with the
tests conducted at 350 °C. Fourth, the melting temperature of the ZA85 alloy is about
570 °C [25]. At 300 °C, which corresponds to 0.53 T, elongations to failure of 147%
and 400% are obtained with initial strain rates of 1.0 x 10® s* and 1.0 x 10 s,
respectively. Even at the lower temperature of 250 °C, which corresponds to 0.44 T,
elongation to failure of 205% is achieved with the initial strain rate of 1.0 x 10 s™.
These results clearly demonstrate the occurrence of LTSP in the experimental alloy.
The presence of LTSP is an attractive property in Mg alloys because of their

susceptibility to surface oxidation when formed at elevated temperatures and their low
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formability at temperatures close to RT. Fifth, at a testing temperature of 400 °C, an
elongation to failure of 113% is achieved with the initial strain rate of 1.0 x 10?2 s,
which indicates HSRSP in the experimental alloy. Therefore, after the ECAE process
at 180 °C with six passes, the ZA85 alloy exhibits both LTSP and HSRSP.

Fig. 5.8 shows the flow stress versus the initial strain rate for the experimental
alloy under the selected testing conditions. The strain rate sensitivity exponent (m
value), which is obtained from the slopes of the fitted lines, is an important parameter
during superplastic deformation. Superplastic deformation is an integrated process
that combines GBS, dislocation movement, and diffusion in intracrystalline. The m
value represents the proportion.of GBS, and it is well known that high strain rate
sensitivity (usually m >0.33) is a characteristic of superplastic metals and alloys
[26]. The stress.exponent (n value), which is reciprocal of the m value, was calculated
to determine superplastic deformation mechanism of the experimental alloy. The
results show that the m values were all larger than 0.33 with the initial strain rate
ranging from 1.0 x 10#s™ t0'1.0 x 107 s at all testing temperatures except at 250 °C.
The m values of 0.55 and 0.45 corresponding to n = 1.81 and 2.22 were obtained with
the initial strain rate ranging from 1.0 x 10 s™ to 1.0 x 10 s* at 300 and 350 °C,
respectively. It has been reported that the n value of the GBS and the dislocation creep
mechanisms are 2 and 3, respectively [26,27]. Therefore, the superplastic deformation
mechanism for the specimens tested at 300 and 350 °C with the initial strain rate
ranging from 1.0 x 10* s t0 1.0 x 10 s is GBS. At 400 °C, the n value is 3.03 (m =
0.33), which means that the superplastic deformation mechanism is dislocation creep.

It has been reported that GBS is accommodated by slip assisted by diffusion [28].
To understand the mechanism during the superplastic process, the activation energy
for the superplastic deformation was calculated under constant strain rate using the

following formula [29]:
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where Q is the apparent activation energy, n is the stress exponent, R is the gas
constant (R = 8.31 J/(K-mol)), o is the true stress, and T is the absolute temperature. It
has been reported that the activation energy in Mg alloys for grain boundary diffusion
and for lattice diffusion are 92 and 135 kJ mol™, respectively [30,31]. According to
the relationship of Ing versus 1/T at different strain rates during the deformation, the
activation energy Q in the ECAE ZA85 alloy tested with the initial strain rate of 1.0 x
10™ s was calculated to be 88.5 kJ mol™, which is:very close to the value for grain
boundary diffusion. When increasing the initial strain rates to.1.0 x 10° s and 1.0 x
102 s, activation energies Q of 105 and 118 kJ mol™ were estimated, respectively,
which are higher than those for grain boundary diffusion but lower than those for
lattice diffusion. Therefore, the dominant deformation mechanism of the ECAE ZA85
alloy tested at temperatures ranging from 300 to 350 °C is GBS controlled by grain
boundary diffusion.

Fig. 5.9 shows the tensile fracture surface of the ECAE specimens tested with the
initial strain rate of 1.0 x 10 s™at 250, 300, 350, and 400 °C. In general, the failure
of Mg alloys is brittle through cleavages at RT because of their HCP structure. Fig.
5.9 (a) shows that the fracture surface for the ECAE sample tested at 250 °C with the
initial strain rate of 1.0 x 10°s™ showed mainly cleavages. Fig. 5.9 (b) shows that the
fracture surface consisted of some dimples and cleavages when tested at 300 °C with
the initial strain rate of 1.0 x 10° s™*. This means that the deformation of the
experimental alloy gradually transformed from brittle to ductile through thermal
activation. Fig. 5.9 (c) shows that the fracture surface totally changed to dimples when
tested at 350 °C with the initial strain rate of 1.0 x 10 s™. However, when increasing

the tensile testing temperature to 400 °C, the fracture surface consisted of some
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dimples and cleavages, as shown in Fig. 5.9 (d). This is attributed to the obvious grain
growth effect at 400 °C, which decreased the elongation to failure of the sample, as
can be seen in Fig. 5.7. Close inspection shows that the fraction of dimples in Fig. 5.9
(b) is less than that in Fig. 5.9 (d). This matches the value of the elongation to failure
in the materials shown in Fig. 5.7 with the value of the elongation that increases with

the increasing fraction of dimples.

5.4 Summary and Conclusions

1. By applying the ECAE process with six passes at 180 °C to the as—cast ZA85 alloy,
the average grain size was greatly reduced from ~150 pm to 4 um and the
precipitate size was also refined to an average of 1 pum with uniform distribution.

2. After annealing at 300 °C for 1 h; the average grain size only increased to 7.1 pm.
This thermal stability of the fine—grained structure at temperatures at or below 325
°C is attributed to the presence of the fine and well distributed t—phase.

3. A maximum elongation to failure of 400% was obtained for the ECAE ZA85 alloy
tested at 300 °C with the initial strain rate 0f 1.0 x 10*s*,

4. By testing over a range of temperatures and strain rates, it is shown that the ECAE
ZA85 alloy exhibits both LTSP (elongations of 147% and 400% at 300 °C with
initial strain rates of 1.0x 10 s*and 1.0 x 10™* s™, respectively; an elongation of
205% at 250 °C with the initial strain rate of 1.0 x 10 s™) and HSRSP (an
elongation of 113% at 400 °C with the initial strain rate of 1.0 x 102 s™).

5. In the ECAE processed ZA85 alloy, the dominant deformation mechanism for the
specimens tested at 300 and 350 °C with the initial strain rates ranging from 1.0 x
10*s?to 1.0 x 10° s is GBS controlled by grain boundary diffusion. At the
higher testing temperature of 400 °C, the deformation mechanism for the

experimental alloy is dislocation creep.
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Figure 5.2 (b)

Figure 5.2. (a) Optical micrograph and (b) SEM micrograph of the ZA85 alloy

fabricated by ECAE with six passes at 180 °C.
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Figure 5.3. Grain size versus annealing temperature after static annealing of the

material processed by ECAE with six passes at 180 °C.
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Figure 5.4 (b)
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Figure 5.4(c)

Figure 5.4. SEM micrographs of the ECAE proCessed ZA85'aIon after static

~annealing for 1 h at (a) 300, (b) 350, and (c) 400 °C.
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Figure 5.5. Stress versus elongation to failure for the ECAE processed ZA85 alloy at
the testing temperatures ranging from 250-400 °C with the initial strain

rates from 1.0 x 102t0 1.0 x 10™*s™.
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Tensile test results
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Figure 5.6. Appearance of the specimens processed by ECAE with six passes at 180
°C and subsequently tested in tensile to failure under the selected

conditions.
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Figure 5.7. Elongation to failure versus initial strain rate over a range of temperatures

for the ECAE processed ZA85 alloy.
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Figure 5.8. Flow stress versus initial strain rate over a range of temperatures for the

ECAE processed ZA85 alloy.
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Figure 5.9 (b)
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Figure 5.9 (d)

Figure 5.9. Tensile fracture surface of the ECAE processed specimens tested with the
initial strain rate of 1.0 x 10~ s at (a) 250, (b) 300, (c) 350, and (d) 400

°C, respectively.
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Chapter 6 Summary and Conclusions

In the present study, the microstructures and mechanical properties of the as—cast

ZA85 magnesium alloy were significantly improved by using equal-channel angular

extrusion (ECAE). Several interesting findings were obtained and are concluded as

bellow:

1.

In chapter 3, the average grain size under the as—cast condition (about 150 pm)
was significantly reduced to 4 um after six ECAE passes at 180 °C. The
grain—refinement mechanism of the experimental alloy fabricated by the ECAE
process is dynamic recrystallization. After one and two ECAE passes, the
microstructure was not. uniform, showing a “bimodal” grain size distribution;
however, it became more homogeneous with further ECAE passes. The precipitate
size was significantly reduced, from an average of 100 uym to 1 um, with
increasing number of ECAE passes and uniform distribution was obtained after
six passes. As for the mechanical properties of the experimental alloy, after six
ECAE passes at 180 °C, hardness increased from HRB 19 to HRB 46; the UTS,
YS, and elongation at room temperature (RT) increased to 402 MPa, 281 MPa,
and 6.4%, respectively; the UTS, YS, and elongation at 200 °C increased to 249
MPa, 162 MPa, and 28.5%, respectively.

In chapter 4, after the solution heat treatment (SHT), a large amount of t—phase
was dissolved into the a—Mg matrix, and X-ray diffraction analysis did not
indicate the presence of the t—phase in the solution—heat—treated specimens.
During the ECAE process, dynamic precipitation was observed to occur and
formed fine and well—distributed t=—phase with ~100 nm in size within the o—Mg

matrix. However, after six ECAE passes, some t—phase particles grew to ~300 nm
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and PFZs were clearly observed, which indicate overaging. The best mechanical
properties were found in the specimen fabricated by SHT + four ECAE passes. At
RT, the maximum hardness, UTS, and YS values of HRB 46, 415 MPa, and 284
MPa, respectively, were obtained. At 200 °C, the maximum UTS and YS of 261
MPa and 173 MPa, respectively, were reached. The strengthening factors for the
SHT + ECAE alloy are the grain refinement, precipitation hardening, and
presence of fine and well—distributed t—phase particles.

In chapter 5, after annealing at 300 °C for 1 h, the average grain size of the ZA85
alloy fabricated by six ECAE passes only increased from 4 to 7.1 pum. This
thermal stability of the fine-grained structure at temperatures at or below 325 °C
is attributed to the presence of the fine and well distributed t—phase. By testing
over a range of temperatures and strain rates, the ECAE processed ZA85 alloy
exhibits both low temperature superplasticity (elongations of 147% and 400% at
300 °C with initial strain rates of 1.0 x 10° s*and 1.0 x 10 s, respectively; an
elongation of 205% at 250 °C with the initial strain rate of 1.0 x 10™*s") and high
strain rate superplasticity (an elongation of 113% at 400 °C with the initial strain
rate of 1.0 x 10%s™). The dominant deformation mechanism for the specimens
tested at 300 and 350 °C with the initial strain rates ranging from 1.0 x 10* s to
1.0 x 10 s is GBS controlled by grain boundary diffusion. At the higher testing
temperature of 400 °C, the deformation mechanism for the experimental alloy is

dislocation creep.
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