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Abstract: The microstructure and mechanical properties of as-cast and as extruded Mg ZnY alloy (Mg 11% Znr

0.9% Y, mass fraction) containing M g3 Y Zns quasicrystal were studied. The eutectic icosahedral quasicrystal phase

(IFphase) is broken and almost distributes along the extrusion direction, and fine Fphase with nano-size is precipita-

ted during the extrusion. The ¢ Mg matrix grains are refined due to recrystallization occuring during the hot extru-
sion. Some {1012} twins are observed in the extruded ZW1101 alloy. And {0002} {1010’ fiber texture is formed in

matrix alloys after hot extrusion. The extruded alloy exhibits high strength in combination with large elongation at

room temperature. The strengthening mechanism of the as-extruded alloy was discussed.
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1 INTRODUCTION

Magnesium alloys have high potential as
structural materials because of their low density'" .
Considerable effort is currently being devoted to
the development of magnesium alloys with high
strength and ductility in order to satisfy the de-
mand for aerospace and outer space applications.
One way to strengthen magnesium alloys is to in-
troduce second phases in the alloys. Recently, it
was observed that a quasicrystalline icosahedral
phase ( IFphase) with chemical composition of
MgsREZns was formed as a second phase in the
a®Mg matrix during conventional solidification in
the Mg-Zn-RE alloy system'”™ . Quasicrystals are
isotropic and possess quasiperiodic lattice struc

Pl Due to the difficulty of the movement of

ture
dislocations in the quasicrystals at room and elevat-
ed temperatures, quasicrystals exhibit high hard-
ness and high strength!”. Therefore, quasicrystals
have been successfully used as strengthening pha-
ses in some structural materials, such as AFLr Cu-
Mg alloy'”, 12Cr9Nr4Mo maraging stainless
AFMu-Ce alloy'”, and MgZmrAFY

steel'®
[10]

alloy
However, the Fphase in the Mg-Zn-RE alloy

system was formed as a coarse eutectic structure on
solidification'” . In order to use the Fphase as a
strengthening phase, the I-phase should be broken
and distributed homogeneously in the alloy. Ther-

. 3 11, 12
momechanical processes such as hot rolling''" "

"I have been employed to the Mg

and extrusion
ZnrY alloys to achieve microstructural refinements
and improvement of mechanical properties. Bae et
al''' employed hot rolling at 400 C for Mg
4.3% 71 0.7% Y ( mole fraction) alloy to achieve a
yield strength of 220 MPa and ultimate tensile
strength of 370 M Pa with 17. 2% elongation in ten-
sile tests at ambient temperature. Higher yield
strength of 230 MPa and ultimate tensile strength
of 260 MPa with 20% elongation were obtained in
as-rolled Mg-5. 8% 7Zn-1.2% Y (mole fraction) alloy
by Taniuchi et al''?. On the other hand, Singh et
al'™ employed hot extrusion at 400 C for Mg
4.2% 71 0.8% Y ( mole fraction) alloy to achieve a
yield strength of 250 MPa and ultimate tensile
strength of 330 MPa with 19% elongation in tensile
tests at ambient temperature.

In this research, MgZn-Y alloy with higher
strength and ductility was developed by selecting
proper chemical composition of the Mg-Zn-Y alloy

and hot extrusion parameters. The microstruc
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ture, textures and mechanical properties of the g

Mg7ZnY alloy were investigated. The strengthe- o —g-Mg

ning mechanism of the as-extruded alloy was dis- * — I-phase

cussed also.
2 EXPERIMENTAL

The material used in this investigation was a
MgZmrY alloy having a composition of Mg-11%
Z10. 9% Y ( mass fraction) ( ASTM designation:
ZW1101). The alloy was initially produced by con-
ventional ingot casting under a dynamic SFs and
CO2 mixed gas atmosphere. The ingot was then
hot extruded at 350 C at a rate of 0. 2 m/ min to
give rectangular bars with 15 mm in thickness and
15 mm in width corresponding to a reduction ratio
of 97 1.

The microstructures of the as-cast and as
extruded alloy were examined with an Olympus
DP11 optical microscope(OM) and a Philips CM 12
transmission electron microscope (TEM) operated
at 120 kV. Thin foil specimens for TEM observa-
tion were prepared by a standard combination of
mechanical thinning and iombeam milling tech-
niques. Phase analyses were performed with a
Philips X Pert X-ray diffractometer ( XRD) with
Cu K. radiation. a

Pole figures of {0001} and {1010} of the as
extruded ZW 1101 alloy were measured using neu-

tron texture diffractometer TEX-2 in GKSS Re-

14 Cubic samples with

search Center of Germany
the size of 1 cm X 1 em X 1 ¢cm were prepared for the
neutron diffraction experiment by electro-discharge
cutting from the extruded alloy. The measurement
of textures was performed on the section perpen-
dicular to the extrusion direction.

Specimens for tensile tests were machined
from the as-cast and as-extruded alloys. The speci-
mens have a gauge length of 15 mm and cross
sectional areas of 6 mm X2 mm. Tensile tests were
performed at room temperature using an Instron
5569 universal test machine at a crosshead speed of
1 mm/ min. The tensile axis was selected to be par-
allel to the extrusion direction for the as-extruded
alloy.

3 RESULTS AND DISCUSSION

3.1 Microstructure of as cast ZW1101 magnesium
alloy

The XRD pattern of the as-cast ZW 1101 alloy
is shown in Fig. 1. The peak analysis reveals that
the alloy consists of two phases of Mg and icosa
hedral quasicrystal phase (IFphase).

Fig. 2 shows the typical microstructure of the
as-cast ZW 1101 alloy. The alloy exhibits dendritic

solidification structure, and the grain sizes of the

20/(°)

Fig. 1 XRD pattern of as-cast ZW 1101 alloy

Fig.2 Typical optical microstructures of
as-cast ZW 1101 alloy

(a) —Lower magnification;
(b) —Higher magnification

a®Mg are in the range of 80~ 120 Hm, as shown in
Fig. 2(a).

dendritic region are clearly observed in Fig. 2(b).

Eutectic IFphases located in the inter-

The volume fraction of the IFphase in the alloy is
about 10% .

To further confirm the existence of the I
phase, TEM observation was performed for the as-



Vol 15 Ne4 Microstructure and mechanical properties of quasicrystakreinforced M g-ZnmY alloy - 717 -

cast ZW 1101 magnesium alloy. Fig. 3 shows the
TEM morphology and its selected area diffraction
patterns (SADP). In Figs. 3(b) 7(d), the SADPs
taken from the eutectic lamellar phase show 2-, 3
and 5fold symmetries, respectively, which is a
distinct characteristic of the icosahedral quasr
crystalline phase (I-phase) .
a A

»( 2':&

3.2 Microstructure of as-extruded ZW1101 magne-
sium alloy

Fig. 4 shows the typical microstructures of the

as~extruded ZW 1101 magnesium alloy. Figs. 4( a)

and (c¢) are the micrographs on the section parallel

to the extrusion direction, while Figs. 4(b) and

(d) are the micrographs on the section perpendr

Fig.3 TEM micrographs of eutectic I-phase
(a) —Bright field image;
(b), (c¢) and (d) —SADP from Fphase exhibiting 2-fold, 3-fold and 5fold symmetry, respectively

Fig. 4 Optical micrographs of as-extruded ZW 1101 magnesium alloy on sections
(a), (c) —Parallel to extrusion direction; (b), (d) —Perpendicular to extrusion direction
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cular to the extrusion direction. It is obvious that
the I-phases are distributed homogeneously in the
as-extruded alloy compared with the as-cast alloy.
The eutectic pockets are broken into small particles
due to the brittleness of the I-phase. Most of the I
phase particles are dispersed on the refined grain
boundaries, while some I-phase particles are also
observed inside the grains. Bands of small IFphase
particles are observed to be oriented approximately
parallel to the extrusion direction, as shown in
Figs.4(b) and (d). The average grain size in the
as-extruded alloy is measured as about 12 Bm. The
grain boundaries are well-defined and the grains are
reasonably equiaxed, suggesting that dynamic re-
crystallization( DRX) takes place during the extru-
sion at 350 C. Some fine DRX grains are formed
around the Fphase particles, indicating that the

R

IFphase particles stimulate nucleation for DRX dur-
ing hot extrusion. In addition, some twins are ob-
served in the as-extruded alloy.

Fig. 5 shows the TEM micrographs of the as
extruded ZW 1101 alloy. As shown in Fig. 5(a),
the eutectic FFphases are broken into fine irregular
shaped particles of 1 = 2Hm in size. Some DRX
grains are observed clearly around the I-phase par
ticles. Dutta et al'" pointed out that the fracture
of the particles and the degradation of the particle
matrix interface occur during hot working of SiC,/
5083A1 composite. In this work, the IFphase parti-
cles are broken by hot extrusion, however, no cav-
ity and crack are observed at the I-phase/ Mg in-
terface in the ZW 1101 alloy after hot extrusion, in
spite of the different strength and plastic deforma-

tion behavior of Fphase and aMg. Fig. 5(b) shows

.
e T

Fig.5 TEM micrographs of as-extruded ZW 1101 magnesium alloy
(a) —Broken Fphase particles; (b) —Twin; (¢) —5fold SADP of I-phase particle; (d) —SADP of twin
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a twin in the as-extruded alloy. The SADP analysis
shown in Fig. 5(d) indicates the twin occurs on the
{1012} plane. Furthermore, very fine particles
with the size less than 100 nm are precipitated in
the as-extruded ZW 1101 alloy, as shown in Figs. 5
(a) and (b).
been observed to form during hot extrusion and hot
rolling of MgZnY alloy systems''" "', This sug-

The fine I-phase precipitates have

gests that the fine precipitates formed in the as ex-

truded ZW 1101 alloy may also be IFphase.

3.3 Texture in as extruded ZW1101 magnesium al-
loy _

The {0001} and {1010} pole figures of the as
extruded ZW 1101 alloy are shown in Figs. 6 (a)
and (b), respectively. It is evident that {0001}
basal planes and (1010) directions in most grains
are distributed parallelly to the extrusion direction

(ED). That is, _lfge as~extruded ZW1101 alloy

H
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Fig. 6 Textures in as-extruded
ZW 1101 magnesium alloy
(a) —Pole figure of {0001} plane;
(b) —Pole figure of { IOTO} plane

exhibits an ED /I (1010) fiber texture. Similar
tendency of basal planes lying parallelly to the ex-
trusion direction after extrusion has been observed
1o This indicates that the
presence of I-phase does not change the nature of

in many Mg alloys
the extrusion texture of magnesium alloys.

3.4 Tensile properties of ZW1101 magnesium alloy

Fig. 7 shows the typical tensile stress —strain
curves of the as-cast and as-extruded ZW 1101 mag-
nesium alloys. The tensile properties of the as-cast
and as-extruded ZW 1101 alloys are listed in Table
1. The as-cast alloy shows a premature failure with
straining, and exhibits very low tensile strength
and low elongation to failure. Both the coarse grain
size and the network distribution of eutectic
FFphase are responsible for the poor tensile proper
ties of the as-cast alloy.

400
As-extruded
300
[+1
s
% 200
g
w2
100 ( As-cast
0 5 10 15 20 25
Strain/%

Fig.7 Stress —strain curves of as-cast and
as~extruded ZW 1101 magnesium alloys

Table 1 M echanical properties of as-cast and
as—extruded ZW 1101 magnesium alloy

M aterial .2/ 9/ Elongation to
areta MPa MPa failure/ %
A s cast 89 105 0.8
As extruded 273 376 19.1

It can be found that both tensile strength and
elongation are improved significantly after hot ex-
trusion, and the as-extruded alloy experiences ob-
vious strain hardening before fracture. The as
extruded allov exhibits vield streneth of 273 MPa
and ultimate tensile strength of 376 MPa with 19%
elongation. Both the tensile strength and elonga-
tion of the as-extruded ZW 1101 alloy obtained in
this research are superior to those of the other hot
processed Mg-Zn-Y alloys developed by other re-
searchers' '™,

The excellent tensile properties of the extru-
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ded ZW 1101 alloy may be attributed to the follow-
ing factors, such as the size and distribution of the
fine Fphase particles, grain refinement, texture
and twinning.

The main strengthening phase in the extruded
ZW1101 alloy is Fphase, which exists in two
forms: small broken particles distributed parallelly
to the extrusion direction, and fine precipitates
with nano-size distributed homogeneously in the
matrix. The high symmetry and quasiperiodicity of
quasicrystal ensure a good atomic match at the in-
terface between quasicrystal and magnesium ma-

U] Therefore, the interfacial energy between

trix
I-phase and magnesium matrix is low, and the qua-
sicrystaFM g matrix interface is very stable with
high interfacial bonding strength'''. The strong I
phase/ Mg matrix interface may allow effective load
transfer from the matrix to IFphase. After extru-
sion, Iphase particles in the alloy are mainly dis-
tributed along the extrusion direction. Since the
tensile direction is parallel to the extrusion direc
tion, the unidirectional distribution of Iphase is
beneficial to tensile strength. In addition, the bro-
ken IFphase particles and the fine Fphase precipi-
tates can provide effective obstacles to dislocation

" and have a dis-

movement during deformation'”
persive strengthening effect on the alloy. Further-
more, the stable quasicrystalkmatrix interface with

1 can provide the im-

a low interfacial energy
proved elongation in the as-extruded alloy.

The influence of the grain size on the yield
stress can be estimated using a standard H alkPetch
equation of the form: AG.= kd™"?

constant. According to Armstrong’S analysis[1

, where k is a
9l
there is a relationship between HallPetch constant
k and the Taylor factor M, that is, k o< M*T,
where T. is the shear stress required to operate a
dislocation source in the slip plane of the source.
The Taylor factor M generally depends on the
number of the slip systems. Because the slip sys-
tems are limited and the Taylor factor is larger for
hep metals than that for fee and bee metals, hep
metals exhibit the strong influence of grain size on
strength. Therefore, grain refinement due to dy-
namic recrystallization gives rise to a large increase
in strength for as-extruded ZW 1101 alloy.

Texture strongly affects the mechanical prop-
erties of magnesium alloys because the crystallog-
raphy orientation has a significant relationship to
slip and twining systems which correspond to the
[ {0001} basal planes in most
grains are distributed parallelly to the extrusion di-
rection in the as-extruded ZW 1101 alloy. This kind

of texture is unfavorable for the occurrence of basal

deformation modes

slip when the tensile direction is parallel to the ex-
Therefore, the
strengthened.

trusion direction. as—extruded

ZW1101 alloy s

Considerable

strengthening was also achieved in other extruded
or rolled magnesium alloys by having intense basal

1 " Twin boundaries can block dislocation

texture
movement during plastic deformation'’”. There-
fore, twins in the as-extruded ZW1101 alloy can
also strengthen the alloy. Recent researches'™ in-
dicated that the grain boundaries could not only re-
sist dislocation motion upon plastic deformation
but also absorb dislocations at twin boundaries.
approach to

strengthen metals with fine grain size while keep-

This may provide an effective

ing an impressive ductility.
4 CONCLUSIONS

1) The asextruded ZW 1101 alloy exhibits
yield strength of 273 MPa and ultimate tensile
strength of 376 MPa with 19% elongation, which
are much higher than those of the as-cast alloy.

2) After hot extrusion, the aMg matrix
grains are significantly refined due to dynamic re-
crystallization, the eutectic I-phases network in the
as-cast alloy are broken and almost distributed
along the extrusion direction, and fine I-phase with
nano-size is precipitated. And {0002} {1010 fiber
texture is formed in the as-extruded ZW 1101 alloy.

3) The excellent tensile properties of the ex-
truded ZW1101 alloy is mainly attributed to the
strengthening mechanisms due to dispersed I-phase
particles and fine precipitates, grain refinement
and basal texture.
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