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The thermal stability of the Mg—Zn-Si magnesium alloy is investigated. The Mg-Zn-Si
magnesium alloy was deformed using the ECAP process at a deformation temperature of 573 K
under angular extrusion. Using the methods of optical microscopy, X-ray diffractometry,
electron microscopy, and transmission electron microscopy, the characteristics of the micro-
structure of a deformed magnesium alloy Mg—Zn-Si are studied. The mechanical properties of
the deformed alloy were tensile tested at room temperature, and creep was studied at high
temperature. The results show that the a—Mg matrix, the MgZn phase and the Mg,Si phase are
purified and evenly distributed with an increase in the extrusion pass number. Refining of the
o—Mg matrix is generated after 1-pass of extrusion. The size of o—Mg decreased to 5-10 pm
after 4-pass extrusion, and the grain size was uniform. The dendrite of the Mg,Si phase was
granular in the initial position after 2-pass extrusion, and the dispersed distribution of the
Mg,Si phase was generated after 6-pass extrusion and 8-pass extrusion. The yield strength and
tensile strength of the alloy were increased by 120 % after 4-pass extrusion, and the elongation
of the alloy increased by 353 % . After 8-pass extrusion, the tensile strength and elongation of
the alloy did not change much compared to 4-pass extrusion, but the yield strength was further
increased by 19 %. As the extrusion pass number increases, the creep resistance at high
temperature increases, and the constant creep rate decreases five times after 8 passes. The
mechanism of grinding of the Mg,Si phase consists in shear mechanical fragmentation.

Keywords: equal channel angular extrusion (ECAP), Mg,Si Vehicle Magnesium Alloy,
mechanical properties, microstructure, Mg,Si phase.

WccnenoBana TepMOCTOMKOCTL MarHumeBoro criaBa Mg—Zn—Si. Maruuessiit cias Mg—Zn-Si
6171 medopMupoBaH ¢ oMoILio mpotiecca ECAP B yemoBuax TeMnepatypsl gedopmanum 573 K
U YIVIOBOM 3KCTpy3uu. MceelegoBAaHLI XapaKTEePUCTUKN MUKPOCTPYKTYPLI Ae()OpMUPOBAHHOTO
marauesoro ciuiapa Mg—Zn—Si. Mexannueckue cpoiicTBa LepOPMUPOBAHHOIO CILIABA KUCIIBITAHBI
HA PACTAMKeHIe IIpU KOMHATHOI TeMmieparype. VcciegoBaHa II0J3yYeCTb IIPU BbICOKOI TeMIepa-
Type. Pesynprarer mokaseiaior, uro marpuna o—Mg, dasa MgZn u dasa Mg,Si ounmarorca u
PaBHOMEPHO PACIIPEAEIATCA ¢ YBEANYEHNEeM IIPOXOJ0B SKCTPYs3uu. PauHUpoBaHNe MaTPUILI
o—Mg npoucxomur mocme 1 mpoxoma sxcrpysum. Pasmep o—Mg ymembmuics go 5-10 mrm
mocjie 4-IIPOXOJHOHN DKCTPYSUM, PasMep 3epHa GbL1 ogHOpoaHEIM. denapur dassr Mg,Si seprmc-
TBII B MCXOMHOM IIOJIOMKEHUM TIOCJe 2-TIPOXOLHON SKCTPY3UM; AUCIIEPCHOe pacipeenene (pasbl
Mg,Si remepupyerca mocae 6 u 8-mpoxonuoii srcTpysuit. Ilpemen TeKydecTy 1 Ipees MPOUHOC-
Tu ciiaBa yseamuensl Ha 120 % mocie 4-MpOXOmHON SKCTPY3HH, YIJUHEHUE CILIABA YBEJIHUH-
aoch Ha 353 %. Ilocie 8-mpoXoaHON SKCTPY3HH MIPOYHOCTH HA PACTSIKEHNE M OTHOCHUTEIbHOE
VIJHHEHNE CILJIABA MAJ0 M3MEHUJINCh II0 CPAaBHEHMNIO C 4-IIPOXOJHON SKCTPY3Uel, HO IIpemel
TEKYUYeCT! NOLOJHUTENBHO yBeanuuBaercd Ha 19 % . C yBenudeHreM npoxopa sKCTPYSUU COIPO-
TUBJIEHUE II0J3YyYEeCT! IIPYU BBICOKOM TEeMIIEpPATYpPe YBEJIUIMBAETCH, a IIOCTOSHHAS CKOPOCTDH IIOJI-
3y4YecTH yMEHBIIAeTCA B MATh pas Hocte 8 mpoxonosB. Mexammsm msmensuenus (assr Mg,Si
3aKJII0YAETCA B MEXaHUUYECKOU (pparMeHTAlMU IIPU CABUrE.
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Hocaig:xeHHA BILTHBY KYyTOBOI €KCTPY3ii Ha MIKPOCTPYKTYpPY i BaacTHBOCTI MarfieBoro
coaasy Mg,Si. F.Shen.

IMocaigxeno tepmocrifikicrs maruiesoro cmiasy Mg—Zn-Si. Maruiesuii cunae Mg—Zn-Si
nedopmoBaHo 3a gomomoroi npouecy ECAP B ymoBax remueparypu gedopmanii 573 K i
KyTOoBOI ekcTpydii. MetogamMmu onTuvHOl MiKpocKoIii, pedrreHiBcbKol AudpaKTomMerpii, enex-
TPOHHOI MiKpocKomii, 1110 HpocBiuye, eIeKTPOHHOI MiKPOCKOMIl moCaigKeHo XxapaKTepUCTUKU
MikpocTpyKTypu nedopmoBaHoro marsiesoro cmiaBy Mg-Zn-Si. Mexaniuui Bracrusocti me-
(GOPMOBAHOr0 CILIABY BUIIPOOYBAHO HA PO3TAr IPH KiMHaTHIN TemIieparypi, ZociimxysaJsaacs
noB3ydicTs mpu BHCOKi# Temueparypi. Pesyabraru moxasyiors, 1o marpuis o—Mg, dasa
MgZn i dasa Mg,Si oummalorscss i piBHOMIpHO posmoginarorbes 3i 36iABIIEHHAM IPOXOLY
ekcrpysii. PadinyBanua pmeaxoi marpuni o—Mg remepyerbes micasi 1 mpoxomy excrpysii.
Posmip 0—Mg smenmuBes go 5-10 mxm micis 4-npoxigmoi ekcrpysii, i posmip sepuna Gys
opuopigaum. Memgpur dasu MQ,Si seprucTHil B HOUATKOBOMY HOJOXeHHI micis 2-mpoxigmoi
excrpysii, i gucnepcuuii posnonin dasu Mg,Si remepyersca micns 6-mpoxigmoi i 8-mpoxigmoi
exkcrpysii. Mexxa numuaHOCTI 1 Mexxa minmsocri crmasy sGinbineni Ha 120 % nicas 4-mpoxigHol
excTpysii, a momoB:keHHA cIaBy s0iapmmiaoca Ha 353 % . Ilicama 8-mpoxizmoi excrpysii
MiI[HiCTE HA POSTATHEHHA i BigHOCHE MOMOB)KEHHSA CILJIABY MAJ0 3MIiHMINCA y IOPIBHAHHI 3
4-poXiZHOI EKCTPysico, ase MeXy ILIMHHOCTL nomarxoBo 36inbmieno Ha 19 %. 31 s6iabiieH-
HAM IIPOXOAY €KCTPyaii omip moBayvocTi IIpy BHCOKiHM Temmeparypi a0iibiyerhesi, a HocCTiliHa
MIBUAKICTD IIOB3YUOCTI S8MEHIIYETbCA y II’ATb pasiB micaa 8 mpoxoxis. Mexanism moxpiGHeHHSA

dasu Mg,Si nonarae y mexanmiuniit ¢pparmenranii npu scysi.

1. Introduction

Magnesium and Vehicle Magnesium Al-
loys are one of the most promising light-
weight materials with the advantages of low
density, high specific strength and specific
stiffness, excellent shock absorption, excel-
lent damping, excellent electromagnetic
shielding and environmental friendliness
[1]. Up to now, high-performance Vehicle
Magnesium Alloys have been widely used in
aerospace industry, motor vehicles, elec-
tronic information materials and other
fields. However, the application of Vehicle
Magnesium Alloys is greatly restricted due
to their own deficiencies, such as low
strength, poor plastic deformation ability,
poor high temperature performance, poor
corrosion resistance and poor formability,
etc. Among them, improving the high tem-
perature properties of Vehicle Magnesium
Alloys becomes an important research direc-
tion [2]. At the same time, the high cost of
high-performance Vehicle Magnesium Alloys
limits the their further promotion and ap-
plication, so the development of a low cost
and excellent properties of Vehicle Magne-
sium Alloys is a hot topic in the field of
materials [3].

Therefore, on the basis of previous stud-
ies, an ECAP deformation mechanism for
refinement of Mg,Si phase in Mg-Zn-Si
alloy, and the mechanism of influence of
relative high temperature on creep proper-
ties of Mg,Si were studied in this paper.

Equal channel angular extrusion (ECAP)
is a material processing technology invented
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by a former Soviet scientist Segal in the
1970s. It is one of the effective methods to
obtain sub-micron ultra-fine grain materials
and nano-materials [4]. Since then, the
ECAP technology has been used to deform
aluminum alloy, titanium alloy, copper
alloy and Vehicle Magnesium Alloy; the
grain refinement of the materials has been
successfully realized and the properties of
the materials have been improved. The mi-
crostructure of pure magnesium after one
pass of the ECAP deformation was studied
by Majdi et al. It was found that the grain
size of the material after the deformation
was significantly finer than that of the
coarse grain before the deformation [5]. In
order to study the effect of the ECAP defor-
mation passes on the microstructure and
properties of the materials at room tem-
perature, Ghandvar et al. realized 8 pass
deformations with pure aluminum rods as
test materials [6]. The results show that
there is no difference in grain size between
cross-section and longitudinal section after
the 8-pass deformation, and the yield
strength of the material after the 4-pass
deformation reaches the maximum value
[7]. In addition, the ECAP allows one to
obtain the microstructure of ultra-fine
grained materials, and to carry out the
multi-pass extrusion deformation without
changing the shape of the materials. At the
same time, it can also heel the microstruc-
ture defects such as micropores and improve
the compactness of the materials, etc. [8].

Functional materials, 26, 4, 2019
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Fig. 1. Microstructure of experimental cast alloy.

2. Experimental

2.1 Studying materials and reagents

The Vehicle Magnesium Alloy used in this
paper is a self-made alloy, which is melted in
a SG-5-12 well crucible resistance furnace.
The actual composition (mass fraction / %) of
the alloy is 4.9 Zn, 1.0 Si, and the remainder
is Mg. The ingot was cut into extrusion speci-
men of 55 mmx10 mmx100 mm. The speci-
men was extruded at 573 K by C path 1-8
pass extrusion, by using Equal Channel An-
gular Extrusion die with an internal angle of
90° and a diplomatic angle of 20°. The metal-
lographic sample was intercepted from the
middle of the extruded sample. The corrosion
agents of picric acid (6 g picric acid + 78 mL
alcohol + 7 mL distilled water + 10 mL gla-
cial acetic acid) were prepared. The micro-
structure was observed by CMM-20 optical
microscope. The tensile test sample was cut
along the extrusion direction, and the di-
mension at the standard distance was
40 mmx4.5 mmx2 mm. The tensile test was
carried out with the DNS100 electronic uni-
versal tester, and the tensile rate was
0.5 mm/min [9]. A KY2-2000 X-ray diffrac-
tometer (XRD) was used to analyze the
phase composition, a JSM6700-F scanning
electron microscope was used to observe the
fracture morphology, a JEM2000EX type
transmission electron microscope was used
to observe the microstructure and disloca-
tion configuration in the micro-region. The
YHD displacement gauge and YE2539 high-
speed static strain gauge were used to test
creep resistance at high temperature [10].

2.2 Research equipment

The main equipment used for melting
alloy: the melting furnace adopts SXZ-5-2
type well crucible resistance furnace, and
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Fig. 2. Phase analysis spectrum of as-cast alloy.

its rated power is P = 7 kW, rated tempera-
ture T = 1473 K [11]. The type of tempera-
ture control box is the KSW-3-11 tempera-
ture controller, and the type of drying
equipment is 101A-2 type blast oven. Before
melting, the raw materials and the ground
covering and refining agents (as shown in
Table 2-2) are put into the drying oven and
adjusted to 428 K to dry the raw materials.
During the melting process, a mixture of
carbon dioxide (CO,) and sulphur
hexafluoride (SFg) is used as a protective
gas, and the two gases are first mixed uni-

Table 1. Energy spectrum analysis of phase
components in Fig. 1(b), (at. %)

Position Mg Zn Si
A 67.7 0.2 32.1
B 49.2 50.8 0
C 63.1 36.9 0
D 96.4 1.8 2.2
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S0 pm

formly (VCO,/VSFg = 40/1) in the mixing
cylinder. The mixture is then put into the
melting furnace to protect the molten alloy
from oxidation [12]. After melting, the mol-
ten liquid is poured into the cylindrical die
(shown in Fig. 2, 8). The bar was cut into
samples of 12.8 mmx12.3 mmx55 mm by a
DK7728 EDM numerical control wire cut-
ting machine. Before the extrusion defor-
mation test, the samples to be extruded were
grinded step by step with 400, 600, 1200,
250 # sandpaper in order to remove the oxide
layer on the sample surface, and then the
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Fig. 3. Metallographic structure of specimen
after different number of extrusion passes.

equal channel angular extrusion die was
used for ECAP deformation at 573 K. The
middle part of the deformed sample was inter-

Table 2. Mechanical properties of as-cast
and 4 and 8-pass extruded alloy at room

temperature

Passes o, MPa G,, MPa S, Y%
as-cast 56 128 3.2
4 passes 123 282 14.5
8 passes 146 283 14.2

Functional materials, 26, 4, 2019
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cepted and polished and corroded (see Table
2—3 for the composition of the corrosion in-
hibitor). The microstructure and phase compo-
sition were observed by the DM2700MRL opti-
cal microscope (OM), JSM6700-F scanning
electron microscope and (SEM), KY2-2000 X-
ray diffractometer, respectively.

3. Results and discission

The experimental results are shown in
Fig. 1, Fig. 2 and Table 1. Table 1 shows
the energy spectrum results of the phase in
Fig. 1(b). The MgZn phase is distributed dis-
continuously on the grain boundary and o—Mg
dendrite boundary. The Mg,Si phase is dis-
tributed in the shape of Chinese characters
within and near the grain boundary. The
o—Mg grain size of the matrix is 100 ~
200 um, and the primary dendrite length of
the Mg,Si phase is up to 80 pm. Fig. 3
shows the microstructure of ECAP deforma-
tion after 1, 2, 4, 6, 8 passes. As can be
seen from Fig. 3(a), after one pass of defor-
mation, the o—Mg matrix is refined to 20—
50 um, and the MgZn phase is refined into
fine particles. After 2 passes, the o—Mg ma-
trix was further refined, and all the den-
drites of Mg,Si phase were broken into
granular shape. The particles of Mg,Si
phase were concentrated in the original po-
sition, and with the increase of the extru-
sion pass number, the particles of Mg,Si
phase tended to dispersive distribution. As
shown in Fig. 3(c), (d), (e), the MgZn phase
is further refined and tends to be uniformly
distributed. After 4 passes, the o—Mg ma-
trix is refined to 5-10 um, and the grain
size tends to be uniform; the particles of
the Mg,Si phase are further fragmented,
and some of them leave the original position
and tend to dispersive distribution. After 6
and 8 passes of the extrusion, most of a—Mg
grains of the matrix are about 5 um. A few
of the grains grow up abnormally, and the
Mg,Si phase particles become very fine and
distributed in a dispersive form.

The mechanism of a—Mg refinement by
the ECAP deformation is continuous dy-
namic recrystallization, which has been re-
ported by many authors. A part of grain
refinement after one pass is due to the dis-
continuous, pure shear deformation of the
ECAP deformation. Due to non-uniform de-
formation, shear bands appear in some grains
(as shown in Fig. 4); high-density dislocation
entanglement in the shear bands provides en-
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Fig. 4. Shear band structure of experimental
alloy formed by ECAP.

ergy conditions for dynamic recrystalliza-
tion resulting in uneven grain size.

Fig. 5 shows the Mg,Si phase morphology
in the ECAP deformation; Fig. 5(a) is a
TEM photograph of the experimental alloy,
Fig. 5(b) is an EDS spectrum of the e-point
in Fig. 5(a), and the conjugation phase
analysis (Fig. 2) shows that the particles in
Fig. 5 (a) are the result of Mg,Si brittle-
ness, since this phase is prone to brittle
fracture when subjected to stress. The
shear-slip band formed in the a—Mg matrix
is hindered by the Mg,Si phase in the proc-
ess of expansion, and dislocations accumu-
late in Mg,Si to produce stress concentra-
tion. When the dislocations in the plug
reach a sufficient number, the total stress
generated is sufficient to cause cracks in
the Mg,Si phase, resulting in shear separa-
tion. As shown in Fig. 5(a), (c), the Mg,Si
phase broken by mechanical shear gradually
tends to disperse with the increase of the
extrusion pass number; as shown in Fig.
5(d), like the a—Mg matrix, the Mg,Si phase
particles cannot be fine infinitely. When
the critical stress required for brittle frac-
ture of fine particles is greater than the
applied stress, the Mg,Si phase particles
will not fracture but remain within a cer-
tain size range, as shown in Fig. 5.

The mechanical properties of the experi-
mental alloys at room temperature are
shown in Table 2 and Fig. 6. The as-cast
alloy has yield strength of 56 MPA, tensile
strength of 128 MPA and elongation of
3.2 % because of the strong action of the
Mg,Si phase on the splitting of the matrix
and easy producing stress concentration.
After the 4-pass extrusion, the oa—Mg ma-
trix is refined, the Mg,Si and MgZn phases
are not only refined but also tend to disper-
sive distribution, and mechanical properties
are greatly improved. After the 8-pass ex-
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Fig. 5. Morphology change of Mg,Si phase after deformation by ECAP.

trusion, the o—Mg matrix does not change
much compared with the result of 4 passes.
However, the distributions of the Mg,Si and
MgZn phases are more uniform; the Mg,Si
phase particles become obtuse, the MgZn
phase particles become round and the sec-
ond phase has better strengthening effect,
so the yield strength is further improved.
As can also be seen from Fig. 6, after 4 and
8 passes of deformation the stress-strain
curve shows a serrated shape which may be
due to the sawtooth yield phenomenon
caused by dynamic strain aging; this result
needs to be further studied.

Fig. 7 shows the tensile fracture mor-
phology of the experimental alloy at room
temperature. The tensile fracture of the as-
cast alloy has no obvious macro-plastic de-
formation, and the fracture is relatively ho-
mogeneous and perpendicular to the tensile
axis. As shown in Fig. 7(a), there are obvi-
ous fracture planes, cleavage steps and tear-
ing edges on the fracture surface, and there
are more secondary cracks on the fracture
surface. A large number of the fracture
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planes in Fig. 7(a) are at the interface be-
tween o—Mg and flake Mg,Si phases. When
the dislocation moves under stress, it en-
counters the Mg,Si phase and plugs, result-
ing in a large stress concentration at the
front of the plug. Because of the low inter-
facial bonding strength between the Mg,Si
phase and o—Mg matrix, the formation and
propagation of cracks is beneficial, and the
pinning dislocations can move, resulting in
plastic deformation and decrease of yield
strength. With the increase of load, the dis-
locations encounter cracks, and the disloca-
tions disappear while cracks grow rapidly.
These cracks easily propagate along the in-
terface of Mg,Si/o—Mg phase until fracture,
which leads to the low elongation and ten-
sile strength of the alloy.

After 4 passes of extrusion, plastic de-
formation can be observed near the tensile
fracture surface. The whole fracture plane
and the tensile axis are at 45° angle. The
micro-characteristics of the fracture surface
are shown in Fig. 7(b); the second phase of
Mg,Si is fine-grained. Therefore, there is no

Functional materials, 26, 4, 2019
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Fig. 6. As-cast and ECAP extruded 4 and 8-
pass stress-strain curves.

fracture plane on the fracture surface (the
0o—Mg and flake Mg,Si phase interface), the
o—Mg matrix and the MgZn phase on the
grain boundary are refined, and there are
no obvious cleavage steps on the fracture
surface, showing a large number of fine
dimples. The granular second phase exists
at the bottom of some dimples. It is further
proved that the fine grain strengthening
and the second phase strengthening are the
reasons for the improvement of mechanical
properties of the ECAP deformed experi-
mental alloy. Some quasi-cleavage fracture
morphology on the fracture surface is ob-
served because a small number of o—Mg ma-
trix grains are still coarse.

Under conditions of creep at temperature
523 K and stress 60 MPa, as-cast, 4-pass
and 8-pass creep tests were carried out re-
spectively. The experimental results are
shown in Fig. 8 and Table 3.

It is easy to produce stress concentration
around Chinese character Mg,Si phase in

cast state. When the stress concentration
reaches a certain extent, a wedge crack is
easily formed. These cracks lead to relaxa-
tion of the stress concentration, resulting in
continuous generation and slip of disloca-
tions. Then the stress concentration is gen-
erated again. Because the crack easily
propagates along the interface between the
Mg,Si phase and matrix, the crack propaga-
tion speed is accelerated and the crack
propagation is rapidly entered the instabil-
ity growth stage. Therefore, the creep curve
of the as-cast alloy is directly changed from
stage 1 to stage 3. The fracture takes place
in a short period of time. After equal chan-
nel extrusion, the creep resistance of the
Mg-Zn—Si Vehicle Magnesium Alloy is
greatly improved, which is related to its
microstructure, especially the size and dis-
tribution trend of Mg,Si reinforcing parti-
cles in the second phase; that is, under the
experimental temperature and stress, the
steady-state creep rate decreases with the
refinement and dispersive distribution of
the Mg,Si reinforcing phase in the Mg-Zn-Si
alloy. Under the action of constant tempera-
ture and constant stress, the Mg,Si phase par-
ticles can effectively pin the dislocations and
improve the creep resistance. Generally speak-
ing, the creep resistance at high temperature
should decrease with grain refinement, but the
result of this experiment is opposite.

With the increase of the extrusion pass
number, both grain refinement and creep re-
sistance at high temperature are improved.
The reason is that the deformation of the
ECAP changes the grain boundary structure
while the grain is refined, so that a large
number of dislocations are accumulated at the
grain boundary (as shown in Fig. 9), the dis-
locations are prevented from further slipping,
the dislocations are entangled, sliding by the

Fig. 7. Sample fracture morphology at room temperature
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Fig. 8. Creep curve of specimen at 523 K,
60 MPa.

Table 8. Creep properties of specimens
with different extrusion passes

Passes |T, K|, MPa| ¢, % Creep t, h
rste €
Op 523 60 5.40 2.16 1.83
4p 7.99 1.81 3.87
8p 7.68 0.39 10.09

grain boundary is difficult at high tempera-
ture, and the grain boundaries play a rein-
forcing role in the high-temperature creep.
At the same time, the dispersive distribu-
tion of the second phase (Mg,Si, MgZn parti-
cles) in the crystal and grain boundary and
pinning the dislocations can improve the creep
resistance at high temperature.

4. Conclusions

Both the matrix microstructure of Mg-Zn—
Si alloy and the Chinese-shaped Mg,Si phase
were refined by ECAP deformation. The
mechanism of Mg,Si phase refinement is me-
chanical breaking due to shear. With the in-
crease of the extrusion pass number, the micro-
structure became more uniform.

The interface of Chinese character of the
Mg,Si phase and o—Mg phase in the as-cast
Mg—Zn-Si alloy becomes a crack source and
a crack propagation channel, resulting in
low mechanical properties. After ECAP de-
formation, the magnesium matrix is re-
fined. Especially, the second Mg,Si phase is
obviously refined and uniformly distributed
in the matrix; thus, the Mg,Si phase re-
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Fig. 9. Grain boundary structure of specimen
after ECAP deformation.

duces the splitting effect of the matrix and
acts as a pinning dislocation, which greatly
improves the mechanical properties of the
alloy at room temperature.

The ECAP deformation not only refines
the microstructure but also changes the grain
boundary structure. The pinning effect of
dislocations and the second relative grain
boundary is greater than the decrease of the
grain size, which results in the decrease of
creep property and thus the creep resistance
at high temperature is improved.
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