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Abstract: Mg—5.88Zn—0.53Cu—0.16Zr (wt.%) alloy was solidified at 2—6 GPa using high-pressure solidification
technology. The microstructure, strengthening mechanism and compressive properties at room temperature were studied
using SEM and XRD. The results showed that the microstructure was refined and the secondary dendrite spacing
changed from 35 um at atmospheric pressure to 10 um at 6 GPa gradually. Also, Mg(Zn,Cu), and MgZnCu eutectic
phases were distributed in the shape of network, while under high pressures the second phases (Mg(Zn,Cu), and
Mg,Zn;) were mainly granular or strip-like. The solid solubility of Zn and Cu in the matrix built up over increasing
solidification pressure and reached 4.12% and 0.32% respectively at 6 GPa. The hardness value was HV 90 and the
maximum compression resistance was 430 MPa. Therefore, the grain refinement strengthening, the second phase
strengthening and the solid solution strengthening are the principal strengthening mechanisms.
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1 Introduction

Up to now, Mg—Zn—Cu alloy has been
successfully commercialized as one kind of Mg—Zn
heat-resistant alloy. It can be used in automobile
engine parts and propellers [1,2] due to high
temperature properties below 150 °C. Research
shows that [3] good high temperature properties of
Mg—Zn—Cu alloy are related to the existence of Cu
in the eutectic phase Mg(Zn,Cu),. However, the
microstructure of the casting Mg—Zn—Cu alloy is
coarse because the main strengthening phase
(eutectic phase Mg(Zn,Cu),) is distributed with a
shape of network in the dendrites, which not only
reduces the strengthening effect of Mg(Zn,Cu),
phase, but also decreases the mechanical properties
of the casting Mg—Zn—Cu alloy. Adversely,

solidification characteristics of Mg—Zn—Cu—Zr
systems are still not reported [4,5]. Therefore, to
further improve the mechanical properties of
Mg—Zn—Cu alloy and expand its applications, it is
extremely important to refine the microstructure of
Mg—Zn—Cu alloy and modify the morphology and
distribution of Mg(Zn,Cu), eutectic phase.

High pressure solidification, one of the
research fields of metal solidification under unusual
conditions, has a significant effect on the
solidification process and the microstructure of the
alloys [6,7]. ZHANG [8] investigated the effects of
the high-pressure solidification on the micro-
structure and mechanical properties of Mg—6Zn—1Y.
The results showed that the hardness value
increased by about 41% compared with the
conventional casting alloy, and the dimension of the
second phase decreased to 50 nm under 6 GPa from
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200 nm under atmospheric pressure. ZHOU et al [9]
investigated the effects of high pressure on the
solidification —microstructure and mechanical
properties of Mg—6Zn—1Y alloy and found that the
microstructure of the alloy solidified under high
pressure was significantly refined because of the
combination of thermodynamic undercooling,
composition undercooling and kinetic undercooling.
The morphology of the intergranular eutectic
second phase at 6 GPa was transformed from
lamellar to granules and the hardness value of the
alloy increased from HV 69 at atmospheric pressure
to HV 97 at 6 GPa. LIN et al [10,11] investigated
Mgo.17Z13.15Y 97921013 and Mg—6Zn—1Y under high
pressure and pointed out the high-pressure
solidification made contributions to refining the
microstructure and improve the morphology and
distribution of the second phase in the intergranular.
Meanwhile, the solubility of Zn alloy increased and
so did the compressive properties. The compressive
strength of the experimental alloy promoted from
344 MPa at atmospheric pressure to 455 MPa and
relative compressibility was changed from 16% to
25%. ZHANG et al [12] investigated the micro-
structure of the MgesCu,sY o alloy solidified under
high pressure, the results showed that the new phase
Cuy(Y,Mg) was formed at 2—5 GPa, and the size of
Cuy(Y,Mg) phase decreased with the increasing
solidification pressure, with the size of only 8 nm at
5 GPa. It can be seen that solidifying the alloy
under high pressure is a new method [13—17] to
refine the microstructure and improve the
morphology and distribution of the second phase.
Therefore, in this study, the CS-1B type cubic hinge
press was used to solidify the coarse-grained
Mg—6Zn—0.5Cu—0.2Zr alloy at 2, 4 and 6 GPa,
which aimed at refining the

of Mg—6Zn—0.5Cu—0.2Zr

and improving the morphology and distribution of

respectively,

microstructure alloy
the second phase so that the mechanical properties
of the alloy can be promoted. On this basis,
according to the existing alloy strength theories
such as the grain refinement strengthening, the solid
solution strengthening and the
further

mechanism of the

second phase
strengthening, we can explain the
improvement mechanical
properties of the magnesium alloy solidified under

high pressure.

2 Experimental

The experimental Mg—Zn—Cu—Zr alloy was
prepared by pure magnesium ingot (99.99 wt.%
purity), pure zinc ingot (99.99 wt.% purity), Cu—Zn
(7:3) brass, Mg—30Zr master alloy. The 2RRL-MS
vacuum resistance furnace was used for melting the
alloy, with the melting temperature of 760 °C and
the casting temperature of 730 °C. Then the alloy
was put into the preheated metal mold for casting.
The last constituents of the experimental alloy
analyzed by ICAP 6300 plasma spectroscopy were
listed as follows (wt.%): 5.88 Zn, 0.53 Cu, 0.16 Zr
with the rest of Mg. The ingots were homogenized
and then cut into a cylinder with 6 mm in diameter
and 8§ mm in length. CS-1B high-pressure cubic
press was used to do the high-pressure solidification
experiments, whose working principle is to use the
six hammer heads in the upper, lower, left and right,
and three cubes to jointly squeeze the cube cavity
from three directions to achieve quasi-static
pressure as shown in Fig. 1.
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Fig. 1 Schematic diagrams of working principle of
CS-1B type cubic hinge press (a) and high pressure
solidified assembly set (b)

The solidification pressures were set to be 2, 4
and 6 GPa. Superheat temperature is one of the
crucial factors affecting the thickness of the
solidified alloy. Accurate and reasonable heating
and melting temperature of the experimental alloy
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at high pressure is one of the key parameters to the
ideal high pressure solidified samples. According to
the Clausius—Clapeyren equation, the relationship
between pressure and melting point [18] is
ar_T,Av "
dP  AH,,

where dT is the change of the melting temperature;
dP is the corresponding change of pressure; T, is
the melting temperature (K); AV is the change of
the solid—liquid phase transition volume; and AH,,
is the latent heat of crystallization (J/g). It can be
viewed from the formula (1) that the melting
temperature varies with the change of the
solid—liquid phase volume. And the melting
temperature of Mg rises in enlarging volume of Mg
under applied pressure. To determine the liquidus
temperatures of the experimental alloy, the samples
were heated (insulation for 15 min) and then cooled
to room temperature at different high pressures,
finally the liquidus temperatures could be
determined according to the change of the
solidification microstructure. The results showed
that the liquidus temperatures of the alloy at 2, 4
and 6 GPa were 760, 800 and 850 °C, respectively.
According to the liquidus temperatures, the melting
temperature was set to above the liquidus
temperature of 30 °C so the overheat degree was
30 °C.

After that, the samples were taken into the
assembled graphite sleeve as shown in Fig. 1, while
the assembled graphite sleeve was taken into the
cavity position of the high pressure cubic press.
And then, to start the high-pressure solidification
experiment [19], the hammer head should be placed
towards the sample. First, the pressure was set to
the presupposition pressure, at the same time the
temperature measuring device was started and
quickly heated to the preset heating temperature.
Then the molten alloy was convened for 15 min
before the power supply was turned off. Finally, the
sample was collected off when the samples cooled
down to room temperature.

The microstructure of the alloy and the energy
spectrum analysis were examined using the Axio
Scope Al Pol optical microscope (OM), SUPRA—
55 scanning electron microscope (SEM) and energy
depressive spectroscopy (EDS). The phase analysis
was performed using a 2500/PC type XRD with a
scanning step size of 0.3°, and an XRD diffraction

spectrum was measured between 20° and 90°(26).
According to GB/T6394-2002, the interception
method determining the average grain size of metal
was employed to measure the dimension of
“dendritic cluster”, that is the “dendritic cluster”
size is determined by counting the number of grain
boundary cut points for a given length. The average
value of the intercept on the test surface of the
sample can be calculated according to the formula

(2):
I=L/(MN) )

where L is the length of the measuring line segment
(mm); [ is the average intercept on the test surface;
M is the magnification power of the microscope;
N is the number of intercept points on the
measurement grid. In order to increase the accuracy,
this experiment measures 10 fields of view at 50x
and 100x respectively and takes the average value
as the sample grain size.

The volume fraction of the second phase was
counted by Image-Pro-Plus image analysis software.
The hardness of the experimental alloy was tested
using a HV-1000A micro Vickers hardness tester
with loads of 49 N (5 kg) and 0.098 N (10 g).
WDW3100 computer control electronic universal
testing machine was wused for compression
experiments at room temperature at a strain rate of
0.001 s™'. During the compression process, the
computerized data logger attached to the universal
test machine automatically collected stress and
strain data.

3 Results and analysis

3.1 Refinement mechanism

Figure 2 shows the optical microstructure (OM)
of the experimental alloys during solidification.
According to Fig. 2(a), coarse dendrite exhibits in
primary grain a-Mg with an average size of 345 pm,
and the secondary dendrite spacing is about 35 um.
And from Figs.2(b—d), the microstructure is
significantly refined. At the same time, the
morphology of dendrite is more regular and
complete. Also, there is less phenomenon of
dendritic fracture and fragmentation with increasing
solidification pressure.

The average sizes of dendrites solidified at 2, 4
and 6 GPa are found to be 80, 65 and 60 um,
respectively. The secondary dendrite spacings are
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(b) 2 GPa; (c) 4 GPa; (d) 6 GPa

15, 12 and 10 pm, respectively. From atmospheric
pressure to 2 GPa, the average size of dendritic and
the secondary dendrite spacing are refined, and the
original sizes are 4.3 times and 2.3 times the current
size, respectively. From 2 to 6 GPa, the original
sizes are 1.3 times and 1.5 times the current size,
respectively. Thus, it is mainly the reduction of the
average size of dendritic during solidification from
atmospheric pressure to 2 GPa and it is mainly the
decrease of secondary dendrite spacing from 2 to
6 GPa. In addition, the number of crystal nuclei
increases  during high-pressure  solidification
compared with the dendritic number at different
pressures in Fig. 2. The number of crystal nuclei per
unit area reaches 248 at 6 GPa from 8 at
atmospheric pressure.

According to the high-pressure solidification
theory, considering the influence of pressure on the
solidification process and the relationship between
critical radius and pressure and relationship
between critical nucleation work and pressure can
be expressed as [20]

= 20dT 3)
PAT(Vy ~V,)dP
2
dTr
=32 — 4
& PAT(V, =1})dP @

where r is the critical radius; ¢ is the specific
surface energy; 4, is the critical nucleation work; p
is the density of the alloy; AT is supercooling

temperature; V) is the volume of the solid alloy; V>
is the volume of the melting alloy; dP is the
pressure, according to Egs. (3) and (4), the pressure
is inversely proportional to the critical nucleation
radius and the critical nucleation energy. That is,
applying the solidification pressure can increase the
number of crystal nuclei. Meanwhile, high pressure
increases the diffusion activation energy and then
inhibits atomic diffusion to increase the activation
energy of crystal growth and decrease the crystal
growth rate [21]. The high number of nuclei and the
slow crystal growth rate contribute to obtaining a
fine equiaxed grain microstructure of the
experimental alloy solidified under high pressure.
Figure 3 shows the SEM images of the
experimental alloys. It can be seen from Fig. 3(a)
that the second phases in the microstructure are
mostly in the form of a long island or “layered
eutectic” (Fig. 3(b)) which is connected into a
network of segregation between the a-Mg dendrites.
In addition, a few granular second phases are also
distributed in the dendrites and the volume fraction
of the second phase is 35%. After solidification
under high pressure, as shown in Figs. 3(¢)—(f), the
network of the second phase is gradually broken.
The inter-crystalline second phase in the form of
“layered eutectic” gradually decreases, and the area
of eutectic structure of the trigeminal grain
boundaries also decreases. The above phenomenon
can be clearly observed from the comparison of the
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(c, d) 2 GPa; (e, f) 6 GPa

morphology and size of the “eutectic structure” at
the trigeminal grain boundary between the
conventional casting alloy and the experimental
alloy solidified under 6 GPa pressure in Fig. 4. The
area of the “eutectic structure” at the trigeminal
grain boundaries of the experimental alloy at 6 GPa
is significantly smaller than that of the conventional
casting alloy (shown by the circles in Fig. 4), at the
same time, the solid strip (rod-like) or granular
second phases gradually increased. Figure 3(e)
shows that the proportion of the particulate
intergranular second phase at 6 GPa exceeds that of
the strip second phase. While the solid strip of the

second phase (Fig.3(f)) exhibits “divorced
eutectic” microstructure, that 1is, the eutectic
transformation of the experimental alloy is

gradually converted from a symbiotic eutectic
under atmospheric pressure to a divorced eutectic at
6 GPa. The volume fraction of the second phase
gradually  decreases  with  the increasing

solidification pressure, which is reduced from 25%
at 2 GPa to 20% at 6 GPa.

Figure 5 shows the distribution of solute atoms
Zn and Cu in solidified microstructure under
different pressures (SEM). According to Figs. 5(a)
and (b) that at atmospheric pressure, Zn and Cu
atoms are mostly segregated in the a-Mg dendrites,
and the distribution intensity in the matrix is
relatively low. At 2 GPa, the Zn strength near the
second phase is significantly increased (Fig. 5(c)),
that is, the solubility of Zn in the a-Mg matrix
increases; and the distribution intensity of Cu in the
o-Mg matrix also increases (Fig. 5(d)). As the
pressure increases, the solubility of Zn and Cu in
the a-Mg matrix increases.

As shown in Fig. 6, when the pressure reaches
6 GPa, the distribution intensity and uniformity of
Zn in the a-Mg matrix are significantly increased,
and Zn-rich granule phase is formed inside the
dendritic cluster. (Fig. 6(a)). While the distribution
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Fig. 4 SEM images of eutectic structure at trigeminal boundary of experimental alloy: (a) Conventional casting alloy;
(b) Solidified at 6 GPa

Fig. 5 Effect of solidification pressure on distribution in matrix of Zn (a, ¢) and Cu (b, d): (a, b) Conventional casting
alloy; (c, d) 2 GPa

Fig. 6 Distribution in matrix of Zn (a) and Cu (b) at 6 GPa
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intensity and uniformity of Cu in the a-Mg matrix
are even higher than Zn(Fig. 6(b)).

The EDS was used to test the element content
of the internal matrix of the grain, the results
showed that in the conventional -casting
experimental alloy, the solid solubility of Zn in the
o-Mg matrix was about 2.28% (mass fraction, the
same below), and that of Cu in the a-Mg matrix
was relatively low, about 0.1%, as shown in
spectrogram lof Fig. 3(b). At 2 GPa, the solid
solubility of Zn increased to 3.05%, which was
significantly higher than that at atmospheric
pressure; however, that of Cu increased slightly to
0.16%. At 4 and 6 GPa, the solid solubilities of Zn
in the a-Mg matrix were 3.45% and 4.12%,
respectively, and the solid solubilities of Cu in the
a-Mg matrix were 0.24% and 0.32%, respectively.

The dynamic viscosity of the melt at
atmospheric pressure is 7y, and the dynamic
viscosity [22] under pressure P is

Np=10€Xp[(E+PVNA)/kT] ()

where FE is the viscous rheological activation energy;
V is the volume; £ is the Boltzmann constant; N, is
the Avogadro constant; 7 is the temperature. It is
known from the formula (5) that the viscosity of the
melt increases as the pressure increases. According
to the existing high-pressure solidification theory,
when solidified under high pressure, the increase of
melt viscosity will have a great influence on the
diffusion of solute atoms in the liquid phase.

The relationship between pressure and solute
diffusion coefficient (D) can be expressed by [23]

D=RTo ' '=RT5 "5 'exp[—(PVy/(RT))] (6)

where R is the molar gas constant, 8.314 J/(K-mol);
T is the melt temperature, K; ¢ is the atomic free
stroke length, mmy; 7 is the viscosity of the solution,
Pas; ¥, is the original molar volume of the liquid
phase. Solidification under high pressure can
simplify Eq. (6) to

oo (]
D, RT
where D, is the diffusion coefficient under different
pressure and Dy is the diffusion constant.

According to Eq. (7), the atomic diffusion
coefficient of the solute decays exponentially with
increasing pressure. That is, when solidified under

high pressure, the diffusion coefficient of solute
atoms such as Cu and Zn exponentially decays,

especially when it reaches 6 GPa. The diffusion of
Cu atoms during solidification is very difficult, and
the redistribution of solute atoms is weakened. As a
result, the degree of segregation is reduced; while
the solute redistribution of Zn is also weakened,
more Zn atoms are dissolved in the matrix, and Zn
which is segregated between the dendrites is
decreased.

Under atmospheric pressure, there are two
kinds of mole fractions of Mg, Zn and Cu in the
second phase. Among them, a kind of the second
phase in Fig. 3(b) has a small content of Cu
(1.12-1.35 at.%) after measurement, which is a
solid solution of Mg—Zn binary phase of Cu.
Another kind of the second phase has a higher Cu
content, accounting for (20+4) at.%, which is
Mg—Zn—Cu ternary phase. Referring to the XRD
patterns in Fig. 7, it is found that the experimental
alloy consists of a-Mg, MgZn,, CuMgZn phases
under atmospheric pressure.

' *—a-Mg
o & — MgZn,
v — CuMgZn
v —Mg,Zn,
v v *
6 GPaI I ] ’h ‘h 1 e
4 GPa s | \ L 4e
L)
Y2 GPa ay v
Original PN
a1 | WS AT N IV

20 30 40 50 60 70 80 90
20/(°)
Fig. 7 XRD patterns of experimental alloy under
different pressures

The redistribution of Cu and Zn solute atoms
during solidification under high pressure is
weakened, resulting in a change in the second phase
microstructure. It can be seen from Fig. 7 that the
characteristic diffraction peak of CuMgZn phase
can be observed at 2 GPa, which is hardly observed
at 4—6 GPa; the characteristic diffraction peak of
MgZn, phase also decreases with the increasing
pressure and it can be observed at 4 GPa. At 6 GPa,
the peak strength is weaker. From the diffraction
pattern at 6 GPa, it is known that the diffraction
peak of Mg;Zn; phase with low Zn/Mg appears,
which is consistent with the distribution law of Zn
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and Cu solute atoms in the matrix and the analysis
of solid solubility change.

Therefore, Zn and Cu are mostly segregated
o-Mg  dendrites
pressure, and a “lamellar” eutectic phase MgZn,,
Mg;Zn; phase (solid solution of a few Cu) and a
rod-shaped CuMgZn phase are formed by the
symbiotic eutectic transformation. Zn and Cu atoms
gradually dissolve into the matrix as the
solidification pressure increases, resulting in the
low degree of segregation and reduced atomic
fraction in the second phase. At 6 GPa, a “solid”
thin strip and granular MgZn, and Mg;Zn; eutectic
phases are constituted divorced eutectic
transformation.

between under atmospheric

3.2 Mechanical properties
3.2.1 Hardness

The hardness value of the conventional casting
experimental alloy is HV 41. At 2 GPa, the
hardness rises to HV 50, an increase of 22.9%
compared to the conventional casting alloy. The
hardness of the experimental alloy increases with
the increasing solidification pressure. At 4 and
6 GPa, the hardness values of the experimental
alloy are HV 71 and HV 90, respectively. The
hardness of the experimental alloy at 6 GPa is
123% higher than that of the conventional casting
alloy.

3.2.2 Compressive properties

Figure 8(a) shows the stress—strain curves of
the experimental alloy at room temperature.
Figure 8(b) shows the mechanical properties with
solidification pressure. According to Fig. 8(a),
the compressive strength (o,) is 170 MPa, the
yield strength (o) is 160 MPa and the relative
compressibility (d) is 11.23%. When solidified at 2,
4 and 6 GPa, o, are 320, 380 and 430 MPa,
respectively, o; are 280, 320 and 370 MPa,
respectively, and o are 18.32%, 17.54% and 14.48%,
respectively.

According to  Fig. 8(b), the relative
compressibility (d) of the experimental alloy first
increases and then decreases with the increasing
solidification pressure. The maximum ¢ is 18.32%
at 2 GPa and decreases to 14.48% when solidified
at 6 GPa. The ¢y, and o of the experimental alloy
gradually increase with the increasing solidification
pressure, but the growth slope is the largest from
the atmospheric pressure to the 2 GPa stage. At

2 GPa, 0, and o of the experimental alloys are
increased by 88.24% and 75%, respectively. At
6 GPa, the strengths of the experimental alloys are
further increased by 34.38% and 32.14% compared
with those at 2 GPa.
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Fig. 8 Room temperature compressive stress—strain
curve of experimental alloy (a) and mechanical

properties with solidification pressure (b)

Material strength is extremely sensitive to the
composition and microstructure. The strengthening
mechanisms for magnesium alloy without heat
treatment are: the grain refinement strengthening,
the solid solution strengthening and the second
phase dispersion strengthening. And the grain
refinement strengthening can be described by the
Hall—Petch equation [23]:

o=0ytked (8)

where oy is the frictional force to prevent
dislocation slip, a constant independent of the grain
size; ko is the grain boundary resistance, a constant
related to the crystal type; d is the average grain
size of the alloy. The second term in Eq. (8) reflects
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the grain boundary strengthening effect. While in
magnesium alloy, k=280-320 MPa-um'? [17,23]
which is 4-5 times that of the Al alloy (ka=
68 MPa-um"?). Therefore, the strengthening effect
of magnesium alloy due to grain refinement is
extremely significant. For equiaxed crystals, the
secondary dendrite spacing is the primary
determinant of the grain refinement strengthening.
The above experimental results demonstrate that the
secondary dendrite spacing of the experimental
alloy decreases with the increasing solidification
pressure. The secondary dendrite spacing is
gradually reduced from 35 pm under conventional
casting to 15, 12 and 10 um at 2, 4 and 6 GPa. The
kod " (ky=300 MPa-pum'?) can be used to roughly
calculate the strengths increase by the decrease of
the secondary dendrite spacing: 78, 87 and 95 MPa,
respectively, and the contribution rates are 52.00%,
41.43% and 36.54%, respectively. That is, from
atmospheric pressure to 2 GPa, the strength
increase due to the decrease in grain size is the
largest.

Solid solution strengthening can be described
by [24]

0,°< 8:/2C1/2 (9)

where o is the yield strength of the alloy; & is the
mismatch strain caused by the difference between
the solute atom and the solvent atom radius; C is
the solute atom concentration. It can be seen that &
and C are the main factors affecting the solid
solution strengthening effect. The difference
between the atomic sizes of Zn and Mg is 16% and
that of Cu and Mg is 20%. Therefore, when Zn and
Cu are solid-dissolved into the a-Mg matrix, lattice
distortion will occur, and the resulting stress field
will hinder dislocation motion and then produce
solid solution strengthening. The solid solubilities
(wt.%) of Zn and Cu in o-Mg matrix under
atmospheric pressures of 2, 4 and 6 GPa are 2.28%
and 0.10%, 3.05% and 0.16%, 3.45% and 0.24%,
4.12% and 0.32%, respectively. Studies have shown
that [16], every 1 wt.% solid solubility of Zn and
Cu in the a-Mg matrix increases, the solid solution
strengthening increases by 45 and 35 MPa. It can be
seen that during solidification at 2, 4 and 6 GPa, the
strength increasing values due to the increased solid
solutions of Zn and Cu are about 37, 58 and 90
MPa, respectively. The values are about 24.67%,
27.62% and 34.62% of the total increase in the

strength of the experimental alloy.

In addition, micro-hardnesses of the
experimental alloy matrix under different
solidification pressures were tested. The results
showed that the matrix hardness of the conventional
casting experimental alloy was HV 34, and those at
2, 4 and 6 GPa were HV 44, HV 62 and HV 78,
respectively, which were 29.41%, 82.35% and
129.41% higher than that of the conventional
casting experimental alloy. It can be seen that the
contribution of solid solution strengthening at 4 and
6 GPa to the improvement of alloy properties is
very large.

According to the Orowan equation [25]:

Are<[f 2(r/b))/r (10)

where f'is the volume of the precipitated phase; r is
the radius of the precipitated particles. The second
phase enhancement effect is closely related to the
size of the second phase particle. In the
solidification =~ microstructure of conventional
casting alloy, the main strengthening phases were
mostly distributed in the form of “lamellar” eutectic
or rod-like network, which disconnected the
microstructure of the matrix. When solidified at
2 GPa, the network formed by the second phase
was gradually broken, and the granular or
island-like second phase was significantly increased
compared with the conventional casting alloy. At
6 GPa, a large number of granular second phases
were distributed on the matrix, and only a small
number of broken strip-shaped second phases were
present. In this way, while the matrix action can be
fully exerted, the granular or long island-like
strengthening phase will strongly interact with the
dislocation during the compression process, and the
dislocation motion 1is hindered, therefore, the
second phase strengthening becomes the main
mechanism for improving the mechanical properties
of the high-pressure solidified alloy.

To sum wup, the contribution of grain
refinement strengthening is the largest under 2 GPa
during solidification, so the strength of the
experimental alloy is improved and the plasticity is
also improved. As the solidification pressure
increases, especially at 6 GPa, solid solution
strengthening and the second phase strengthening
also become the main mechanisms of strengthening,
so the alloy strength is greatly improved while the
plasticity is decreased.
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4 Conclusions

(1) The primary dendrites a-Mg of the alloy
under high pressure were mostly uniform equiaxed
grains. The number of crystal nuclei per unit area
gradually  increased with the increasing
solidification pressure and the secondary dendrite
spacing gradually decreased, from 35 pum under
atmospheric pressure to 10 um at 6 GPa. The solid
solubility of Zn and Cu in the a-Mg matrix also
increased, from 2.28% and 0.10% at atmospheric
pressure to 4.12% and 0.32% at 6 GPa, respectively.

(2) The second phases in the solidification
microstructure of the conventional casting
experimental alloy were mostly in the form of long
island or “layered eutectic”, which is connected into
the network of a~-Mg dendrites. And the second
phases were mainly Cu-rich MgZn,, Mg;Zn; and
CuMgZn phases. While at 6 GPa, the second phase
was primarily a strip-like or granular Mg;Zn; and
MgZn, phases.

(3) The maximum crushing resistance (o,) of
the conventionally casting experimental alloy at
room temperature was 170 MPa, and the relative
compressibility (d) was 11.23%. While solidified
under high pressure, the strength of the
experimental alloy increased with the increasing
solidification pressure. The oy, at 6 GPa increased to
430 MPa, but the change of 0 was not large
(14.48%). The mechanism during solidification at
6 GPa is mainly the fine grain strengthening caused
by the secondary dendrite spacing refinement, the
solid solution strengthening caused by the increased
solid solubility of Zn and Cu in the matrix and the
second phase enhancement resulting from strong
interaction of much granular second phases with
dislocations.
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=/E T Mg—5.88Zn—0.53Cu—0.16Zr &%
2B 20 2R 4FE K EL SR AL AL

SRR

Mol 123, o A1

R

1. RAEKHEREE S FIESHEER, ZEE 066004;
2. ALK MRIRISEE TR, TEFE 110819;
3. RAERFREG MK FESWAHEEME ERAEAESALRE, F25 066004

W B RAEERER A, £ 2~6 GPa =k F X # M5 Mg—5.88Zn—0.53Cu—0.16Zr & & HE T HEE . FIF SEM.
EDS Fl XRD & Bt 7% i JR 5t [l A 4 4L SURAE LA B i JR 6 ] 5236 A & == iR PR A PR R S FEom Ak L . 45 R 3R,
ERIEVE T HEE, S2ib &SRt M A LS 2 82, H =B R BE i # B TR 35 um 32 #0886 GPa FH)
10 pm; 7E% JE T , Mg(Zn),~ Mg, Zns F1 MgZnCu H i AHZE il PR 73 A FE B S 8] 7E IR R, SR 38 A (Mg(Zn,Cu),
Hl Mg Zns H1) 2 SOREIR Bk SR W82 20 A Bl 1] o Zn R Cu 723644 rp 0 17 95 2 B 0k 6 16 038 D3 K, 6 GPa g
K 4.12%F1 0.32%. 6 GPa I, SZ64 4 MM ERIE HV 90, KRR /1N 430 MPa. ZHEamAk . 55 AHSRAL &

I 5 e EL R PR R T ) T AL

EHEIR: mREEE; Mg-Zn—Cu-Zr &4 SBIHLHI; L&

ot

(Edited by Xiang-qun LI)



