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Effects of the growth rate on the microstructures and room temperature
mechanical properties of Mg-5.2Zn alloy were investigated using Bridgman
method at a constant temperature gradient 30 K/mm with different growth
rates (v = 10 ~ 100 um/s). The microstructure of directionally solidified Mg-
5.2Zn alloy is composed of dendrite primary «(Mg) phase and interdendritic
a(Mg) + Mg,Zn3 eutectic, which agrees well with the predicted microstructure
using Scheil model. The morphology of the primary «(Mg) phase transforms
from cellular, to cellular-dendritic, and then to dendritic with the increase of
growth rate from 10 um/s to 100 um/s. According to the Kurz—Fisher model, the
approximate criterion growth rate for cellular/dendrite transition is determined
to be about 12.7 um/s, which just lies in the experimental result interval. Using
non-linear fitting analysis, 1; (the primary dendrite arm spacing) and 15 (sec-
ondary dendrite arm spacing) were found to be dependent on v (growth rate) in
the form of 7; = 8.6964 x 10 ¢ v %983 j, = 1.7703 x 107 % v~ ***'®! which is
in good agreement with the calculated values by the Trivedi model and Kat-
tamis—Flemings model, respectively. Furthermore, tensile test shows that the
directional solidified experimental Mg-5.2Zn alloy shows higher strength than
the non-directional solidified alloy under the same cooling rate. The dendritic
structure shows higher strength than the cellular structure due to the fact that

brittle interdendrite eutectic was refined in dendritic structures.

INTRODUCTION

Magnesium alloy has attracted serious concern in
aerospace, automotive and military industries due
to its low density, high stiffness, high specific
strength and excellent damping properties. But
its poor high temperature performance, in particu-
lar yield strength and creep resistance, is a chal-
lenge for its application at elevated temperature.?
Alloying, e.g. adding rare earth elements into Mg-
Zn alloys, is one of the possible choices to further
improve the high temperature properties. Some
promising Mg-Zn based alloys have been developed.
For examples, Mg-3.5Zn-1.5Cu-0.6Gd (at.%) has
been reported to have a high flow stress and a
stable microstructure in the temperature range of
473-673 K and thereby to have better creep resis-
tance even compared with AE42 (Mg-4Al-2RE,
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wt.%) alloy.* Mg-5.53Zn-1.08Y-0.73Zr (wt.%) alloy
has a high ultimate tensile strength (230 MPa)
and yield strength (163 MPa) in as-cast state.”
The mechanical properties at room temperature
and elevated temperature of Mg-4.587Zn-2.6Gd-
0.18Zr (wt.%) sand cast alloy is much higher than
that of ZK51A alloy (Mg-5.0Zn-0.6Zr, wt.%).° In
addition, ZK60 (Mg-6Zn-0.6Zr, wt.%) alloy is
widely used in both cast and wrought products
due to its high yield strength of ~260 MPa,
excellent damping capacity and high stability.” It
is worthwhile to note that Zn concentration in
these developed Mg-Zn based alloys varies within
the range of 4-8 wt.%. It is, therefore, essential to
elucidate the solidification behavior of Mg-rich
alloys in Mg-Zn binary system under different
casting conditions, especially under directional
solidification condition.
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Directional solidification technique has been
reported to optimize the microstructure and to
improve the mechanical properties.>*! Paliwal
et al.® investigated the comprehensive microstruc-
tural evolution of Mg-3 wt.%, 6 wt.%, and 9 wt.% Al
alloys by using directional solidification and other
solidification techniques and built a solidification
map based on the experimental data and the
solidification model. Liu et al.® have studied the
microstructure and mechanical properties of direc-
tionally solidified Mg-3.0Nd-1.5Gd alloy. A signifi-
cant improvement of ultimate tensile strength
(UTS) (69% higher) and elongation (112% higher)
was obtained when comparing with the non-direc-
tionally solidified alloy under the same coolin%
rates. However, to date, only a few attempts'®?
have been taken to elucidate this issue in Mg-Zn
based alloys. Paliwal et al.'® investigated the
microstructure evolution of Mg-1.5, 4.0 and 5.5 Zn
wt.% using directional solidification and wedge
casting. Wang et al.!! studied the dendritic growth
orientations and three-dimensional morphologies of
o(Mg) on Mg-40wt.% Zn alloy. There is still a lack of
adequate understanding of the relations between
solidification parameters and solidified microstruc-
ture as well as the mechanical properties of Mg-Zn
based alloys.

In this paper, the microstructure and mechanical
properties of directional solidified Mg-5.2Zn alloy
under different growth parameters were investi-
gated, with the aim to further explore solidification
behaviors of Mg-Zn binary magnesium alloy. The
effect of growth rates is also discussed on the basis
of Kurz—Fisher model, Trivedi model and Kattamis—
Flemings model, respectively.

THEORETICAL MODELS

Over the past decades, the relationship between
the solidification processing parameters and den-
drite spacing (the primary dendrite arms spacing /1,
and secondary dendrite arms spacing /o) was estab-
lished experimentally and theoretically.

Theoretical models have been proposed in the
literature to describe 4; as a function of G, v and C,
by Hunt,'? Kurz and Fisher'® and Trivedi.'* Hunt
attempted to allow for the interaction of the diffu-
sion fields between neighboring cells. The relation-
ship between solidification processing parameter
and /; for a dendritic front with the growth
condition is determined by the minimum undercool-
ing. The Hunt'? model gives as,

21 = 2.83[m(k — 1)DI*#CPy-0BG05 (1)

Where, T is the Gibbs—Thomson coefficient, m is
the liquilus slope, % is the distribution coefficient, C,
is the initial composition of the solidifying alloy and
D is the diffusion coefficient of solute atom in the
liquid.

Kurz and Fisher'® assumed that the shape of the
dendrite fully developed, including side branches
can be approximated as an ellipsoidal revolution
and using the marginal stability criterion for an
isolated dendrite. The Kurz and Fisher'® model
gives as follows,

J1 = 4.3[m(k — 1)DT /&%]" 2425y 05G 05 (g)

The other theoretical model to characterize /; as
function of G, v, Coy was developed by Trivedi.'*
Trivedi model is a result of the modification of the
Hunt model, and used marginal stability criterion.
Trivedi model gives,

1 = 2.83[m(k — 1)DTL]**CPp=0BG05  (3)

where, L is a constant that depends on harmonic
perturbations. These theoretical models are very
similar at high growth rate for 1; and the difference
among them is only a constant.

For the secondary dendrite arms spacing g,
Langer and Miiller-Krumbhaar'® carried out a
detalied numerical analysis of the wavelength of
instabilities along the sides of a dendrite and
predicted the scaling law as 1o/R = 2. Using the
scaling law A9/R = 2, the variation in 1y for small
pelect number conditions given by Trivedi'® was
obtained as,

Jg = (8DTL/EVAT,)*? (4)

where AT, is the difference between the liquidus
and solidus equilibrium temperatures.

Bouchard and Kirkaldy'” derived an expression,
which is very similar to the marginal wavelength
formula,

4T D\?\ "’
fo = 2naz (Co(l ~k)’Tr (5) ) ®)

where, as is the secondary dendrite-calibrating
factor, which depends on the alloy composition and
Ty is the fusion teperature of the solvent.

Kattamis and Flemings'® proposed a model to
predict the secondary dendrite spacing based on a
coarsening mechanism similar to the Ostwald
ripening phenomenon in which the growth of a
dendrite takes place by the dissolution od smaller
dendrites in the melt. Kattamis and Flemings’s
model considered the cylinrical shaped (different
radii) and two side branches (arms) of a growing
columnar dendrite and assumed the presence of
uniform temperature along the side branches. The
proposed mathematical formulation by Kattamis
and Flemings’s model can be writted as,

1/3

FDln(%;)
Jg =55 (_m(l G, - Co)tf> (6)
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where C, is the eutectic composition and ¢, is the
solidification time.

EXPERIMENTAL PROCEDURE
Alloy Preparation

The experimental Mg-5.2 Zn (wt.%) alloy was
prepared from pure Mg (99.98) and pure Zn (99.9),
melt in an electrical-resistance furnace under the
protection of anti-oxidizing flux (RJ4) and cast into
an iron test bar at pouring temperature 720°C. The
test bar was further processed into the samples of ®
7.8 x 100 mm for directional solidification. The
composition of the directionally solidification alloy
was measured by inductively coupled plasma-opti-
cal emission spectrometry (ICP-OES).

Directional Solidification Experiments

A high temperature gradient Bridgman-type
directional solidification furnace with a graphite
heater and quenching system of water-cooled Ga-
In-Sn liquid metals was used. The prepared sample
(@ 7.8 mm x 90 mm) was loaded in a special
stainless steel crucible with 10 mm outer diameter,
8 mm inner diameter, 120 mm in length and
sealed ends. The details of the experimental setup
and procedure were described in Ref. 9 After the
axial temperature gradient reaching 30 K/mm, the
sample was directionally solidified by moving the
crucible downward at a given speed (10-100 um/s)
for about 40 mm, and then quenched in Ga-In-Sn
liquid metals. In this way, the withdrawal rate can
be approximately evaluated to be the same as the
growth rate.

Sample Characterization

The solidified samples were cut along both the
longitudinal and transversal sections to investigate
the quenched interface morphology and the solidi-
fication microstructure with Olympus PM-G3 type
optical microscope (OM) and JEOL JSM-5800 type
scanning electron microscope (SEM). The composi-
tion analysis of the second phases was conducted in
an Oxford Inca type x-ray energy dispersive spec-
troscope (EDS). The x-ray diffraction (XRD) was
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performed on a X’Pert PRo MPD type instrument in
the diffraction angle (20) ranging from 20° to 90°,
using Cu Ko (1 = 0.154 nm) as a radiation source.
The volume fraction of the second phase was
measured by Image-Pro Plus 6.0 (Media Cybernet-
ics, Inc., Bethesda, MD). The room temperature
tensile properties were tested in a Zwick 150 type
universal tensile testing machine with a maximum
load of 150 KN and a strain rate of 1 mm/min. The
samples for tensile tests are rectangular in the
shape of 20 mm in length, 5 mm in width and 2 mm
in height. At least three specimens were tested at
each condition to ensure the reproducibility of the
data.

RESULTS AND DISCUSSION
Directional Solidification Morphologies

As we all know, in directional solidification, solid/
liquid interface morphology can be varied with
growth rate, as shown in Fig. 1. The planar front
will be exhibited when the growth rate is very slow.
With increasing the growth rate up to v., the
interface morphology will translated to cell struc-
ture. When the growth rate is close to v.q, the
dendritic morphology is observed. Further increas-
ing the growth rate, the cell structure and planar
front will be occurred again.

Figure 2 shows longitudinal and transversal sec-
tions of OM microstructures of Mg-5.2Zn alloy
quenched during directional solidification under
the fixed temperature gradient (G = 30 K/mm) and
different growth rate (v). Two types of interface
morphology of the primary «(Mg) phase were
observed. When v < 10 um/s, «(Mg) exhibits a typ-
ical cellular structure with coarse trunks along the
longitudinal section and regular cellular structure
on transversal section, as shown in Fig. 2a—b. When
v = 20 um/s, o(Mg) presents a morphology with co-
existence of cellular and dendrite structure, as
shown in Fig. 2c—d, which means the cellular/den-
drite transition is taking place. When the growth
rate increases further up to 40 um/s, «(Mg) presents
dendrite morphology along longitudinal section and
typical six petaloid morphology on transversal sec-
tion, as shown in Fig. 2c—d. With further increase of
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Fig. 1. Morphological diagram for solidification of binary systems illustrating the microstructural transitions “planar front” — “cellular struc-
ture” — “dendrites” — “cellular structure” — “planar front”, with the increase in the solidification velocity v. Here v; is the velocity given by
the criterion of constitutional undercooling, v..q is the approximate criterion solidification velocity for cell/dendrite transition, v4.¢ is the approximate
criterion solidification velocity for dendrite/cell transition and v, is the velocity for absolute morphological stability of the interface.
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Fig. 2. OM microstructures of the directional solidified Mg-5.2Zn alloy under G = 30 K/mm at different growth rate. (a) and (b) 10 um/s, (c) and
(d) 20 um/s, (e) and (f) 40 um/s, (g) and (h) 60 um/s, (i) and (j) 100 um/s. (a), (c), (e), (g) and (j) were taken from longitudinal sections, (b), (d), (f),
(h) and (j) were taken from transversal sections. The same scale bar was used in (j).
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Table I. Thermophysical parameters of Mg-5.2Zn alloy

Property Symbol
Initial composition Co
Slope of liquid line m
Distribution coefficient ko
Diffusion coefficient (liquid) D
Gibbs—Thomson coefficient I’

Unit Value Ref.
wt.% 5.2
K/iwt.% —3.102 a
- 0.0804 a
m?/s 55 x 107 11
mK 1.1 x 1077 11

2The data is calculated using Thermo-Calc software.

growth rate, the primary dendrite arms (1;) and
secondary dendrite arms (1y) become finer, as shown
in Fig. 2e—j. It can be concluded that the critical
growth rate of cellular/dendrite transition (v.) of
the experimental alloy is between 10 um/s and
40 ym/s wunder the temperature gradient of
G = 30 K/mm.

The cellular/dendrite transition is one of the most
fundamental and important solidification events
during the directional solidification of alloys. Based
on the dendrite growth theory of Kurz—Fisher,'® the
approximate criterion growth rate (vi.) for cellu-
lar/dendrite transition can be expressed as,

_GD  GD @
T ATok ~ mCo(k—1)

Utr

where, G is the temperature gradient in the liquid,
D is the diffusion coefficient of solute atom in the
liquid, AT is the temperature interval between the
liquidus and the solidus, % is the solute partition
coefficient, m is the slope of the liquidus and Cj is
the initial composition. Using the thermophysical
parameters given in Table I, vy, for Mg-5.2Zn alloy
can be determined to be 12.7 um/s, which just lies in
the experimental result interval. It is noticed that
the cellular/dendrite transition occurs in a wide
range of the growth rates,?® that's why «(Mg)
presents a cellular-dendrite mixture morphology
under the growth rate of 20 um/s.

Interdendritic Phases

Figure 3a shows the equilibrium phase diagram
of Mg-Zn binary system calculated from the ther-
modynamic description obtained by Agarwal et al.?*
using Thermo-Calc software.”> The real chemical
composition of Mg-5.2Zn alloy is marked by the
dotted line in Fig. 3a. In the equilibrium condition,
only «(Mg) phase will be formed during solidifica-
tion. Using the Scheil simulation, based on the
assumption of complete mixing the liquid but no
diffusion in the solid, the solidification path of Mg-
5.2Zn alloy was predicted as, Liquid — Liquid
+ o(Mg) — Liquid + «(Mg) + Mg;Zns — o(Mg) +
Mg;Zn3, as shown in Fig. 3b. The primary phase is
o(Mg), and the eutectic structure of a«(Mg) + Mg;Zns
forms at the late stage of solidification.

Figure 4 shows SEM microstructures of transver-
sal section of the directional solidified tested alloy at
the growth rate of 10 ym/s and 100 um/s, respec-
tively. The dark phase is identified to be a(Mg).
Semi-continuous white phases are found along
o(Mg) grain boundary and some dot-like white
phases also presented within «(Mg) grain. From
the local enlarger SEM images (Fig. 4c and d), the
interdendritic white phase is indexed as
o(Mg) + Mg;Zn; eutectic phase according to the
EDS patterns and XRD pattern, as shown in
Figs. 4e—f and 5. Compared with the calculation
results shown in Fig. 3b, it is concluded that the
solidification microstructure is consistent with the
prediction using Scheil model, which is believed to
be close to the real solidification process.

The volume fractions of the second phases appear
to decrease with increasing growth rates, as shown
in Table II, due to the fact that a higher growth rate
corresponds to a higher cooling rate, and leads to a
reduced diffusion time for the eutectic phase
growth.? The volume fraction of the second phase
was also evaluated using Scheil model, as listed in
Table II. Comparing with the image analysis
results, the measured values are slightly less than
the calculated value (7.975%) by Scheil model,
which can be attributed to the fact that back
diffusion of alloying elements is not taken into
consideration in Scheil model but it occurs during
the real solidification process.

Dendritic Microstructure Parameters

A1 and Ay are the main characteristic lengths,
which are believed to have a significant effect on the
mechanical properties such as yield strength and
creep resistance of the alloy. The measured A; and
Ao are plotted in Fig. 6. As expected, 4; and /s
decreases with increasing v. From Fig. 6, it can be
seen that the data form straight lines on the
logarithmic scale. The linear regression analysis
gives the proportionality equation as,??

J=av® (8)

where a and b are constant, dependent on the alloy
composition, temperature gradient and diffusion
coefficient.
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Fig. 3. Prediction of solidification process of Mg-Zn alloy with Thermo-Calc. (a) Equilibrium phase diagram of Mg-5.2Zn alloy, (b) solidification
path of Mg-5.2Zn alloy.
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Fig. 4. SEM images of the directionally solidified Mg-5.2Zn alloy at the growth rate of 10 um/s (a) and 100 um/s (b). (a) and (b) were taken from
transversal sections. (c) and (d) are enlarger from the local regions marked by dash lines in (a) and (b), respectively. (e) and (f) are the
corresponding EDS patterns of interdendritic white phase, respectively.
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Through non-linear regression analysis, 4; and Ay
under the fixed G (30 K/mm) at the varied growth
rates can be described as,

J1 = 8.6964 x 1076y 023983 (9)

Jg = 1.7703 x 106y ~0-34161 (10)

For the sake of comparison, the calculated A;
and Ap by different theoretical models are also
given in Fig. 6. It can be seen from Fig. 6a that
the calculated A4; with Trivedi model'* show
reasonable agreement with the experimental val-
ues. However, the calculated 4; with Hunt model'?
and Kurz-Fisher model*® deviate significantly
from the experimental results. From Fig. 6b, the
calculated /o by Kattamis—Flemings model'® show
reasonable agreement with the experimental val-
ues, this is mainly due to the fact that Kattamis—
Flemings model developed based on coarsening
mechanism similar to the Ostwald ripening phe-
nomenon, which occurred in reality for the sec-
ondary arm.

o(Mg)
- Mg,Zn,
g i .
= AN A
—
< v=100um/s
= RS T ¥
R7) v=60pm/s
5 sl
= *M.WJ v=40um/s
U v=20pm/s
[ mmaaatoin i
v=10pm/s
1 r 1 . 1 r 1
20 40 60 80

2 theta, degree
Fig. 5. XRD patterns of the directional solidified Mg-5.2Zn alloys.
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Room Temperature Mechanical Properties

Figure 7 shows the nominal stress versus nomi-
nal strain curves of the directionally solidified and
non-directionally solidified Mg-5.2Zn alloy under
the same cooling rate. The cooling rate of Mg-5.2Zn
alloy cast in metallic mold was measured to be about
1.8 K/s, which is close to that of the directionally
solidified experimental alloy under G = 30 K/mm
and v = 60 um/s. As can be seen from Fig. 7, the
ultimate tensile strength and elongation were
186.3 MPa and 21.3% for the directionally solidified
alloy and 160 MPa and 18.4% for the non-direction-
ally solidified alloy.

Figure 8 shows the room temperature mechanical
properties of the as-cast experimental alloys after
directional solidification under different growth
rates at G = 30 K/'mm. For clarity, the correspond-
ing microstructures are also indexed. It is found
that when v increases from 10 um/s, 20 um/s to
40 pm/s, the ultimate tensile strength is improved
from 128 MPa, 157 MPa to 181 MPa, and the
corresponding primary «(Mg) phase exhibits cellu-
lar, cellular-dendritic and dendritic structure,
respectively. Clearly, the ultimate tensile strength
of Mg-5.2Zn alloy with dendritic morphology is
stronger than the cellular one. After the cellular to
dendritic transition, the ultimate tensile strength
increases with further increasing of the growth
rates.

In order to elucidate the differences of fracture
behaviors between the cellular and dendritic forms,
the fractures of Mg-5.2Zn alloys with cellular and
dendritic morphologies were studied. Figure 9
shows SEM fracture surface images of the tested
alloys with cellular and dendritic «(Mg) grains after
the tensile test. The tested alloy with cellular
structure shows islands of dimples separated by
large cracks. The initiation and propagation of these
cracks are responsible for its poor properties for the
cellular structure alloy. By contrast, the tested alloy
with dendritic structure exhibits a uniform surface
consisting of fine dimples, which are evidence of
totally ductile failure. Figure 10 shows OM fracture
morphologies on longitudinal section of tensile
samples with the cellular and dendritic structures,
respectively. The sample with the cellular structure

Table II. Volume fractions of the second phase in Mg-5.2Zn alloys

Cooling
Temperature Growth rate R(R = Gv),
gradient G, K/mm rate v, ym/s K/s
30 10 0.3
30 20 0.6
30 40 1.2
30 60 1.8
30 100 3.0

Eutectic volume fraction/%

Image analysis Calculation results

results by Scheil model
7.89 (£0.3) 7.975
7.86 (£0.5) 7.975
7.33 (£0.5) 7.975
6.52 (+0.4) 7.975
6.11 (£0.5) 7.975
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Fig. 6. Comparison of the observed dendritic spacing (44, 42) with the calculated ones using different theory models. (a) the primary dendritic arm

spacing (44), (b) the secondary dendritic arm spacing (1z).
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Fig. 7. The stress-strain curves for the directionally solidified and
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rate.
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Fig. 8. Room temperature mechanical properties of the directionally

solidified Mg-5.2Zn alloy under different growth rates at a constant G
of 30 K/mm.

shows an intergranular failure, as shown in Fig. 10-
a. In addition, large particles of interdendritic phase
and continuous grain boundary films are also

observed, which are prone to fracture under local
stress concentration during tensile test. In the
sample with the dendritic structure, extensive
transgranular failure is observed, as shown in
Fig. 10b.

Strengthening Mechanism

Apparently, as shown in Fig. 7, the directional
solidification technology significantly improves the
room temperature mechanical groperties. This is
mainly attributed to the fact® that directional
solidification technology achieved sequence solidifi-
cation in whole casting process, promoted «(Mg)
grains formed parallel to the pulling direction and
reduced the formation of solidification defects, such
as shrinkage porosity and shrinkage cavity.

Furthermore, the different solidification morphol-
ogy leads to different mechanical properties, as
shown in Fig. 8, the ultimate strength tensile
increases as the solidification morphology varied
from cellular to cellular-dendritic and dendritic
structure. During the solidification process with
cellular growth interface, the interface consists of
families of finger-like projections moving in unison
while sweeping ahead the solute-rich liquid. The
liquid at the interface contains a high concentration
of solute elements, and it solidified, forming coarse
brittle phases along the cellular boundaries, which
serve as regions for crack initiation or propagation
during the tensile test. By contrast, during solidi-
fication of the dendritic interface, the solute-rich
liquid is entrained in the interdendritic spaces and
separated by closely-spaced secondary and tertiary
dendrite arms, then solidified with small size in
isolated pockets, which could act as a reinforce
phase to obstacle the dislocation slip and to prevent
the grain deformation during the tensile test.?* In
addition, due to the refinement of the second phase
in the dendrite form alloy makes it difficult for
micro-cracks to initiate and propagate and thereby
makes it more ductile compared with the case in the
cellular form.
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Fig. 9. SEM fracture mo
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dendritic structure (v = 40 um/s).
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Fig. 10. OM fracture morphologies of longitudinal section after room temperature tensile test. (a) cellular structure (v = 10 um/s), (b) dendritic
structure (v = 40 um/s).

CONCLUSION

Effects of the growth rate on microstructure and
mechanical properties of directionally solidified Mg-
5.27n binary alloy were investigated using Bridgman
method. The main conclusions can be drawn as follows,

1

The microstructure of the directionally solidi-
fied Mg-5.2Zn alloy exhibits a transition from
cellular, to cellular-dendritic, and then to
dendritic growth, when the growth rate is
increased from 10 um/s to 40 um/s. According
to Kurz—Fisher model, the approximate crite-
rion growth rate for cellular/dendrite transi-
tion is calculated to be 12.7 um/s, which is in
good agreement with the experimental results.

2)

3)

4)

The primary dendrite arm spacing (11) and the
secondary dendrite arm spacing (/) are depen-
dent on the growth rate (v) in the form of
J1=8.6964 x 1075 p 02983, - 1.7703 x
1078 034161 which is in good agreement
with the calculated values by the Trivedi
model and Kattamis—Flemings model, respec-
tively.

The directionally solidified Mg-5.2Zn alloy was
mainly consisted of «(Mg) dendrite and inter-
dendritic «(Mg) + Mg;Zns binary eutectic
phases, as predicted microstructure using
Scheil model.

The directionally solidified experimental Mg-
5.27n alloy exhibits a higher strength than the



Effects of the Growth Rate on Microstructures and Room Temperature Mechanical Properties

of Directionally Solidified Mg-5.2Zn Alloy

non-directionally solidified alloy. Meanwhile,
the sample with dendritic «(Mg) is stronger
than that in cellular form due to the fact that
the formation tendency for brittle and coarse
phase in the dendritic form is less than that in
the cellular form.
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