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Abstract: Directional solidification of Mg—2.35Gd (mass fraction, %) magnesium alloy was carried out to investigate the effects of
the solidification parameters (growth rate v and temperature gradient ) on microstructure and room temperature mechanical
properties under the controlled solidification conditions. The specimens were solidified under steady state conditions with different
temperature gradients (G=20, 25 and 30 K/mm) in a wide range of growth rates (v=10—-200 pm/s) by using a Bridgman-type
directional solidification furnace with liquid metal cooling (LMC) technology. The cellular microstructures are observed. The cellular
spacing 4 decreases with increasing v for constant G or with increasing G for constant v. By using a linear regression analysis the
relationships can be expressed as A=136.216v ***** (G=30 K/mm) and 1=626.5630G % (+=10 pm/s), which are in a good
agreement with Trivedi model. An improved tensile strength and a corresponding decreased elongation are achieved in the
directionally solidified experimental alloy with increasing growth rate and tempertaure gradient. Furthermore, the directionally

solidified experimental alloy exhibits higher room temperature tensile strength than the non-directionally solidified alloy.
Key words: Mg—2.35Gd alloy; directional solidification; cellular spacing; microstructure; mechanical property

1 Introduction

solidification, the solidification
parameters such as temperature gradient (G) and
solidification rate (v) can be independently controlled,
which make it possible to study effects of G and v on the
microstructure of an alloy. Directional solidification
technology has been widely used in some kinds of alloys
such as aluminum alloys and superalloys, but there are
only limited investigations on magnesium alloys [1,2].
ZHANG et al [3] and ZHENG et al [4] studied the
morphologies and microsegregation of directionally
solidified Mg—4Al alloy and AX44 (Mg—4Al—4Ca, mass
fraction, %) alloy using electron probe microanalysis
(EPMA) and the Scheil-solidification = model.
PETTERSEN et al [5] studied dendrite crystallography
of directionally solidified AZ91 magnesium alloy.
MIRKOVIC et al [6] analyzed the microsegregation of
directionally solidified AZ31 and AMS0 castings.
However, these previous researches are mainly focused
on Mg—Al-based alloys and few works are reported on

In directional

Mg—RE-based alloys.

Mg—RE (rare-earth elements, such as Gd, Y, Nd
misch metal)-based alloys have received tremendous
attention due to their high specific strength both at room
and elevated temperatures as well as their excellent creep
resistance [7,8]. Among them, Mg—Gd-based alloy is one
of the promising candidates for a novel Mg-based heat-
resistant alloy. There have been extensive researches on
microstructures and the mechanical properties of Mg—
Gd-based alloys [9—11]. NISHIJIMA and HIRAGA [9]
studied structural changes of the precipitates in Mg—
5%Gd (mole fraction) alloy by aging at 200 and 250 °C.
HONMA et al [10] investigated the microstructures of
age hardened Mg—2.0Gd—1.2Y—xZn—0.2Zr (x=0, 0.3%
and 1.0%, mole fraction) alloys to understand the
remarkable age-hardening and unusual plastic elongation
behavior. NIE et al [11] studied the solute segregation
and the precipitate phases in creep-resistant Mg—1Gd—
0.4Zn—0.2Zr (mole fraction, %) alloy isothermally aged
at 250 and 200 °C using the three-dimensional atom
probe and high-angle annular dark-field scanning
transmission electron microscopy (TEM). However,
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there are few works reported on the solidification
behaviors of Mg—Gd binary alloys under different
casting conditions, in particular, under directional
solidification condition.

The objective of the present study is to investigate
influences of G and v on the microstructures of
Mg—2.35Gd magnesium alloy and to establish the
quantitative relationship between characteristic length
scales and growth processing parameters under the
controlled directional solidification conditions. The
obtained results enable us to predict and control
directionally solidified microstructures and mechanical
properties of the tested alloy system.

2 Experimental

2.1 Alloy preparation

Mg—2.35Gd alloys were prepared from pure Mg
(99.98%) and Mg—28Gd (mass fraction, %) master alloy
by melting in an electrical resistance furnace under the
protection of anti-oxidizing flux (RJ—4). After refining
with C,Clg and holding at 780 °C for 20 min, the
melts were poured into an iron test bar mold (410 mm x
150 mm) at 740 °C. The test bars were further processed
into the samples of d 7.8 mm x 90 mm for subsequent
directional solidification experiments.

2.2 Directional solidification experiments

A high temperature gradient Bridgman-type
directional solidification furnace with a graphite heater
and a quenching system of water-cooled Ga—In—Sn
liquid metals was used. The prepared sample (d 7.8 mmx
90 mm) was loaded in a special stainless tube crucible
with 10 mm in outer diameter (OD), 8 mm in inner
diameter (ID), 120 mm in length and sealed ends. A
special sulfur dioxide (SO,) generator was inserted into
the top of the crucible, which was designed to prevent
the oxidation of the experimental alloy [12]. The crucible
was put in the vacuum furnace with the graphite heater,
pumped down to 1 Pa, backfilled with high-purity Ar,
and then heated to 800 °C holding for 30 min. When the
required axial temperature gradient was reached, the
sample was directionally solidified by moving the
crucible downward at a given speed (10—200 pum/s) for
about 40 mm, and subsequently quenched in Ga—In—Sn
liquid metals. For the analysis, the withdrawal rate was
approximately used as the growth rate.

2.3 Sample characterization

For subsequent characterization, the solidified
samples were cut along both the longitudinal and
transverse sections to investigate the quenched interface
morphology and the solidification microstructure.
Olympus PM-G3 type optical microscope (OM) was

used to examine the solidification microstructure. The
room temperature tensile properties were tested in a
Zwick 150 type universal tensile testing machine at a
maximum load of 150 kN and a strain rate of 1 mm/min.
The test specimens were in rectangular shape with
20 mm in length, 5 mm in width and 2 mm in height, as
shown in Fig. 1.
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Fig. 1 Specimen dimensions for tensile tests used in this work
(unit: mm)

3 Results and discussion

3.1 Directional solidification microstructures

Figure 2 shows OM images of longitudinal and
directionally  solidified
Mg—2.35@Gd alloy at the constant temperature gradient of
30 K/mm and different growth rates. As shown in
Figs. 2(a), (c) and (e), the solid/liquid interface of
Mg—2.35Gd alloy is a typical cellular interface and the
microstructures exhibit typical cellular structures with
coarse trunks. Meanwhile, the cellular spacing decreases
with increasing growth rate. In the whole growth rate
range of 10—200 um/s, no dendritic structures were
observed. In order to further confirm the microstructures,
OM images of transversal section of directionally
solidified Mg—2.35Gd alloy are shown in Figs. 2(b), (d)
and (f). Clearly, the microstructures exhibit typical
cellular structure and the shape of the cellular crystals
changes from the hexagonal to the square and the
circular with increasing growth rate.

According to the dendrite growth theory of
KURZ-FISHER [13], the approximate criterion growth
rate for cell/dendrite transition (v._q) can be expressed as
follows:

_GD _ GD
ATyk— mCy(k—1)

transversal  sections  of

Ve-d ( 1 )
where G is the temperature gradient in the liquid, D is
the diffusion coefficient of solute atom in the liquid, ATy
is the temperature interval between the liquidus and the
solidus, £ is the distribution coefficient, m is the slope of
the liquidus and Cj is the initial content of the solidifying
alloy. Using the thermophysical parameters given in
Table 1, the v._4 of Mg—2.35Gd alloy can be evaluated to
be 23.4 pm/s.

Obviously, the  experimental solidification
microstructure is still cellular structure near the theoretical
criterion growth rate for cell/dendrite transition, which
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and 200 pn/s (e, f): (a, c, e) Longitudinal section; (b, d, f) Transverse section

Table 1 Thermophysical parameters of Mg—2.35Gd alloy

Parameter Value Ref.
Initial content, Cy/% 2.35
Slope of liquid line, m/(K-% ") -1.380
Distribution coefficient, & 0.1049

Diffusion coefficient (liquid), D/(cm®s ") 1.233x107° [14]
Gibbs—Thomson coefficient, I/(m-K) 1.1x107  [14]

cannot be used to interpret the absence of dendrite
structure with increasing or decreasing the growth rate.
However, according to the microstructure/processing
map proposed by LU and HUNT [15,16] in
dimensionless temperature gradient G'(G'=GI'k/AT,?)
and dimension less growth rate v (V=vIk/(DATy)),
ATo=mCy(k—1)/k) domains for Al-Cu alloy considering
the interfacial energy, as shown in Fig. 3, it is very
clear that the solute content has a significant effect on the
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Fig. 3 Microstructure/processing map in dimensionless G'—v'
domain for Al-Cu alloy [15] (triangular-shaped region

indicates that cells and dendrites may form)
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morphology evolution. A lower solute content results in a
smaller corresponding scope of dendrite and an easier
way to obtain high speed cellular structure. In the present
investigation, the low Gd concentration in experimental
Mg—2.35Gd alloy indicates that only cellular structures
may form independent of solidification parameters
(dimensionless temperature gradient G' and growth
rate v').

Figure 4 shows OM images of longitudinal and
transversal ~ sections of  directionally  solidified
Mg—2.35Gd alloy under different temperature gradients
(20, 25 and 30 K/mm) at a constant growth rate of
10 pm/s. The microstructures still exhibit typical cellular
structures, and the cellular spacing decreases with
increasing temperature gradient.

3.2 Directional solidification  microstructures
parameters
It is well known that the cellular spacing has a

significant effect on the mechanical properties such as
yield strength and creep resistance of the alloy. Different
theoretical models have been proposed by HUNT and
LU [17], KURZ and FISHER [13] and TRIVEDI [18] to
characterize the cellular spacing under
solidification conditions, which are given by Egs. (2)—(4),
respectively:

2=2.83[m(k—1)DI**C," v **G % (Hunt model) (2)

=4 3[m(k—1)DITK B L35, 025G 0
(Kurz—Fisher model) 3)
2=2.83[m(k-1)DI'L]"*C,"*v** G ** (Trivedi model)
“4)
where I' is the Gibbs—Thomson coefficient, L is a
constant with the value of 28 that depends on harmonic
perturbations. The thermophysical parameters of
experimental Mg—2.35Gd alloy used in the calculations
of the above theoretical models are given in Table 1.
Figure 5(a) shows the measured cellular spacing of

various

Fig. 4 OM images of directionally solidified Mg—2.35Gd alloy at v=10 um/s and temperature gradients of 20 K/mm (a, b), 25 K/mm
(c, d) and 30 K/mm (e, f): (a, c, e) Longitudinal section; (b, d, f) Transverse section
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the experimental Mg—2.35Gd alloy with a function of
growth rate. Through a linear regression analysis, the
relationship between 4 and v at a temperature gradient of
40 K/mm was established as follows:

1=136.216y 02440 (5)

For comparison, the values of cellular spacing
calculated by Hunt model, Kurz—Fisher (K—F) model,
and Trivedi model are also given in Fig. 5(a). It should
be noted that the values calculated by Kurz—Fisher
model and Hunt model significantly diverge from the
measured results, while the measured results are in a
good agreement with the values calculated by Trivedi
model. Figure 5(b) shows the measured cellular spacing
of the experimental Mg—2.35Gd alloy with a function of
temperature gradient. Through a linear regression
analysis, the relationship between 1 and G at a growth
rate of 10 um/s was established as follows:

1=626.5630G 0% (6)

Similar to Fig. 5(a), the values calculated by Hunt
model, Kurz—Fisher model and Trivedi model are also
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Fig. 5 Comparison of measured cellular spacing with calculated
one by different theoretical models for directionally solidified
Mg—-2.35Gd alloy: (a) At G=30 K/mm and different growth
rates; (b) At v=10 um/s and different temperature gradients

shown for comparison. Again, the values calculated by
Trivedi model are in a good agreement with the
measured results. However, the values calculated by
Kurz—Fisher model and Hunt model obviously diverge
from the measured ones.

Figure 6 shows the comparison of the cellular
spacing obtained from the experiments and prediction of
theoretical models for Mg—2.35Gd alloy at different
growth rates and different temperature gradients. It can
be seen that the measured cellular spacing is in good
agreement with the theoretical prediction by Trivedi
model, indicating that the Trivedi model can be used to
predict the cellular spacing of directionally solidified
Mg—2.35Gd alloy with a reasonable accuracy.
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Fig. 6 Comparison of observed cellular spacing with calculated
one by different theoretical models for directionally solidified
Mg—2.35Gd alloy at different G and v values

3.3 Room temperature mechanical properties

Figure 7 shows the nominal stress—nominal strain
of the directionally solidified
directionally solidified experimental alloy at the same
cooling rate. The cooling rate of Mg—2.35Gd alloy cast

curves and non-
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Fig. 7 Nominal stress—nominal strain curves for directionally

solidified and non-directionally solidified Mg—2.35Gd alloys at

cooling rate of 2 K/s
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by metal mold was mesured to be 2 K/s, which was close
to that of the directionally solidified experimental alloy
at G=20 K/mm and v=100 pm/s. It can be seen that the
directional solidification technology can significantly
improve the room temperarure mechanical properties of
the experimental alloy. The ultimate tensile strength
(UTS) and elongation to failure are respectively
improved from 55 MPa and 14% for the
non-directionally solidified alloy to 94 MPa and 18% for
the directionally solidified alloy. The directionally
solidified alloy exhibits 1.71 times higher in ultimate
tensile strength (UTS) and 1.29 times higher in
elongation than the non-directionally solidified alloy,
which can be due to the fact that directional solidification
technology could controll the grain orientation, eliminate
grain boundary, achieve a sequence
solidification in the whole casting process, thereby
decreasing the amount of solidification defects, such as
shrinkage porosity and shrinkage cavity.

Figure 8 shows the room temperature mechanical
properties of Mg—2.35Gd alloy prepared by directional
solidification at different v values for constant G
and different G values for constant v, respectively. At

transverse
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Fig. 8 Room temperature mechanical properties of directionally
solidified Mg—2.35Gd alloy under different condiitons: (a) At
G=30 K/mm and different growth rates; (b) At v=100 um/s and
different temperature gradients
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G=30 K/mm, the tensile strength is improved from
69 MPa at growth rate of 10 um/s to 179 MPa at a
growth rate of 200 pum/s, the elongation decreases from
20% at a growth rate of 10 um/s to 4% at a growth rate
of 200 pum/s. At v=200 pm/s, the tensile strength is
improved from 94 MPa at a temperature gradient of
20 K/mm to 151 MPa at the temperature gradient of
30 K/mm, the eclongation decreases from 18% at a
temperature gradient of 20 K/mm to 11% at a
temperature gradient of 30 K/mm. It is very clear that the
growth rate and temperature gradient have significant
effects on the room temperature mechanical properties of
the Mg—2.35Gd alloy.

The improved tensile strength can be attributed to
the finer microstructure and the smaller size of the
intergranular phase with increasing growth rate and
temperature gradient (cooling rate). It is known that, the
tensile strength of the cellular structure is dependent on
the cellular arm spacing. As shown in Figs. 2 and 4, the
cellular spacing A is indeed smaller with increasing
growth rate and temperature gradient. And the strength of
the experimental Mg—2.35Gd alloy would be improved.
However, futher investigation on the reduced elongation
is still required.

4 Conclusions

1) The microstructure of the directionally solidified
Mg—2.35@Gd alloy exhibits a typical cellular structure and
the cellular spacing 4 decreases with increasing growth
rate v for constant temperature gradient G and with
increasing G for constant v. By a linear regression
analysis, the relationships can be expressed as
J=136.216v "** (G=30 K/mm) and 1=626.5630G %%
(v=10 um/s).

2) The values of the cellular spacing calculated by
Kurz—Fisher model and Hunt model obviously diverge
from the measured results, while the measured results are
in a good agreement with the values calculated by
Trivedi model. The Trivedi model could be used to
predict the cellular spacing of Mg—2.35Gd alloy at G
values of 20—30 K/mm and v values of 10—200 pm/s
with a reasonable accuracy.

3) The directionally solidified Mg—2.35Gd alloy
exhibits improved strength than the non-directionally
solidified alloy. The tensile strength of the directionally
solidified experimental alloy is improved with increasing
growth rate and/or temperature gradient.
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