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The microstructure evolution and mechanical properties of directionally solidified Mg-0.60, 1.38 and
2.35 wt% Gd alloys were investigated as a function of temperature gradients (G), growth rates (V), cooling
rates (R) and solute (Gd) contents. A typical cellular microstructure with varied morphologies was ob-
served in three different Mg-Gd alloys under steady states with three different G (20, 25, and 30 K/mm)
at the fixed V (10 mm/s) or with different V (10–200 mm/s) at the fixed G (30 K/mm). The formation of
cellular microstructure can be attributed to the combined effects of the lower solute content and the
higher interfacial tension. The cellular spacing (λ) decreases not only with increasing G or V, but also with
increasing Gd content for the fixed G and V. The measured λ values are in good agreement with Trivedi
model and the previous experimental results. Meanwhile, the ultimate tensile strength of directionally
solidified Mg-Gd alloys decreases with increasing λ, but it increases with increasing cooling rates. Fur-
thermore, the relationship between the ultimate tensile strength, structure parameter and cooling rate
was also discussed and compared with the previous experimental results.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Magnesium alloys, as the lightest metal structural materials in
industrial application, have been attracted more and more atten-
tion in aerospace and automotive industries [1,2]. However, a
barrier to their wider application of commercial Mg alloys, such as
AZ91D and ZK51, is their relatively poor performance, in particular
at elevated temperatures [3,4]. It is well-accepted that the addition
of rare element (RE, e.g. Gd) into Mg alloy is promising to improve
the alloy performance at elevated temperatures [5,6]. Indeed, to
date, alloying and subsequent solution and ageing treatment are
still one of the most important ways to enhance mechanical
properties of Mg-Gd based alloy [7–13]. It is worth nothing that
increasing Gd content would improve mechanical properties,
however, the density and the costs are also increased [11–13]. A
good balance between performance and density as well as costs
should be taken into consideration.

In another way, Mg alloy performance can be also improved by
the directional solidification technique. Pailwal et al. [14] in-
vestigated the comprehensive microstructural evolution of Mg-3,
6, and 9 wt% Al alloys by using directional solidification and other
solidification techniques and built a solidification map based on
hua.li@hotmail.com (J. Li).
the experimental data and the solidification model. Liu et al. [15]
investigated the microstructure and mechanical properties of di-
rectionally solidified Mg-3.0Nd-1.5Gd alloy. A significant im-
provement of ultimate tensile strength (UTS) (59% higher) and
elongation (112% higher) was obtained when comparing with the
non-directionally solidified alloy under the same cooling rates. It
is, therefore, very interesting to investigate the effect of directional
solidification technique on the microstructure evolution and me-
chanical properties of Mg-Gd binary alloys.

In this paper, the microstructure evolution and mechanical
properties of directionally solidified Mg-xGd (x¼0.8, 1.5, and 2.5)
alloys were investigated as a function of temperature gradients
(G), growth rates (V), cooling rates (R) and solute (C0) contents.
Meanwhile, the correlation between ultimate tensile strength,
structure parameter and cooling rate is also discussed.
2. Experimental procedures

2.1. Alloy preparation

The alloy ingots with nominal compositions of Mg-0.8 Gd, Mg-
1.5 Gd, and Mg-2.5 Gd (wt%, used throughout the paper unless
noted) were melted from pure Mg (99.98) and Mg-28 Gd master
alloy in an electrical-resistance furnace under the protection of
anti-oxidizing (RJ-4). The melting alloys were homogenized at
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Table 1
Chemical composition of Mg-Gd alloys.

Nominal alloys Composition (wt%)

Gd Mg

Mg-0.8 Gd 0.60 Bal.
Mg-1.5 Gd 1.38 Bal.
Mg-2.5 Gd 2.35 Bal.
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780 °C for 20 min followed by casting into a test bar (Φ
10�150 mm) in a Fe mould at 740 °C. The test bars were further
processed into the samples of Φ 7.8�90 mm for subsequent di-
rectional solidification experiments. The composition of the alloys
were determined through inductively coupled plasma atomic
emission spectrum (ICP-AES) apparatus and listed in Table 1.

2.2. Directional solidification experiments

Directional solidification experiments were performed in a
high-temperature gradient Bridgman-type directional furnace
with a graphite heater and the quenching system of water-cooled
Ga-In-Sn liquid metals. The prepared sample (Φ 7.8�90 mm) was
loaded in a special stainless tube crucible with an outer diameter
(OD) of 10 mm, an inner diameter (ID) of 8 mm and a length of
Table 2
The experimental results and the relationships between the cellular spacing and solidifi

C0 (Mg-wt% Gd) G (K/mm) V (mm/s) R(R¼GV) (K/s)

0.60
20

10
0.20

25
10

0.25

30
10

0.30

30
40

1.20

30
100

3.00

30
150

4.50

30
200

6.00

1.38
20

10
0.20

25
10

0.25

30
10

0.30

30
40

1.20

30
100

3.00

30
150

4.50

30
200

6.00

2.35
20

10
0.20

25
10

0.25

30
10

0.30

30
40

1.20

30
100

3.00

30
150

4.50

30
200

6.00
120 mm. The ends of tube crucibles were sealed. A special sulfur
dioxide (SO2) generator was inserted into the top of the crucible,
which was designed to prevent the oxidation of the experimental
alloy [15]. The crucible was put in the vacuum furnace with the
graphite heater, pumped down to 0.01 mbar, backfilled with high-
purity Ar gas, and then heated to 800 °C for 30 min. After stabi-
lizing the thermal conditions in the furnace under an argon at-
mosphere, the specimen was grown by means of different speed
synchronous motors. Specimens were solidified under steady state
conditions with different temperature gradients (G¼20, 25 and
30 K/mm) at the constant growth rate (V¼10 mm/s) or with dif-
ferent growth rates (V¼10–200 mm/s) under the constant tem-
perature gradient (G¼30 K/mm). The samples were directionally
solidified about 40–50 mm, and then quenched rapidly into the
Ga-In-Sn liquid metals. In this paper, the growth rate is substituted
for the withdrawal rate. They can be regarded to be identic when
the solidification process is in the steady state after a short initial
transient zone during directional solidification process.

2.3. Sample characterization

The microstructural evolution of the directionally solidified
alloy samples was characterized from the longitudinal and trans-
verse sections, which are believed to be located at about 5 mm
below the quenched solid-liquid interface. The solidification
cation parameters for Mg-Gd alloys.

λ (mm) Relationships Correlation coefficients (r)

73 λ¼109.72V�0.2615 �0.994

66 λ¼275.25G�0.4432 �0.999

61 λ¼44.75R�0.2784 �0.995

40

34

30

27

85 λ¼135.74V�0.2598 �0.987

80 λ¼213.96G�0.3073 �0.994

75 λ¼54.96R�0.2656 �0.994

50

44

37

33

112 λ¼159.19V�0.2763 �0.992

97 λ¼935.58G�0.7071 �0.997

84 λ¼62.83R�0.3093 �0.990

57

45

42

35



Fig. 1. OM images of directionally solidified Mg-Gd experimental alloys under G¼30 K/mm at different growth rates. L and T represent the longitudinal and the transverse
section of samples, respectively.
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microstructures were examined by using Olympus PM-G3 type
optical microscope (OM). The cellular spacing (λ) was measured
from the OM images of the solidified samples using the area
counting method. In this method, the average cellular spacing
values were calculated using an Eq. (1):

λ =
( )

⎛
⎝⎜

⎞
⎠⎟

B
M

A
N 1

0.5

where B (1.075 for hexagonal structures) is the correction factor, M
is the magnification factor, A is the total specimen cross-section
area and N is the number of cell on the cross-section. λ values were
Fig. 2. OM images of directionally solidified Mg-Gd experimental alloys at V¼10 mm/s
transverse section of samples, respectively.
measured on the cross-section with at least five different regions
for each specimen. The experimental results and the relationship
between λ and solidification parameters for the experimental al-
loys are given in Table 2.

Tensile test was carried out by using a Zwick 150 type universal
tensile testing machine at a strain rate of 0.007/s at room tem-
perature. The test specimen was rectangular in shape with 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 reprodu-
cibility of the data.
under different temperature gradients. L and T represent the longitudinal and the
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3. Results

3.1. Directional solidification microstructures

Fig. 1 and Fig. 2 show OM microstructures of the longitudinal
and transversal section of directionally solidified Mg-Gd experi-
mental alloys under the constant temperature gradient of 30 K/
mm at different growth rates and at the constant growth rate of
10 mm/s under different temperature gradients, respectively. A
typical cellular structure was observed in all experimental alloys.
The cellular microstructures became finer with increasing the
growth rate. It is worth nothing that a typical cellular structure
with coarse trunks along the longitudinal section and a regular
cellular structure on the transversal section were exhibited when
the growth rate is less than 10 mm/s. When the growth rate is close
to 100 mm/s, however, remarkable finer trunks along the long-
itudinal section and a mixed structure of dot-shape and strip-
shape on the transversal section were observed. Further increasing
the growth rate up to 200 mm/s, a finer cellular structure along the
longitudinal section and a smooth cellular structure on the
transversal section were observed. In addition, the width of the
intercellular groove increases with increasing the growth rate and
thereby the corresponding tip radii of cells decrease. Similar
trends were also found, as shown in Fig. 2. The microstructures
became finer when the temperature gradient increases from 20 K/
mm to 30 K/mm at the given growth rate and solute content.
Moreover, no significant effect of the solute content on the mi-
crostructural morphology was observed, although the cellular
spacing (λ) increases with increasing the solute content at the
given G and V.
Fig. 3. (a) Variations of cellular spacing (λ) with growth rates (V) at the constant tempe
spacing (λ) with temperature gradients (G) at the constant growth rate (V) (10 mm/s) for d
different Mg-Gd alloys.
3.2. Effect of the solidification parameters (G, V, R, C0) on the cellular
spacing

The measured cellular spacing (λ) of the Mg-Gd alloys are given
in Table 2. The variation of cellular spacing (λ) as a function of the
growth rates (V) is shown in Fig. 3a. A family of straight lines was
obtained. The mathematical relationship between λ and V by a
linear regression analysis for each composition can be, therefore,
described as:

λ = ( )−k V 2a
1

The values of the exponent (a) are close to 0.26, 0.26 and 0.28
for Mg-0.60 Gd, Mg-1.38 Gd and Mg-2.35 Gd, respectively, which
are in good agreement with the values of 0.25, 0.23, 0.27, 0.25, 0.26
and 0.24 obtained by Yang et al. [16] for Cu-Mn, Lapin et al. [17] for
Ni-Al-Cr-Fe, Kloosterman and Hosson [18] for TiN, Kaya et al. [19]
for Al-Li and Gündüz et al. [20] for Al-Ti alloy, respectively. Fur-
thermore, these exponent values are very close to the value of 0.25
predicted by Hunt [21], Kurz and Fisher [22], and Trivedi [23]
theoretical models for cellular spacing.

The variations of λ values obtained fromMg-Gd alloys with G at
the constant V (10 mm/s) are shown in Fig. 3b and Table 2. Again, a
family of straight lines was observed with one line corresponding
to one C0. A linear regression analysis gives a proportionality
equation as:

λ = ( )−k G 3b
2

The values of exponent (b) are equal to 0.44, 0.31 and 0.71 for
Mg-0.60 Gd, Mg-1.38 Gd and Mg-2.35 Gd, respectively, which are
also in good agreement with the values of 0.32, 0.52 and 0.57, 0.72,
and 0.32-0.71 obtained by Klaren et al. [24] for Pb-Sn, Tunca and
rature gradient (G) (30 K/mm) for different Mg-Gd alloys; (b) variations of cellular
ifferent Mg-Gd alloys; (c) variations of cellular spacing (λ) with cooling rates (R) for



Table 3
The relationships between ultimate tensile strength, cooling rate and cellular
spacing for Mg-Gd alloys.

Alloys Relationships Correlation coefficient (r)

Mg-0.60 Gd sb¼�104.13þ1347.77λ�0.5 �0.986
sb¼93.41R0.29 0.997

Mg-1.38 Gd sb¼�121.57þ1674.28λ�0.5 �0.988
sb¼99.68R0.30 0.997

Mg-2.35 Gd sb¼�110.76þ1754.20λ�0.5 �0.985
sb¼105.34R0.32 0.995
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Smith [25] for Zn-Al, Jacobi and Schwerdtfeger [26] by Fe-C-Mn,
Çadırlı and Gündüz [27] for Pn-Sn alloys, respectively.

Fig. 3c shows the λ values obtained from Mg-Gd alloys as a
function of the cooling rates (R). Clearly, the variations of λ versus
R plot are essentially linear on the logarithmic scale. A linear re-
gression analysis gives a proportionality equation as:

λ = ( )−k G 4c
3

the values of the exponent (c) are equal to 0.28, 0.27 and 0.31
for Mg-0.60 Gd, Mg-1.38 Gd and Mg-2.35 Gd, respectively, which
are in good agreement with the values of 0.55, 0.31, 0.33 and 0.29-
0.40 obtained by Rocha et al. [28] for Sn-Pb, Kermanpur et al. [29]
for Ni base superalloy (IN738LC), Trivedi et al. [30] for SCN-salol
and Çadırlı and Gündüz [27] for Pb-Sn alloys, respectively.

As can be seen from Table 2 and Fig. 3a–c, the λ values obtained
from Mg-Gd alloys increase with increasing Gd content under the
same solidification parameters, G and V. This result is in good
agreement with the theoretical models (Hunt model [21], Kurz
and Fisher model [22], Trivedi model [23]). Furthermore, the in-
fluence of Gd content on the exponent (b) values of the tem-
perature gradient is greater than the exponent (a) values of the
growth rate and the exponent (c) values of the cooling rate.

3.3. Mechanical properties

Fig. 4 shows the results of ultimate tensile strength (sb) as a
function of the cellular spacing λ. The classical Hall-Petch type
equations are proposed to fit the experimental data [31]. Clearly,
sb increases with decreasing λ. The relationships between sb and λ
are given in Table 3.

Fig. 5 shows the variation of the ultimate tensile strength as a
Fig. 4. Ultimate tensile strength as a function of the cellular spacing (λ) in different M
function of the cooling rates (R). As expected, increasing cooling
rates (R) leads to an increase of the ultimate tensile strength.
Through a linear regression analysis, the relationships between the
ultimate tensile strength and the cooling rate are given in Table 3.
The exponent values are close to 0.29, 0.30 and 0.32 for Mg-0.60
Gd, Mg-1.38 Gd and Mg-2.35 Gd alloys, respectively. It should be
noted that the exponent values (0.29, 0.30 and 0.32) in the present
work are different from the values of 0.55, 0.08 and 0.10 obtained
by Ares et al. [32] for Zn-Al alloy and Çadırlı [33] for Al-Cu alloys,
respectively, indicating that there is a slight variation of exponent
values dependent on the particular alloy system and the alloy
composition used.
4. Discussion

4.1. The formation of cellular structures

A typical cellular structure was observed, as shown in Fig. 1 and
Fig. 2. The formation of cellular structures can be interpreted using
g-Gd alloys. (a) Mg-0.60 Gd alloy; (b) Mg-1.38 Gd alloy and (c) Mg-2.35 Gd alloy.



Fig. 5. The variations of the ultimate tensile strength as a function of the cooling rates (R) in different Mg-Gd alloys. (a) Mg-0.60 Gd alloy; (b) Mg-1.38 Gd alloy and (c) Mg-
2.35 Gd alloy.

Table 4
Thermophysical parameters of Mg-Gd alloys.

Alloys Liquidus
slope m, (K/
wt%)

Distribution
coefficient k

Diffusion coef-
ficient
D�10�9, m2/s

Gibbs-Thomson
coefficient Γ
�10�7, m K

Mg-0.60
Gd

�1.2171a 0.0916a 1.112 [37] 1.1 [37]

Mg-1.38
Gd

�1.2714a 0.0993a 1.233 [37] 1.1 [37]

Mg-2.35
Gd

�1.3353a 0.1011a 1.347 [37] 1.1 [37]

a The data are calculated using Thermo-Calc software.

Fig. 6. The microstructure/processing map in the dimensionless G′-V´ domain for
Al-Cu alloy [36]. The triangular-shaped region indicates that cells and dendrite may
form.
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the dendrite growth theory proposed by Kurz-Fisher [22] and
Hunt and Lu [34,35]. According to the dendrite growth theory of
Kurz-Fisher [22], the approximate criterion growth rate (Vtr) for
cell/dendrite transition can be expressed as:

=
Δ

=
( − ) ( )

V
GD
T k

GD
mc k 1 5tr

0 0

where G is the temperature gradient in the liquid, D is the diffu-
sion coefficient of solute atom in the liquid,ΔT0 is the temperature
interval between the liquidus and the solidus, k is the distribution
coefficient, m is the liquidus slope and C0 is the initial composition
of the solidifying alloy. Using the physical parameters given in
Table 4, the Vtr of Mg-0.60 Gd, Mg-1.38 Gd and Mg-2.35 Gd alloys
can be evaluated to be 50.3 mm/s, 23.4 mm/s and 13.1 mm/s at the
constant temperature gradient of 30 K/mm, respectively. Clearly,
the experimental solidification microstructures are still in the
range of the cellular structure according to the theoretical criterion
growth rate for cell/dendrite transition, which can be used to
interpret the absence of dendrite structure with changing the
growth rate. It should be noted that the Kurz-Fisher model [22]
does not take the effects of the interfacial energy and the solidi-
fication behavior of the specific alloy into account. Instead, taking
the interfacial energy into consideration, Hunt and Lu [34,35]



Fig. 7. The comparison of cellular spacing (λ) obtained from different Mg-Gd alloys with the theoretical models and numerical models. (a) Mg-0.60 Gd alloy; (b) Mg-1.38 Gd
alloy and (c) Mg-2.35 Gd alloy.
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proposed the microstructure/processing map in the dimensionless
temperature gradient G′( Γ′ = ΔG G k T/ 2) and growth rate V
´( Γ′ = ΔV V k D T/ 0, Δ = ( − )T mc k k1 /0 0 ) domain for Al-Cu alloy, as
shown in Fig. 6 [36]. Clearly, the solute content has a significant
effect on the morphology evolution. A smaller content results in a
smaller corresponding scope of dendrite and an easier way to
obtain a high speed cellular structure. Considering the high solu-
bility of Gd (23.5 wt%) in Mg [5,6], the solute (Gd) content in this
work is relatively less and thus only cellular structures were
observed.

4.2. The comparison of the experimental results with the theoretical
models

The comparison of the λ values obtained from Mg-Gd alloys
with the calculated λ values using the theoretical models (Hunt
model [21], Kurz and Fisher model [22], Trivedi model [23]) and
numerical models (Hunt and Lu model [37] and Kurz et al. model
[38,39]) is shown in Fig. 7. The calculated λ values by Kurz-Fisher
model for all compositions are higher than the experimental λ
values. In contrast, the calculated λ values by Hunt model for all
compositions are fairly lower than the experimental λ values.
More interestingly, the experimental λ values are in good agree-
ment with the calculated λ values by Trivedi model, indicating that
the Trivedi model can be used to predict the cellular spacing of
directionally solidified Mg-Gd alloys with a reasonable accuracy.
Furthermore, the comparison of the λ values obtained fromMg-Gd
alloys with the numerical models for Mg-0.60 Gd, Mg-1.38 Gd and
Mg-2.35 Gd is also shown in Fig. 7a-c, respectively. The calculated
λ values by Hunt-Lu model and Kurz-Giovanola-Trivedi model are
fairly lower than the experimental λ values, which may be due to
the high growth rate exponent values (0.59 and 0.50) for the nu-
merical models.

4.3. Strengthening mechanism

The ultimate tensile strength (sb) increases with decreasing
cellular spacing (λ). It has been reported [31,32,40,41] that the
direction solidification microstructure has a significant effect on
mechanical properties. Different slopes obtained from the re-
lationships between ultimate tensile strength and the inter-branch
spacing have been reported by Spinelli [31], which may be caused
by different microstructure features. It is worth nothing that, in
this paper, no significant change of the slopes was observed. This is
due to the fact that a typical cellular structure was observed, as
shown in Fig. 1 and Fig. 2. The main reason for improving the
ultimate tensile strength can be mainly attributed to the smaller
cellular spacing (λ) duo to the increase of solidification para-
meters, G and V.

Furthermore, increasing cooling rate (R) also leads to an in-
crease of the ultimate tensile strength, which can be attributed to
the fact that with increasing cooling rate, the mean size of the
second phase decreases [42,43]. It should be noted that the di-
rection solidification condition in this investigation is non-equili-
brium. Although the solubility of Gd in Mg is quite high, the solute
Gd segregates into grain boundaries and thereby forms second
phase particles (e,g, Mg5Gd, Mg3Gd) along grain boundaries dur-
ing solidification. During the solidification process of cellular
structure alloys, the solid–liquid interface consists of families of
finger-like projections (cells) moving in unison while sweeping
ahead of the solute-rich liquid. The liquid at the interface contains
a high concentration of solute elements, and it solidified, forming
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brittle and coarse phases along the grain boundaries, which serve
as regions for the crack initiation or propagation during the tensile
test [40]. Thus, an increase in cooling rate results in a decrease in
crack source, and finally leads to a finer second phase. Moreover,
as shown Fig. 4 and Fig. 5, the ultimate tensile strength became
higher as the solute Gd content increases from 0.60 to 2.35 at the
same conditions, indicating that a certain amount of Gd are dis-
solved in α(Mg), which would also improve the ultimate tensile
strength.
5. Conclusions

Mg-xGd (x¼0.60, 1.38, and 2.35) alloys were directionally so-
lidified under various solidification conditions, and their micro-
structural evolution was observed from the longitudinal and
transverse sections of specimens. The influence of cellular spacing
dependent on solidification parameter (G, V, C0) on the mechanical
properties was also discussed. The main conclusions can be
drawn:

(1) A typical cellular microstructures was observed in direction-
ally solidified Mg-xGd (x¼0.60, 1.38, and 2.35) alloys under a
constant G (30 K/mm) at a wide range of V (10–200 mm/s) and
with a constant V (10 mm/s) at a wide range of G (20–30 K/
mm), which may be attributed to the combined effects of the
lower solute content and the higher interfacial tension.

(2) The cellular spacing λ decreases with increasing solidification
parameters, G and V. The values of cellular spacing calculated
by Kurz-Fisher model and Hunt model obviously diverged
from the measured results, while the measured results are in
good agreement with the values calculated by Trivedi model.
The Trivedi model could be used to predict the cellular spacing
of Mg-Gd alloys under G¼20–30 K/mm and V¼10–200 mm/s
with a reasonable accuracy.

(3) The cellular spacing λ increases with increasing Gd content for
the given solidification parameters, G and V, which is in good
agreement with the theoretical models.

(4) The direction solidification microstructure structure has a
significant effect on mechanical properties. The ultimate ten-
sile strength decreases with increasing cellular spacing, but it
increases with increasing cooling rate, which may be attrib-
uted to the smaller cellular spacing and the finer size of sec-
ond phase.
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