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a b s t r a c t
The speciﬁc heat capacity and linear thermal expansion coefﬁcient of Mg–11Y–5Gd–2Zn–0.5Zr (wt.%)
alloy after heat treatment were investigated in the range of 100–400 ◦ C and 25–400 ◦ C, respectively.
Thermal conductivity and thermal diffusivity of the alloy were also measured at 25 ◦ C, 200 ◦ C and
300 ◦ C. The results clearly show that the speciﬁc heat capacity and linear thermal expansion coefﬁcient
of the alloy increase with temperature, except for a peak value between 225 ◦ C and 318 ◦ C, which is
caused by phase transformation. The values of the thermal conductivity and the thermal diffusivity of
Mg–11Y–5Gd–2Zn–0.5Zr alloy at room temperature are 23.0 W m−1 K−1 and 14.3 × 10−6 m2 s−1 , respectively. The transitional element Y has an effective inﬂuence on the thermal conductivity and thermal
diffusivity.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Magnesium alloys are attractive as structural materials owing to
their low density and high speciﬁc stiffness and strength at room
temperature. However, the strength at elevated temperatures is
limited. Adding some rare earth metals such as Y and Gd into Mgbase alloys can improve their strength and creep resistance at both
room and elevated temperatures [1–4]. Gao et al. [5–7] have developed some kinds of high temperature resistant magnesium alloys,
such as Mg–Y–Gd–Zr–(Zn), Mg–Gd–Y–Zr–(Zn). It was reported that
the ultimate tensile strength of Mg–10Gd–2Y–0.5Zr (wt.%) alloy
at room temperature was 402 MPa with extruded at 400 ◦ C and
the ultimate tensile strength of Mg–10Gd–3Y–1.0Zn–0.5Zr (wt.%)
alloy at 250 ◦ C was more than 320 MPa with extruded-T5 condition.
[2,7]. These kinds of magnesium alloys would have great application on aerospace and automotive power system such as piston,
which requires low density and high strength materials at high
temperature [8,9]. The speciﬁc heat capacity, linear thermal expansion coefﬁcient, thermal conductivity and thermal diffusivity are
important thermophysical properties for magnesium alloy. They
play an important role in the performance of magnesium alloys in
structures and certain applications. There is a lack of studies for

thermal properties of this high temperature resistant magnesium
alloy. In the present study, the basic thermophysical properties of
Mg–11Y–5Gd–2Zn–0.5Zr (wt.%) (WGZ115) alloy were investigated.
2. Experimental procedures
The Mg–11Y–5Gd–2Zn–0.5Zr (wt.%) (named as WGZ115) alloy was prepared by
melting in an electrical resistance furnace protected by a mixed gas of CO2 and SF6
with the ratio of 100:1, and cast in steel moulds. The alloy was cast into steel moulds.
All thermal properties of WGZ115 alloy were measured with different samples cut
for the same ingot. All specimens were solution treated at 535 ◦ C for 20 h, quenched
into water with 25 ◦ C, and then aged at 225 ◦ C for 24 h in oil-bath. The actual chemical
composition of the alloy was determined by an inductively coupled plasma analyzer
(PerkinElmer, Plasma 400), and the results are listed in Table 1. Microstructures
of the specimen were analyzed by JEM-6460 scanning electron microscopy (SEM)
equipped with an energy dispersive X-ray spectrometer (EDX).
The DSC curve and speciﬁc heat capacity curve of WGZ115 alloy with the temperature range of 100–400 ◦ C were carried out with a DSC 404C Pegasus (Differential
Scanning Calorimeter). The specimen is a round plate with a size of 4 × 1.6 mm and
the heating rate is 10 ◦ C/min. The linear thermal expansion coefﬁcient of WGZ115
alloy was measured in argon atmosphere using the NETZSCH 402PC dilatometer
from 25 ◦ C to 400 ◦ C. The specimen size is 6 × 25 mm and the heating rate is
3 ◦ C/min. The thermal diffusivity of the alloy was measured at 25 ◦ C, 200 ◦ C and
300 ◦ C with a NETZSCH model LFA447 Flash Analyzer. The size of specimen is
10 × 2 mm.

3. Results and discussion
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3.1. Microstructures of WGZ115 alloy
The SEM image of WGZ115 alloy after solution treatment and
aging treatment is shown in Fig. 1. It is observed that A is the ␣-Mg
matrix, B is the residual Mg24 (YGdZn)5 eutectic phase after solution
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Table 1
Actual chemical composition of WGZ115 alloy.
Alloy

WGZ115

Composition/wt.% (at.%)
Y

Gd

Zn

Zr

Mg

11.3 (3.58)

4.66 (0.83)

2.01 (0.87)

0.34 (0.10)

Bal.

Fig. 3. Comparison of the measured and calculated curves of speciﬁc heat capacity.

Fig. 1. SEM image of WGZ115 alloy after aging treatment.

treatment at 535 ◦ C for 20 h and aging treatment at 225 ◦ C for 24 h.
C is the long-period stacking ordered structure phase Mg12 Y1 Zn1
which uniformly distributes from the grain boundary to the inner
of ␣-Mg. D is a cuboid-shaped phase which contains Y and Gd elements. It is distributed randomly near grain boundaries or in grain
interior. E is the Zr-rich core and exists in grain interior [5].
3.2. Speciﬁc heat capacity
Fig. 2 shows the DSC curves of WGZ115 alloy and the reference measurements of the sapphire standard with the range of
100–400 ◦ C. An endothermic peak appears between 225 ◦ C and
318 ◦ C in the chart. There are lots of small precipitated phases existing in grains after aged at 225 ◦ C for 24 h. Those precipitates can only
be relatively stable below 225 ◦ C and change into another structure
when temperature exceeds 225 ◦ C.
Fig. 3 shows the speciﬁc heat capacity curve of WGZ115 alloy
and theoretical calculation results are also given for compari-

Fig. 2. Curves of DSC of WGZ115 alloy and reference sapphire (100–400 ◦ C).

son. It can be seen that the experimental results of speciﬁc heat
capacity increase with increasing temperature except for a peak
between 225 ◦ C and 318 ◦ C. At 100 ◦ C, the value of testing results is
850 J/(kg K). It slowly rises to 982 J/(kg K) at 225 ◦ C. It is perceptible
that a peak appears because of phase transformation [10]. The values of speciﬁc heat capacity of the WGZ115 alloy rapidly increase
when the temperature is higher than 318 ◦ C.
The theoretical results of the speciﬁc heat capacity are calculated using Kopp–Neumann law which other authors have already
demonstrated [11]. The equation is
Cp (T ) =



Cp,i (T )xi

(1)

where Cp,i is the value for the speciﬁc heat capacity of the pure
component and xi is the mass ratio. The comparison shows that the
measured and calculated value reached good agreement only at
temperature below 225 ◦ C. The small deviations are appropriately
below 8.5%. The deviation is bigger when the temperature is above
225 ◦ C. The calculated values of the speciﬁc heat capacity can be
used below the phase transformation temperature.
3.3. Linear thermal expansion coefﬁcient
Fig. 4 shows the relative elongation of WGZ115 alloy from 25 ◦ C
to 400 ◦ C. The average linear thermal expansion coefﬁcient is cal-

Fig. 4. Relative elongation of WGZ115 alloy (25–400 ◦ C).
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Fig. 6. Thermal diffusivity of WGZ115 alloy, pure Mg and AZ91.

Fig. 5. Linear thermal expansion coefﬁcient of WGZ115 alloy.

Thermal conductivity values are calculated from the following
equation [17]:

culated as follows [12]:
˛a =

L − L0
dL
=
L0 (T − T0 )
L0 dT

(2)

where T0 is 25 ◦ C, L0 is the original length of the specimen at T0 ,
L is the actual length of specimen at T, dL is the elongation at the
temperature interval of dT. When dT is inﬁnitely close to 0, it is
deﬁned as differential linear thermal expansion coefﬁcient:
˛d =

1
L



∂L
∂T

3


(3)

The average linear thermal expansion coefﬁcient of WGZ115
alloy in the temperature range of 50–400 ◦ C is represented in Fig. 5.
It is indicated that the value of average linear thermal expansion
coefﬁcient of WGZ115 alloy increases with increasing temperature.
When heating the sample from 50 ◦ C to 75 ◦ C, the rate of thermal
expansion increases faster, which could be attributed to the residual stress. Residual stress due to the phases in and around grains
is released by increasing temperature. It is evident that the phase
transition which occurs between 225 ◦ C and 318 ◦ C has a significant effect on the linear thermal expansion coefﬁcient [13]. The
slope of the average linear thermal expansion coefﬁcient curve at
the range of 225–318 ◦ C is bigger than that of higher temperatures.
The strength of the metallic bond is changed when the temperature is above 318 ◦ C, which makes it easier for the formation of
crystal lattice vacancy [14]. So the linear thermal expansion coefﬁcient of WGZ115 alloy is still slowly increasing above 318 ◦ C. At
400 ◦ C the value of average linear thermal expansion coefﬁcient is
29.39 × 10−6 K−1 .
The differential linear thermal expansion coefﬁcient curve of
WGZ115 alloy is shown in Fig. 5. It has similar trend as that of the
speciﬁc heat capacity (Fig. 3). There exists a peak between 225 ◦ C
and 318 ◦ C. At the same temperature, the value of differential linear
thermal expansion coefﬁcient is bigger than that of average linear
thermal expansion coefﬁcient.

 = ˛Cp 

(4)

where  is the thermal conductivity, ˛ is the thermal diffusivity, Cp
is the speciﬁc heat capacity, and  is the density. The temperature
dependence of the density can be estimated as follows:
(T ) =

0
(1 + dL/L0 )

3

where 0 is the density at room temperature and dL/L0 is the relative elongation (Fig. 4). Fig. 7 shows the values of the thermal
conductivity of WGZ115 alloy at three independent different temperatures according to Eq. (4). Literature values of pure Mg and
AZ91 alloy are included in the ﬁgure for comparison [16,18]. The
value increases with increasing temperature from 23.0 W m−1 K−1
at 25 ◦ C to 40.0 W m−1 K−1 at 300 ◦ C.
It is well known that magnesium and its alloys have high thermal conductivity and high thermal diffusivity. In general, the more
components the alloys contain, the lower the thermal conductivity
and thermal diffusivity would be. The reason for that is the solution
elements in the alloys act as scattering centers of the phonon and
electron contribution to the thermal transfer. Yamasaki et al. [18]
discussed that the Mg–RE alloy with Zn additions can form long-

3.4. Thermal diffusivity and thermal conductivity
Fig. 6 shows the values of the thermal diffusivity of WGZ115
alloy with the literature values of pure Mg and AZ91 alloy for comparison [15,16]. At room temperature the thermal diffusivity is
14.3 × 10−6 m2 s−1 , while it reaches to 21.2 × 10−6 m2 s−1 at 300 ◦ C.

(5)

Fig. 7. Thermal conductivity of WGZ115 alloy, pure Mg and AZ91.
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except for a peak value in the curve between 225 ◦ C and 318 ◦ C,
which is caused by phase transition. Below 225 ◦ C, the deviation is less than 8.5% between calculated and measured values
of speciﬁc heat capacity.
(2) At room temperature, the value of the thermal conductivity
and thermal diffusivity of WGZ115 alloy is 23.0 W m−1 K−1 and
14.3 × 10−6 m2 s−1 , respectively, which is smaller than that of
pure Mg and AZ91 alloy. The transition element Y is the main
factor to decrease the thermal transformation.
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Fig. 8. EDX analysis of the WGZ115 alloy matrix phase.
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