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Abstract: The evolution of precipitate orientation and its effect on the thermal conductivity of Mg−5Sn alloys under 
different treatments were systematically investigated. The results show that for the alloy subjected to aging prior to 
twinning (Sample AT), the basal precipitates are precisely regulated to be the prismatic precipitates, and the lath-shaped 
precipitates experience a rigid rotation of 3.7° to accommodate the twinning shear. For hexagon-shaped precipitates 
with a larger thickness in Sample AT, the precipitate only experiences a small rigid rotation of 0.2°, due to the 
development of stacking faults releasing part of the strain at the precipitate/twin interface. In addition, the orientation of 
precipitates has a significant effect on the thermal conductivity of the alloy. When the measurement direction of thermal 
conductivity is parallel to extrusion direction (ED), the precipitates lying on the basal plane, perpendicular to ED, are 
more beneficial to the improvement of thermal conductivity than precipitates lying on the prismatic plane parallel to ED. 
Sample TA (aging after twinning) with precipitates lying on the basal plane shows the best thermal conductivity of 
137.81 W/(m⋅K). 
Key words: precipitate; orientation relationship; thermal conductivity; Mg−Sn alloy 
                                                                                                             
 
 
1 Introduction 
 

Modern magnesium (Mg) alloys, especially 
those free of rare earth (RE) elements, such as 
Mg−Al and Mg−Sn alloys, suffer poor absolute 
strengths [1]. It has been a limitation that cannot be 
ignored for wide industrial applications. In addition, 
thermal conductivity, as one of the most important 
physical properties, is essential in selecting 
materials for certain applications [2,3]. And pure 
Mg shows the best thermal conductivity of 
158 W/(m·K) among various metallic Mg alloys 
and may potentially help meet the increasing 
demand for heat dispersing materials in modern 
industry. However, according to the present reports, 
achieving good mechanical properties and 
receivable thermal performance appears to be 
contradictory [4]. Enhancing the strength of 

materials without sacrificing thermal conductivity 
remains an important focus in material research. 

Precipitation is one of the most effective 
methods to simultaneously improve the mechanical 
properties and thermal conductivity of Mg    
alloys [5,6]. For the strength of alloys, precipitation 
strengthening is usually enhanced by increasing the 
volume fraction and decreasing the size of 
precipitates, as well reported in Mg−Al, Mg−Sn and 
Mg−Zn alloys [7,8]. In addition, according to the 
Orowan rule, the orientation of precipitates has a 
significant effect on the mechanical properties, 
which has been widely studied [9,10]. While, the 
research on the effects of precipitation on thermal 
conductivity of Mg alloys mainly focuses on the 
influence of the number density of precipitates and 
the interface between precipitates and matrix [5,6]. 
But, how the precipitate orientation influences   
the thermal conductivity of Mg alloys has not been  
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discussed intently. According to recent studies,  
the orientation of precipitates can be regulated by 
coupling twinning, aging and de-twinning in 
Mg−Al and Mg−Sn alloys [9−11]. Therefore, to 
obtain different precipitate orientations in Mg alloy, 
Mg−Sn alloy was selected for investigation by 
coupling aging and twinning treatments in this 
study. 

Another issue worthy of attention is the 
interactions of precipitates and {1012}  tension 
twin during twinning. As reported in recent works, 
these lath-shaped particles in Mg−Al and Mg−Sn 
alloys can be sheared in the twin with a rigid 
rotation of 3.7° [9,10]. However, according to 
previous reports, twins can act with precipitates in 
three different behaviors. And the type of behavior 
strongly depends on the particle characteristics, 
such as the particle’s thickness and shape [12−14]. 
For Mg−Sn alloy, the alloy contains several types of 
precipitates, the interactions between precipitates 
and {1012}  tension twin may exhibit different 
behaviors. 

Therefore, in this work, the orientation 
relationship (OR) between precipitates and α-Mg 
matrix and the interactions of precipitate and 
{1012}  tension twin were systematically analyzed 
based on the transmission electron microscopy 
(TEM) in as-extruded Mg−5Sn alloy. And the effect 
of precipitate orientation on the thermal conductivity 
of Mg−5Sn alloys was discussed intently.  
 
2 Experimental 
 

Mg−5Sn (wt.%) alloy with a diameter of 
85 mm was prepared by a semi-continuous casting. 
The chemical composition of as-cast alloy was 
measured by an XRF−1800CCDE X-ray fluorescence 
spectrometer and the corresponding results are 
given in Table 1. The as-cast billet was solution- 
treated at 480 ℃ for 16 h and then quenched into 
water of 70 ℃. Then, the solution-treated alloy  
was extruded at 320 ℃ with an extrusion speed   
of 8 mm/s and an extrusion ratio of 28:1. The 
as-extruded rods were subjected to an annealing 
treatment at 400 ℃ for 1 h to obtain a relatively 
homogeneous microstructure. The cylinder 
specimens with a diameter of 12 mm and a height 
of 20 mm were cut from the as-annealed rods along 
the extrusion direction (ED). The specimen 

subjected to aging after twinning was denoted as 
Sample TA, the specimen subjected to aging prior 
to twinning was denoted as Sample AT, and the 
specimen subjected to aging was denoted as Sample 
A. In addition, aging treatment was carried out at 
200 ℃ for 500 h. Due to low precipitation kinetic 
of Mg−Sn alloy and in order to reduce the content 
of solute atoms in the matrix, the aging time of 
500 h was chosen. Then, the samples were 
compressed to a strain of 8%. The compressive tests 
were carried out on an MTS precision universal 
tester (CMT5105) at room temperature with a strain 
rate of 1×10−3 s−1. The schematic diagrams of 
Samples TA and AT processes are illustrated in 
Fig. 1. 
 
Table 1 Actual composition of as-cast Mg−5Sn alloy 
(wt.%) 

Mn Al Zn Sn Mg 

0.008 0.004 0.002 5.15 Bal. 

 
Microstructure observations and texture 

analysis of all samples were examined by electron 
backscattered diffraction analysis (EBSD, FEI Scios) 
equipped with an HKL Symmetry EBSD detector. 
EBSD preparation consisted of mechanical grinding 
on SiC papers with grit sizes of 400#, 600#, 800#, 
1000# and 1200#, washing, blow-drying as well as 
Ar ion polishing for approximately 70 min. The 
step size of EBSD analysis for Sample A was set  
as 2 μm, while for Samples TA and AT, the step size 
was set as 0.5 μm. All EBSD data were analyzed  
by Channel 5 software. The precipitation behavior 
and ORs between precipitates and matrix were 
characterized by transmission electron microscopy 
(TEM, Tecnai G2 F20 S-TWIN), high resolution 
TEM (HRTEM) and selected area electron 
diffraction (SAED) operated at 200 kV. Thin foils 
for TEM observation were prepared by mechanical 
polishing to ~50 μm, and then ion beam thinning by 
GATAN, PIPS 691 device. In addition, diffraction 
patterns were simulated by PTCLab software [15]. 

Specimens for thermal diffusivity measurements 
were cut from samples perpendicular to ED in the 
shape of disks with dimensions of d12.5 mm × 
2.5 mm, which were carried out on a Netzsch 457 
apparatus via laser flash method at 303 K. The 
measurement direction of thermal diffusivity was 
parallel to ED. The room temperature density was  
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Fig. 1 Schematic diagrams of AT (a), TA (b) processes and samples produced in each step 
 
obtained by the Archimedes method. The specific 
heat capacities of the samples in this study were 
obtained by the Neumann−Kopp rule [16,17]. 
Thermal conductivity (λ) was calculated from 
specific heat capacity (cp), thermal diffusivity (α) 
and density (ρ) according to the following equation: 
 
λ=αρcp  

The thermal conductivity of each sample was 
tested three times, with the average value taken as 
the final result. 
 
3 Results 
 
3.1 EBSD observation 

Figure 2 illustrates the EBSD maps and the 
corresponding (0002) pole figures of four different 
samples, showing the grain structure and orientation 
evolution of as-annealed sample, Samples A, TA 
and AT. The as-annealed sample exhibits a bimodal 
grain structure, and the average grain size of fine 
and coarse grains is (18.9±4.6) and (62.6±13.7) µm, 
respectively (Fig. 2(a)). And a typical 1010〈 〉 −
1120〈 〉  fiber texture with a maximum pole 

intensity of 8.24 m.r.d is presented in the as- 
annealed alloy, similar to other as-extruded Mg 

alloys [18,19]. In addition, Sample A presents     
a similar microstructure to as-annealed alloy, 
suggesting that grain structure and orientation are 
not changed after aging. Moreover, Samples TA and 
AT show a strong basal texture with the basal  
plane of most grains perpendicular to ED. Clearly, 
the compressive stress along ED, which is 
approximately perpendicular to the c-axis of grain, 
promotes the formation of the 〈0001〉//ED texture 
component due to the occurrence of {1012}  
tension twin reorienting the c-axis of the grains by 
86.3° around 1120〈 〉  axis. The corresponding 
boundary misorientation angle distribution maps in 
Figs. 2(e) and (f) display three dominant peaks for 
low-angle grain boundaries (LAGBs), as well as 
high-angle grain boundaries (HAGBs) close to 60° 
and 86°. The peak at 86° sharing a strong 1210〈 〉  
rotation axis corresponds to {1012}  tension twin, 
suggesting that all the twins in Samples TA and AT 
are identified to be {1012}  tension twins. And the 
peak at about 60° 0110〈 〉  rotation axis is attributed 
to existence of {1012}  tension twin variants [20−22]. 

Furthermore, it is evident from Figs. 2(c) and 
(d) that the volume fraction of {1012}  tension 
twin in Sample TA (~91%) is higher than that of 
Sample AT (~79%) after being compressed to a  
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Fig. 2 EBSD maps and corresponding misorientation angle distribution maps: (a) As-annealed sample; (b) Sample A; 
(c, e) Sample TA; (d, f) Sample AT (The corresponding (0002) pole figures, texture intensities and misorientation angle 
with axis distribution for (60°±5°) and (86°±5°) are presented in the insets) 
 
strain of 8% along ED. It is reasonable that the 
growth of tension twins in Sample AT is restricted 
due to the presence of a large number of 
precipitates during aging prior to twinning. Thus, 
the reorientation of basal Mg2Sn precipitates    
and the resulting interactions between Mg2Sn 
precipitates and twin boundary can be expected in 
Sample AT, and will be revealed and discussed in 
the next section. 

3.2 Morphology and distribution of Mg2Sn 
precipitates in Samples A, TA and AT 
Figure 3 presents the TEM images of Samples 

A, TA and AT viewed along [1120]  and [0001], 
respectively. Some lath-shaped and polygon-shaped 
precipitates coexist in Sample A (Fig. 3(a)). And the 
long axis of lath-shaped precipitates is parallel to 
one certain direction as well as (0001)α viewed 
along [1120] ,α  which is consistent with commonly 
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Fig. 3 Bright field TEM images of samples viewed along [1120]  (a, c, e) and [0001] (b, d, f): (a, b) Sample A;    
(c, d) Sample TA; (e, f) Sample AT 
 
observed morphology characteristics in previous 
research [23,24]. Figure 3(b) also gives a bright 
field TEM image of Sample A viewed along [0001]α. 
The precipitates exhibit a random and uniform 
distribution without obvious directionality. Sample 
TA shows very similar features to Sample A 
including the morphology and distribution of 
precipitates viewed along T[1120]  and [0001]T, 

where the twin is labelled T, as demonstrated by 
TEM images shown in Figs. 3(c) and (d). For 
Sample AT, the long axis of lath-shaped precipitates 
viewed along T[1120]  and [0001]T directions is 
nearly parallel to T(0110)  rather than (0001)T 
shown in Figs. 3(e) and (f), which exhibits distinctly 
different distribution characteristics of precipitates 
compared with Samples A and TA. By comparing 
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the morphologies and distributions of precipitates in 
Samples A and TA with those of Sample AT, it is 
reasonable that AT treatment can alter the ORs 
between Mg2Sn precipitates and α-Mg matrix, and 
precipitates lie on the prismatic plane instead of the 
basal plane of the α-Mg matrix, which agrees well 
with the predicted results in Fig. 1(b). 
 
3.3 ORs between Mg2Sn and α-Mg matrix in 

Sample TA 
In Mg−Sn alloys, the primary strengthening 

phase is lath-shaped β-Mg2Sn, which is commonly 
observed on the basal plane of α-Mg matrix. And 
the lattice parameters of a-Mg with an HCP 
structure are a=0.321 nm, c=0.521 nm, and that of 
β-Mg2Sn, a face-centered cubic (FCC) structure, is 
a=b=c=0.6765 nm. Due to aging after twinning for 
Sample TA, β-Mg2Sn particles still precipitate on 
the basal plane of the α-Mg matrix, so the ORs 
between precipitates and matrix are not changed 
compared to Sample A, which can be confirmed by 
Figs. 2(a−d) [25,26]. To determine the precise ORs 
between β-Mg2Sn precipitates and α-Mg matrix, the 
TEM images and corresponding SAED patterns of 

Sample TA are given in Fig. 4. Figure 4(a) shows 
that precipitate has a wide range of morphologies, 
such as lath and polygon. The corresponding 
diffraction pattern of lath-shaped precipitate, and 
the simulated diffraction pattern by a PTCLab 
software are given in Figs. 4(b) and (c), respectively. 
According to the above results, the OR between  
this lath-shaped precipitate and α-Mg matrix can  
be expressed as: [001]β// T[1120] ,  T[ ] //[11010 0] ,1 β  
and (110)β//(0001)T (OR1), which is consistent with 
previous results reported by CHEN et al [23,27]. As 
can be seen from Fig. 4(a), the long axis of 
lath-shaped precipitates is strictly parallel to the 
(0002)T plane. Furthermore, Fig. 4(d) shows the 
morphological characteristics of precipitates viewed 
along [0001]T direction. The SAED patterns of 
lath-shaped and polygon-shaped precipitates 
presented in Figs. 4(e) and (f) reveal that the OR 
between lath-shaped or polygon-shaped precipitates 
is: [110]β//[0001]T, T( ) //(11111 20)β  and (112) //β

T(1100)  (OR2). The above results validate that the 
multiple ORs between precipitates and α-Mg matrix 
in Sample TA are consistent with previous reports 
by CHEN et al [23,27]. 

 

 
Fig. 4 Bright field TEM images of Sample TA viewed along T[1120]  (a) and [0001]T (d), SAED pattern taken from 
Area A (b), corresponding simulated diffraction pattern of Area A (c), and SAED patterns taken from Areas B (e) and  
C (f) 
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3.4 ORs between Mg2Sn and twin in Sample AT 
According to previous research, aging prior to 

twinning treatment can alter the ORs between 
precipitates and α-Mg matrix [9,10,28]. The c-axis 
of grains can be reoriented by 86.3° around 1120〈 〉  
axis due to the activation of {1012}  tension twin. 
At the same time, the precipitates would only 
experience a rigid body rotation in response to the 
twinning shear [12]. Therefore, to investigate the 
interaction between precipitates and twins, Sample 
A compressed to a strain of 2% is examined by 
TEM. Figure 5(a) shows that compressive stress 
along ED leads to the formation of a lenticular 
{1012}  tension twin inside the grain, which can be 
confirmed by SAED pattern of Area B in Fig. 5(b) 
(see Fig. 5(c)), and some lath-shaped precipitates 
locate at the twin boundary. To better reveal the 
microstructural details, a representative high- 
resolution TEM (HRTEM) micrograph taken from 
Area C in Fig. 5(b) is shown in Fig. 6(a). Based on 
the corresponding FFT pattern and simulated 
pattern by PTCLab shown in Figs. 6(b) and (c),  
the OR between precipitate and matrix can be 

expressed as: [001] //[ ,1120]β α  (110)β//(0001)α, and 
( ) //(111 )10 00β α  (OR1). In contrast, the OR 
between the lath-shaped precipitate and the twin is: 
[001]β// T[1120] , (110)β ~3.7° from T(1100) , and 
(110)β  ~3.7° from T

E
1(0001) (OR1 ) , where E 

stands for “experimental”. The (110)β plane of 
precipitate is precisely parallel to the (0002)α plane 
in the matrix but nearly parallel to the T(1100)  
plane in the twin with a 3.7° deviation. The habit 
plane of lath-shaped precipitate at the twin 
boundary is nearly parallel to T(1010)  plane rather 
than (0001)α plane after twinning. The lath-shaped 
precipitate shown in Fig. 6(a) at twin boundary, 
which has not been swept by {1012}  twin 
boundary, has not experienced a rigid body rotation. 
This is consistent with a situation where 
the {1012}  tension twin has reoriented the matrix 
about 86.3° around the 1120〈 〉  axis rather than the 
precipitate; so that the angle between (110)β in the 
precipitate and T(1010)  in the twin is about    
3.7° [14]. Therefore, the OR between precipitates at 
the twin boundary and twin may be different from 
that between the precipitates embedded in the twin. 

 

 
Fig. 5 Bright field TEM image of Sample A compressed to 2% strain along ED (a), high magnification TEM image of 
Area A (b), and SAED pattern of Area B (c) (The zone axis is [1120]α  direction of the matrix) 
 

 
Fig. 6 Representative high-resolution TEM micrograph taken from Area C in Fig. 5(b) (a), FFT pattern (b), and 
corresponding simulated diffraction pattern (c) (The zone axis is [1120]  direction of the matrix and twin) 
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Figure 7(a) presents the TEM image of twin 
boundary crossing lath-shaped precipitates and 
some plate-shaped precipitates exist in the matrix 
and twin. The SAED pattern taken from Area A in 
Fig. 7(a) confirms that the twin boundary belongs to 
the {1012}  tension twin boundary (see Fig. 7(b)). 
The lath-shaped precipitates partially embedded in 
the twin, which have been partially swept by   
twin boundary, exhibit a rigid rotation of 3.7° to 
accommodate the twinning shear. As can be seen 
from Fig. 7(a), the long axis of lath-shaped 

precipitates located in the matrix is parallel to the 
(0002)α of the matrix, which is strictly parallel to 

T(1010)  in the twin. 
To better understand the ORs between 

precipitates and twin, the TEM images, HRTEM 
images and corresponding SAED patterns of 
Sample AT in which precipitates are completely 
embedded in the {1012}  tension twin are given in 
Figs. 8 and 9. The TEM images of both lath-shaped 
precipitates in Sample AT are presented in Figs. 8(a) 
and (d), respectively. The corresponding SAED 

 

 
Fig. 7 Bight field TEM image of twin boundary crossing lath-shaped precipitates (a) and SAED pattern taken from Area 
A (b) (The zone axis is [1120]  direction of matrix and twin) 
 

 
Fig. 8 TEM image (a), SAED pattern (b) and corresponding simulated diffraction pattern (c) of Area A viewed along 

T[1120]  in Sample AT; (d) Bight field TEM image of lath-shaped precipitate in Area B viewed along [0001]T in 
Sample AT; (e) HRTEM micrograph taken from Area B in (d); (f) Corresponding FFT pattern of Area B in (d)  
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Fig. 9 Bright field TEM image of hexagon-shaped precipitate (a), HRTEM micrograph (b) taken from Area A in (a) and 
corresponding FFT pattern (c) of Area A in (a) (The zone axis is T[1120]  direction of the twin) 
 
pattern and simulated pattern of Area A given in 
Figs. 8(b) and (c) reveal that the OR between   
this lath-shaped precipitate and the twin is: 

T[ ] //[0001 2 1] ,1 β T( ) //(11211 0) ,1 β T(110) //(1100)β  
(OR2E). The long axis of this lath-shaped 
precipitate is strictly parallel to T(1010)  prismatic 
plane rather than (0001)T basal plane in the twin, 
which agrees well with the results shown in 
Fig. 7(a). The lath-shaped precipitate undergoes a 
rigid body rotation of 3.7° in response to the 
twinning shear. At the same time, the bright field 
image of lath-shaped Mg2Sn precipitates viewed 
along [0001]T in Sample AT is shown in Fig. 8(d). 
Based on the corresponding HRTEM image and 
FFT pattern of Area B given in Figs. 8(e) and (f),  
it is revealed that the OR between this lath-  
shaped precipitate and the twin is: [001] //β

T[1120] ,  T(110) //(1100) ,β  and T( ) //(00011 01)β  
E
2(OR1 ).  Compared with OR1, it is revealed that 

the (011)β plane of the precipitate is strictly parallel 
to the T(1010)  plane in the twin rather than 
(0001)T plane. The ORs for both lath-shaped 
precipitates given in Figs. 8(a) and (d) are consistent 
with results based on the crystallography-based 
algorithm proposed by LIU et al [28]. It is validated 
that the ORs between both lath-shaped precipitates 
can be regulated, and precipitates lie on the 
prismatic plane of the twin instead of basal plane of 
α-Mg matrix. 

Both the lath-shaped precipitates given in 
Fig. 8 undergo a rigid rotation of 3.7° to 
accommodate twinning shear whether a rigid 
rotation of 3.7° is applicable to other types of 
precipitates. A TEM image of hexagon-shaped 
precipitate embedded in the twin in Sample AT 
viewed along T[2110]  is presented in Fig. 9(a). 
The morphology of this hexagon-shaped precipitate 

is similar to previously reported precipitate with 
OR12: [011] //[2110]β α , [111]β  about 13.7° from 
[0001]α [23,27]. The corresponding HRTEM of 
Area A shown in Fig. 9(b) reveals that a number of 
stacking faults (SFs) are also visible close to    
the precipitate in the twin. In addition, the 
corresponding FFT pattern given in Fig. 9(c) 
confirms that the OR between this hexagon-shaped 
precipitate and the twin is different from OR12 and 
can be expressed as: [011]β// T[2110] ,  [111]β  
about 10.2° from T[0110]  (OR12E). The activation 
of {1012}  tension twin rotates the matrix about 
86.3° around 2110〈 〉  axis. The OR between 
precipitate and matrix has a rotation of 86.5° around 

2110〈 〉  axis instead of 90°, which means that this 
hexagon-shaped precipitate undergoes a rigid 
rotation of 0.2° rather than 3.7°. 
 
3.5 Thermal conductivity of Samples A, TA and 

AT 
The thermal conductivity for samples under 

various conditions is given in Fig. 10. The thermal 
conductivity for as-annealed and pre-deformed 
alloys is 74.78 and 88.22 W/(m⋅K), respectively. In 
addition, the thermal conductivity of Samples A, TA 
and AT increases gradually with the increase     
of aging time. After aging for 500 h, thermal 
conductivity for Samples A, TA and AT increases to 
105.34, 137.81 and 118.07 W/(m⋅K), respectively. 
Compared to as-annealed alloy, the thermal 
conductivity of pre-deformed alloy is increased by 
13.44 W/(m⋅K), which is ascribed to the formation 
of {1012}  tension twin, leading to the c-axis of 
grains parallel to ED [29]. For Sample A, thermal 
conductivity increases by 30.56 W/(m⋅K) after 
aging for 500 h. Compared with pre-deformed alloy, 
the incremental thermal conductivity of Sample AT 
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is 29.85 W/(m⋅K), which is comparable to that of 
Sample A after aging for 500 h. In addition, thermal 
conductivity of Samples A and AT exhibits almost 
the same variation trend, as shown in Fig. 10. In 
comparison with pre-deformed alloy, the increment 
for thermal conductivity of Sample TA is 
49.59 W/(m⋅K), which is much greater than that for 
Sample AT. This result indicates that the orientation 
of precipitates has a significant effect on the 
thermal conductivity of Mg alloys. And the 
lath-shaped Mg2Sn precipitates lying on the (0001) 
basal plane perpendicular to ED are more beneficial 
to the improvement of thermal conductivity of   
the Mg−5Sn alloy than the lath-shaped Mg2Sn 
precipitates lying on the (1010)  prismatic plane 
parallel to ED. 
 

 
Fig. 10 Thermal conductivity variation of Samples A, TA 
and AT with aging time 
 
4 Discussion 
 
4.1 Evolution of ORs between precipitates and 

twin 
As can be seen from Figs. 2(c) and (d), the 

volume fraction of {1012}  tension twin in Sample 
AT is lower than that in Sample TA. Figure 5(b) 
gives a common observation, showing that a twin 
boundary is deflected when particles are partially 
embedded in the twin boundary. It indicates that  
the precipitates partially embedded in the twin 
boundary will exert a strong pinning or drag effect 
on the twin boundary migration or propagation [13]. 
For Sample TA, the pre-compressive deformation is 
applied after annealing before aging treatment, 
which means almost no particles in the alloy. 
Concerning Sample AT, as can be seen from 
Figs. 5(a) and (b), the growth and coalescence    

of {1012}  tension twin are hindered by the 
precipitation of particles during aging prior to 
twinning treatments. The particles at the twin 
boundary will exert a pinning or drag effect on the 
boundary migration [30]. Therefore, the volume 
fraction of {1012}  tension twins in Sample AT is 
lower than that in Sample TA shown in Figs. 2(c) 
and (d). 

With respect to Sample AT, however, the ORs 
between precipitates and twins have been regulated 
after twinning. For the lath-shaped precipitates 
presented in Figs. 8(a) and (d), according to OR2E 
and E

2OR1 , the OR between precipitates and matrix 
has a rotation of 90° around 2110〈 〉  axis, meaning 
that the lath-shaped precipitates precisely lie on  
the prismatic plane rather than basal plane.     
The activation of {1012}  tension twin rotates  
the matrix about 86.3° around 1120〈 〉  axis. In 
addition, the interactions between precipitates and 
twins need to be considered. The observations of 
relatively flat twin boundaries around the partially 
embedded lath-shaped precipitates shown in 
Fig. 7(a) suggest that twinning shear is a dominant 
mechanism for twin boundary migration [31]. In 
order to accommodate the twinning shear, these 
lath-shaped precipitates embedded in the twin 
undergo a rigid rotation of 3.7° around 1120〈 〉  
axis. So, for lath-shaped precipitate with OR2E, as 
shown in Fig. 8(b), it is clearly seen that the (110)β 
plane is exactly parallel to the T(1010)  plane. And 
the OR2E can be expressed as: T[ ] //[0001 2 1] ,1 β  

T( 1) //(111 1 20)β , (110)β// T(1100) . For lath-shape 
precipitate with E

2OR1  shown in Fig. 8(f), the 
(110)β plane is exactly parallel to the T(1100)  
plane, and the E

2OR1  can be expressed as: [001]β//
T[1120] , (110)β// T(1100) , and (011)β //(0001)T. 

For hexagon-shaped precipitate shown in 
Fig. 9(a), according to OR12E, the OR of precipitate 
has a rotation of 86.5° around 1120〈 〉  axis instead 
of 90°. After {1012}  tension twin, the matrix is 
rotated by 86.3° around 1120〈 〉  axis. There is    
a 3.5° deviation between the twin and the  
precipitate, which means that this precipitate only 
undergoes a rotation of 0.2° around 1120〈 〉  axis 
during the twinning. According to previous research, 
the nature of the interaction between the 
precipitates and the twins depends on the particle 
characteristics, such as precipitate thickness and 
shape [13,14,32−34]. The thickness of precipitate 
plays a crucial role in twin propagation and growth. 
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The angle of rotation is around 0.2°, which is far 
less than 3.7°. It confirms that the precipitate is not 
sheared but undergoes a rigid rotation in the twin to 
accommodate part of the twinning shear [13]. And 
the rotation angle of the precipitate caused by the 
twinning shear may vary slightly with a large 
thickness [32]. As can be seen from Fig. 9(a), the 
thickness for this hexagon-shaped precipitate is 
approximately 400 nm, which is much larger than 
that of lath-shaped precipitates with a thickness of 
about 200 nm. The strain around particles is very 
large without plastic accommodation at the 
particle/twin interface. Besides, as can be seen from 
Fig. 9(b), a number of SFs can be observed closely 
aligned with the precipitates in the twin. The 
existence of SFs may help to accommodate the 
strain at the particle/twin interface [33]. LIU     
et al [28] also found a similar pattern in Mg−Al 
alloy after twinning. The misalignment of atoms in 
SFs relieves part of the strain around the 
precipitates. Therefore, there is only a very    
small rotation of this hexagon-shaped precipitate 
embedded in the twin. The OR between this 
hexagon-shaped precipitate and the twin is: [011]β//

T[2110] ,  [111]β  about 10.2° from T[01 10] . 
 
4.2 Effect of orientation of precipitates on 

thermal conductivity 
As shown in Fig. 10, the thermal conductivity 

of samples in different states increases gradually 
with increasing the aging time. This is mainly 
attributed to the fact that the precipitation for the 
second phase can significantly decrease the content 
of heterogeneous solute atoms existing in the matrix 
after aging treatment. According to previous 
research, the thermal conductivity decrement 
caused by solute atoms matrix was about one order 
of magnitude larger than the second phase [35]. 

Furthermore, thermal conductivity of 
pre-deformed alloy is 13.44 W/(m⋅K) higher than 
that of as-annealed alloy. For as-annealed alloy, the 
c-axis is approximately perpendicular to ED. After 
pre-deformation, the occurrence of {1012}  tension 
twin rotates the c-axis of the grains by 86.3° around 
1120〈 〉  axis to promote the formation of the c-axis// 

ED texture component. When the measurement 
direction is parallel to the ED, the direction of 
electrons and phonons is nearly parallel to the 
c-axis for pre-deformed alloy. The electrons and 
phonons scattered by defects in this direction 

become lower [29]. So, thermal conductivity can be 
improved after pre-deformation. The increment of 
thermal conductivity of Sample A-500 h to 
as-annealed alloy is 30.56 W/(m·K), which is 
higher than that of Sample AT-500 h to pre- 
deformed alloy (29.85 W/(m·K)). With the increase 
of aging time, the volume fraction of second phases 
increases gradually, which will exert a strong 
pinning or drag effect on the twin boundary 
migration or propagation. Thus, the volume fraction 
of {1012}  tension twin in Sample AT-500 h is 
smaller than that of pre-deformed alloy, as shown  
in Fig. 2. Therefore, the increment of thermal 
conductivity of Sample AT-500 h compared to 
pre-deformed alloy is smaller than that of Sample 
A-500 h compared to as-annealed alloy. 

In addition, the increment of thermal 
conductivity for Sample TA compared to 
pre-deformed alloy is 49.59 W/(m⋅K), which is 
much greater than that for Sample AT. For Sample 
TA, the aging treatment is carried out after twinning, 
meaning that the β-Mg2Sn particles still precipitate 
on the basal plane of the α-Mg matrix. The basal 
plane of α-Mg matrix is perpendicular to ED, and 
ED is parallel to the heat flow direction. So, the 
precipitates in Sample TA are perpendicular to the 
incident direction of heat flow. According to the 
above results, the precipitates in Sample AT are 
precisely transformed from basal precipitates to the 
prismatic precipitates. Therefore, the precipitates in 
Sample AT are parallel to the incident direction of 
heat flow. As can be seen from Fig. 10, the 
lath-shaped Mg2Sn precipitates lying on the (0001) 
basal plane perpendicular to ED are more beneficial 
to the improvement of thermal conductivity of   
the Mg−5Sn alloy than the lath-shaped Mg2Sn 
precipitates lying on the (1010)  prismatic plane 
parallel to ED. GAO et al [36] found a similar 
pattern that the precipitates parallel to the basal 
plane are more helpful to improve electromagnetic 
shielding than precipitates perpendicular to the 
basal plane when the measurement direction is 
perpendicular to the basal plane. 

Due to the low diffusion rate of Sn atoms [37], 
the volume fraction of Mg2Sn precipitates in 
Sample TA is comparable to that in Samples A and 
AT after aging at 200 ℃ for 500 h, which can be 
further confirmed by the TEM images shown in 
Fig. 3. This indicates that the difference in thermal 
conductivity between Samples TA and AT mainly 
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results from the different orientations of precipitates 
in two alloys. For Sample TA, the long axis of 
precipitates is perpendicular to the direction of heat 
flow; while the long axis of precipitates in Sample 
AT is parallel to the direction of heat flow. The  
heat conduction model of different orientation 
precipitates is presented in Fig. 11. 
 

 
Fig. 11 Heat conduction model of different orientation 
precipitates: (a) Long axis of precipitates perpendicular 
to ED in Sample TA; (b) Long axis of precipitates 
parallel to ED in Sample AT 
 

In general, thermal conductivity of precipitates 
is significantly lower than that of matrix [38]. 
Precipitates will act as scattering centers of 
electrons and phonons, and hinder the free 
movement of electrons and phonons. And then, the 
mean free path of electrons and phonons is 
decreased, and finally the thermal conductivity of 
alloys is reduced. The statistics shows that the 
thickness of most lath-shaped precipitates along the 

c-axis in Sample TA is less than 100 nm, which is 
smaller than the mean free path of electrons and 
phonons (~100 nm) [35], And the interspace between 
precipitates is larger than 100 nm. So, the lath- 
shaped precipitates in Sample TA have little effect 
on thermal conductivity of alloys; while the 
thickness of most lath-shaped precipitates along 
c-axis in Sample AT is in the range of 160−450 nm. 
According to previous research, the microstructure 
with a larger length of precipitates along the heat 
flow direction had a lower thermal conductivity. 
The larger the length of precipitates along the heat 
flow direction is, the more serious the scattering of 
electrons and phonons is, and the more the decrease 
in the mean free path of electrons and phonons    
is [39]. That is, the larger the size of precipitates 
parallel to the direction of movement of electrons 
and phonons is, the lower the thermal conductivity 
of the alloy is. Therefore, the thermal conductivity 
of Sample AT is lower than that of Sample TA, and 
the Sample TA shows the highest thermal 
conductivity of 137.81 W/(m⋅K), with the long axis 
of precipitates and the basal plane of grains 
perpendicular to ED. 

The present experimental results indicate that 
controlling the orientation of precipitates in Mg 
alloys is an effective method for developing high 
strength and thermal conductivity synergy in Mg 
alloys. 
 
5 Conclusions 
 

(1) EBSD analysis reveals that the 
compressive stress along ED can promote the 
formation of {1012}  tension twin, which can 
reorient the c-axis of the grains by 86.3°. The 
presence of precipitates can exert a strong pinning 
or drag effect on the twin boundary migration    
or propagation. The volume fraction of {1012}  
tension twin in Sample AT is lower than that in 
Sample TA. 

(2) The lath-shaped precipitates in Sample AT 
experience a rigid rotation of 3.7° to accommodate 
the twinning shear. The precipitates in Mg−5Sn 
alloy are precisely transformed from basal 
precipitates to the prismatic precipitates. For 
hexagon-shaped precipitate with a large thickness in 
Sample AT, the stacking faults developed in the 
twin help to coordinate a part of strain at the 
particle/twin interface. There is only a small 
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rotation of this hexagon-shaped precipitate. The OR 
between this hexagon-shaped precipitate and   
twin can be expressed as: [011]β// T[2110] ,  [111]β  
about 10.2° from T[01 10] . 

(3) The orientation of precipitates has a 
significant influence on the thermal conductivity of 
Mg alloys. The lath-shaped precipitates lying on the 
(0001) basal plane perpendicular to ED are more 
beneficial to the improvement of thermal 
conductivity of the Mg−5Sn alloy than the 
precipitates lying on the (1010)  prismatic plane 
parallel to ED. Sample TA shows the best thermal 
conductivity of 137.81 W/(m⋅K), with the long axis 
of precipitates and the basal plane of grains 
perpendicular to ED. 
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摘  要：系统研究 Mg−5Sn 合金在不同处理条件下析出相取向的演变及其对合金热导率的影响。结果表明，在先

时效后孪生处理的合金(样品 AT)中，基面析出相被调整为柱面析出相，并且板条状析出相发生 3.7°的刚性转动以

协调孪晶剪切；而样品 AT 中厚度较大的六边形析出相则只发生了 0.2°的刚性转动，这是由于堆垛层错能够释放

部分析出相/孪晶界的应变。此外，析出相的取向显著影响合金的热导率。当热导率测试方向平行于挤压方向     

时，与平行于挤压方向的柱面析出相相比，垂直于挤压方向的基面析出相更有利于合金热导率的提高。基面有析

出相的 TA(先孪生后时效处理)样品具有最佳的热导率(137.81 W/(m⋅K))。 

关键词：析出相；位向关系；热导率；Mg−Sn 合金 
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