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Abstract: The mechanical behaviors and damping capacities of the binary Mg−Ga alloys with the Ga content ranging 
from 1 to 5 wt.% were investigated by means of optical microscope (OM), scanning electron microscope (SEM), X-ray 
diffraction (XRD), hardness test, tensile test and dynamic mechanical analyzer (DMA). The hardness (HV0.5) increases 
with the increase of Ga content, which can be described as HV0.5=41.61+10.35c, and the solid solution strengthening 
effect ∆σs of the alloy has a linear relationship with cn, where c is the molar fraction of solute atoms and n=1/2 or 2/3. 
Ga exhibits a stronger solid solution strengthening effect than Al, Zn or Sn due to the large atomic radius difference and 
the modulus mismatch between Ga and Mg atoms. The addition of Ga makes the Mg−Ga alloys have better damping 
capacity, and this phenomenon can be explained by the Granato−Lücke dislocation model. The lattice distortion and the 
modulus mismatch generated because of the addition of Ga increase the resistance to motion of the dislocation in the 
process of swinging or moving, and thus the better damping capacity is acquired. 
Key words: Mg−Ga alloys; solid solution strengthening; damping capacity; Granato−Lücke model 
                                                                                                             
 
 
1 Introduction 
 

In recent years, the Mg−Ga alloys have 
attracted more and more attention [1,2]. Some 
studies have shown that the Mg−Ga alloys have a 
great potential to become a new type of magnesium 
alloys with excellent comprehensive properties. 
Mg−Ga alloys have a great potential in the 
application of biological materials due to outstanding 
corrosion resistance, good biocompatibility and 
lower biological toxicity [3−6]. LIU et al [7] 
reported that the Mg−Ga alloys had age hardening 
characteristics and the strength of Mg−Ga alloys 
could be improved by aging treatment. 

KHOKHLOVA and KHOKHLOV [8] simulated the 
three-dimensional visible arrangement of atoms in 
the Mg−Ga alloys system, and proposed that there 
was a unique arrangement of atoms in the Mg−Ga 
alloys. WU et al [9] reported that the reversible 
hydrogen storage capacity of Mg−Ga alloys was 
5.7 wt.% H2, and concluded that Mg−Ga alloys 
have better hydrogen storage properties. The Ga 
element could promote dynamic recrystallization 
and weaken the basal texture of wrought Mg−Ga 
alloys, and the as-rolled Mg−Ga sheets had excellent 
comprehensive mechanical properties [10,11]. 
There were also a small number of investigations 
on the solid solution strengthening effect of Ga 
element. KAUBAሖ SEK et al [3,4] discovered that the 
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Ga element had a certain strengthening effect on 
Mg alloys and the strengthening effect of Ga was 
stronger than that of Sn. MOHEDANO et al [5] 
displayed that the Mg−Ga alloys exhibit higher 
hardness with the increase in Ga content. Similar to 
Al, Zn, Sn, Y, Gd and Cd, Ga also had high solid 
solubility in Mg [12]. So far, the solid solution 
strengthening effect of the binary alloys, such as 
Mg−Al [13], Mg−Zn [14], Mg−Sn [15], Mg−Y [16], 
Mg−Gd [17] and Mg−Cd [18], has been 
expensively studied, but that of the binary Mg−Ga 
alloys has not been systematically studied yet. 
Therefore, the exploration of solid solution 
strengthening of the Mg−Ga alloy is of great 
significance for the development of the Mg−Ga 
alloys. 

Up to now, there have been a lot of studies on 
the factors that influenced the damping capacity  
of magnesium alloys, including grain size [19], 
second phase [20−23], alloying type [24,25], and 
deformation method [26,27]. These studies were 
analyzed on the basis of the Granato−Lücke (G−L) 
model proposed by GRANATO and LÜCKE [28,29]. 
The energy-dissipation source, which was generated 
when dislocation was cutting second phase particles, 
could improve the damping capacity of magnesium 
alloy [30]. In addition, the interaction between the 
dislocation and the stacking fault could also 
improve the damping capacity in the magnesium 
alloys [31] and Al−Mg alloys [32]. There is no 
doubt that when the alloying element is added to 
magnesium alloys, these atoms will inevitably 
interact with dislocations, and this interaction will 
affect the damping capacities of magnesium alloys. 
Although a large number of studies have been 
conducted on the damping capacities of magnesium 
alloys [19−31], there are few studies on the 
influence of solute atoms on the damping capacities 
from the perspective of the motion of dislocations. 
Although the damping capacity of Mg−1at.%Ga 
alloy can be seen in the reference [24], there    
are few systematic studies on the influence of    
Ga content on the damping capacity of Mg−Ga 
alloys. 

In this work, the solution strengthening effects 
of the Mg−Ga alloy with different Ga contents are 
studied. It is found that the Ga element has a strong 
strengthening effect on magnesium alloys in 
comparison with the other binary magnesium alloys. 
Moreover, the damping capacity of the Mg−Ga 

alloys is also deeply analyzed and discussed. 
 
2 Experimental 
 

Pure Mg with the purity of 99.9% and pure Ga 
with the purity of 99.99% were used as the raw 
materials to prepare the binary Mg−Ga alloy ingots 
involved in the present study. The detailed 
preparation process of the ingots could be found in 
the reference [10]. Four Mg−Ga alloys (with the 
nominal Ga content of 1, 2, 3 and 5 wt.%) were 
prepared and labeled as Mg−1Ga, Mg−2Ga, 
Mg−3Ga and Mg−5Ga, respectively. The Mg−Ga 
ingots experienced a solid solution treatment at the 
temperature of 375 °C for 10−12 h. For comparison, 
a new group of the solid solution treated Mg−1Ga, 
Mg−3Ga and Mg−5Ga alloys are once again 
selected, they are kept at 460 °C for 1, 6 and 8 h, 
respectively, and defined as Mg−1Ga#, Mg−3Ga# 
and Mg−5Ga#, respectively. Finally, all the Mg−Ga 
ingots were quenched into water. The micro- 
structures of Mg−Ga alloys were examined by a 
LeitzMM-6 optical microscope (OM) after Mg−Ga 
alloys were etched in a solution of 0.3 g picric acid, 
1 mL acetic acid, 1.5 mL water and 10 mL alcohol. 
The phase constitutions were analyzed by a D5000 
X-ray diffraction (XRD) instrument with Cu Kα at a 
scanning rate of 6 (°)/min. The FEI Quanta 200 
scanning electron microscope (SEM) equipped with 
EDAX genesis xm-2 energy spectrometer (EDS) 
was used to analyze the microstructures of the solid 
solution treated alloys. The average grain size was 
measured by the intercept method on the basis of 
the optical images. The hardness test was performed 
on a Vickers hardness tester with a load of 0.98 N 
and a retention time of 15 s. Each sample had no 
less than 9 indentations. Tensile samples were cut 
from the Mg−Ga alloys which experienced solution 
treatment and were machined into 55 mm × 4 mm × 
2 mm in gauge size. Tensile test was conducted on 
the Instron 3369 instrument with the initial tensile 
strain rate of 1.1×10−3 s−1, and at least three tests 
were carried out under all the test conditions in 
order to improve the reliability of experimental 
data. 

Four kinds of measurements are usually 
applied to expressing the damping capacities of 
materials as follows [33,34]: (1) The logarithmic 
decrement (δ) method expressed by δ=ln(Ai/Ai+1) 
from the amplitude of vibration Ai at the ith 
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vibration cycle and Ai+1 at the (i+1)th vibration 
cycle; (2) The specific damping capacity (SDC, CSD) 
method expressed by CSD=ΔW/W from the 
dissipated energy ΔW of any vibration cycle divided 
by system energy W of the vibration cycle; (3) The 
inverse quality factor Q−1 method expressed by 
Q−1=Δfr/fr, where fr is the resonance frequency  
(Hz), Δfr is the half-power bandwidth at the 
resonance peak of fr (Hz); (4) The method of 
tangent phase angle φ expressed by tan φ from 
measured stress σ and strain ε. It should be 
emphasized that the inverse quality factor Q−1 is 
equal to the tangent phase angle φ, i.e., Q−1=tan φ. 
The relationships among aforementioned four 
parameters for describing damping properties can 
be correlated under the condition of small strain as 
follows [34]:  
δ/π=CSD/(2π)=Q 

−1=tan φ                   (1)  
The damping properties of prepared samples 

of as-solutionized binary Mg−Ga alloys were 
measured by the method of tangent phase angle φ, 
i.e., tan φ, through a dynamic mechanical analyzer 
(DMA) produced by TA Instruments in a type of 
Q800 (Q800−DMA) in the single cantilever 
vibration mode with the sample sizes of 30 mm × 
3 mm × 1 mm at room temperature, and the strain 
amplitude (ε) ranged from 0.001% to 1% and    
the vibration frequency was set at 1 Hz. The 
temperature-dependent damping testing was 
conducted from room temperature to 400 °C at a 
heating rate of 5 °C/min, with the strain amplitude 
of 0.004% and the vibration frequency of 1 Hz. 
 
3 Results 
 
3.1 Microstructures 

The as-cast and as-solutionized micro- 
structures of the Mg−Ga alloys with different Ga 
contents are presented in Fig. 1. As shown in 
Figs. 1(a−d), there are second phases in as-cast 
Mg−Ga alloys, which are distributed along the 
grain boundary, and the volume fraction of these 
second phases increases with the increase of Ga 
content. Combined with the XRD results in 
Fig. 2(a), it is concluded that the second phase is 
the Mg5Ga2 phase. The OM images of the solid 
solution treated alloys are displayed in Figs. 1(e−h). 
The second phase in the as-cast alloy disappears 
after solution treatment. At the same time, 
according to the XRD results in Fig. 2(a), the alloys 

after solution treatment are the single-phase α-Mg. 
It can be seen from Fig. 2(b) that the lattice 
distortion caused by the addition of Ga atoms 
makes the Mg peak shift to a high angle. The EDS 
analyses of randomly selected regions in solid 
solution treated alloys are manifested in Fig. 3. As 
seen from Fig. 3, the second phase particles are 
dissolved in the matrix and the Ga element is 
uniformly distributed in the matrix. The molar 
fraction of the four alloys shown in Table 1 are 
relatively close to 1 wt.% (0.35 at.%), 2 wt.% 
(0.71 at.%), 3 wt.% (1.06 at.%), 5 wt.% (1.80 at.%). 
With the increasing Ga content, the grain size of the 
alloy is refined obviously and the change of grain 
size with the Ga content is summarized in Table 1. 
The average grain size of as-cast alloy is refined 
from (78±20) μm of Mg−1Ga to (47±13) μm of 
Mg−5Ga, and the grain size is refined by about 
40%. The average grain sizes of the four solid 
solution treated Mg−Ga alloys are (91±30), (74±27), 
(67±18) and (58±18) μm, respectively. 
 
3.2 Ga content dependence of solid solution 

strengthening 
The mechanical properties of solid solution 

treated Mg−Ga alloys are displayed in Fig. 4. As 
shown in Fig. 4(a), with the increase of Ga content, 
the hardness of the alloy increases monotonously, 
from HV 46 of Mg−1Ga to HV 61 of Mg−5Ga, 
with an increase of 33%. The engineering 
stress−strain curves of the solid solution treated  
Mg−Ga alloys are presented in Fig. 4(b). The 
change of tensile properties with the Ga content is 
shown in Fig. 4(c). The yield strength, tensile 
strength and elongation of the alloy increase with 
the increasing Ga content. Two strengthening 
mechanisms, i.e. solid solution strengthening and 
fine grain strengthening, play roles in the 
single-phase Mg−Ga alloys, which will be carefully 
discussed in the following. 
 
3.3 Damping properties of Mg−Ga alloys 

The strain-amplitude-dependent damping 
properties of the solid solution treated Mg−Ga 
alloys tested at 1 Hz and ambient temperature are 
presented in Fig. 5. All the strain-amplitude- 
dependent damping curves can be divided into two 
parts. One is the part in which the damping is 
independent or weakly related to the strain 
amplitude, and the other is the part in which the  
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Fig. 1 Microstructures of as-cast (a, c, e, g) and as-solutionized (b, d, f, h) Mg−Ga alloys: (a, b) Mg−1Ga;           
(c, d) Mg−2Ga; (e, f) Mg−3Ga; (g, h) Mg−5Ga 
 
damping capacity increases sharply with the 
increase of strain amplitude. The strain amplitude 
corresponding to the inflection point of these two 
parts is the first critical strain amplitude (εcr1) 

[33,35]. The εcr1 values of Mg−1Ga, Mg−2Ga, 
Mg−3Ga, Mg−5Ga alloys are 0.0159%, 0.0229%, 
0.0463%, and 0.0544%, respectively. When the 
strain amplitude is greater than εcr1, the damping  
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Fig. 2 XRD patterns of as-cast Mg−5Ga and as-solutionized Mg−Ga alloys (a), and {10 10} , {0002} and {10 11}  
peaks of as-solutionized Mg−Ga alloys (b) 
 

 

Fig. 3 EDS mappings of randomly selected regions in solid solution treated Mg−Ga alloys: (a) Mg−1Ga; (b) Mg−2Ga;      
(c) Mg−3Ga; (d) Mg−5Ga 
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Table 1 Chemical compositions and average grain sizes 
of Mg−Ga alloys 

Alloy 
Nominal 
content/ 

wt.% (at.%) 

Analyzed 
content/ 

wt.% (at.%) 

Average grain 
size/μm 

As-cast As- 
solutionized

Mg−1Ga 1 (0.35) 0.99 (0.35) 78±20 91±30 
Mg−2Ga 2 (0.71) 2.11 (0.75) 58±16 74±27 
Mg−3Ga 3 (1.06) 3.34 (1.19) 54±19 67±18 
Mg−5Ga 5 (1.80) 4.90 (1.77) 47±13 58±18 
 

 
Fig. 4 Mechanical properties of solid solution treated 
Mg−Ga alloys at room temperature: (a) Hardness change;     
(b) Engineering stress−strain curves; (c) Tensile 
properties  

 

 
Fig. 5 Strain-amplitude-dependent damping properties of 
solid solutionized Mg−Ga alloys: (a) Damping strain 
amplitude curves; (b) Magnification curve under low 
strain amplitude; (c) Comparison of damping capacity 
under different strain amplitudes 
 
capacity increases sharply with the higher strain 
amplitude and the alloy with the higher Ga content 
has a higher growth rate. The Mg−5Ga alloy has the 
highest εcr1, and when the strain amplitude is about 
0.15%, its damping capacity is similar to that of 
Mg−3Ga (circled by red in Fig. 5(a)). With the 
continuing increase of the strain amplitude, the 
Mg−5Ga alloy exhibits higher damping capacity 
than the Mg−3Ga alloy. Figure 5(b) shows the 
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enlarged diagram of the damping capacity at low 
strain amplitudes in Fig. 5(a). The damping 
capacities of Mg−1Ga, Mg−2Ga, Mg−3Ga and 
Mg−5Ga reach the high damping level of 0.01 [36] 
at the strain amplitudes of 0.014%, 0.02%, 0.01%, 
and 0.015%, respectively, and all the strain 
amplitudes are less than the corresponding εcr1. 
Therefore, the Mg−Ga alloys reach a high damping 
level before the εcr1, which means that the external 
energy applied to the alloys can be dissipated before 
the dislocations break away the weak pinning point, 
which is of importance to engineering application. 
Figure 5(c) shows that the damping capacities of 
Mg−3Ga and Mg−5Ga alloys under the low strain 
amplitude are higher than those of Mg−1Ga and 
Mg−2Ga alloys, which is contrary to the trend in 
the references [37,38]. The possible reasons for this 
phenomenon will be carefully discussed later. The 
damping capacities of the Mg−Ga alloys decrease 
with the higher Ga content under the high strain 
amplitude, and that of Mg−1Ga alloy reaches 0.149 
with the strain amplitude of 0.1%. 

In order to control the single variable, Mg−Ga 
alloys with the same grain size are employed for 
further study. After isothermal heat treatment at 
460 °C, the grain sizes of the three alloys are almost 

the same (about 120 μm, shown in Figs. 6(a−c)). 
Then the damping performance is tested, and the 
test results are shown in Fig. 6(d). It can be found 
that the changing trend of Fig. 6(d) is the same as 
that of Fig. 5(a). When the strain amplitude is 
greater than εcr1, the damping capacity increases 
rapidly with the increase of strain amplitude for the 
three alloys. It is worth noting that the Mg−5Ga# 
alloy with high Ga content has the fastest growth 
trend, which means that it exhibits higher damping 
capacity than those of the Mg−1Ga# and Mg−3Ga# 
alloys at high strain amplitude (see the circle in 
Fig. 6(d)). 

The temperature damping test is adopted and 
the result is illustrated in Fig. 7. The strain 
amplitude is 0.004%, the test frequency is 1 Hz and 
the test temperature range is 30−400 °C. Compared 
with the εcr1 data mentioned earlier, under such a 
strain amplitude, the dislocations in all the alloys 
don’t break away from the weak pinning point, and 
the dislocations only swing between the weak 
pinning points. But at the same time, the increase in 
temperature can increase the motion of dislocations. 
As illustrated in Fig. 7, the damping capacity of 
Mg−5Ga is the best in the whole test temperature 
range. 

 

 
Fig. 6 Optical images of alloys after grain growth: (a) Mg−1Ga#; (b) Mg−3Ga#; (c) Mg−5Ga#; (d) Strain- 
amplitude-dependent damping properties of Mg−Ga alloys with same grain size 
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Fig. 7 Damping capacity versus temperature curves of 
Mg−Ga alloys 
 
4 Discussion 
 
4.1 Solid solution strengthening 

As shown in Fig. 8, the hardness of the alloy 
increases monotonously with the increase of Ga 
content. The similar data of Mg−Al [13], Mg−Zn 
[14], Mg−Sn [15], Mg−Y [16], and Mg−Gd [17] 
alloys are also included in Fig. 8 for comparison. 
These data show the same trend except for the slope. 
The best linear fitting curve shows that the hardness 
(HV0.5) of the alloy is related to the Ga content and 
this linear relationship can be expressed by  
HV0.5=41.61+10.35c (R2=0.957)             (2)  
where HV0.5 is the Vickers hardness in kg/mm2,    
c is the Ga content in at.%, and R2 is the  
correction coefficient. The hardness of the alloy 
increases almost linearly with the Ga content, about 
 

 
Fig. 8 Effect of Ga content on hardness of Mg−Ga alloys 
with Mg−Al, Mg−Zn, Mg−Sn, Mg−Y and Mg−Gd alloys 
for comparison 

10.35 kg/(mm2·at.%) Ga, which is higher than the 
values of Mg−Al alloys [13] (≈3 kg/(mm2·at.%) Al), 
Mg−Zn alloys [14] (≈9 kg/(mm2·at.%) Zn) and 
Mg−Sn alloys [15] (≈6.88 kg/(mm2·at.%) Sn),   
but lower than those of Mg−Y alloys [16]   
(≈13.23 kg/(mm2·at.%) Y) and Mg−Gd alloys [17] 
(≈14 kg/(mm2·at.%) Gd). The hardening effect of 
Ga is only weaker than that of rare earth (Y and 
Gd). 

The strengthening effect caused by grain 
refinement can be explained quantitatively by the 
Hall−Petch equation [39]:  

1/2
g 0 kdσ σ −Δ = +                         (3) 

 
where σ0 is 11 MPa·μm1/2 for pure magnesium 
[14,15,17], k is a constant determined by 
polycrystalline materials, and d is the grain size. 
Due to the lack of the detailed data about the 
Hall−Petch equation of the Mg−Ga alloys, 
k=220 MPa·μm1/2 is adopted according to the 
references [14,15,17]. According to the study of 
SHI et al [15], it is also assumed that the value of k 
has nothing to do with the composition. The effect 
of solid solution strengthening can be expressed  
by [14,15,17]  

1/2
s 0.2 g 0.2 0 )( kdσ σ σ σ σ −Δ = − Δ = − +        (4) 

 
where σ0.2 represents the yield strength, which can 
be obtained from Fig. 4, and Δσg represents the 
contribution value of grain boundary strengthening. 
Solid solution strengthening Δσs can be obtained by 
method mentioned above. Different solid solution 
models were developed [14,15,17] based on the 
solute concentration dependence of yield strength 
as follows:  

3/2 1/2
ys y0 F FZ G cσ σ ξ= +                    (5) 

4/3 2/3
ys y0 L LZ G cσ σ ξ= +                    (6) 

 
where σy0 is the yield stress of pure magnesium; ZF 
and ZL are constants, ξF and ξL are different linear 
combination of the size misfit parameter and the 
modulus misfit parameter, G is the shear modulus, 
and c is the molar fraction of solute atoms. 

From the above two solid solution 
strengthening modes [14,15,17], it can be known 
that the solid solution strengthening effect of solute 
atoms is caused by the atomic size mismatch and 
the shear modulus mismatch. Therefore, these two 
equations should be generally applicable to describe 
the solid solution strengthening effect of different 
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alloying elements in magnesium alloys. The solid 
solution strengthening effect Δσs of the Mg−Ga 
alloys is shown in Fig. 9. With the increase of Ga 
content, the Δσs of alloy has a linear relationship 
with cn. The slopes (dσ/dcn) of the solid lines in 
Fig. 9 are 583 and 953 for n=1/2 and n=2/3, 
respectively. At the same time, the solid solution 
strengthening rates of other alloying elements are 
listed in Table 2, which are 118 and 196 (Al), 578 
and 905 (Zn), 233 and 389 (Sn), 737 and 1429 (Y) 
and 683 and 1168 (Gd). Compared with the data in 
Table 2, the solid solution strengthening rate of Ga 
is higher than those of Al, Zn and Sn, and slightly 
lower than those of Y and Gd. According to Eqs. (5) 
and (6), both lattice parameters and shear modulus 
must be taken into account. The size difference 
between magnesium and the external atoms is an 
important factor directly, leading to the change of 
lattice parameters. Based on the Ref. [40], the sizes 
of different atoms and their differences with 
magnesium atoms are listed in Table 2. As 
displayed in Table 2, the size mismatch between Mg 
and Ga is larger than those between Mg and other 
alloy atoms. There is still a lack of reports on the 
elastic modulus of Ga. In the metal handbook, the 
elastic modulus of Ga is described as compressible 
at 20 °C [41], so it can be inferred that the elastic 
modulus of Ga is much smaller than Mg, Zn, Al, Sn, 
Y and Gd. The huge difference in elastic modulus is 
the reason that Ga has a good strengthening effect. 

Based on the above analysis, the reason for  
the good solid solution strengthening effect of Ga 
 

 
Fig. 9 Solid solution strengthening effect Δσs of Mg−Ga 
alloys with Mg−Al, Mg−Zn, Mg−Sn, Mg−Y and Mg−Gd 
alloys for comparison (Data points of Fig. 4 re-plotted as 
function of cn, after correcting for grain size effects using 
Eq. (3)) 

Table 2 Radius, atom size misfit δ, and strengthening 
rate (dHV/dc and dσ/dcn) for Al, Zn, Sn, Y, Gd and Ga 
atoms in Mg alloy 
Element Radius/Å δ dHV/dc dσ/dc1/2 dσ/dc2/3

Mg 1.601 − − − − 

Al 1.432 −10.6 3 118 196 

Zn 1.395 −12.9 9 578 905 

Sn 1.620 2.2 6.6 233 389 

Y 1.802 12.6 13.23 737 1429

Gd 1.801 12.5 14 683 1168

Ga 1.392 −13.1 10.35 583 953 
 
atoms in magnesium alloys can be summarized as 
follows: the mismatch of atomic size and modulus 
between Ga atoms and Mg atoms may be the reason 
for its better strengthening effect. The lattice 
distortion caused by the atomic size mismatch can 
hinder the movement of dislocations. According to 
the solid solution strengthening modes [14,15,17], 
the large degree of the modulus mismatch is also 
the reason why the addition of Ga atoms has a good 
strengthening effect. The XRD results in Fig. 2(b) 
show that with the solid solution of Ga atoms in the 
α-Mg matrix, the diffraction peak of α-Mg shifts to 
a high angle. According to the Bragg equation,  
λ=2dsin θ                               (7)  
where d is the distance between crystal planes, θ is 
the Bragg diffraction angle, and λ is the wavelength. 
The crystal plane spacing decreases after the Ga 
atoms are dissolved in the α-Mg matrix since the 
atomic radius of the Ga atom is small. When the Ga 
atom dissolves in the α-Mg lattice, the lattice 
constant and the atomic spacing decrease, which 
increases the atomic binding force of Mg crystal 
and finally strengthens magnesium alloy [42]. The 
strengthening effects of Gd and Y elements cannot 
be explained by the classical theory, and the 
possible reasons for this phenomenon have also 
been analyzed in other studies [16,17]. 
 
4.2 Damping capacity 

According to the Refs. [28,29], the damping of 
magnesium alloy at room temperature is caused by 
the bowing out motion of dislocation. The classical 
Granato-Lücke dislocation pinning model can be 
used to explain the damping properties of 
magnesium alloys. The total damping capacity  
(Q−1) includes the strain-independent or weakly 
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dependent damping capacity 1
0( )Q −  and strain- 

dependent damping capacity 1
h( ).Q −

 The 
relationship of them can be expressed by  

1 1 1
0 h ( )Q Q Q ε− − −= +                        (8)  

4
1 c

0 236
BLQ
Gb

ρ ω− =                            (9) 
 

1
h 1 2( /π )exp( / )Q C Cε ε− = −                 (10) 

 
where C1, C2 and B are constants; ρ is the movable 
dislocation density, excluding seriously entangled 
dislocations; b is the magnitude of Burger’s vector of 
dislocations; ω is the angular frequency, which can 
be obtained from the experimental conditions; Lc is 
the distance between adjacent weak pinning points, 
which is the distance between solute atoms in the 
current study; C1 and C2 can be represented by  

3 2
1 B N c/ )(6C F L bELρ=                     (11)  
2 B c/( )C F bEL=                         (12) 

 
2 3

1 2 N B )/ /(6C C bEL Fρ=                    (13) 
 
where LN is the distance between adjacent strong 
pinning points on the dislocation. Only the grain 
boundary can be deemed as the strong pinning point 
in the current study since only a single-phase solid 
solution is concerned. The grain size can be 
considered as the distance between the adjacent 
strong pinning points (LN). FB is the force between 
point defects and dislocations, and E is the elastic 
modulus. When the strain amplitude is greater than 
the critical strain (εcr1) of dislocation removing from 
the weak pinning point, the relationship of 1

hQ −  
and C1 and C2 can be expressed as  

( )1
h 1 2ln π ln /Q C Cε ε− = −                  (14)  

If the G−L curve ( 1
hln(π )Q ε−  vs 1/ε) is a 

straight line, then its damping behavior can be 
explained by the Granato−Lücke dislocation 
damping model. The G−L curves of Mg−Ga alloys 
are shown in Fig. 10. The linear fitting relationship 
between 1

hln(π )Q ε−  and 1/ε is satisfied until the 
strain amplitude reaches another critical value (εcr2). 
When the strain amplitude is higher than εcr2, the 
micro-plastic deformation occurs, and the damping 
mechanism of the alloys is changed into the 
micro-plastic damping mechanism [26]. The 
irreversible increment and the motion of 
dislocations in the micro-plastic damping 
mechanism are not described too much in this work. 
It can be found from Fig. 10 that the points under 

εcr2 have a perfect linear distribution, which 
indicates that the damping properties of the Mg−Ga 
alloys can be explained well by the Granato−Lücke 
dislocation theory. 
 

 
Fig. 10 G−L curves of solid solution treated Mg−Ga 
alloys: (a) Mg−Ga alloys; (b) Mg−Ga alloys with same 
grain size 
 

It can be seen from Fig. 5 that the alloys with 
high Ga content have high damping properties at 
the low strain amplitude. Combined with Eq. (9), 
the existing theory holds that the damping capacity 
under the low strain amplitude is proportional to the 
quartic of the distance between the weak pinning 
points ( 4

cL ) [37,38]. The more the solute atoms are, 
the smaller the distance between the corresponding 
weak pinning points is, and the lower the damping 
capacity is, but the results of this study are contrary 
to it. The damping capacity of the alloy with higher 
Ga content is higher than that of the alloy with the 
lower Ga content. At the same time, this 
phenomenon has also been found in the other 
reports [43,44], but there is no corresponding 
analysis in these reports. Therefore, the strain- 
independent damping is not only related to Lc, but 
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also is affected by other factors. The previous 
research results showed that there was a great 
difference in the atomic radius and the modulus 
between Ga and Mg atoms, which makes the Ga 
element have better solid solution strengthening 
effect. The Ga atoms in solid solution treated 
Mg−Ga alloys existed in two ways [42]. Eight Mg 
atoms around Ga form a dodecahedral structure 
composed of the upper and lower hexahedrons, or 
two Ga solute atoms occupy the vertices of the 
upper and lower hexahedrons and combine with the 
seven Mg atoms sandwiched in the middle to form 
dodecahedral clusters. The schematic diagrams of 
two kinds of atomic configuration formed in the 
solution treated Mg−Ga are shown in Fig. 11(a). In 
addition, combined with the small radius of Ga 
atoms, the lattice distortion will be formed 
necessarily after the Ga atoms are dissolved in the 
α-Mg matrix. Therefore, just like the interaction 
between the dislocation and the GP region [30], the 
second phase [20,21] or stacking faults [31,32], the 
interaction between the dislocation and atomic 
configuration or lattice distortion will occur, thus 
improving the damping capacity. As a result, the 
Mg−Ga alloy has excellent damping properties. 

It can be seen from Fig. 5(c) that with the 
increase of the Ga content to 5 wt.%, the damping 
capacity of the alloy decreases, which is related to 
the linear tension of dislocation. The linear tension 
of a dislocation is the force that straightens the 
bending dislocation. When the applied shear stress 
is balanced with it, the linear tension of dislocation 
(τ) can be expressed by 

2
Gb

R
τ =                                (15) 
 
where R is the radius of curvature of the dislocation. 
Under the low strain amplitude, the weak pinning 
point spacing Lc is equal to 2R. Therefore, with the 
increase of the Ga content, the smaller the R is, the 
greater the linear tension of the dislocation is, 
which leads to the decrease of the mobility of the 
dislocation in the alloy with high Ga content and 
ultimately leads to the decrease of damping 
properties. Under the high strain amplitude, the 
alloy with a higher Ga content displays a lower 
damping capacity. This is due to the fact that the 
dislocation is separated from the weak pinning 
point and moves between the strong pinning points. 
Therefore, the alloy with a low Ga content, showing 
a large grain size, has a low line tension of 
dislocation, which leads to the increase of the 
mobility of the dislocation in the alloy with low Ga 
content and ultimately results in the increase of 
damping properties. When the strain amplitude is 
greater than the first critical strain amplitude, the 
damping capacities of all the alloys increase sharply, 
but the increase rate of the alloy with the high Ga 
content is high. It can be seen from Fig. 5(a) when 
the strain amplitude reaches a certain level (circled 
by red in Fig. 5(a)), the Mg−5Ga alloy exhibits 
higher damping capacity than the Mg−3Ga alloy. 
This phenomenon is even more pronounced in the 
alloy with the same grain size, which is illustrated 
in Fig. 6. This is due to the swinging between   
the strong pinning points when the dislocation is 

 

 
Fig. 11 Existent form of Ga atoms in α-Mg [42] (a), and improved G−L model (b) 
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unnailed, which will undoubtedly be affected by the 
atomic configuration and distortion formed by the 
solute atoms, just like the dislocation interact with 
the GP region [30], the second phase [20,21] or 
stacking faults [31,32]. As a result, the damping 
capacity of the alloy with a high Ga content 
increases rapidly. 

Figure 10 shows that the damping properties of 
Mg−Ga alloys can be explained by the dislocation 
pinning model. It can be seen from the data in 
Table 3, the values of C1 and C2 increase with the 
increase of Ga content, while the value of 2

1 2/C C   
decreases monotonously. From Eq. (13), the value 
of 2

1 2/C C  is related to LN and FB. 
 
Table 3 Damping property parameters of solid solution 
treated Mg−Ga alloys 

Alloy C1/104 C2/104 (C1/C2
2)/104 

Mg−1Ga 3.35 6.94 6.96 

Mg−2Ga 2.23 7.74 3.72 

Mg−3Ga 5.58 13.20 3.20 

Mg−5Ga 12.07 21.50 2.61 

Mg−1Ga# 11.45 12 7.95 

Mg−3Ga# 21.63 24 3.76 

Mg−5Ga# 39.80 34 3.44 
 

After heat treatment, the grain boundaries 
acted as strong pinning point in Mg−1Ga#, 
Mg−3Ga# and Mg−5Ga# have little difference, the 

2
1 2/C C  values of these alloys decrease continuously. 

Thus, it can be inferred that the increase of FB value 
plays an obvious role and makes the 2

1 2/C C  value 
decrease. On the basis of the classical Granato− 
Lücke model [28,29], the influence of atomic 
configuration or lattice distortion is considered, and 
the schematic diagram of the improved model is 
shown in Fig. 11(b). From this model, it can be 
known that once the dislocation starts to move, it 
will interact with the atomic configuration or lattice 
distortion to achieve the internal friction, leading to 
the enhancement of the damping capacity. 

The motion of dislocations is a thermal 
activation process, and the higher the temperature is, 
the stronger the kinetic energy of dislocations is. 
Therefore, the energy of dislocations is lower and 
the dislocations are not easy to move at room 
temperature. The results of Fig. 7 can further verify 
the model in Fig. 11(b). From Fig. 7, it can be seen 
that the damping capacity of Mg−5Ga is the best in 

the whole test temperature range, which is due to 
the large number of the unique atomic configuration 
or lattice distortion in Mg−5Ga. The higher the 
temperature is, the greater the probability of     
the dislocation interacting with such atomic 
configuration is, so that the damping capacity of the 
alloy with a high Ga content is greater. This further 
verifies that the Ga atoms are beneficial to the 
damping capacity improvement of the alloys. 
 
5 Conclusions 
 

(1) The relationship between the hardness of 
the Mg−Ga alloy and the Ga content can be 
expressed by the equation: HV0.5=41.61+10.35c, 
where c is the molar fraction of solute atoms. 

(2) With the increase in Ga content, the solid 
solution strengthening effect Δσs of the alloy has a 
linear relationship with cn. The solid solution 
strengthening effect of Ga is higher than these of Al, 
Zn and Sn due to the large atomic radius difference 
and the modulus mismatch between Ga and Mg 
atoms. 

(3) The Mg−Ga alloys have excellent damping 
capacity and their damping value reaches a high 
damping level before the strain amplitude is less 
than the first critical strain amplitude, which is of 
great significance for the practical applications. 

(4) The lattice distortion and the modulus 
mismatch generated because of the addition of Ga 
increase the resistance to motion of the dislocation 
when it is in the process of swinging or moving, 
thus the better damping capacity is acquired. 
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摘  要：利用光学显微镜(OM)、扫描电子显微镜(SEM)、X 射线衍射(XRD)、硬度测试、拉伸测试和动态机械分

析仪(DMA)研究 Ca 含量为 1%~5%(质量分数)的 Mg−Ga 二元合金的力学性能和阻尼性能。研究发现，合金的硬度

(HV0.5)随着 Ga 含量的增加而增加，硬度与 Ga 含量的关系为: HV0.5=41.61+10.35c，Mg−Ga 合金的固溶强化贡献

值 Δσs 与 cn呈线性关系，其中 c 为溶质原子浓度，n=1/2 或 2/3。Ga 和 Mg 原子之间的较大原子半径差异和模量

差异使得 Ga 表现出比 Al、Zn 和 Sn 更强的固溶强化效果。Ga 的添加使得 Mg−Ga 合金具有很好的阻尼性能，这

种现象可以通过 Granato−Lücke 位错模型来解释。Ga 添加形成的晶格畸变和模量失配增加位错在摆动和运动过

程中所受到的阻力，从而获得很好的阻尼性能。 

关键词：Mg−Ga 合金；固溶强化；阻尼性能；Granato−Lücke 模型 
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