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Abstract: In order to improve the comprehensive properties of the Cu−11.9Al−2.5Mn shape memory alloy (SMA), 
multilayer graphene (MLG) carried by Cu51Zr14 inoculant particles was incorporated and dispersed into this alloy 
through preparing the preform of the cold-pressed MLG−Cu51Zr14 composite powders. In the resultant novel 
MLG/Cu−Al−Mn composites, MLG in fragmented or flocculent form has a good bonding with the Cu−Al−Mn matrix. 
MLG can prevent the coarsening of grains of the Cu−Al−Mn SMA and cause thermal mismatch dislocations near the 
MLG/Cu−Al−Mn interfaces. The damping and mechanical properties of the MLG/Cu−Al−Mn composites are 
significantly improved. When the content of MLG reaches 0.2 wt.%, the highest room temperature damping of 0.0558, 
tensile strength of 801.5 MPa, elongation of 10.8%, and hardness of HV 308 can be obtained. On the basis of in-depth 
observation of microstructures, combined with the theory of internal friction and strengthening and toughening theories 
of metals, the relevant mechanisms are discussed. 
Key words: Cu−Al−Mn shape memory alloy; multilayer graphene (MLG); microstructure; interface; damping; 
mechanical properties 
                                                                                                             

 
 
1 Introduction 
 

Cu-based shape memory alloys (SMAs) have 
been widely used in the fields of transportation, 
machinery, architecture and biomedical devices 
owing to their high damping capacity, special shape 
memory property, good processability and low  
cost [1−4]. However, intergranular brittle fracture 
and unsatisfactory mechanical strength caused by 
coarse grains have become the main limiting  
factors for their further development and extensive 

applications [3−6]. Meanwhile, in order to meet the 
needs of vibration and noise reduction, modern 
industries put forward increasing requirements on 
damping capacity [7]. Therefore, it is extremely 
important to find effective ways to simultaneously 
improve the damping and mechanical properties of 
Cu-based SMAs. 

Many researchers have reported that the 
addition of alloying elements such as Ti [8], Gd [9], 
Zr [10], V [11], Nb [12], Ce [13] and Nd [14] can 
effectively refine the grains of Cu-based SMAs, and 
enhance their mechanical properties. For instance, 
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GUNIPUTI and MURIGENDRAPPA [9] found that 
Gd could serve as an effective grain refiner of 
Cu−Al−Be SMA, which helped to improve the 
mechanical properties significantly. When the 
addition of Gd was 0.08 wt.%, the grain size of 
Cu−Al−Be SMA could be decreased from 463.45 to 
81.80 µm. As a consequence, the tensile strength of 
the resultant alloy was increased from 398.93 to 
581.42 MPa, and the ductility was increased from 
10.05% to 23.72%. ZHANG et al [14] reported that 
the grain size of Cu−Al−Ni SMA could be reduced 
from millimeter level to several hundred microns by 
adding Nd, and when the content of Nd reached 
0.5 wt.%, the compressive fracture stress and strain 
were increased from 580 MPa and 10.5% to 
940 MPa and 18.3%, respectively. The increase of 
the mechanical properties was mainly ascribed to 
the grain refinement of the Cu−Al−Ni SMA with 
Nd addition and the hindering effect of the second 
phase on the movement of dislocations. Compared 
with the elements addition method, inoculation 
refinement is more efficient for grain refinement 
due to the high lattice matching degree between 
inoculants and the alloys to be refined [15−17]. In 
our previous work [18,19], a novel inoculant 
Cu51Zr14 was added into the Cu−Al−Mn SMA, the 
grains of the Cu−Al−Mn SMA could be refined 
from 319 to 37 µm, and the tensile strength could 
be increased from 352.2 to 687.2 MPa due to the 
fine-grain strengthening mechanism. Moreover, the 
damping was also significantly improved due to the 
increased interface density resulted from the 
refinement of grains. 

In recent years, multilayer graphene (MLG), as 
a potential carbon material for strengthening metal 
matrix composites (MMCs), has attracted more and 
more attention because of its ultra-high strength and 
elastic modulus, easy preparation and economy 
compared with single-layer graphene [20−22]. 
Considerable attempts have been made in the  
fields of MLG reinforced Al [21,23], Ti [22,24]  
and Cu [20,25] matrix composites, and great 
improvements in mechanical properties have been 
achieved. KIM et al [20] found that the combination 
of high-energy ball milling and high-ratio 
differential speed rolling could effectively 
incorporate and disperse MLGs into the matrix of 
Cu. Due to the Orowan strengthening mechanism, a 
yield strength of 360.5 MPa and a tensile strength 
of 425.5 MPa could be obtained. KIM et al [25] 

obtained a MLG/Cu composite with a high strength 
of 1.5 GPa by preparing single-atomic-layer 
graphene film on the surface of Cu through 
chemical vapor deposition (CVD). The ultra-high 
strength of this new MLG/Cu nano-layered 
composite material could be attributed to the fact 
that the graphene provided an efficient barrier to the 
movement of dislocations across the interface. 

Therefore, it is reasonable to infer that MLG 
can be used to improve the mechanical properties of 
Cu-based SMAs. And it is expected that the 
damping can also be improved simultaneously 
because of the increased interface density in the 
resultant composites and the typical lamellar 
structure of MLG. However, up to now, there are 
few reports on the application of MLG in Cu-based 
SMAs. The main challenge is the large difference in 
density, which makes it very difficult for MLG to 
be evenly distributed in Cu-based SMAs [26]. In 
the present study, the MLG−Cu51Zr14 composite 
powders were pre-prepared by ball-milling method. 
Through the role of Cu51Zr14 inoculant particles in 
carrying, MLG was dispersed in the matrix of the 
Cu−Al−Mn SMA. The damping and mechanical 
properties of the resultant novel MLG/Cu−Al−Mn 
composites were investigated. On the basis of 
in-depth observation of microstructures, combined 
with theory of internal friction and strengthening 
and toughening theories of metals, the relevant 
mechanisms were discussed in detail. 
 
2 Experimental 
 
2.1 Preparation of specimens 

Figure 1(a) shows the scanning electron 
microscopy (SEM) image of Cu51Zr14 particles with 
an average size below 200 μm obtained by crushing 
the as-cast Cu51Zr14 ingot. Figures 1(d, e) show the 
analysis results of energy dispersive spectrometer 
(EDS) and X-ray diffractometer (XRD) of the 
Cu51Zr14 inoculant. It can be seen that the Cu51Zr14 
inoculant only consists of the Cu51Zr14 phase, which 
belongs to intermetallic inoculant. Figures 1(b, c) 
show the TEM images of the MLG purchased from 
Wuhu Jikang New Material Technology Co., Ltd., 
China. It should be noted that the MLG presents 
many wrinkles, which can enhance both toughness 
and damping of the Cu−Al−Mn SMA. Figure 1(f) 
gives the Raman spectrum of MLG. Three peaks at 
1348.03, 1581.31 and 2715.70 cm−1 correspond to 

https://xueshu.baidu.com/s?wd=author%3A%28Y%20Kim%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://www.sciencedirect.com/science/article/pii/S0925838818324307?via%3Dihub#bib4
https://www.sciencedirect.com/topics/materials-science/chemical-vapor-deposition
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the D, G and 2D bands of MLG, respectively [27]. 
Figure 2 shows the schematic illustration of 

the preparation process of the MLG/Cu−Al−Mn 
composites. As shown in Fig. 2, the whole process 
mainly includes the following three steps: 

(1) Step 1: Ball milling of Cu51Zr14 and MLG 
composite powders 

The mixtures of Cu51Zr14 particles (prepared in 
a WK-II vacuum arc furnace by using pure Cu 

(purity ≥99.9 wt.%, Tianjin Nonferrous Metals 
Company, China) and Zr (purity ≥99.9 wt.%, 
Shenyang Scientific Research Metal Materials Co., 
Ltd., China) as raw materials) and MLG with 
different mass ratios were ball-milled at a speed of 
300 r/min for 5 and 10 h in a planetary ball mill 
machine (QXQM−2). Stainless steel balls with 
diameters of 5, 8 and 10 mm (their mass ratio was 
3:2:1) were used, and the ball-to-material ratio was 

 

 
Fig. 1 SEM image of Cu51Zr14 inoculant (a); TEM images of MLG (b, c); EDS result (d) of Point A in (a); XRD pattern 
of Cu51Zr14 inoculant (e); Raman spectrum of MLG (f) 
 

 

Fig. 2 Schematic illustration of preparation process of MLG/Cu−Al−Mn composites 
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10:1. Anhydrous alcohol was added as the wet- 
milling medium to prevent heating of the milling jar 
and excessive adhesion and aggregation of powders 
during ball milling. 

(2) Step 2: Cold pressing of Cu51Zr14 and MLG 
composite powders 

After ball milling, the resultant Cu51Zr14−MLG 
composite powders were placed into a vacuum 
drying oven and dried at 80 °C. Then, they were 
cold pressed into a disc with a diameter of 20 mm 
and a height of 2 mm on hydraulic equipment under 
a pressure of 200 MPa. 

(3) Step 3: Preparation of MLG/Cu−Al−Mn 
composites 

The Cu−11.9Al−2.5Mn (wt.%) SMA was 
melted in an induction furnace by using pure Cu,  
Al (purity ≥99.9 wt.%, Tianjin Nonferrous Metals 
Company, China) and pure Mn (purity ≥99.9 wt.%, 
Qinghe County Benyu Metal Materials Co., Ltd., 
China) as raw materials. When the temperature 
reached 1100 °C, the Cu51Zr14−MLG composite 
blocks with a diameter of about 3 mm (obtained by 
mechanically crushing the disc) wrapped with 
copper foil were added. In this step, the content of 
Cu51Zr14 inoculant was controlled to be 1.0 wt.%, 
and the content of MLG was controlled to be 0.1, 
0.15, 0.2 and 0.25 wt.%, respectively. Then, the 
melt was poured into a steel die after stirring. After 
that, the as-cast MLG/Cu−Al−Mn composite was 
subjected to solution treatment at 900 °C for   
600 s followed by water quench [28,29]. The 
uninoculated Cu−Al−Mn SMA and the Cu−Al−Mn 
SMA inoculated by 1.0 wt.% Cu51Zr14 inoculant 
were also prepared as contrastive specimens. 
 
2.2 Characterization 

BX41M Olympus optical microscope (OM) 
and Quanta 450 FEG SEM were used to observe the 
microstructures. Before observation, the specimens 
were ground, polished and etched by FeCl3−HCl 
corrosion solution. SISC IAS V8.0 image software 
was used to estimate the average grain size via the 
linear intercept method [30]. Bruker D8 Discover 
XRD with Cu Kα radiation and Raman spectroscopy 
were used to characterize the phase component. 
JEOL 8530F electron probe microanalysis (EPMA) 
and Tecnai G2 F30 transmission electron 
microscopy (TEM) were used to investigate the 
morphology and distribution of MLG in the 
MLG/Cu−Al−Mn composites. 

2.3 Performance tests 
Damping property of the composites was 

measured by TA Q800 dynamic mechanical 
analyzer (DMA), and the used specimens have    
a dimension of 35 mm × 10 mm × 2 mm. Tensile 
properties were measured at room temperature by 
INSTRON universal testing machine (UTM) with  
a speed of 1 mm/min, and the specimens with a 
gauge length of 25 mm and a diameter of 5 mm 
were machined according to the GB/T228.1—2010 
(ISO 6892-1: 2016) standard. The micro-hardness 
was tested on HMV-2T Vickers hardness tester with 
a load of 200 g and a loading time of 15 s. 
 
3 Results and discussion 
 
3.1 Characterization of specimens 

Figures 3(a, b) show the XRD patterns of   
the MLG, Cu51Zr14 inoculant and Cu51Zr14−MLG 
composite powders ball-milled for 5 and 10 h. The 
diffraction peak at 2θ=26° is the characteristic peak 
of graphene, and the other peaks correspond to the 
Cu51Zr14 inoculant. No other peaks can be detected, 
indicating that there is no chemical reaction 
between MLG and inoculant. The volume fractions 
of Cu51Zr14 and MLG in the composite powders 
quantified from the XRD data are 59.7% and 40.3% 
(ball-milled for 5 h) as well as 60.5% and 39.5% 
(ball-milled for 10 h), and corresponding mass 
fractions are 85% and 15% as well as 85.5% and 
14.5%, which are close to the set mass ratio of 5:1. 
It can also be found from Fig. 3(b) that the peak 
positions of Cu51Zr14 inoculant remain unchanged 
before and after ball-milling, but the peak widths 
are broadened, which should be caused by grain 
refinement. Figure 3(c) shows the Raman spectra of 
the MLG and ball-milled Cu51Zr14−MLG composite 
powders. It can be seen that the value of ID/IG only 
increases slightly with prolonging the ball-milling 
time, indicating that MLG in the composite powders 
is low-defect and still fairly ordered [31−34]. 
Moreover, the D, G and 2D peaks of the MLG in 
the Cu51Zr14−MLG composite powders shift to the 
high frequency compared with the original MLG, 
which can be ascribed to the internal stress 
remaining in the MLG after ball-milling [35]. 

Figures 4(a−c) and 4(d−g) show the SEM 
images of the Cu51Zr14−MLG composite powders 
ball-milled for 5 and 10 h, respectively. From 
Figs. 4(a, b, d, e), it can be seen that the Cu51Zr14 

http://dict.cnki.net/dict_result.aspx?searchword=%e4%b8%ad%e9%a2%91%e6%84%9f%e5%ba%94%e7%94%b5%e7%82%89&tjType=sentence&style=&t=intermediate+frequency+induction+electric+furnace
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Fig. 3 XRD patterns of MLG, Cu51Zr14 inoculant and ball-milled Cu51Zr14−MLG (mass ratio of 5:1) composite  
powders (a); enlarged view (b) of yellow area in (a); Raman spectra of MLG and ball-milled Cu51Zr14−MLG composite 
powders (c) 
 

 
Fig. 4 SEM images of Cu51Zr14−MLG (mass ratio of 5:1) composite powders ball-milled for 5 h (a−c) and 10 h (d−g); 
EDS results of Points A (h) and B (i)  
 
particles have been broken into fine particles 
(compared with the original Cu51Zr14 particles 
shown in Fig. 1(a)). Moreover, from the EDS 
results of Points A and B shown in Figs. 4(h, i), it 

can be found that MLG fragments adhere to the 
surface of the Cu51Zr14 particles, and the amount of 
MLG fragments increases with the increase of ball 
milling time. From Figs. 4(f, g), it can also be  



Zhi-xian JIAO, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3265−3281 

 

3270 

found that some very fine Cu51Zr14 particles are 
embedded in the lamellae of MLG, forming the 
special “MLG−Cu51Zr14−MLG” sandwich structure. 
Obviously, MLG and Cu51Zr14 particles in the 
composite powders ball milled for 10 h are more 
fully mixed, so 10 h is selected as the appropriate 

ball milling time in this study. 
Figures 5 and 6 show the optical micrographs, 

average grain size and XRD patterns of the 
MLG/Cu−Al−Mn composites and the contrastive 
specimens. There is no MLG in the specimens 
shown in Figs. 5(b, d). From Figs. 5(f, h), it can be 

 

 
Fig. 5 Optical micrographs of specimens: (a, b) Original Cu−Al−Mn SMA (Sample 1); (c, d) With 1.0 wt.% Cu51Zr14 

(Sample 2); (e, f) With 1.0 wt.% Cu51Zr14 and 0.2 wt.% MLG (Sample 5); (g, h) With 1.0 wt.% Cu51Zr14 and 0.25 wt.% 
MLG (Sample 6) 
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Fig. 6 Average grain size (a) and XRD patterns (b) of MLG/Cu−Al−Mn composites and contrastive specimens 
 
seen that the MLG is dispersed within grains and  
at grain boundaries (GBs). Figure 6(a) shows that 
the grains are further refined after adding MLG 
compared with Cu−Al−Mn SMA inoculated only 
by Cu51Zr14, which can be ascribed to the pinning 
effect of dispersed MLG on GBs. Therefore, the 
growth of grains of the Cu−Al−Mn SMA is 
efficiently inhibited during heat treatment [26,36]. 
However, the grain size does not monotonously 
decrease with the increase of the content of MLG 
(for example, when the content of MLG reaches 
0.25 wt.%, the grain size begins to increase), which 
can be attributed to the aggregation of excess MLG 
(as marked by arrows in Fig. 5(h)) [36,37]. It can be 
found from Fig. 6(b) that only the martensite phase 
can be detected after adding MLG, indicating that 
there is no chemical reaction between MLG and the 
Cu−Al−Mn matrix. 

Figure 7 shows the EPMA maps of 0.20 wt.% 
MLG/Cu−Al−Mn composite. From Fig. 7(e), it can 
be found that the Cu51Zr14 particles are uniformly 
distributed in the Cu−Al−Mn matrix. From Fig. 7(f), 
a small amount of aggregated MLG and a large 
amount of MLG fragments can be clearly seen, and 
the Cu51Zr14 particles can also be found at some 
locations where MLG fragments are detected, as 
marked by the red dotted circles in Figs. 7(e, f). 

In order to make clear the distributions of 
MLG and Cu51Zr14 particles in the composites and 
their relationship, detailed SEM observations and 
EDS analysis on the 0.20 wt.% MLG/Cu−Al−Mn 
composite were conducted, and the results are 
shown in Fig. 8. It can be seen from Figs. 8(a, b) 
that fine black floccules marked by green arrows 
are uniformly dispersed in the Cu−Al−Mn matrix. 

According to the image with high magnification 
shown in Fig. 8(c′) and the EDS results of Areas A 
and B shown in Figs. 8(f) and (g), respectively,    
it can be identified that the white flake in the 
middle of black floccule is MLG, and the black 
depression regions around it should be caused by 
the falling-off of MLG. As shown in Figs. 8(d, d′), 
white plum-shaped flakes marked by red arrows are 
embedded in the martensite laths, and according to 
the EDS result of Area C shown in Fig. 8(h), the 
white plum-shaped flakes contain a large amount of 
Zr element and a certain amount of C element. 
Combined with the analysis on Figs. 4(b, e, h, i), 
they should be Cu51Zr14 covered by MLG flakes. 
From Figs. 8(e, e′), the flocculent MLG can be 
found, and the EDS result of Area D shows that the 
white plum-shaped flake packaged by the flocculent 
MLG contains a certain amount of Zr element and a 
large amount of C element, while the EDS result of 
Area E shows that the flocculent MLG without 
white flake contains more C element but almost no 
Zr element, which is consistent with the results 
shown in Fig. 4(g). Therefore, the flocculent  
MLG shown in Figs. 8(e, e′) has the same “MLG− 
Cu51Zr14−MLG” sandwich structure, as shown in 
Figs. 4(f, g). 

Figure 9 shows the schematic diagram of the 
evolution process of the Cu51Zr14−MLG composite 
powders. As shown in Fig. 9(b), the ball-milled 
composite powders contain Cu51Zr14 flakes adhered 
with MLG fragments, small Cu51Zr14 particles   
and “MLG−Cu51Zr14−MLG” sandwich structure. As 
shown in Fig. 9(c), after the composite powders are 
put into the Cu−Al−Mn melt, although some MLG 
fragments may float up in the Cu−Al−Mn melt after 
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Fig. 7 EPMA maps of 0.20 wt.% MLG/Cu−Al−Mn composite 
 
dropping-off of the Cu51Zr14 particles during the 
stirring, most of them can be dispersed in the 
Cu−Al−Mn melt due to the high viscosity of the 
Cu−Al−Mn melt at a casting temperature very close 
to the melting point of Cu−Al−Mn and the stable 
adhesion of MLG on the Cu51Zr14 particles, forming 
the structure shown in Fig. 8(c′). Meanwhile, the 
Cu51Zr14 inoculant is partially melted, forming the 
plum-shaped flakes (with small Cu51Zr14 particles 
acting as the nucleation centers of the Cu−Al−Mn 
melt). The size of the “MLG−Cu51Zr14−MLG” 
sandwich structure decreases, and with the stirring 

in the inoculation process, the structure is gradually 
dispersed in the matrix of Cu−Al−Mn SMA. The 
uniform distribution of the above three structures 
containing MLG in the Cu−Al−Mn SMA (as shown 
in Fig. 9(d)) shows that the problem mentioned in 
the introduction section that MLG is difficult to 
disperse uniformly in the Cu−Al−Mn SMA can be 
skillfully solved by using the technique in this 
study. 

TEM observations were conducted to further 
investigate the interfacial structure and micro- 
structural characteristics of the MLG/Cu−Al−Mn 
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Fig. 8 SEM images and EDS results of 0.20 wt.% MLG/Cu−Al−Mn composite: (a−e) Low magnification images;  
(c′−e′) High magnification images of marked areas; (f−j) EDS results of Areas A−E 
 

 
Fig. 9 Schematic illustration of evolution process of Cu51Zr14−MLG composite powders: (a) Original MLG and 
Cu51Zr14 particles; (b−d) MLG and Cu51Zr14 composite powders after ball milling 
  
composites. From Fig. 10, Cu51Zr14 particles, MLG 
fragments and Cu51Zr14 particles adhered with MLG 
can all be found. Figure 10(c) shows the high- 

resolution TEM (HRTEM) image of the MLG/ 
Cu−Al−Mn interface taken from Area B in 
Fig. 10(a). It can be seen that the interface of 
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MLG/Cu−Al−Mn is clear and straight, and there is 
no intermediate layer or interface inclusion. From 
Fig. 10(c), dislocations are found at the MLG/Cu− 
Al−Mn interface. The appearance of dislocations is 
due to the difference in the coefficient of thermal 
expansion (CTE) between MLG and Cu−Al−Mn 
matrix [38]. Such thermal mismatch dislocations 
can also be found in Fig. 10(i). They are located in 
the Cu−Al−Mn matrix around the MLG (marked  
by yellow and green arrows). The MLG has a 
hindering effect on the movement of dislocations. 
Under applied external stresses, the multiplication 
and entanglement of dislocations can occur in these 
regions, which contributes to the improvement of 
the mechanical properties of the composites. 

3.2 Damping property 
Figure 11 shows the damping behaviors of  

the MLG/Cu−Al−Mn composites and contrastive 
specimens. At around 400 °C, a damping peak 
appears. According to our previous work, this peak 
increases with increasing the heating rate Ṫ or 
decreasing the measuring frequency f [39]. In 
addition, it is found that there is an endothermal 
peak at around 400 °C on the differential scanning 
calorimetry (DSC) curves of the Cu−Al−Mn SMA 
during the heating process [19], indicating that a 
first-order phase transition takes place at this 
temperature. Therefore, it can be confirmed that this 
peak originates from the reverse martensite 
transformation (MT) of the Cu−Al−Mn SMA. It is  

 

 
Fig. 10 TEM images of 0.20 wt.% MLG/Cu−Al−Mn composite: (a, b) MLG fragments, Cu51Zr14 particles and their 
selected-area electron diffraction (SAED) patterns; (c) HRTEM of MLG/Cu−Al−Mn interface taken from Area B in (a) 
and IFFT image; (d, e) Cu51Zr14 particles surrounded by MLG; (f) EDS result of Point D in (e); (g, h) Cu51Zr14 particle 
adhered with MLG; (i) Dislocations near MLG 
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Fig. 11 Damping behaviors of MLG/Cu−Al−Mn 
composites and contrastive specimens 
 
obvious that after adding MLG, the damping peak 
shows no significant change, but the room damping 
is significantly improved. With increasing the 
content of MLG, the damping increases first and 
then decreases. When the content of MLG is 
0.20 wt.%, the highest damping can be obtained. 
The room-temperature damping reaches 0.0558, 
which is nearly 5 and 3 times that of the original 
and inoculated Cu−Al−Mn SMAs, respectively. 
This can be attributed to the high energy dissipation 
caused by the interfacial friction of MLG due to its 
lamellar structure and abundant interfaces [40]. The 
interlaminar interactions including van der Waals 
force, electrostatic attraction and interlayer radial 
loading, and the special surface characteristics of 
graphene such as defects, roughness, edge steps and 
wrinkled morphology (as shown in Figs. 1(b, c)) 
benefit the interfacial friction, and contribute a lot 
to the improvement of damping capacity [41−43]. 
LU et al [41] reported that the wrinkles with large 
coefficients of friction (COF) indeed play a 
dominant role in delaying slip occurrences. They 
believed that there are three types of interaction in 
the wrinkled interfaces as a result of the random 
orientation of the wrinkles. And all these 
interactions can cause severe distortion of the 
wrinkles due to the large friction forces involved 
and present high energy dissipation under the 
mutual slip of graphene layers. In addition, as 
shown in Figs. 8 and 10, there are a lot of 
MLG/Cu−Al−Mn and MLG/Cu51Zr14 interfaces in 
the composites. Under the applied cyclic stresses, 
these interfaces can also efficiently dissipate 

mechanical energy through the friction between 
them, which contributes to improving damping. 
Moreover, another significant contribution to 
damping is related to the generation of dislocations 
near MLG/Cu−Al−Mn interfaces and around  
MLG, as shown in Figs. 10(c, i). The mechanism  
of dislocation damping can be explained by the 
Granato−Lücke theory, which illustrates that 
dislocations are the primary sources for dissipation 
of elastic strain energy (i.e., damping) in crystalline 
metals and alloys [44,45]. 

The grain size also affects the damping. It can 
be seen from Fig. 6(a) that the addition of MLG 
leads to a further decrease in average grain size. 
This has been reported in our previous work that the 
finer the grains are, the higher the density of 
martensite interfaces is, and the higher damping 
capacity is for the Cu−Al−Mn SMA [19,46]. 
Therefore, adding MLG is conducive to improving 
the damping of the Cu−Al−Mn SMA. Nevertheless, 
the excessive addition of MLG is undesirable. From 
Fig. 11, it is apparent that the damping in the 
martensite state decreases slightly when the content 
of MLG increases to 0.25 wt.%. It is believed that 
the agglomeration of excessive MLG should be 
responsible for this [26]. 
 
3.3 Mechanical properties 

Figure 12 shows the mechanical properties of 
the MLG/Cu−Al−Mn composites and contrastive 
specimens. It is seen that the tensile strength σb, 
elongation δ and hardness of the MLG/Cu−Al−Mn 
composites are higher than those of the original  
and inoculated Cu−Al−Mn SMAs. When the 
content of MLG reaches 0.20 wt.%, the highest σb 
of 801.5 MPa, δ of 10.8% and hardness of HV 308 
 

 

Fig. 12 Tensile strength, elongation and hardness of 
MLG/Cu−Al−Mn composites and contrastive specimens 
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can be obtained. They are 2.2, 3.6 and 1.8 times 
those of original Cu−Al−Mn SMA, respectively. 
However, three values decrease slightly with further 
increasing the content of MLG. 

The strengthening effect of MLG on the 
composites is mainly due to the generation of 
thermal mismatch dislocations [47] and the 
effective load transfer [48,49]. Since MLG can only 
lead to slight grain refinement, the contribution of 
grain refinement is relatively low. The generation of 
thermal mismatch dislocation is due to the large 
mismatch of CTE between MLG and Cu−Al−Mn 
matrix. The CTE of MLG at room temperature is 
−6×10−6 °C−1 [50], and that of the Cu−Al−Mn 
matrix is 5.79×10−5 °C−1 [51]. The large difference 
in CTE can result in huge residual stress in the 
Cu−Al−Mn matrix adjacent to MLG [38]. When it 
is higher than the yield stress of the Cu−Al−Mn 
SMA, microplastic deformation occurs, leading to 
the generation of a large number of dislocations and 
resulting in the dislocation strengthening effect on 
the composites [50,52]. As for the load transfer 
mechanism, loads can be transferred from the metal 
matrix to MLG through interfacial shear stress. 
Thus, the volume fraction of MLG and the 
interfacial bonding effect between MLG and 
Cu−Al−Mn matrix are the crucial influencing 
factors [49,50,52]. As shown in Fig. 10(c), there  
is a good interfacial bonding between MLG and 
Cu−Al−Mn matrix, which improves the mechanical 
properties. Nevertheless, excessive addition of 
MLG is undesirable, because the locations 

containing agglomerated MLG are equivalent to 
micropores and can lead to stress concentration and 
micro-cracks, which can decrease the mechanical 
properties [24,37]. 

Tensile fracture morphologies of the MLG/ 
Cu−Al−Mn composites and contrastive specimens 
are shown in Fig. 13. From Fig. 13(a), it is seen that 
the original Cu−Al−Mn SMA presents typical 
characteristics of intergranular brittle fracture. From 
Fig. 13(b), the fracture surface of the Cu−Al−Mn 
SMA inoculated by Cu51Zr14 inoculant begins to 
show relatively shallow dimples, indicating that  
the ductility of Cu−Al−Mn SMA is improved. 
Moreover, for the MLG/Cu−Al−Mn composites, 
denser and deeper dimples appear on their fracture 
surfaces. Meanwhile, second-phase particles are 
found inside these dimples. These particles 
generally serve as the nucleation centers of 
micropores. The micropore aggregation fracture is 
just the main mechanism of ductile fracture, so 
adding MLG efficiently improves the ductility. 
However, Fig. 13(f) shows that when excessive 
MLG is added, holes and gaps are formed in the 
composites (marked by red and green arrows, 
respectively). The spatial barrier of agglomerated 
MLG prevents the metal melt from flowing into the 
dendrite gap [49]. As a consequence, both the 
strength and ductility of the composites decrease. 

In order to further show the effect of MLG  
on the fracture of MLG/Cu−Al−Mn composites, 
Fig. 14 show SEM images with high magnification 
and EDS results. From Figs. 14(a, a′), the second- 

 

 
Fig. 13 Tensile fracture morphologies of samples: (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4; (e) Sample 5; 
(f) Sample 6 
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phase particles in dimples of the inoculated 
specimens are almost invisible, whereas from 
Figs. 14(b−e), particles (marked by red arrows) and 
pulled-out flakes (marked by green arrows) can be 
clearly seen in dimples. According to the EDS 
results of Points C, D and E in Figs. 14(d′), the 
particles are rich in Zr element, and the pulled-out 
flakes are rich in C element. Therefore, the particles 
and pulled-out flakes can be identified as Cu51Zr14 

and MLG, respectively. The pull-out of the 
reinforcements in composites is usually considered 
one of the main factors of strengthening and 

toughening [37,49]. During the pull-out process of 
MLG, the debonding of MLG/Cu−Al−Mn interface, 
the friction between MLG and Cu−Al−Mn matrix, 
and the bridging and final fracture of MLG 
consume a lot of energy, which can effectively 
improve the toughness of composites. In addition, 
MLG can also impede the propagation of cracks 
through the crack-tip-shielding mechanism [53]. 
From Fig. 14(e′), when excessive MLG is added, 
MLG agglomerates (marked by green arrows) in the 
composite, which is detrimental to the mechanical 
properties of the composites. 

 

 

Fig. 14 Tensile fracture morphologies of Cu−Al−Mn SMA with 1.0 wt.% Cu51Zr14 inoculant (a, a′) and 1.0 wt.% 
Cu51Zr14 and 0.10 wt.% (b, bʹ), 0.15 wt.% (c, cʹ), 0.20 wt.% (d, dʹ) and 0.25 wt.% (e, eʹ) MLG; EDS results of Points 
A−E (f, g) 
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4 Conclusions 
 

(1) MLG can be successfully added to the 
Cu−Al−Mn SMA by preparing the preform of the 
cold-pressed MLG−Cu51Zr14 composite powders. In 
the resultant MLG/Cu−Al−Mn composites, MLG in 
fragmented or flocculent form has a good bonding 
with the Cu−Al−Mn matrix. MLG distributed at 
GBs can effectively prevent the migration of GBs 
during heat treatments, thereby preventing the 
coarsening of grains of the Cu−Al−Mn SMA. 
Thermal mismatch dislocations are formed near the 
MLG/Cu−Al−Mn interfaces and in the regions 
adjacent to MLG. 

(2) The damping of the MLG/Cu−Al−Mn 
composites is significantly improved, which can be 
attributed to the following three types of newly 
formed damping sources: The first one is MLG  
with high intrinsic damping due to its abundant 
lamellae and wrinkled interfaces; The second one  
is the thermal mismatch dislocations near the 
MLG/Cu−Al−Mn interfaces, which can dissipate 
mechanical energy through sliding; The third one is 
MLG/Cu−Al−Mn and MLG/Cu51Zr14 interfaces in 
the composites, which can efficiently dissipate 
mechanical energy via the friction. 

(3) The tensile mechanical properties of the 
MLG/Cu−Al−Mn composites are significantly 
improved. The maximum strength, elongation and 
hardness can reach 801.5 MPa, 10.8% and HV 308, 
respectively. The tensile fracture mode changes 
from intergranular brittle fracture to ductile fracture 
characterized by dimples. The strengthening of the 
composites can be attributed to grain refinement, 
generation of thermal mismatch dislocations and 
effective load transfer. The toughening of the 
composites is mainly related to the pull-out of MLG. 
The debonding of MLG/Cu−Al−Mn interface, the 
friction between MLG and Cu−Al−Mn matrix, and 
the bridging and final fracture of MLG can 
consume a lot of energy, which can remarkably 
improve the toughness. 
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通过添加 Cu51Zr14孕育剂颗粒承载的多层石墨烯提高 
Cu−11.9Al−2.5Mn 形状记忆合金的综合性能 
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摘  要：为了提高 Cu−11.9Al−2.5Mn 形状记忆合金(SMA)的综合性能，通过制备多层石墨烯(MLG)−Cu51Zr14 复合

粉末冷压预制体，将 MLG 由 Cu51Zr14 孕育剂颗粒承载后添加并分散于该合金中。在所制备的新型 MLG/Cu−Al−Mn

复合材料中，碎片状或絮状的 MLG 与 Cu−Al−Mn 基体结合良好。MLG 可以阻碍 Cu−Al−Mn SMA 晶粒的粗化，

并在 MLG/Cu−Al−Mn 界面附近产生热失配位错。MLG/Cu−Al−Mn 复合材料的阻尼和力学性能显著提高，当 MLG

的含量达到0.2%(质量分数)时，其最高室温阻尼为0.0558，抗拉强度为801.5 MPa，伸长率为10.8%，硬度为HV 308。

基于深入的显微组织观察，结合内耗理论以及金属的强韧化理论，对相关机理进行讨论。 

关键词：Cu−Al−Mn 形状记忆合金；多层石墨烯(MLG)；显微组织；界面；阻尼；力学性能 
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