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Abstract: Graphene nanoplatelets (GNPs) reinforced A380 composites (GNPs/A380 composites) were prepared by 
ultrasonic vibration casting method. The microstructure, aging behavior and mechanical properties of the composites 
were investigated. It was found that the peak aging time of GNPs/A380 composites could be decreased by GNPs. The 
GNPs−Al interface could serve as a more stable nucleation site for the precipitated phases. With bridging GNPs, the 
coordinated deformation of the matrix is increased and larger dimples appear on the fracture surface of GNPs/A380 
composites. The yield strength of the GNPs/A380 composites increased by 28.1% compared with that of the A380 alloy 
due to the fine grain strengthening, load transfer and precipitation strengthening mechanisms. 
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1 Introduction 
 

Carbon nanomaterials are considered the most 
promising reinforcing materials for aluminum 
matrix composites due to their extraordinarily high 
elastic modulus and mechanical strength, as well as 
excellent thermal conductivity [1−3]. The 
introduction of carbon nanomaterials can effectively 
improve the specific strength and specific modulus 
of aluminum matrix composites [4]. Among the 
many carbon nanomaterials, graphene nanoplatelets 
(GNPs) have received more attention due to their 
high specific elastic modulus, specific surface area, 
and unique thermal properties [5]. Many studies 
have shown that reinforcing aluminum matrix 
composites with GNPs can effectively improve the 
properties of the composites [6,7]. Due to fine grain 
strengthening, Orowan strengthening, load transfer 

strengthening and thermal mismatch strengthening 
mechanisms, the mechanical properties of 
aluminum alloy composites can be significantly 
enhanced by GNPs [8]. Depending on the 
preparation process and GNPs content, the 
properties of the composites can be improved to a 
high or low level. Most previous studies have 
focused on improving the dispersion of GNPs. With 
the advent of technologies such as high-energy ball 
milling [9,10], wet mixing [11,12], and sheet 
powder metallurgy [13,14], the problem of 
graphene dispersion in composites has been well 
solved. YU et al [15] prepared GNSs/Al6063 
composites by pressure infiltration method and 
investigated the interfacial reaction between GNSs 
and Al matrix. The results showed that ball milling 
damaged the structure of graphene, leading to an 
increase in the interfacial product of Al4C3 phase, 
which destroyed the integrity of GNSs and limited  
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the enhancement effect of GNSs. LI et al [16] used 
a novel two-part method to prepare GNPs/Al 
composites. The Al4C3 phase in the composites was 
significantly reduced by using magnetic stirring 
plus short-time ball milling instead of long-time 
ball milling. Hence, the protection of the GNPs’ 
structure should be considered when dispersing the 
GNPs. 

In recent years, GNPs−Al interface bonding 
has been widely investigated as a hot topic in the 
study of GNPs reinforced aluminum matrix 
composites [17,18]. However, there are few studies 
on the aging behavior of GNPs. Among the 
commercially available Al−Si−Cu casting alloys, 
A380 alloy is the most commonly used alloy for 
cylinder heads and engine blocks. The intermetallic 
β-Al5FeSi phase formed during the solidification of 
A380 alloys is long and needle-like, and the 
eutectic Si phase is also relatively coarse. The tip 
regions of these brittle phases tend to stress 
concentrations and promote cracking [19]. The 
transformation of the second phase can be achieved 
using heat treatment, and the precipitated phase 
during aging can also enhance the strength of A380 
alloys [20]. The aging behavior of the reinforcing 
phase during aging treatment is complex [21−26]. 
The aging behavior of reinforced aluminum matrix 
composites differs depending on the matrix alloy, 
the reinforcement and the preparation process. 

The aging enhancement effect is enhanced 
when using TiC reinforced aluminum matrix 
composites, due to the increased dislocation  
density of TiC, which promotes the precipitation 
process [22]. In the case of carbon nanotube (CNT) 
reinforced 6061 Al composites, the addition of  
CNT leads to an indirect depletion of the Mg 
element, resulting in a reduction of Mg2Si 
precipitates, which counteracts the great benefit   
of CNT [23]. The vacancy concentration of 
SiC/Al−Cu−Mg composites is reduced by the 
addition of SiC, resulting in longer peak aging time 
than in Al−Cu−Mg alloys [24]. 

The corrosion resistance is decreased by 39% 
after aging treatment for in-situ generation of 
aluminized nickel reinforced Al−Zn−Mg−Cu alloy 
composites [25]. The maximum hardness and 
ultimate tensile strength of AA2024−Al3NiCu 
composites are reduced by 6% and 4%, respectively, 
compared with the nickel-free AA2024 Al alloy [26]. 

As can be seen, the aging behavior of 
aluminum matrix composites is an important and 
challenging area of research. However, as far as we 
know, the effect of GNPs on the aging behavior of 
GNPs/A380 composites has been rarely reported. 

In this work, as-cast GNPs/A380 composites 
were prepared. The changes in microstructure 
morphology and mechanical properties after aging 
were characterized. The effect of microstructural 
changes induced by GNPs on the aging of GNPs/ 
A380 composites was investigated. The micro- 
structural changes at the GNPs−Al interface  
during aging treatment were characterized, and  
the strengthening mechanisms and effects of 
GNPs/A380 composites were analyzed. This work 
has provided a new guide for developing high- 
performance GNPs/Al composites. 
 
2 Experimental 
 
2.1 Preparation of composites 

According to our previous research [27], the 
as-cast GNPs/A380 composites prepared using 
ultrasonic vibration exhibit the best performance 
when the GNPs addition is 1.0 wt.%. Hence,  
1.0wt.%GNPs/A380 composites were selected to 
further study the effect of aging treatment on 
GNPs/A380 composites. The chemical composition 
of the A380 alloys and the parameters of the GNPs 
are shown in Tables 1 and 2, respectively. The 
GNPs were produced by the Chinese Academy of 
Sciences, Chengdu Organic Chemistry Co,. 
 
Table 1 Chemical composition of A380 alloys (at.%) 

Si Cu Fe Mg Mn Zn Ti Al 

10.22 2.00 1.51 0.20 0.13 0.10 0.04 Bal. 
 
Table 2 Performance parameters of multilayer graphene 
nanoplatelets 
Purity/ 
wt.% 

Layer 
number 

Thickness/ 
nm 

Diameter/ 
μm 

Density/ 
(g·cm−3) 

>99.5 <20 ≤10 ≤10 0.6 

 
The GNPs/A380 composites were prepared in 

three steps as shown in Fig. 1. The first step is 
described as follows: First, GNPs were added to the 
ethanol solution and sonicated in an ultrasonic 
cleaner for 1 h with an ultrasonic power of 120 W. 
Simultaneously, pure Al powders (particle size  
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Fig. 1 Original material morphology and schematic diagram of fabricated composites 
 
<300 μm, purity ≥99%) were added to the ethanol 
solution and mixed by mechanical stirring at a 
speed of 120 r/min for 1 h. Next, the GNPs/ethanol 
solution was added to the Al powder/ethanol 
solution, and the mixed solution continued to 
undergo ultrasonication for 1 h with an ultrasonic 
power of 120 W. After the ultrasonic dispersion 
treatment, the mixed solution was transferred to a 
magnetic stirrer and magnetically stirred for 2 h at a 
speed of 1200 r/min and a temperature of 60 °C. 
Then, the mixed slurry was placed into a vacuum 
drying oven and dried at 80 °C for 12 h to obtain 
GNPs−Al powders. Lastly, the GNPs−Al powders 
were cold-pressed using a stainless-steel mold 
under a pressure of 60 MPa to obtain the GNP−Al 
prefabricated blocks. The GNPs−Al prefabricated 
blocks were cylinders with a diameter of 3.5 cm, 
which contained 10 wt.% GNPs. 

The second step involved the fabrication of 
cast GNPs/A380 composites. Firstly, the A380 
alloys were placed in an Al oxide crucible, heated 
to 780 °C in a resistance furnace, and held for 
30 min. After the alloy was completely melted, 
slagging was performed using hexafluoroethane 
(HFO). Then, an intermediate alloy block of 
GNPs−Al covered with Al foil was added to the 

molten mixture. Meanwhile, ultrasonic vibrations 
were applied using an ultrasonic metal welder (with 
an ultrasonic frequency of 20 kHz, ultrasonic power 
of 2.8 kW, and ultrasonic time of 12 min). Finally, 
the melt was poured into a dry stainless-steel mold. 
For comparison, cast A380 alloys were fabricated 
under the same conditions. Throughout the 
experiment, the melt was protected with argon gas. 

The third step involved heat treatment of the 
as-cast GNPs/A380 composites and the as-cast 
A380 alloys. For the A380 samples, a short solid 
solution treatment time (2 h) at 515 °C was enough 
to transform the β-Al5FeSi phase into the 
α-Al8Fe2Si phase [28]. The GNPs/A380 composites 
and A380 alloys were solution treated at 515 °C for 
2 h and then quenched in water at 25 °C. Finally, 
they were aged at 155 °C. The hardness of the 
samples was measured every 2 h. 

 
2.2 Tensile and hardness test 

The size of the dog-bone tensile specimens 
was d9 mm × 60 mm. The tensile test was 
performed using a WDW−200GD tensile tester at a 
strain rate of 0.001 s−1. The Vickers hardness was 
measured on an HVS−1000A hardness tester 
applying a load of 100 g for 10 s. 
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2.3 Material characterization 
The morphology of the GNPs was observed 

using both field emission scanning electron 
microscopy (SEM, Quanta 200F) and transmission 
electron microscopy (TEM, JEM−2100). The micro- 
structure of as-cast A380 alloys and GNPs/A380 
composites was observed utilizing the same SEM 
equipment. The microstructures of the peak-aged 
A380 alloys and GNPs/A380 composites were 
investigated using an optical microscope (OM, 
Nican-M300). The fracture surface of samples was 
investigated using the same SEM equipment. The 
phases were analyzed by X-ray diffraction (XRD− 
600). The microstructure of the GNPs/A380 composite 
was observed using the same TEM equipment. 
 
3 Results and discussion 
 
3.1 Microstructure 

SEM images and EDS results of A380 alloys 
and GNPs/A380 composites are shown in Fig. 2. It 
can be seen that A380 alloys mainly consist of α-Al, 
coarse Si phase, and long needle-like β-Al5FeSi 
phase. The EDS results show that there is no 

significant agglomeration of the GNPs, as shown in 
Fig. 2(b). Due to poor electrical conductivity, the Si 
phase is not as obvious as the other phases in the 
SEM image. But from the EDS results, it can be 
seen that the sizes of the coarse Si phase and    
the long needle-like β-Al5FeSi phase decrease. 
Additionally, the microstructure after peak aging 
was observed using OM, as shown in Fig. 3. 
Figure 4 shows the XRD patterns of A380 alloys 
and GNPs/A380 composites after peak aging. As 
can be seen from Fig. 4, both A380 alloys and 
GNPs/A380 composites contain the α-Al8Fe2Si 
phase. This mainly occurs during the material 
solution treatment process of β-Al5FeSi phase 
transformation [28]. During the solution treatment, 
Al2Cu was dissolved into the matrix and 
precipitated during aging treatment [29,30]. Due to 
the limitation of the magnification of OM, the 
Al2Cu phase is not observed in Fig. 3, but it is 
detected in Fig. 4. As can be seen from Fig. 3, after 
peak aging, the Si phase undergoes transformation 
to a rounded shape. The microstructure of the 
GNPs/A380 composites is not much different from 
that of the A380 alloys under OM observation. 

 

 
Fig. 2 SEM images and EDS results of A380 alloys (a) and GNPs/A380 composites (b) 
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Fig. 3 OM images of peak-aged A380 alloys (a) and peak- 
aged GNPs/A380 composites (b) 
 

 
Fig. 4 XRD patterns of peak-aged A380 alloys (a) and 
peak-aged GNPs/A380composites (b) 
 
3.2 Hardness properties of composites 

The hardness test results of the A380 alloys 
and GNPs/A380 composites aged at 155 °C are 
displayed in Fig. 5. It can be seen that the hardness 
of A380 alloys increases with the increase of aging 
time and then reaches a peak value. However, with 
the further increase of aging time, the hardness   
of A380 alloy significantly decreases. This 
phenomenon is attributed to the precipitation of Cu 

element during aging treatment. Cu element 
precipitates out of the Al matrix according to the 
sequence of GP zone → θ′′ phase → θ′ phase → θ 
phase (Al2Cu) [31]. The strain field near the 
precipitated phase increases and then decreases. 
Meanwhile, the hardness of the alloy shows a 
pattern of increasing and then decreasing. A similar 
trend is observed in GNPs/A380 composites.  
When aging for 8 h, the hardness of GNPs/A380 
composites reached a peak of HV 168.4. Clearly, 
the peak aging time of GNPs/A380 composites is 
shorter than that of A380 alloy. 
 

 
Fig. 5 Hardness curves of A380 alloys and GNPs/A380 
composites aged at 155 °C for different time 
 
3.3 TEM analysis results 

When the aging treatment was 2 h, the 
hardness of the GNPs/A380 composites showed   
a significant increase. The microstructure of 
GNPs/A380 composites was observed using TEM 
to investigate the effect of GNPs on aging treatment. 
Figure 6 shows the microstructure of the 2 h aging 
treatment of the GNPs/A380 composites. Several 
flaky phases can be seen in Fig. 6, and the selected 
area electron diffraction (SAED) result is shown in 
Region I. These flake phases can be identified as 
added GNPs. A large number of dislocations can be 
seen in Region II. Due to the large difference in 
coefficients of thermal expansion (CTE, μ) between 
GNPs and Al matrix, a large number of 
geometrically necessary dislocations were 
generated after solid solution treatment. The 
magnified image of Region II showed a large 
number of precipitated phases. The magnified 
image of Region III showed that these precipitated 
phases nucleated and grew in the vicinity of the 
dislocations. This indicates that the precipitated 
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phase is responsible for the significant increase in 
hardness of the material. 

Figure 7 shows the microstructure of the peak- 
aged GNPs/A380 composites. The distribution of 
elements in Fig. 7(a) is shown in Figs. 7(b−e). 
Figure 7(a) shows that the distribution of the 
lamellar GNPs corresponds exactly to the 
distribution of the C element. Due to the interfacial 
reaction between GNPs and the Al matrix, the 
brittle Al4C3 phase was often observed at the 
GNPs/Al interface. CHEN et al [32] noted that the 

Al4C3 phase often occurred at structural defects in 
GNPs. HRTEM shows that slight elemental 
diffusion occurs between GNPs and Al, as shown in 
Fig. 7(g). The GNPs are observed in magnification 
as shown in Figs. 7(f, g). It is observed that the 
GNPs form a very clean contact with the aluminum 
matrix and no brittle Al4C3 phase is observed. The 
disappearance of the Al4C3 phase is due to two 
reasons. One is the use of lower energy magnetic 
stirring rather than ball milling, which protects the 
microstructural integrity of the GNPs. The other is  

 

 
Fig. 6 TEM image of GNPs/A380 composites after aging for 2 h 
 

 
Fig. 7 TEM images of peak-aged GNPs/A380 composites: (a) Microstructure of GNPs; (b−e) EDS results corresponding 
to (a); (f) Magnification of corresponding area in (a); (g) HRTEM image of GNPs−Al interface 
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the use of ultrasonic vibrations during the 
preparation of the GNPs/A380 composites. When 
the reaction temperature exceeds 2728 K, the 
reaction (4Al+3C→Al4C3) will be inhibited [33]. 
When ultrasonic vibrations were applied to the melt, 
the instantaneous temperature could reach 1×104 K, 
which could inhibit the formation of the Al4C3 
phase [34]. Only a few dislocations are found in the 
Al matrix, which indicates that a large number of 
dislocations have been annihilated or rearranged 

after the 8 h aging treatment. 
As can be seen from Fig. 7(c), the Cu element 

appears to be significantly polarized. Compared 
with the Al matrix, Cu element is more inclined to 
be enriched at the GNPs−Al interface. To 
investigate the effect of the GNPs−Al interface on 
the precipitated phase, the GNPs−Al interface  
was observed under HAADF mode, as shown in 
Figs. 8 and 9, respectively. Figure 8 shows the TEM 
image of the GNPs/A380 composites aged for 6 h. 

 

 
Fig. 8 HAADF-TEM image and EDS results of GNPs/A380 composites after aging for 6 h 
 

 
Fig. 9 TEM image of GNPs/A380 composites after aging for 10 h: (a) HAADF-TEM image and corresponding element 
maps; (b) EDS results for corresponding blue cross in (a); (c) Microstructure of precipitated phase in Al matrix 
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The typical precipitated θ' phase with a size of 
around 100 nm was observed in the Al matrix. Due 
to the small size and uniform distribution of the 
precipitated phase, no enrichment of Cu element 
was observed in the Al matrix. On the contrary, the 
enrichment of Cu element occurred at the GNPs−Al 
interface. Different from the θ' phase, the Cu 
element-enriched phase was irregularly blocky. 

Figure 9 shows the TEM image of the 
GNPs/A380 composites aged for 10 h. From 
Fig. 9(c), it can be seen that the precipitated phase 
in the Al matrix changes to a granular shape with a 
size of around 120 nm. Due to the long aging 
treatment, the precipitated θ' phase transformed into 
an equilibrium precipitated Al2Cu phase. The strain 
field around the precipitated phase is weakened 
when the precipitated phase is completely 
disengaged from the matrix. As a result, the 
hardness of the GNPs/A380 composites showed a 
decrease during the aging treatment for 10 h. As 
can be seen from Fig. 9(a), the enrichment of Cu 
element also appeared at the GNPs−Al interface. 
Figure 9(b) shows the EDS results for the 
corresponding blue cross in Fig. 9(a). The results 
show that the atomic ratio of Al to Cu is about 2:1, 
which is in close agreement with the Al2Cu phase. 
The size of the Cu-enriched phase is significantly 
larger than that of the precipitated phase in the Al 
matrix, with a size of about 200 nm. This indicates 
that more Cu elements are enriched at the GNPs−Al 
interface during aging. This can be explained by the 
decrease in dislocation density due to dislocation 
annihilation during the aging treatment, which 
causes a decrease in the atomic diffusion rate, while 
the GNPs−Al interface is not affected. In other 
words, the GNPs−Al interface can act as a more 
stable and faster atomic diffusion channel during 
the aging treatment. 
 
3.4 Tensile properties and strengthening 

mechanism of composites 
Figure 10 shows the mechanical properties of 

the two materials at peak aging. The yield strength, 
ultimate tensile strength and elongation of peak- 
aged A380 alloys are 174 MPa, 247.3 MPa, and 
3.5%, respectively. The tensile properties of the 
GNPs/A380 composites are significantly improved 
after aging treatment. The yield strength and 
ultimate tensile strength (223 MPa, 308.7 MPa) are 

increased by 49 MPa and 61.4 MPa respectively. 
The longer aging time of the A380 alloys allowed 
grain growth to offset part of the precipitation 
strengthening. The shorter peak aging time and the 
inhibition of grain growth by GNPs resulted in 
more significant precipitation strengthening of the 
GNPs/A380 composites. 
 

 
Fig. 10 Mechanical properties of peak-aged A380 alloy 
and GNPs/A380 composite 
 

Several strengthening mechanisms, such as 
grain refinement, load transfer, and thermal 
mismatch mechanisms, are often used to discuss 
GNPs for strengthening metal matrix composites. 
The effectiveness of each strengthening mechanism 
depends on the microstructure. The Orowan 
mechanism is more applicable to nanoceramic 
materials [35] and therefore the contribution is 
neglected. LI et al [36] pointed out that the 
significant strengthening effect of CTE in GNP/Al 
composites is not applicable after heat treatment. 
This may be due to the release of residual stresses 
during aging and the two-dimensional flexible 
structure of the GNPs. It is also noted from the 
above that the dislocations due to CTE are largely 
obliterated after the aging process. The content of 
Cu element is constant, but the addition of GNPs 
also affects the distribution and size of the 
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precipitation phase, which leads to difference in 
precipitation enhancement (Δσps). Using 
well-accepted rules for mixing models, the yield 
strengthening (σc) of GNPs on GNPs/A380 
composites can be expressed as 
 
σc=ΔσGR+ΔσLT+Δσm(1−v)                   (1) 
 
where ΔσGR and ΔσLT are the contributions to the 
yield strength of the composites provided from the 
refinement strengthening and load transfer 
strengthening, respectively, σm is the yield strength 
of peak-aged A380 alloy, and v is the volume 
fraction of GNPs. 

By hindering grain growth, GNPs can refine 
grains. Finer grains mean that there are more grain 
boundaries to impede the movement of dislocations. 
In this work, α-Al is a dendritic crystal, so the grain 
size is calculated using the equivalent diameter. The 
contribution of grain refinement to strength can be 
calculated according to the Hall−Petch equation [37]:  
ΔσGR= 1/2 1/2

com alloy( )K d d− −−                     (2) 
 
where K is the Hall−Petch coefficient, dcom and dalloy 
are the average grain sizes of GNPs/A380 
composites and A380 alloys, respectively. The 
calculated ΔσGR is about 11.8 MPa.  

The maximum load transfer effect of GNPs 
can be predicted using the Kellye−Tyson  
equations [38]:  

Max
LT =σ S vτ∆                              (3) 

 
where S is the aspect ratio of GNPs, and τ is the 
shear stress of GNPs−Al interface. Thus, the ΔσLT 
for peak-aged GNPs/A380 composites is calculated 
to be about 31.3 MPa. Knowing the values of ΔσGR 
and ΔσLT, Δσps can be calculated as 
 
Δσps=Δσc−(σm+ΔσGR+ΔσLT)(1−v)             (4) 
 

Thus, the addition of GNPs resulted in 
increase of 9.2 MPa in Δσps. 
 
3.5 Mechanism of accelerated aging 

The diffusion of the Cu element and the 
nucleation of the Al2Cu phase directly affect the 
precipitation of the Al2Cu phase during the aging 
process. The GNPs/A380 composites have a much 
shorter peak aging time, and undoubtedly, the 
GNPs are critical. Hence, the effect of GNPs on the 
diffusion of Cu element and the nucleation of Al2Cu 

deserves to be discussed in detail. 
The interface between GNPs and Al is an 

incoherent interface and GNPs do not increase the 
nucleation sites of Al [39]. However, by hindering 
grain growth [40], GNPs refine grain size and lead 
to more grain boundaries. During aging, defects at 
grain boundaries, phase interfaces, and dislocations 
become preferential nucleation sites for the 
precipitated phase [41]. The addition of GNPs 
resulted in a large number of GNPs−Al interfaces 
appearing. Therefore, the precipitation of the Al2Cu 
phase will be accelerated with the help of the phase 
interface. Moreover, the precipitation rate of Al2Cu 
phase at the GNPs−Al interface is faster than that in 
the Al matrix. 

During aging, the GNPs at the grain 
boundaries hinder the growth of the grain. Hence, 
the size of the grain changes little after aging. A 
large number of grain boundaries can reduce the 
non-uniform nucleation activation energy (D) of the 
precipitated phase [42,43], according to the 
Arrhenius equation [41]:  

0exp QD D
RT

 = − 
 

                       (5) 
 
where D0 is the diffusion constant, Q is the 
activation energy, R is the molar gas constant, and T 
is the thermodynamic temperature. Clearly, the rate 
of diffusion is inversely proportional to the 
activation energy. Therefore, the addition of GNPs 
leads to the appearance of more grain boundaries 
and can promote Al2Cu phase precipitation. 

Due to the large difference in thermal 
coefficients between GNPs and the Al matrix, a 
large number of dislocations are created around the 
GNPs to balance the stresses caused by the CTE 
difference. The dislocation density (ρ) is shown   
as [44]  
ρ=BfGNPΔμΔT/bt(1−fGNP)                   (6)  
where B is the geometric constant, t is the 
dimension of GNPs, fGNP is the volume fraction of 
GNPs, Δ μ is the difference in coefficient of thermal 
expansion, ΔT is the difference between processing 
and testing temperature, and b is the magnitude of 
Burgers vector. 

The dislocation density of the GNPs/A380 
composites after solid solution treatment is 
calculated to be about 2.7×1014 m−2. For annealed 
metals, the dislocation density is typically 1×1010− 
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1×1011 m−2 [41]. Therefore, the addition of GNPs 
increases the high density of dislocations. In 
general, GNPs promote the nucleation and growth 
to reduce the peak aging time during aging 
treatment. 

The precipitated Al2Cu phase generates an 
elastic strain field in the Al matrix, inhibiting the 
movement of dislocations. The contribution of the 
relative strength of Al2Cu can be calculated by the 
following equation [45].  

or
0.4 ln(2 / )=
π 1

Gb r bσ M
υ λ

∆
−

                  (7) 
 
where M is the Taylor coefficient (3.06), G is the 
shear modulus (Al ~25.4 GPa), υ is the Poisson’s 
ratio (Al ~0.35), r is the mean precipitate radius, 
and λ is the spacing between mean precipitates. 
When the volume fraction of the precipitated phase 
is constant, a smaller average radius has a better 
reinforcement effect. 
 
3.6 Toughening of graphene 

Normally, an increase in the tensile strength of 
composites is often achieved at the expense of 
plasticity [46]. It is noted that the elongation of the 
GNPs/A380 composites is high. Hence, the tensile 
fracture surface is observed, as shown in Fig. 11. 
Shallow dimples and tear ridges can be seen on the 
fracture surface of the peak-aged A380 alloy,     
as shown in Fig. 11(a). The reason for the dimples  

is the fact that the second phase is less deformable 
than the Al matrix. Under stress, the second phase 
deforms. However, the coordinated deformation of 
the second phase is limited and the stress cannot be 
fully released. Therefore, the second phase breaks 
down, causing fracture and the formation of fine 
micro-pores, i.e. dimples [47]. The fracture surfaces 
of the peak-aged GNPs/A380 composites are shown 
in Figs. 11(b, c). Many tiny dimples and several 
large dimples with wrinkle-like phases are seen in 
Fig. 11(b). The folded phases are identified as 
GNPs based on the EDS results of the rectangular 
area in Fig. 11(d). The GNPs on the fracture surface 
are well dispersed, with size of 2−5 μm, and no 
obvious agglomerates. It is difficult to break GNPs 
by stress due to their strong mechanical properties. 
The GNPs and the Al matrix can form a 
mechanically locked sum, which increases the 
difficulty of detaching the GNPs−Al interface. As a 
result, stress accumulates at the GNPs−Al interface 
when performing tensile tests. The stress leads to 
large deformation of the Al matrix, which appears 
as a large dimple after fracture. The load is also able 
to be transferred through the GNPs. The overall 
coordinated deformability of the Al matrix is 
enhanced by bridging GNPs, as shown in Fig. 11(c). 
The good bonding of the GNPs−Al interface is 
further proven by the load transfer through the 
GNPs. 

 

 
Fig. 11 Fracture morphology of peak-aged A380 alloy (a) and GNPs/A380 composites (b, c), and EDS results (d) for C 
element of rectangular area in (b) 
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4 Conclusions 
 

(1) The addition of GNPs increases the 
dislocation density and GNPs−Al interface in the 
composites, which facilitates the reduction of the 
activation energy of Cu element, thus increasing the 
diffusion rate of Cu element. 

(2) The CTE mismatch between GNPs and Al 
after solid solution treatment results in a large 
number of dislocations at the GNPs−Al interface. 
During aging treatment, dislocation annihilation 
and rearrangement allow the GNPs−Al interface to 
act as a more rapid and stable site for diffusion and 
nucleation of the precipitated phase. 

(3) The yield strength of the GNPs/A380 
composites increases by 28.1% after peak aging 
compared to the A380 alloy due to the fine grain 
strengthening, load transfer strengthening and 
precipitation strengthening resulting from the 
addition of GNPs. Due to bridging GNPs, the 
coordinated deformation of the matrix increases and 
larger dimples appear on the fracture surface of the 
GNPs/A380 composites. 
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摘  要：采用超声波振动铸造法制备石墨烯纳米片(GNPs)增强 A380 复合材料(GNPs/A380 复合材料)。研究复合

材料的显微组织、时效行为和力学性能。研究发现，GNPs 可缩短 GNPs/A380 复合材料的峰值时效时间， 

GNPs−Al 界面可作为析出相更稳定的成核点。通过 GNPs 的桥接，基体的协调变形增加，GNPs/A380 复合材料

的断裂面上出现更大韧窝。由于细晶粒强化、载荷传递和沉淀强化机制，GNPs/A380 复合材料的屈服强度比 A380 

合金提高了 28.1%。 
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