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Insight into ultra-refined grains of aluminum matrix composites via 
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A B S T R A C T   

Ultra-refined grains were obtained in few-layer graphene nanoplatelets reinforced aluminum matrix composites 
via deformation-driven metallurgy under coupled thermo-mechanical effect. Fragmentation, thinning and re- 
dispersion of the reinforcements accelerated the nucleation of recrystallized grains and inhibited the migra
tion of grain boundaries. The synergy grain refinement mechanism led to a greatly refined microstructure with an 
average grain size of 267.0 nm, which was much smaller than the grain size of conventional aluminum matrix 
composites to realize high strengthening-toughening efficiency. This novel preparation route showed the ca
pacity of developing ultra-fine aluminum matrix composites with the exceptional grain refinement towards ultra- 
lightweight design.   

1. Introduction 

Aluminum alloys and aluminum matrix composites have attracted 
great attention for their light weight and excellent load-bearing capac
ity, which have been widely utilized in astronautic and aeronautic ap
plications [1–4]. To further enhance their specific strength towards 
ultra-lightweight design, grain refinement engineering is one of the 
most effective method [5]. Graphene nanoplatelets (GNPs) have been 
widely utilized for grain refinement due to the fact that these re
inforcements could act as nucleation substrates during liquid-state 
processing or Zener pinning positions during solid-state processing 
[6]. Nevertheless, graphene is susceptible to agglomeration due to the 
great van der Waals force, leading to the unsatisfactory microstructures 
[7,8]. One of the major issues to ameliorate the refining effect is to 
conduct efficient redistribution and realize dispersion uniformity of 
these carbonaceous nanoparticles. 

Severe plastic deformation techniques, including friction stir pro
cessing, high pressure torsion and equal channel angular pressing, etc., 
are ideal approaches towards the uniform distribution of re
inforcements, as well as the great grain refinement [9,10]. High-value 
plastic strain performed by external deformation contributes to dy
namic recovery/recrystallization of the matrix and fragmentation/dis
persion of the nanoparticles, thereby obtaining excellent mechanical 

performances of aluminum matrix composites [11]. A novel severe 
plastic deformation technique, deformation-driven metallurgy (DDM) 
was also proposed by our research group [12,13] to obtain the one-step 
preparation of the bulk materials from composite powders, which can 
apply great grain refinement and reinforcement dispersion via 
high-value strain rate and deformation-driven heat generation. In this 
paper, DDM was utilized to introduce the ultra-fine microstructures into 
the aluminum matrix composites reinforced by few-layer GNPs. The 
solid-state preparation based on blended metallic powders with GNPs 
further enhances the grain refinement. The synergy mechanism for grain 
refinement was discussed via severe plastic deformation and evolution 
behavior of the reinforcements. 

2. Material and methods 

Few-layer GNPs and pure aluminum powders with average diameter 
of respectively 1–3 μm and 10 μm were chosen as raw powders. The 
addition of GNPs in the composites was 1.5 wt%. Ball milling in argon 
atmosphere was conducted to obtain the fully-blended powders with the 
milling time of 10 h and rotational velocity of 200 rpm. The milled 
powders were then sifted out and placed in an aluminum mould. A 
processing tool rotating at the rotational velocity of 1000 rpm pressed 
the material up to 180 s. Then densified aluminum matrix composites 
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were obtained by frictional heat input and severe plastic deformation. 
The final diameter of the composites disc was 16 mm and the thickness 
was 1.0 mm. The detailed DDM procedure, were illustrated in Fig. 1a. 
More details can be found in our previous work [12,13]. 

Following the DDM process, tensile specimens with a gauge length of 
5 mm and width of 1.4 mm were machined and tested were conducted at 
a strain rate of 1 × 10− 3 s− 1 at room temperature. Three specimens were 
tested for each parameter. The samples were characterized by Raman 
spectroscopy and X-ray photoelectron spectroscopy (XPS) to obtain the 
chemical evolution. The microstructures including grain sizes and 
dispersion of GNPs were observed by electron backscatter diffraction 
(EBSD) and transmission electron microscopy (TEM), respectively. 

3. Results and discussion 

Fig. 1a illustrates the detailed DDM procedure and Fig. 1b shows the 
macroscopic formation of the composites. The composite discs have a 
diameter of 16 mm and a thickness of 1 mm. Sound composites are 
obtained and continuous streamline with the shape of Archimedes spiral 
is observed on the upper surface, implying that the composites experi
enced sliding friction and severe plastic deformation induced by DDM. 
The ultimate tensile strength and elongation reached 468 ± 7 MPa and 
19.9 ± 0.6% at the processing time of 60 s, showing a strengthening 
efficiency of 293.3% with almost no ductility loss compared to the pure 
aluminum prepared by DDM (Fig. 1c). A finite element analysis was 
conducted to quantify the coupled thermo-mechanical effect and 
microstructural evolution, as shown in Fig. 1d. Since the temperature 
basically reaches the quasi-steady state after 60 s, the maximum time 
axis of Fig. 1d is 120 s. The contours of quasi-steady temperature and 
equivalent plastic strain at 60 s show that each micro zone of the disc 
experienced significantly different heat input and plastic deformation. 
The quasi-steady temperature gradually decreased as the distance from 
center of the disc increased. The temperature range is about 660–760 K, 
which are all higher than the minimum temperature required for dy
namic recrystallization of aluminum (0.5Tm ~ 467 K) [14]. Besides, the 
whole composites undergo great accumulative plastic deformation. The 
synthesis combination implies that sufficient dynamic recrystallization 
occurs to refine the microstructures. In addition, the transient temper
ature does not reach a constant value at the beginning of the DDM 
process. The temperature gradually rises during the first 60 s, indicating 
that there is a stage where the grains are modified by cold deformation 
without recrystallization. 

Raman spectroscopy can characterize the evolution of GNPs 
(Fig. 2a). The ratio of D-band to G-band shows the fragmentation degree 

of graphene. The D-band and the G-band represent the breathing mode 
of A1g symmetry and the stretching mode of sp2 pairs, respectively [15]. 
Severe plastic deformation significantly enhances the smashing and 
dispersion of GNPs. This means that more exposed two-dimensional 
edges and active sites are produced on the graphene [16], which pro
motes the chemical bonding between GNPs and aluminum matrix to 
strengthen the inhibition of GNPs on dislocation rearrangement and 
grain boundary migration of the matrices during recrystallization and 
growth. The fragmentation of GNPs gradually increases with the in
crease of DDM time, indicating that the average diameter of graphene is 
continuously decreasing. However, excessively broken graphene 
weakens its load transfer effect, thereby impairing the high strength
ening efficiency of GNPs themselves. In addition, the G-band of the 
DDMed sample has a blueshift compared to the raw powders. This shift 
of G-band was related to the average number of graphene layers due to 
the weakening of the bonding energy between graphene layers [17], 
which can be calculated by the following equation: 

ωG = 1581.6 +
11

1 + n1.6 (1)  

where ωG is the wavenumber of the G-band and n is the number of 
graphene layers, which was calculated as 5.51, 2.63, 2.45, 2.17 and 1.65 
for raw powders, 10 s, 30 s, 60 s and 180 s, respectively. The number of 
layers decreases with severe plastic deformation, indicating that the 
DDM process can introduce interlayer slip in GNPs to further improve 
their dispersion. Similar results can be seen in the deconvoluted C 1s 
peak of XPS results in Fig. 2b. The gradual increase in the ratio of sp3 to 
sp2 indicates the fragmentation of GNPs. The emergence of C–O–Al bond 
and its gradual substitution by C–Al bond, showing that there is a good 
chemical bonding between GNPs and matrices [18], thus ensuring the 
inhibitory effect of graphene on the coarsening of the recrystallized 
grains. The average grain size of the composite at the preparation time of 
60 s is 267.0 nm (Fig. 2c), which is much smaller than the grain size of 
conventional GNPs reinforced aluminum matrix composites (about 
several micrometers to tens of micrometers) [19], proving that GNPs are 
capable of realizing the ultra-refined grains via severe plastic deforma
tion. In addition, the average grain size of the other three preparation 
time including 10 s, 30 s and 180 s are respectively 214.9 nm, 255.2 nm 
and 358.8 nm, which will be discussed below. 

Fig. 3d depicts the distribution of GNPs in the aluminum matrix 
composites. The GNPs are uniformly dispersed intergranularly and 
intragranularly. Those reinforcement located at the grain boundary 
exhibits obvious pinning effect on the migration of the grain boundary 
and the inhibitory effect on the rearrangement of dislocations [20]. The 

Fig. 1. (a) Schematic of DDM procedure, (b) macrostructures of the typical composite disc, (c) tensile properties of the composites with different processing time and 
(d) evolution of the temperature and plastic deformation. 
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fragmentation of GNPs and dynamic recrystallization are proven to 
occur simultaneously during the DDM process. The severe plastic 
deformation promotes the rapid multiplication of the geometric neces
sary dislocations and realizes the nucleation of recrystallized grains 
synchronously. The GNPs suppresses the movement of dislocation, 
promoting the localized dislocation aggregation and accelerating the 
dynamic recrystallization [21]. In the subsequent growth process of the 
recrystallized grains, those GNPs adjacent to the grain boundaries obtain 
higher defect energy due to the significant fragmentation and 
re-dispersion behaviors via severe plastic deformation, which further 
realize the Zener pinning of the grain boundary [22]. This pinning force 
is inversely proportional to the average size of GNPs [23]. The pinning 
force produced by the thinned GNPs rapidly balances with the curvature 
driving force and dislocation driving force, thereby effectively inhibiting 
the growth of recrystallized grains, and finally obtaining a nano-sized 
microstructure. 

An analytical model was proposed and conducted to grain growth 
qualitatively, whose detailed information was illustrated in Supple
mentary Materials. The calculated evolution behaviors of the grain sizes 
with and without GNPs were obtained as shown in Fig. 4. Nano-sized 
grain refinement is observed in the composites containing GNPs. The 
calculated grain diameter with the DDM time of 60 s is 288.9 nm, which 
is basically in agreement with the experimental results and is reduced by 
about 82% compared to that of the composites without GNPs. This 
proves the inhibitory effect of the fragmented and thinned graphene on 
the migration of recrystallized grain boundaries. Besides, the composites 
containing GNPs trigger dynamic recrystallization earlier, which is 
consistent with our previous discussion. The evolution curve includes 5 
different stages: Incubation, recrystallization, growth, steady and 2nd 
growth stages. The first growth stage is attributed to the tiny newly- 
nucleated grains and insufficient pinning effect. The steady stage 

corresponds to the state where the pinning force and the dislocation/ 
curvature driving force strike a balance. The 2nd growth stage is due to 
the limitation of fragmentation of the GNPs. It is difficult for GNPs to 
continue to be thinned and fragmented to provide greater pinning effect, 
which triggers the migration of the grain boundaries again. The calcu
lated results are consistent with the EBSD results, which proved the 
accuracy of this model. In addition, the excessive fragmentation of GNPs 
also damages the Orowan strengthening and load transfer effect, where 
the detrimental intermetallic compound Al4C3 is also susceptible to 
produce [24]. The better grain refinement needs to be realized by 

Fig. 2. (a) Raman spectra, (b) XPS results and (c) EBSD images of the DDMed composites.  

Fig. 3. (a) TEM images of the DDMed composites, and (b) synergy grain refinement mechanism during DDM process.  

Fig. 4. Evolution behaviors of the grain sizes with and without GNPs.  
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adjusting the temperature and strain input adequately towards higher 
strength and ductility. 

4. Conclusions 

DDM was utilized as a feasible technique for realizing ultra-refined 
grains of few-layer GNPs reinforced aluminum matrix composites, in 
which severe plastic deformation and corresponding frictional/defor
mation heat contributed to solid-state sintering and microstructural 
modification. Fragmentation, thinning and re-dispersion of GNPs were 
obtained with the occurrence of dynamic recrystallization. These GNPs 
suppressed the movement of dislocation, promoting the localized 
dislocation aggregation and accelerating the dynamic recrystallization 
in the nucleation stage. They also introduced pinning force to balance 
with the curvature and dislocation driving force, inhibiting the growth 
of recrystallized grains effectively to obtain a nano-crystalline micro
structure. The average grain size reached 267.0 nm, which was much 
smaller than the grain size of traditional aluminum matrix composites to 
realize high strengthening-toughening efficiency, indicating that DDM 
was capable of enhancing the grain refinement via severe plastic 
deformation. 
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