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ABSTRACT

Composites of graphene nanoplatelets (GNPs) and 8030 aluminum alloy pow-

der were prepared using powder modification ? semisolid extrusion processes.

The density, electrical conductivity, mechanical properties and microstructure

of the specimens were investigated. The results show that the composites with

0.5 wt% GNPs achieved an enhancement in yield strength (37.5%) and ultimate

tensile strength (62.9%), while its elongation and electrical conductivity were

comparable, as compared with the 8030 aluminum alloy without GNPs pre-

pared by the same process. Furthermore, the related strengthening mechanism

of the composites with GNPs directional distribution was discussed.

Introduction

8030 aluminum alloy (Al-8030) is a kind of Al–Fe–X

series cable core material for construction industry. It

has good creep resistance and high electrical con-

ductivity, but the disadvantage of lower mechanical

strength limits its application [1, 2]. It is difficult to

obtain satisfactory comprehensive performance of Al-

8030 by adding alloying elements. For example, in the

previous research work of our group, the rare earth

element Sc and trace Cu were added to the Al-8030

alloy to achieve effective enhancement of tensile

strength, but the plasticity and electrical conductivity

of the alloy were also found to be largely reduced

[3, 4]. Since the added alloying elements tend to form

hard and brittle intermetallic compounds with the

matrix, the conductivity of these compounds is poor.

It may be an effective breakthrough to change a

tough and electrically conductive reinforcement. In

recent years, graphene has become a research hotspot

due to its large specific surface area, high mechanical

properties [5], Young’s modulus [6], electrical [7] and

thermal conductivity [8], etc., which let it to be used

as a good reinforcement for alloy. Numerous studies

have reported that the strength of alloy matrix can be

improved by adding graphene [9–14]. However, we
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can also find that the distribution of graphene in the

composites is random, which weakens the reinforc-

ing effect of graphene. The research results of Li et al.

[15] showed that the influence of graphene in the

composites on the electrical conductivity was mainly

caused by the blocking of moving electrons by the

phase interface. Adjusting the distribution direction

of graphene is consistent, which can improve the

reinforcing effect of graphene and minimize the

scattering of electrons by graphene in the distribution

direction. Therefore, it is expected to improve the

comprehensive performance of the Al-8030 alloy by

adding graphene and orienting the graphene in the

alloy. Until now, there have been few reports on this

aspect.

The orientation distribution of graphene in the

alloy can be achieved by the preparation process. In

most cases, traditional powder metallurgy method

has been used for the preparation of graphene-rein-

forced metal matrix composites [11, 16, 17]. However,

the structure of graphene is easily destroyed during

ball milling and secondary molding processes

[10, 16, 18, 19]. In the present study, powder-modi-

fied ? ball-free wet mixing process is used and then

formed by a semisolid extrusion process. This pro-

cess fully protects the graphene structure from being

destroyed during the preparation process, and at the

same time, the semisolid metal and graphene has

better wettability under the pressing force to obtain a

high-density sample. Most importantly, this process

helps to obtain an oriented arrangement of graphene

in the metal matrix through the coordinated defor-

mation of graphene and semisolid metal powder

during the extrusion process.

Experimental

Materials

The graphene nanoplatelets (GNPs) with a lateral

size of 8.96 lm and atomized Al-8030 powder (99.9%

in purity) were used in this work. According to

previous research reports [9, 10, 16, 20], when the

GNPs content is[ 1.0 wt% or\ 0.3 wt%, the

enhancement effect of the composites is not satisfac-

tory. Therefore, the addition of GNPs in this experi-

ment is 0.5 wt%. The chemical composition of Al-

8030 powder is listed in Table 1, from which it can be

seen that the content of all elements conforms to the

ASTM-B800-05 standard.

Experimental procedures

In order to determine the suitable temperature for the

semisolid extrusion, the ratio of solid–liquid phase in

the semisolid range of Al–0.7Fe–0.25Cu (close to the

composition of Al-8030) was calculated by Thermo-

Calc software (Fig. 1a). At the same time, the DTA

test was performed on the Al-8030 powder. In the

DTA graph in Fig. 1b, it can be seen that the liquid

phase appears initially at about 640 �C, and its mass

fraction reaches the maximum at 664 �C, indicating
that Al-8030 will be completely melted at around

664 �C, which was in good agreement with the cal-

culation results in Fig. 1a. Considering the melting

point of the outer aluminum can, the final semisolid

extrusion temperature was set to be 645 �C. At this

temperature, the mass fraction of liquid phase in Al-

8030 is approximately 18.5 wt%.

The preparation process is divided into four parts:

Al-8030 powder modification, ball-less wet mixing,

pyrolysis removal of modifier and semisolid extru-

sion. The corresponding experiment details are

specified as follows:

1. Al-8030 powder modification: The solution of

3 wt% PVA and deionized water were first

slowly poured into the slurry of 8030 alloy

powder and deionized water and stirred well

magnetically. After stirring for 20 min, the steps

of vacuum filtration and washing were repeated

to obtain the PVA-coated Al-8030 powder.

2. Ball-less wet mixing: GNPs previously ultrason-

ically dispersed in anhydrous ethanol for 30 min

were slowly poured into PVA-coated Al-8030

Table 1 Chemical

compositions of the as-

atomized Al-8030 powders

Materials Composition (wt%)

Al Fe Cu Si Mg Zn B

Standard of ASTM-B800-05 Bal. 0.3–0.8 0.15–0.3 0.1 0.05 0.05 0.001–0.04

Al-8030 powder Bal. 0.67 0.25 0.047 0.001 0.001 0.001
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anhydrous ethanol slurry under magnetic stirring

and then transferred to a stainless steel tank and

mixed at 200 rpm for 5 h on a biaxial mixer. The

mixed slurry was then transferred to a vacuum

oven for thorough drying at 100 �C for about 8 h.

3. Pyrolysis removal of modifier: The dried GNPs/

Al-8030 mixed powder was heated in a tube

furnace at 300 �C for 1.5 h under a flowing argon

atmosphere to remove PVA. The mixed powder

after removing the PVA was placed in a pure

aluminum can (u50 9 93 mm) and then com-

pacted and tightly sealed to obtain an extruded

blank in an argon-protected glove box.

4. Semisolid extrusion: The prepared aluminum-

clad-protected billet was heated to 645 �C for 1 h,

and the mold was also heated to 530 �C for 1 h,

and semisolid extrusion was performed on a 300

t vertical extruder at an extrusion ratio of 36:1 to

obtain a u10 mm extrusion rod. The extruded rod

was peeled off the surface to obtain a rod of

u8 mm and then subjected to stress-relieving

annealing at 300 �C for 2 h to obtain the final

GNPs/Al-8030 composite sample.

The reference samples (Al-8030 with 0 wt% GNPs)

were prepared by the same process.

Characterization

The conductivity of the samples was tested on the

AT512 precision resistance tester with the samples of

1 m in length at room temperature, and the

mechanical properties were tested on the 810-MTS

with a traction speed of 0.5 mm/min. The

microstructure of the samples was characterized

using the Nova NanoSEM 230 field emission scan-

ning electron microscope (FESEM) with an electron-

dispersive spectroscopy (EDS) and the Tecnai G220

ST transmission electron microscope (TEM) and

Rigaku Dmax 2550 X-ray diffractometer (10� * 90�,
4�/min). The relevant properties of GNPs were

characterized using Park XE-100 Atomic Force

Microscope and LabRAM ARAMIS Micro-laser

Raman Spectrometer. The powder size was measured

by the MICRO-PLUS laser diffraction particle size

analyzer, and differential thermal analysis of Al-8030

powder was performed on a SETSYS 18/24 inte-

grated thermal analyzer with a 5 �C/min ramp rate.

Results and discussion

Microstructure

The structure and morphology analysis results of the

original GNPs are shown in Fig. 2. The FESEM image

(Fig. 2a) shows that it has a large specific surface area

and good light transmission. At the same time, we

can also see the folded GNPs and the upturned

GNPs, showing its soft characteristics. Figure 2b is an

AFM image of GNPs, and Fig. 2d is the correspond-

ing depth profile along the line marked in Fig. 2b.

The thickness of GNPs measured in a relatively flat

area without multiple overlaps is about 2–3 nm (6–9

layers). The Raman spectra of GNPs (Fig. 2c) show

that three typical peaks are roughly at 1350 cm-1,

1580 cm-1 and 2670 cm-1, which correspond to the D

peak, G peak and 2D peak, respectively. The D peak

Figure 1 a Calculated solid–liquid ratio of 8030 alloy powder, b DTA curve of 8030 alloy powder from room temperature to 850 �C.
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is related to the structural defects of GNPs, and the G

peak represents the SP2 structural characteristic peak,

reflecting the symmetry and the degree of crystal-

lization, while the 2D peaks represent inelastic scat-

tering from two phonons [21]. Usually, the intensity

ratio of D peak to G peak (ID/IG) can be employed to

evaluate the defect density of GNPs [22, 23], and the

intensity ratio of 2D band and G band (I2D/IG) can be

used to estimate the numbers of GNPs layers [24]. In

this work, the ratio value of ID/IG was only 0.142, and

I2D/IG was 0.60, which means that the original GNPs

used in this study are multilayered and have a low

defect level. This is consistent with the results of the

AFM test.

The FESEM image of the Al-8030 powder in Fig. 3a

shows that it has a relatively good sphericity and its

average size is around 20 lm, according to the results

of powder particle size measurement (Fig. 3b). It is

well known that the surface of aluminum alloy

powder is hydrophobic due to the easy formation of

an oxide film. This process utilizes PVA to improve

the surface hydrophilicity of the Al-8030 powder, and

PVA acts as a binder to adhere GNPs to the powder

surface. Figure 3c, d shows the morphology of Al-

8030 powder and GNPs before and after mixing. It

can be clearly seen from Fig. 3d that a layer of GNPS

adheres to the surface of Al-8030 powder, which

means the improvement of the dispersion of GNPs in

the composites.

Figure 4 shows the FESEM of the cross section and

longitudinal section of the two samples after semi-

solid extrusion. After measuring and averaging in the

horizontal, vertical and diagonal directions of the

cross-sectional view (Fig. 4a, c), both the grain sizes

are about 6 lm, which indicated that the addition of

0.5 wt% GNPs does not significantly refine the grain

Figure 2 Characterization of original GNPs: a FESEM image depicting the morphology of the GNPs; b AFM image: the thickness

measurement of the GNPs; c Raman spectra of the GNPs; d the corresponding depth profile along the line marked in (b).
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size. Combining the results of EDS in Fig. 4e, f and

the results of XRD in Fig. 5b, it is known that the

white contrast is the (Al13Fe4 ?Al2Cu) phase and the

black contrast is the GNPs. They are both discontin-

uously distributed at the grain boundaries on the

cross section (Fig. 4a, c) and are parallel to the

extrusion direction on the longitudinal section

(Fig. 4b, d). This is because during the semisolid

extrusion process, the matrix powder is extruded to

form a streamlined texture, while the morphology of

the GNPs is adjusted to be consistent with the

direction of extrusion following the movement of the

substrate. It can be clearly seen from the enlarged

details in Fig. 4e, f that the GNPs can be easily bent to

adapt to the deformation of the matrix. No pores and

micro-cracks are observed at the bonding interface

between the GNPs and the matrix, indicating that the

GNPs are tightly bound to the matrix.

EPMA map (Fig. 5) of carbon elements in the cross

section and longitudinal section of the sample was

added to reflect the distribution of GNPs through

carbon elements. Sample from cross section of EPMA

map shows that GNPs are mainly wrapped in alu-

minum particles and distributed in the grain

boundary. Sample from longitudinal section of

EPMA map shows that GNPs are directionally

Figure 3 a FESEM image of Al-8030 powder; b particle size range of Al-8030 powder; c Al-8030 powder before mixing; d 8030 powder

mixed with GNPs.
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Cross section Longitudinal section

Figure 4 FESEM images of the samples: a, b cross section and

longitudinal section of the comparative sample; c, d cross section

and longitudinal section of the composite sample (0.5 wt% GNPs/

Al-8030); e, f enlarged view of the details corresponding to (c,

d) and the results of EDS analysis.
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distributed and parallel to the direction of extrusion,

the direction of electronic motion and the direction of

tensile stress during testing.

Comparing the Raman spectra of GNPs after mix-

ing and semisolid extrusion with the original GNPs

(Fig. 6a), it was found that the ID/IG values of GNPs

were almost unchanged, ranging from 0.142 to 0.143

and 0.143, indicating the structure of GNPs is well

protected during the preparation process. Moreover,

the I2D/IG values were also slightly reduced from 0.60

to 0.59 and 0.58, reflecting a low degree of agglom-

eration of GNPs in the prepared samples. According

to the XRD diffraction pattern of the 0.5 wt% GNPs/

Al-8030 composites sample (Fig. 6b), it is known that

the Al-8030 matrix has a small amount of Al13Fe4
phase and Al2Cu phase because Fe and Cu elements

are hardly dissolved in the Al matrix at room tem-

perature, which is consistent with the results of pre-

vious studies [3, 25, 26]. At the same time, no carbides

such as Al4C3 and FeC3 were detected, which was

attributed to the fact that the preparation process did

not introduce too many structural defects into GNPs,

so that GNPs were not easily reacted with the matrix

at high temperatures [27]. This also means that there

may be no chemical bonding between the GNPs and

the substrate. But it should not be ignored that this

may be because the carbide content is too small to be

detected.

The presence of GNPs in the samples was con-

firmed, and the interfacial binding of GNPs to the

matrix was further observed by TEM. It is observed

in Fig. 7a that GNPs still maintain a good stretching

posture and a large diameter-to-thickness ratio

(GNPs indicated by arrows in the figure), which is

advantageous for exerting the enhancement effect of

GNPs. The HRTEM images of GNPs in Fig. 7b show

a clean interface between GNPs and the matrix,

indicating that GNPs do not react with the matrix to

form carbides, which confirms the results of XRD

detection. From the enlarged details of the interface

transition zone between GNPs and matrix in the

figure, it can be seen that carbon atoms and alu-

minum atoms diffuse with each other, indicating that

GNPs combine with matrix by diffusion. Similar

analysis results were reported by Tian et al. [28] and

Bustamante et al. [17]. GNPs that are exposed at the

edge of the thin zone are captured in the TEM bright-

field image of the longitudinal section (Fig. 7c). The

Figure 5 The EPMA image of cross section and longitudinal section of GNPs/Al-8030 composites.
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SAED pattern shows several groups of diffraction

spots with obvious hexagonal symmetry, demon-

strating a multilayer GNPs with a high crystallinity

[29]. However, it can be seen that the edges of the

GNPs are thicker and multilayered, meaning that

there are still a small number of folded or overlapped

GNPs, which is consistent with the phenomenon

indicated by the arrow in Fig. 4f. This may be because

the flexible GNPs are prone to folding in half, as

shown in Fig. 2a. Alternatively, when the powder

particles are bonded to each other, the GNPs layers

are overlapped and are not staggered with

deformation.

Relative density and conductive properties

The density and conductivity of the composites and

reference samples were tested, and the results are

shown in Table 2. As can be seen from the results in

Table 2, the samples prepared by this process all

have a very high relative density (C 99%). This is

mainly due to the presence of a part of the liquid

phase in the sample during the semisolid extrusion,

which is easy to fill the micro-pores and micro-cracks

under compression to promote the tight binding of

GNPs to the matrix.

At the same time, we found that the composites

(with 0.5 wt% GNPs added) still have comparable

conductivity compared to the reference sample (only

slightly reduced from 62.20 to 61.86%IACS). The

classical free electron theory [30] states that lattice

vibration, defects, impurity atoms and interfaces

would increase the scattering of electrons in the

crystal and thus reduce the conductivity. GNPs have

higher conductivity than Al matrix, and their influ-

ence on conductivity mainly comes from the blocking

of electrons by the bonding interface. According to

the microstructure analysis, one of the reasons is that

the added GNPs are distributed at the grain bound-

aries, which reduces the lattice distortion caused by

the addition of the second phase, and the second

reason is that the distribution of GNPs and precipi-

tates is parallel to the direction of electron motion,

greatly reducing the scattering effect of electrons on

the phase interface.

Tensile properties

The change in strength caused by the addition of

GNPs can be directly reflected by the traditional

tensile test. Figure 8 shows the stress–strain curves

for the two groups of samples, and the corre-

sponding strength and elongation values for the

curves are summarized in Table 3. As can be seen

from the tensile test results, after the addition of

0.5 wt% GNPs, the yield strength (r0.2) increased

from 85.0 to 116.9 MPa with an enhancement rate of

37.5%, while the tensile strength (rb) increased from

130.6 to 212.7 MPa with an enhancement rate of

62.9%. At the same time, we found that the elonga-

tion of the composites is still comparable to the

matrix, only slightly reduced from 23.09 to 22.67%.

In order to facilitate comparison with other

research results, we use a strength increment (R) of

the composites relative to the matrix to express the

enhancement effect by adding a unit volume fraction

Figure 6 a The comparison of Raman spectra of GNPs; b XRD diffraction pattern of the 0.5 wt% GNPs/Al-8030 composite sample.
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of GNPs. This strength increment (R) is defined by

the following formula:

R ¼ rc � rm
Vf � rm

ð1Þ

In the formula, rc and rm are the tensile strengths

of the composite and the matrix, respectively, and Vf

is the volume fraction of GNPs. According to the

results in Table 4, this work achieved a higher effi-

ciency than most of the research results (R = 96.7).

Figure 7 a TEM bright-field image of the cross section of the

0.5 wt% GNPs/Al-8030 composites (GNPs indicated by the

arrows); b HRTEM image of the GNPs (the boxes in the

figure show the interfacial transition zone between GNPs with

matrix); c TEM bright-field image of longitudinal section of

0.5 wt% GNPs/Al-8030 composites (GNPs exposed at the edge of

the thin zone are observed) and selected diffraction pattern of

GNPs.

Table 2 Relative density and conductivity of the samples

Theoretical density (g/cm3) Measured density (g/cm3) Relative density (%) Conductivity (IACS%)

Al-8030 2.7495 2.7366 ± 0.0015 99.53 62.20 ± 0.17

0.5 wt%GNPs/Al-8030 2.7453 2.7231 ± 0.0034 99.19 61.86 ± 0.21
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The high strength improvement rate obtained in this

experiment is attributed to the distribution of GNPs

parallel to the tensile stress direction. Since the

degree of plastic deformation of GNPs and Al matrix

is inconsistent, shearing occurs at the interface

between the two. If the phase angle of GNPs and

tensile stress direction is[ 0�, the force analysis

shows that the tensile stress at this time will

decompose the component of a vertical GNPs plane,

which accelerates the separation of GNPs from the

matrix and reduces the interfacial shear strength of

both. Therefore, GNPs directional distribution will

bring the largest interfacial shear strength in the

extrusion direction. However, the value of R is also

lower than that in a few studies because GNPs are

multilayered and a small number of GNPs are over-

lapped. However, in combination with the elonga-

tion, the composites prepared in this experiment

have better comprehensive mechanical properties.

Figure 9 shows the tensile fracture morphology of

the two groups of samples. In Fig. 9a, b, we can see a

large number of dimples and holes in the fracture of

both the samples, but the number of holes in the

sample with GNPs added is more. Combined with

the elongation data, it is known that the fracture type

of the samples belongs to ductile fracture. Typical

wavy shear tear lines can be observed on the inner

wall of the hole (Fig. 9c), while the extracted GNPs

are observed in the holes (Fig. 9d). These character-

istics indicate that the interface between GNPs and

the matrix undergoes shear fracture during stretch-

ing, and the load can be effectively transferred to

GNPs. GNPs differ from other reinforcements in that

they are a tough phase. It can be seen from Fig. 7a

that the flexible GNPs are easily bent, which allows

them to moderately stretch under stress to disperse

the stress concentration [35, 36]. This is the main

reason why composites still maintain a comparable

elongation to the matrix.

Strengthening mechanism

One of the reasons some researchers are willing to

explain for the increase in strength is that the added

graphene reduces the grain size, thus obtaining fine

grain strengthening [37, 38]. However, in the

microstructure in Fig. 4a, c, no significant grain

refinement was observed. This is because the defor-

mation of the grains is not large during the semisolid

extrusion process, and the cooling is rapid after the

extrusion, so that the degree of grain recovery and

recrystallization is low. Therefore, the effect of fine

grain strengthening is not obvious in this work.

Second, it can be clearly seen from the fracture

morphology in Fig. 9d that the matrix around GNPs

has undergone a large degree of deformation, indi-

cating that the deformation degree inside the grain is

greater than that at the boundary, and GNPs play a

role in hindering dislocation movement. Unlike SiC

and carbon nanotubes, graphene has a larger two-

dimensional plane and good flexibility, making it

more difficult for dislocations to cut through and

bypass. Figure 10 shows the TEM bright-field image

of the cross section near the fracture of the matrix and

composites. It can be seen that it is easier for the

dislocation to bypass the fine precipitate phase

(Fig. 10a), but it is difficult to bypass the wide GNPs

plane (Fig. 10b).

Third, the degree of plastic deformation between

GNPs and aluminum alloy matrix was mismatched

Figure 8 Engineering stress–strain curves of samples at room

temperature.

Table 3 Tensile strength and

elongation values of the

samples

Sample Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%)

Al-8030 85.0 ± 3.5 130.6 ± 5.1 23.09 ± 0.2

0.5 wt%GNPs/Al-8030 116.9 ± 4.9 212.7 ± 7.0 22.67 ± 0.2
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due to the huge difference in Young’s modulus

between GNPs and aluminum alloy matrix (the

Young’s modulus of graphene is about 1100 GPa [6],

while that of the aluminum alloy matrix is about

72 GPa [39]), and the load was shear-transferred

through the bonding interface between GNPs and

matrix. Therefore, the yield strength of the compos-

ites (rc) could be calculated by the modified shear lag

theory [40]:

rc ¼ rym 1þ ðLþ tÞA
4L

� �
fv þ rym 1� fvð Þ ð2Þ

Table 4 Mechanical properties and strength increment (R) of graphene/aluminum matrix composites with different contents in different

preparation processes

Samples Preparation process Tensile strength

(MPa)

Strengthening

efficiency (R)

Elongation

(%)

0.5 wt%GNPs/Al-8030

(this work)

Surface-modified wet mixing ? semisolid

extrusion

212.7 96.7 22.67

0.3 wt%GNPs/Al [11] Wet mixing ? sintering ? hot extrusion 280 28.5 9.53

0.5 wt%GNFs/Al–Mg–Cu

[16]

Ball mill wet mixing ? hot isostatic

pressing ? hot extrusion

467 19.5 12

1.0 wt%GNFs/Al [18] Low-temperature ball milling ? hot extrusion 248 54.6 8.3

1.5vot. %GO/Al (flake)

[31]

Surface-modified wet mixing ? vacuum hot

pressing

315.8 38.6 6

0.5 wt%GNPs/Al5083 [32] Ball mill ? hot pressing ? hot extrusion 434 68.5 4.6

0.4 wt%GNPs/Al [33] Wet mixing ? SPS sintering ? hot extrusion 173 120 16.2

0.4 wt%GNPs/Al [34] Ball mill ? hot extrusion ? cold drawing 219 102.1 0.84

Figure 9 Tensile fracture morphology of samples: a Al-8030; b 0.5 wt% GNPs/Al-8030 composites; c an enlarged view of the typical

wavy shear lines on the inner wall of the pit in (d); d an enlarged view of (b) showing the pit detail.
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where rym is the yield stress of the Al-8030 matrix,

L and t are the lengths of the GNPs parallel and

perpendicular to the applied stress, respectively

(L = 8.96 lm, t = 3 nm), A is the diameter-to-thick-

ness ratio of GNPs and fv is the volume fraction of

GNPs (fv = 0.65 vol%). The yield stress value of the

matrix (85 MPa) and the relevant parameters of

GNPs mentioned above would be used in the calcu-

lation. Finally, the calculated strength value of

0.5 wt% GNPs/Al-8030 composites was 497.7 MPa.

This value was still greater than the measured value

of this work, although a significant increase in yield

strength (up to 37.5%) has been achieved. This may

be related to the fact that GNPs are not bonded to the

matrix by chemical bonding and GNPs are folded or

overlapped. In addition, some researchers believed

that the soft GNPs plane would be stretched during

the plastic deformation [41], which may weaken the

shear strength due to the shear asynchronism caused

by the extension of the wrinkled structure.

It is also less noticed that the GNPs spaced apart in

the matrix (as shown in Fig. 4d, e) not only hindered

the dislocation motion, but also shifted the direction

of micro-crack propagation. (When the micro-cracks

encountered GNPs during the expansion process,

shearing separation occurred along the bonding

interface between the GNPs and the matrix, and the

shear crack can be clearly seen in Fig. 9d.) The non-

planar crack that changed the direction of growth

had a larger surface area than the plane crack and

needed to absorb more fracture work, thereby com-

pensating for the decrease in toughness caused by the

mismatch of plastic deformation degree. Therefore,

crack deflection should also be an important reason

for the increased strength of this composite while still

maintaining considerable toughness.

According to the above analysis, the microscopic

process of fracture failure of Al-8030 ? 0.5 wt%

GNPs composites can be summarized as shown in

the schematic diagram in Fig. 11: Under tensile stress,

the GNPs distributed at the grain boundary hindered

the dislocation propagation, resulting in stress con-

centration. The micro-cracks were preferentially

generated from the weak interface between the GNPs

and the matrix and were separated under continuous

shear. Then, the crack propagated into the grain and

deflected when it encountered the next piece of

GNPs. Finally, the crack gradually extended until it

breaks.

Conclusions

The mechanical properties and electrical conductivity

of 0.5 wt% GNPs/Al-8030 composites prepared by

powder modification ? semisolid extrusion were

investigated. A significant result is that the yield

strength and tensile strength of the 8030 aluminum

alloy are increased by 37.5% and 62.9%, respectively,

while the plasticity and electrical conductivity remain

comparable to the matrix. This is due to the fact that

Figure 10 TEM bright-field image of the cross section near the fracture. a Matrix; b 0.5 wt% GNPs/Al-8030 composite sample.
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the preparation process fully protects the structural

integrity of the GNPs and the good bonding interface

between the GNPs and the matrix, so that the GNPs

can fully exert the advantages of the large diameter-

to-thickness ratio to hinder the dislocation motion

and deflect the crack. Second, the directed distribu-

tion of GNPs has the least scattering effect on moving

electrons and has the largest interfacial shear strength

with the matrix. These factors give the composites a

better comprehensive performance.
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