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Fig. 1

electrochemical method

SEM image (a), Raman spectroscope (b), AFM (c) and XRD (d) patterns of graphene nanosheets prepared by
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Fig. 2 Metallographs of aluminum alloy and aluminum alloy
composites with 0.15% graphene nanosheets: (a) Aluminum
alloy; (b) Aluminum alloy composites with 0.15% graphene

nanosheets
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Fig. 3 FESEM images of tensile fracture surface of aluminum
alloy composites with 0.15% graphene nanosheets: (a) FESEM
image of tensile fracture surface; (b) High magnification image

for red cycle in Fig. 3(a)
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Fig. 4 XRD patterns of aluminum alloy composites with

different graphene nanosheets content
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Fig. 5 Relationships among nano-hardness, Vickers hardness, elasticity Modulus and mass fraction of graphene nanosheets: (a)

Nano-indentation load-displacement curve of aluminum alloy composites with 0.2% graphene nanosheets; (b) Nano-hardness; (c)

Vickers hardness; (d) Elasticity modulus
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Fig. 6 Creep of aluminum alloy composites with different graphene nanosheets at load of 50 mN: (a) Typical time—displacement

curves; (b) Typical creep displacement—holding time curves; (c) Creep rate—time; (d) Creep compliance—time
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Table 1 Creep parameters of different samples by fitting

experimental data
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Fig. 7 Friction coefficient—time curves (a) and 200—600 s

histogram (b) of average friction coefficient of different

samples

JRIMEIN, PESRRECROR . i B A ) 2 SR Bl BESR N
AN BTG N, PEEERIBOZAE TR e R, FRELE
0.5~0.7 Z [l o1& 7(b) FFr7m A &5 AN RSN A 8 J 35 4
SR M BRI T B B N EAER . th
K 7o)l LA Y, sk iR e A AR R A K
WY LB 5 IR, S DR A Al A sk 1 2 i A s
HLL AR 8 T RSP P SRS, A s LA A Y B
DRACRT R R P, BT AR Al A S0 oI AR 75
GG, AEPEBERE P A SR AR (R B
SAE G R 000 SCRAT I T AR R A, AN
W/ AR REAA I B4R, R DR A0 oy
Bl 7(byib T LA Y, A2 SV R Y B T b A 88
WP S BN, AR B DA X
o TN A B P B D IR R 0 2 A
PEHAL R, IXHE A RS B R A8 B I b 1 [ A3
TUIIAER], EEERIN BB, BN Sk P 75 B
I, R TS A S S R AR S, s SR
RNLORER v & VIR TR NTIR Edi s S E AT 2 A

3 it

1) IINTRENA 5600 AR & & 1 SR &
L, A A A R it e R A A L 98 DR Al i R i
PR

2) TlANAT BRI o0 o] A A ET LA RN 2
FPE T HEESPUGRIERE, R BG4
SPENRASEE N 24.14%, T 0.2% A s dm s
A MR IIGEAZ AR 13.17%; {EAs € M BUER
B4 TAEARE R K 1.3 X100 s, 18 0.2% s
B RE SR EMEPFIGE AR, 12X 107
1

S o

3) A SEARTREN B 0 B RS TR e T
JEEEVERE, HBEE G 800 7 & g, maeR
FAA R RE SR DN A PRI

REFERENCES

(11 % Jx, SR, EHAW, TV, el R WIEGE

K JE IR B S B (9], AT 10 < e 2 4, 2010, 20(9):
1705-1714.
LIU Bing, PENG Chao-qun, WANG Ri-chu, WANG Xiao-feng,
LI Ting-ting. Recent development and prospects for giant plane
aluminum alloys[J]. The Chinese Journal of Nonferrous Metals,
2010, 20(9): 1705-1714.

[21 ML), R, EHY), £, 55T, X K ik



2234

PR R AR

2017411 H

(31

[4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

AT B AR U R[], AT G A, 2012,
22(9): 2578-2586.

XIE Li-chuan, PENG Chao-qun, WANG Ri-chu, WANG
Xiao-feng, CAI Zhi-yong, LIU Bing. Research progress of high
aluminume-silicon alloys in electronic packaging[J]. The Chinese
Journal of Nonferrous Metals, 2012, 22(9): 2578—2586.

WARE, BREER, KRR, M B, e, AL me R
SiC,/A356 S A MAEMTAMEHA S R[], T EF S
J 24, 2016, 26(10): 2078-2085.

PAN Li-ke, HAN Jian-min, ZHANG Ying-xiao, YANG
Zhi-yong, LI Zhi-qiang, LI Wei-jing. Microstructure and
properties of derived material for high content SiC,/A356
composites[J]. The Chinese Journal of Nonferrous Metals, 2016,
26(10): 2078—-2085.

RAVIKUMAR K, KIRAN K, SREEBALAJI V S
Characterization of mechanical properties of aluminium/tungsten
carbide composites[J]. Measurement, 2017, 102: 142—149.
AL-MOSAWI B T, WEXLER D, CALKA A. Characterization
and mechanical properties of a-Al,Os, particle reinforced
aluminium matrix composites, synthesized via uniball
magneto-milling and uniaxial hot pressing[J]. Advanced Powder
Technology, 2017, 28(3): 1054—1064.

MEHER, AN, TR, EOUsk, ZEARSL. BOKYL SiC KL
B4 SRR IR ST A AR R SR AL HLIEI 0] AR B A2, 2016,
37(5): 1-6.

HAO Shi-ming, XIE Jing-pei, WANG Ai-qin, WANG Wen-yan,
LI Ji-wen. Strengthening mechanism of micrometer SiC particle
reinforced aluminum matrix composites[J]. Transactions of
Materials and Heat Treatment, 2016, 37(5): 1-6.

WOV, M, IMES, £, L, B ALO; B
RLHG R A AR I BE PR DTIET]. By oRIE SR, 2015,
33(3): 186—189.

FAN Tao, LIU Bo-weng, SUN Yan-rong, WANG Hu, TANG
Wei-zhong, JIA Cheng-guang. Study on wear resistance of ALOs
particle reinforced Al matrix composites[J]. Powder Metallurgy
Technology, 2015, 33(3): 186—189.

SEYYED M A, SAEED K, SEYYED A JJ, SIRUS J, SEYYED
M Z. Fabrication of novel fiber reinforced aluminum composites
by friction stir processing[J]. Materials Science and Engineering
A, 2015, 632: 50-57.

BAKSHI S R, ARVIND A. An analysis of the factors affecting
strengthening in carbon nanotube reinforced aluminum
composites[J]. Carbon, 2011, 49(2): 533—544.

BONG K C, GIL H Y, SEUNGJUN L. Molecular dynamics
studies of CNT-reinforced aluminum composites under uniaxial
tensile loading[J]. Composites Part B, 2016, 91: 119—-125.
ANKUR G, GARIMA T, DEBRUPA L, KANTESH B.
Compression molded ultra high molecular weight polyethylene
hydroxyapatite aluminum oxide

carbon nanotube hybrid

composites for hard tissue replacement[J]. Journal of Materials

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

Science & Technology, 2013, 29(6): 514—522.

LIUZY, XIAO B L, WANG W G, MA Z Y. Modelling of carbon
nanotube dispersion and strengthening mechanisms in Al matrix
composites prepared by high energy ball milling-powder
metallurgy method[J]. Composites Part A, 2017, 94: 189—198.
ZHOU W W, YAMAMOTO G, FAN Y, KWON H, HASHIDA T,
KAWASAKI A. In-situ characterization of interfacial shear
strength in multi-walledcarbon nanotube reinforced aluminum
matrix composites[J]. Carbon, 2016, 106: 37—47.

ZHANG P, HU P, ZHANG X, HAN J, MENG S. Processing and
characterization of ZrB,-SiC W ultra-high
ceramics[J]. Journal of Alloy & Compounds, 2009, 472(1):
358-362.

MANIGANDAAN K, SRIVATSANB T S, QUICKC T.

temperature

Influence of silicon carbide particulates on tensile fracture
behavior of an aluminum alloy[J]. Materials Science and
Engineering A, 2012, 534(1): 711-715.

LU W J, GUO X L, MENG J L, WANG F G, WANG L Q,
ZHANG D. Analysis of the coupling effects of TiB whiskers and
TiC particles on the fracture toughness of (TiB+TiC)/TC,
composites: experiment and modeling[J]. Metallurgical and
Materials Transactions A, 2015, 46(8): 3490-3501.

FEE, RH, QIN Qing-hua, VTR, ZEHAR, SR, &
M. T EIG/AL ST AR S ) 24 L Re 0], A
{643 JB 274R, 2015, 25(6): 1498—1504.

WU Wen-zheng, QIN Qing-hua, ZHOU
Xian-liang, ZUO Dun-wen, LU Shi-giang, GAO You-bin.

LI Duo-sheng,
Microstructure and mechanical properties of graphene/Al
composites[J]. The Chinese Journal of Nonferrous Metals, 2015,
25(6): 1498—1504.

KIMK S, LEE H J, LEE C, LEE S K, JANG H, AHN J H, KIM
J H, LEE H J. Chemical vapor deposition-grown graphene: The
thinnest solid lubricant[J]. ACS Nano, 2011, 5(6): 5107-5114.
XIAOYC,SHI X L, ZHAIW Z, YAO J, XU Z S, CHEN L,
ZHU Q S. Tribological performance of NiAl self-lubricating
matrix composite with addition of graphene at different loads[J].
Journal of Materials Engineering and Performance, 2015, 24(8):
2866—2874.

KIMHJ,LEESM,0OHY S, YANGYH,LIMY S, YOON D H,
LEE C, KIM J Y, RUOFF R S. Unoxidized graphene/alumina
nanocomposite: Fracture and wear-resistance effects of
grapherne on alumina matrix[J]. Scientific Reports, 2014,
4(7503): 5176-5176.

ML, b R, UbRRE, BREM, R, W A8
SIRERREAR LA MORHIBTSL[T]. #PRL T, 2014(4): 35-39.
YAN Shao-jiu, YANG Cheng, HONG Qi-hu, CHEN Jun-zhou,
LIU Da-bo, DAI Sheng-long. Research of graphene-reinforced
aluminum matrix nanocomposites[J]. Journal of Materials
Engineering, 2014(4): 35-39.

WANGIJ Y, LIZ Q, FAN G L, PAN H H, CHEN Z X, ZHANG



527 &4 11 A8, S TN SR T AR S 0 ) 2 T e L 2235

[23]

[24]

[25]

D. Reinforcement with graphene nanosheets in aluminum matrix temperature[J]. Acta Metallurgica Sinica, 2004, 40(8): 841-845.
composites[J]. Scripta Materialia, 2012, 66(8): 594—597. [26] CHU K, JIA C. Enhanced strength in bulk graphene-copper
FERRARI A C, MEYER J C, SCARDACI V, CASIRAGHI C, composites[J]. Physica Status Solidi A, 2014, 211(1): 184—190.
LAZZERI M, MAURI F, PISCANCE S, JIANG D, [27] CHENFY,YINJM, WANG Y F, DU SY, LIU Z P, HUANG Q.
NOVOSELOV K S, ROTH S, GEIM A K. Raman spectrum of Effects of graphene content on the microstructure and properties
graphene and graphene layers[J]. Physical Review Letters, 2006, of copper matrix composites[J]. Carbon, 2016, 96: 836—842.
97(18): 13831-13840. [28] WANG J, LIR, HUA N, HUANG L, ZHANG T. Ternary Fe-P-C
HE X C, TANG T, LIU FC, TANG N J, LI X Y, DU Y W. bulk metallic glass with good soft-magnetic and mechanical
Photochemical doping of graphene oxide thin film with nitrogen properties[J]. Scripta Mtaerialia, 2011, 65(6): 536—539.

for photoconductivity enhancement[J]. Carbon, 2015, 94: [29] ALDEN T H. Theory of plastic and viscous[J]. Metallurgical
1037-1043. Transactions, 1987, 18: 811-826.

M W, 5 9, AR LOF, #EE. Al-Zn-Cu R EIEAHEIK Cu [30] PI ] H, WANG Z Z, HE X C, BAI Y Q, ZHEN R.
X IHFFE[T]. 42)m2F AR, 2004, 40(8): 841-845. Nanoindentation ~ mechanical ~ properties ~ of  glassy
CHEN Hui, XIN Xin, REN Yu-ping, HAO Shi-ming. Phase CuyeZr3,TisAlsNijo[J]. Journal of Alloys and Compounds, 2016,
diagram of Al-Zn-Cu system in low copper side at room 657: 726-732.

Mechanics performances and mechanism of aluminum alloy
reinforced by graphene nanosheets

Z0U Gao-peng, HE Xian-cong, SUN Bin-zhou, ZHU Jian-bin, BAI Su-nan,
XU Yong-xiang, ZHANG Hui, YANG Shao-feng

(Jiangsu Key Laboratory of Advanced Structural Materials and Application Technology,
School of Material Science and Engineering, Nanjing Institute of Technology, Nanjing 211167, China)

Abstract: Graphene nanosheets (EG) were produced by electrochemical and ultrasonic method. Graphene aluminum
alloy composites were prepared via powder metallurgy method. Nano-hardness, elasticity modulus, room temperature
creep and tribological properties of the samples were investigated by using nano-indentation and friction wear testing
machine, respectively. The nano-hardness and elasticity modulus increase linearly with the increase of EG content. When
EG content is 0.20%, nano-hardness and elastic modulus of graphene aluminum alloy composite are 66% and 52% higher
than those of aluminum alloy, respectively. The average creep degree of the aluminum alloy composites with 0.2% EG in
holding stage is 54.56% of aluminum alloy, and the average creep rate of the aluminum alloy composites with 0.2% EG
in steady-stage is only 1/10 of that of aluminum alloy. The friction coefficients of graphene aluminum alloy composites
decrease with the increase of EG content. The nano-hardness and elasticity modulus of graphene aluminum alloy
composites are enhanced through grain refinement, high dislocation density and lattice distortion. The creep resistance
properties of graphene aluminum alloy composites are improved via EG pinning the movable dislocation. And the friction
properties are improved because of the self-lubricating properties of the EG.

Key words: aluminum alloy; graphene nanosheets; electrochemical method; nano-indentation; room temperature creep
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