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Examining the mechanical characteristics and microstructure of a cast Al-5Cu-
1Mg nanocomposite reinforced with graphene nanoplates

Abstract

Microstructure and mechanical properties of aluminum alloy Al-5Cu-1Mg /graphene nanoplate (GNPs) composites produced by ball milling
and stir casting have been investigated. First, to improve the wettability of graphene nanosheets with melt, a powder metallurgy step was
performed. Mechanical grinding was done on aluminum powder with graphene for 2 hours. Then this precursor was added to the melt. The
presence of dispersed GNPs with high specific surface area significantly.increases the strength of the.composites. The microstructural studies
of the alloy revealed that GNPs addition reduces the grain size, but adding higher GNPs content (1.wt% GNPs) does not change the grain size
considerably. Further investigations on tensile tests revealed that the addition of GNPs increases.ultimate tensile strength (UTS). At higher GNPs
contents, the presence of graphene agglomerate on grain boundaries was found to be the favored path for crack growth. The composite containing
0.5 vol.% GNPs exhibits tensile strength of 310 MPa.

Keywords: Metal matrix composites (MMCs); Mechanical properties, Microstructures; Powder processing.
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Fig. 2. (a) Cast iron mold and (b) tensile sample dimensions .
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Fig. 1. SEM micrographs of (a) and (b) powder morphology
of Al-25 wt% graphene nanoplatelets after 2 hours of milling.
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Fig. 3. Microstructures of refined specimens, with (a) 0.0%
GNPs, (b) 0.5% GNPs, (c) 1% GNPs.

<07 () GNP -+ 7 (Gl b conds ol (slo igas (sla lislofy, ¥ IS
GNP\ () GNP

55 Sl 58 o il ol i e o le el ST o ilars
AI2CU a5 ol g3y 058 12550 ] S8 o3l Judo & EDX LS
Gz 5yl Cllae sgmge e b oS cesl 03,5 U 1, Al 3 CU ,olis
30 o YL cdalé & e oo Fy (g TSy by a5 gl ele
A gy G 3ble

AIFSCU- psesll SLIT aiaj po 1) (31T Slmiosl jer O JSCa
s wes oo ol 315 Sig weys 0 g (S, JB s 1Mg
Sade g wileads a5 Al atwe 1o CBleSy jeb a4 Lo a5 oS oy gl
ol b s Il bl S deye V5l S 315 Slrae sl
LC-Y JSE) wes oo )y 35 Slxbogl pezs (815 Slxingil lade
b & IS Slmiogl iy oy ) b3S Sleiogl ganadys
@bl &S sl s 4 lge cnl Cosli wlie RPN B
ol = o8l Slriogl slgime (ol bl 81,5 Wimiogl lawss
Wigds go il ojlail rals el g oS oo Glxin |, @l le; o Dlxianssil
5o Aol Gl Eely 5 aiS so B iy S 5 Dlxiogl e
S0 5 G 1S Slriogli g e ;5 oS (alKin Nigd oo SujeelS L
b oo als dls ol mals 5l g eanw) gldl 4 wils glag e il
JHES ails e (Foiss sl bails o 55, 2 S Slriogil mezs
doy Vb aS cl ain ¥ 5l 0gd ge Sams plSouiul a0 g
S AESS s oo JSiS ) plbadeS Dlxiogl (S Slriesil S
Slge yol, 31T Wlriogl (Saigdh 5 (S oo obx! Jodss a5 glails ;e
A8 g u{f [y Sl el b g plSotial 5 aas oo (215 ars;

\



SV Sl @bl  Sslods poai b Gilhe 5 7 JSO wlol 52098 (e
815 slbasiogl iy pleslay yoris adsl sladises ;o 315 Dlxansil
Ogd e ails o e sl a laasls Sl yo

35 Sl 5l ayl iga5 51 Ve a5, LFESEM o
el oas ool lis £ S j0 A 40 S92 g0

SEM ‘MAG: 150% VEGAWTESCAN
-

WD: 21.48 mm
SEM HV: 15.00 kv Det: BSE Detector 200 pm
Date(m/diy): 08/01/16 Vac: Hivac RAZI u

T VEGAI TESCAN
>

RAZ| n

Fig. 5. SEM back-scattered images, showing the microstructures
of the Al-5Cu-1Mg alloy with: (a) 0.0 and (b) 0.5 wt% GNPs.
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Fig. 4. Microstructures and EDX analysis of AI2Cu (8 phase)
in unrefined specimens.
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Fig. 7. UTS and elongation values of the nanocomposite as a
function of GNPs amount.
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Fig. 6. SEM images of (a) Exfoliated GNPs, (b) Al-5Cu-1Mg-

0.5%GNP nanocomposite.

Al-5CU- Coj5alS 5l (0) o315 Dlaogil (i) SEM jy5las & IS
1Mg-0.5% GNP

SEMMAG: 300x  WD: 21.86 mm

100 pm

58 Sy 2 ] Y
am o ol |, ikt oo digas i plSoxiasl o it ¥ IS
O3S Slangl glecauScoed Ji9 duoye il b oains plSoul
Coglie aSilie el o o0l Gl ¥ IS 10 oS jplailen il co il
YV ogam 4 JSablSe TWVEYS 5l s wigas (UTS) Ll oiiS
5 ) Sl oyt e on T GNP 50538051 ey JICaiSs
ails ojlail mse5 g ojlil ( JSi &y Bawe AI-SCU-IMQ 5LIT (Jsbo obsl
b il by (pwo o 5o Sl G w5 S Jlsle 0-Al o
D o 2ol (gle igal S gl g A (sla US55l S
i bulyd jo Y6 Gl (pleiS )5 o 1) G815 Clhogil (Sg e )o
ooly lis CanSls zolaw jo 31 Clasgll 1SS o e o olis
b diges slaails o3lail Lrals Jds 4y Yleist g ol ol Jdo ail o
O slol) peo slajlh Sk b w4 e & Sl A 5l am



SEN NG 100 k

SEM =7 15,00 K
Oatadid 080116 wall
cpsleV
Spectra: 0.5 GNS-A o
304 Element Series  unn. C norm. C Atom. C
[we.-3]  [we.-3]
Carbon 57.37  48.50 83
Magnesium X series 2.00 1.69 a7
20 cu
. a & ; 49.80  31.00
c Ma Luminium seris: 58.91 9 00 cu
copper & series 0.02 0.01 0.00
Total: 118.3 %
10
1 Al |
T T T T T T
0 2 4 6 8 10
cpsleV
k: Spectra: 0.5 GNS-B
25+
Element Series  unn. C norm. C Atom. C
20] [we.-81 [we.-%] [fac.-4]
cu E carbon & series 2.92 2.74 €.31
15+ c Mg Magnesium X series 5.65 5.50 €.26
Aluminium K series  62.72  80.57  82.56
Copper K series  11.45  11.19 4.87
10
Total: 102.7 %
5]
T T T T T
0 2 4 6 10

Fig. 9. (a) SEM micrograph of the fractured Al-5Cu-1Mg-
0.5%GNP specimen and EDX of (b) GNPs and (c) Al-5Cu-1Mg
in fracture surface.
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Fig. 8. (@) SEM micrograph of the fractured Al-5Cu-1Mg-

0.5%GNP specimen.

Al-5CU-1IMQ-0.5% oS zlaws 5l SEM sl () A S

GNP



particulates developed by wet attrition milling and hot extrusion,
“ Mater Des, vol. 31, pp. 3880-4, (2010)..

[15] R. Derakhshandeh Haghighi, S. A. Jenabali Jahromi, A.
Moresedgh, “Tabandeh Khorshid M. A Comparison Between
ECAP and Conventional Extrusion for Consolidation of
Aluminum Metal Matrix Composite, “ Journal of Materials
Engineering and Performance, vol. 21, pp. 1885-92, (2012).
[16] J. Schiotz, F. D. Di Tolla, K. W. Jacobsen. “Softening of
nanocrystalline metals at very small grain sizes,” Nature, vol.
391, pp. 561-3, (1998).

[17] T. Varo, A. Canakci, “Synthesis and characterization of
nanocrystalline Al 2024-B4C composite powders by mechanical
alloying, “Philosophical Magazine Letters, vol. 93, pp. 339-45,
(2013).

[18] K.U. Kainer, “Basics of Metal Matrix Composites,” Wiley-
Vch Verlag Gmbh, (2006).

[19] LLA. lbrahim, F.A. Mohamed, E.J. Lavernia, “Particulate
reinforced metal matrix composites—a review,” J. Mater. Sci,

vol. 26, pp. 1137-1156, (1991).

[20] J.C. Lee, J.P. Ahn, “Control of the interface in SiC/Al
composites,” Scr. Mater, vol. 41, pp. 895-900, (1999).

[21] Y. Yang, J. Lan, X. Li, “Study on bulk aluminum matrix
nano-composite fabricated by ultrasonic dispersion of nano-
sized SiC particles in molten aluminum alloy,” Mater. Sci. Eng.
A, vol. 380, pp. 378-383, (2004).

[22] X. Li, Y. Yang, “Theoretical and experimental study on
ultrasonic dispersion of nanoparticles for strengthening cast
Aluminum Alloy A356 “ Metall. Sci. Technol, vol. 26, pp. 12=
20, (2008).

[23] A. Dorri-Moghadam, B. F. Schultz, J. Ferguson, E. Omrani,
P.K. Rohatgi, N. Gupta, “Functional Metal Matrix Composites:
Self-lubricating, Self-healing, and Nanocomposites-An Outlook,”
JOM, vol. 66, pp. 872-81, (2014).

[24] J. Wang, Z. Li, G. Fan, H. Pan, Z. Chen, D. Zhang,
“Reinforcement with graphene nanosheets in aluminum matrix
composites,” Scripta Mater, vol. 66, pp. 594-597, (2012).

[25] S.F. Bartolucci, J. Paras, M.A. Rafiee, J. Rafiee, S. Lee, D.
Kapoor, N. Koratkar, “Graphene/aluminum nanocomposites,”
Mater Sci Eng A, vol. 528 (27); pp.pp. 7933 - 7937,(2011).

[26] F.H. Latief, E.M. Sherif, “Effects of sintering temperature
and graphite addition on the mechanical properties.of aluminum,”
J Ind Eng Chem, "vol. 18 (6), pp. 2129= 2134, (2012).

[27]1 F.H. Latief, E.M._Sherifa, A.A. Almajid, H. Junaedi,
“Fabrication of exfoliated graphite. nanoplatelets-reinforced
aluminum composites and. evaluating their mechanical
properties and corrosion behavior,”d Anal Appl Pyrol, vol. 92,
pp.485-492, (2011).

[28] MD Stoller, SJ Park, YW Zhu,JH An, RS Ruoff, “Graphene-
based ultracapacitors,” Nano Lett, vol. 8 (10), pp. 3498-3502,
(2008).

[29] ASTM B108-03a. “Standard specification for aluminum-
alloy permanent mold castings,” Annual book of ASTM
standards 02.02; (2003).

[30] SN Omenyi, AW Neumann, “Thermodynamic aspects of
particle engulfment by solidifying melts,” Journal of Applied
Physics, vol. 47(9), pp. 3956-62, (1976).

[31] MK Surappa, PK Rohatgi, “Heat diffusivity criterion for the
entrapment of particles by a moving solid-liquid interface,” J
Mater Sci, vol.16(2), pp. 562-4, (1981).

[32] GF Bolling, J Cisse, “A theory for the interaction of particles
with a solidifying front,” Journal of Crystal Growth, vol. 10(1),
pp. 56-66, (1971).

[33] EM Agaliotis, MR Rosenberger, AE Ares, CE Schvezov,
“Influence of the Shape of the Particles in the Solidification of
Composite Materials,” Procedia Materials Science, vol. 1(0), pp.
58-63, (2012).

5hoolaiwl b 31,5 Gliogiliay b 5l s5le pylie 5 a-Al
bl oo S 5 Bl g sl el

B 3 e 4 35 Slriogl Gl 5 oy (Jb cnl b -F
el ls slo e )0 H31S Dloxhogls gors e (h9 w0
Pl ol nlplo 5SS (raw W (YRS ((Sauss
25 oo (Silie

&l -0
[1]1 M. Alipour, M.Emamy, “Effects of AI-5Ti-1B on the
structure and hardness of a super high strength aluminum alloy
produced by strain-induced melt activation process,” Materials
& Design, vol. 32, pp. 4485-4492, (2011).
[2] M. Alipour, B. G. Aghdam, H. E. Rahnoma, M. Emamy,
“Investigation of the effect of Al-5Ti-1B, grain refiner on dry
sliding wear behavior of an Al-Zn-Mg-Cucalloy formed by
strain-induced melt activation,” Materials & Design, vol. 46,
pp.766-775, (2013).
[3] M. Alipour, M. Azarbarmas, F.-Heydari, M. Alidoost, M,
Emamy, “The:effect of Al-8B grain refiner and heat treatment
conditions on the microstructure, mechanical properties and dry
sliding wear behavior of an Al-12Zn-3Mg-2.5Cu aluminum
alloy,” Materials & Design, vol. 38, pp. 64-73, (2012).
[4] A. Haghparast, M. Nourimotlagh, M. Alipour, “Effect of the
strain-induced melt activation (SIMA) process on the tensile
properties of‘a new developed super high strength aluminum
alloy modified. by AI5TilB grain refiner,” Materials
Characterization, vol. 71, pp. 6-18, (2012).
[5] S. S. Mirjavadi, M. Alipour, A.M.S. Hamouda, M. K.
Besharati Givi,.-M. Emamy, “Investigation of the effect of Al-8B
master alloy and strain=induced melt activation process on dry
sliding wear behavior of an Al-Zn-Mg-Cu alloy,” Materials &
Design, vol. 53, pp. 308-316, (2014).
[6] M. Alipour, M. Emamy, S.H. Seyed Ebrahimi, M.
Azarbarmas, M. Karamouz, J. Rassizadehghani " Effects of pre-
deformation and heat treatment conditions in the SIMA process
on properties of an Al-Zn-Mg-Cu alloy modified by Al-8B
grain refiner " Mater. Sci. Eng. A, vol. 528, pp. 4482-4490,
(2011).
[71 C.A. Smith, A.B. Pandey, “Metals Handbook: Composite
Materials”, ASM,Ohio, vol. 21 (2001).
[8] S. Rawal, “Metal-matrix composites for space applications,”
JOM, vol. 53, pp. 14-17, (2001).
[9] S. Suresh, A. Mortensen, A. Needleman, “Fundamentals of
Metal Matrix Composites, « Butterworth-Heinemann, Oxford,
(1993).
[10] N. Chawla, K.K. Chawla, “Metal Matrix Composites,”
Springer Science, Berlin,(2006).
[11] X. Yibin, T. Yoshita, "Thermal Conductivity of SiC Fine
Particles Reinforced Al Alloy matrix Composite with Dispersed
Particle Size", Journal of Applied Physics, Vol. 95, pp. 722-726,
(2004).
[12] C. Borgonovo, D. Apelian, "Manufacture of Aluminum
Nanocomposites: A Critical Review", Materials Science Forum,
Vol. 678, pp. 1-22, (2011).
[13] L.M. Tham, M. Gupta, L. Cheng, “Effect of limited matrix—
reinforcement interfacial reaction on enhancing the mechanical
properties of aluminium-silicon carbide composites “, Acta
Mater, vol. 49, pp. 3243-3253, (2001).
[14] M. Tabandeh Khorshid, S. A. Jenabali Jahromi, M. M.
Moshksar, “Mechanical properties of tri-modal Al matrix
composites reinforced by nano- and submicron-sized Al203


https://scholar.google.ca/citations?view_op=view_citation&hl=th&user=PGzgTLoAAAAJ&citation_for_view=PGzgTLoAAAAJ:JLWRInN_eHMC
https://scholar.google.ca/citations?view_op=view_citation&hl=th&user=PGzgTLoAAAAJ&citation_for_view=PGzgTLoAAAAJ:JLWRInN_eHMC
https://scholar.google.ca/citations?view_op=view_citation&hl=th&user=PGzgTLoAAAAJ&citation_for_view=PGzgTLoAAAAJ:JLWRInN_eHMC
https://link.springer.com/article/10.1007/BF00544448
https://link.springer.com/article/10.1007/BF00544448

[34] MA Khan, PK Rohatgi, “A numerical study of thermal
interaction of solidification fronts with spherical particles during
solidification of metal-matrix composite materials,” Composites
Engineering, vol. 3(10), pp. 995-1006, (1993).

[35] MK Surappa, PK Rohatgi, “Preparation and properties of
cast aluminium-ceramic particle composites,” J Mater Sci.
1981;16(4):983-93, (1993).

[36] C Faugeras, B Faugeras, M Orlita, M Potemski, RR Nair,
AK Geim, “Thermal Conductivity of Graphene in Corbino
Membrane Geometry,” ACS Nano, vol. 4(4), pp. 1889-92, (2010).
[37] RP Joshi, PG Neudeck, C Fazi, “Analysis of the temperature
dependent thermal conductivity of silicon carbide for high
temperature applications,” Journal of Applied Physics, vol.88(1),
pp. 265-9, (2000).

[38] S Tabandeh Khorshid, A. Jenabali Jahromi, M.M. Moshksar,
“Mechanical properties of tri-Modal Al matrix composites
reinforced by nano and submicron-sized ‘Al203 particulates
developed by wet attrition milling and.hot extrusion, “ Shiraz,
Iran, pp. 1-16, (2010).

[39] A. Mazahery, H. Adbizadeha; H.R. Baharvandi,
“Development of high-performance A356/" nano- Al203
composites,” Materials Science and Engineering A, vol. 518,
pp. 61-64, (2009).

[40] S. Mula, P. Padhi, S.C. Panigrahi, S.K. Pabi, S. Ghosh,
“On structure ‘and mechanical properties of ultrasonically
cast Al-2% Al203.. Nanocomposites,” Materials Research
Bulletin, vol. 44, pp. 1154-1160, (2009).

[41] KisDo Woo, H. Bom Lee, “Fabrication of Al alloy
matrix composite reinforced with subsive-sized AI203
particles by the in situ displacement reaction using high-energy
ball-milled powder,” Materials Science and Engineering A, vol.
449-451, pp. 829-832, (2007).



