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Molecular Dynamics Simulation of the Nanoindentation of Carbon Nanotubes and
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Abstract: Carbon nanotubes (CNTs) and graphene (Gr), which represent one- and two-dimensional carbon nanomaterials,
respectively, are two commonly used reinforcing materials in metal matrix composites (MMCs). In this study, molecular
dynamics simulations of the nanoindentation behavior of CNT- and Gr-reinforced aluminium (Al) matrix composites (i.e.,
CNT/Al and Gr/Al) with the same structures were performed to study the compressive strengthening effect and indentation
deformation behavior of CNTs and Gr on aluminium matrix composites. The simulation results show that the plastic
deformation of Gr/Al during nanoindentation is significantly smaller than that of CNT/Al, whereas CNT/Al exhibits CNT
dents when the indentation depth is larger. The hindering effect of Gr on dislocations is significantly better than that of
CNTs, and the proportion of immovable dislocations in Gr/Al increases with increasing indentation depth, which can
further improve the dislocation strengthening effect. As a result, the combined compressive properties and the ability to
hinder large deformation of the matrix of Gr/Al are superior to those of CNT/AL

Key words: carbon nanotubes; graphene; aluminium matrix composites; molecular dynamics simulations; nanoindentation

o [ %01

Bk 4 K 4% (carbon nanotube, CNT) I £1 £ (grap-
hene, Gr) A BRI 19 25 14 FAL S5 9 ALK LG22 M
SEVERET AZ BN )2 QU Bh o 2 AR R 1 B A PR
BT Gr J& —Fh B il S5 LA sp? 2840 B0 2 B 7S
U 65 A 25 K0 1 — e K BRHE . ONT 24

75 B #3:2024-10-08

S5k Gr AL, S i Gr [ 8 v o0 il 4% — a2 I8UE £
A TR — 4E 9 KR RS, SR AEE  CNT Fl Gr P
Fiv g R e 4 B Sy B i b R 12 T 4 8 B
4 ¥ #} (metal matrix composites, MMCs) 4 7 £ 71,

TR AR AR IR A M #H (aluminium matrix composites,

EE&TH: HZK A KRFF: I 4:(52071269, 52471163, U2067217) ;) 78 & A WF & 11 % (AB23026138)
{EE B Ao 67 5141, 2000 4 2R A5 - A T 58 07 1] Db e 44 oK A8 R A 88 06 18 B R A2 5 B ORL Y 0 T 8l g 2 AR L

Email: shuqiaonan@mail.nwpu.edu.cn

BEIREE:BR %, 1987 428 14 B whos iy il o A 4 K & #8E Email: chen@nwpu.edu.cn; biao.chen521@gmail.com
S| A7y, BTIRAR W 4R G L, BR IR, B A R R SR 0 B R AR R A S b RL 9 oK S IR 3 1 8l ) S BN T]. B R 2024,

45(12): 1117-1124.

SHUQN,JIAZD,CAOL,LIJS, CHEN B. Molecular dynamics simulation of the nanoindentation of carbon nanotubes and graphene-

reinforced aluminium matrix composites[J]. Foundry Technology, 2024, 45(12): 1117-1124.

https://www.cnki.net



o [ %01

<1118-

FOUNDRY TECHNOLOGY

Vol.45 No.12
Dec.2024

AMCs)H, 5 1% 5t b & JURi A e ,CNT F1 Gr HLA 5
PR R S AL RICR T DAAEAR KRS I 42 i AR )
PR REIC

KA LB M A R W] CNT F1 Gr #B g !
U AMCs (1 124 AR . SR T T 3200 il & B R
FINZH K FAF 47 A A BRI B 40 K 4 BHAE 43 Sk A
P B BB AL I A R 2 B, WA KA 43 A T
B IEERT AR 22 Re A ARG MR, ARE i 52
B R 5E I 5 A IR A] 5373 )% (molecular
dynamics, MD) B 5 22058 &2 22 90K M RL R G e
BRIk z —M AR A K EHRIE R ] MD
B 77 2T 28 CNT FI Gr #4558 42 @ 2 & MR/
PR Silvestre %°ER F MD J7 58 T CNT/Al
46 M BE , 5 40 AL AH L, B FORE & 18 i 2 50%
M7 JeE JIR N7 7 i1 et R 17 72 8 B A 38, 3% & i T CNT
14 Jr e ot 5 BB 9N K -8 B S MR B AL
Zhu U9 H] MD 7 i X5 40k 2 AR 4544 19 Gr/Al 1
157 46 925 WF 58 & B Gr 2 BRI 48 O W 2, S
A AR BRI, Lei USRI Gr IR
JEo AL SRR ER ARG N2y 5.36 1%, IR T
Al FEARTE YK IR o FE P B AR JE AT A ., Peng U
FK T HA Gr RZ N4 R 90K R EHEAIE 5
AR AT EE B ORI 3 2 Gr 132 I L2 for 43 1 42
T 114% .204%H1 344%, {HJE H [ 4 T 254 — 2
PEIY CNT #1 Gr 4 42 @ 5652 & b Rk 8 5% i 1)
U AT A oK DL 4

AR H 3§30 127 7 R A BR  CNT/AL Al

Gr/Al 47 T AR 00 T Mg ok HORAL, 75 2] T 44
B BT - IR TR B M £, 434 77 CNT 1 Gr XJ 57
SG A MBI PR RE A 4R FHE T . 38 2k 55 D) N AR A3
i, AR R F RIS 3 A7l , T
CNT F1 Gr XA 352 G b R0k R S8 AR T2 AT
MISEI , H5 o 25 B AR B A A Ak FR BB R T A
F 5 CNT Al Gr FIAH EAEH .

1 &WFIE

FEARWEFE R FH LAMMPS!VR 24 38 17 40 K K
JEAL, R T A ) ATOMSK ™1 LAMMPS #4F
e r)Ae gl AL N R 1 TR, AlER B 90 oK R I A5 A
WK 1a fr s ,CNT/AL Al Gr/Al & & FF RS AL 5]
1b Fl ¢ fir7R . Al SR S AR B R -[112],y-[110],2-
[111], Bk iR R ~F 2k 158.7 Ax147.3 Ax150.3 A, 3k
5 213 696 PR, A T PRIEGNK IR Bl 72
R R S5 A AR P SRR e 3 A AL R, 43 ) 2 T
S JZ R 0 AR 2R RLZ TR R 4 )
NTRI0A, R NERATES, K4k 30 A1
Al HEARE T 15 A, CNT #l Gr 76 Al B 44 Py 3 7] —
AL E AL B AL B e 30 AL 1b Al e
) CNT # Gr &5k 4350 E 1d F e Bz R T 4R-IE
BERLET ] CNT F1 Gr A v X Ho ke, W5 T 7 1n)
BB A

JEC - [0 R LA PR 44 o 45010 o Al e e B 52 40 1 B0
FIE RS A P R BB N R 2 — AR,
&JE Al FEAR T AL-ALEF R R EBCHEAMZ 2 CNT

B 1 4K IR BLR 7B (a) Al; (b) CNT/AL (¢) Gr/Al; (d) CNT; (e) Gr
Fig.1 Atomic models used for nanoindentation simulations: (a) Al; (b) CNT/AL (c) Gr/Al; (d) CNT; (e) Gr

https://www.cnki.net



o [ %01

CHIER A N12/2024

FILE,F BARENGERILRAEESMBARERS T HFEM

«1119-

I Gr 25K th i) C-C Jit - [1] #4 e % AIREBO™,
CNT F1 Gr 5 Al F:ARZ 11 Al-C J5 5[] 2ok £
Morse™!, & NIlA 53k 5 Al &R Z [ A9 C-Al JRF11]
VE SR ECN LIRS 4 WA R Sk Ji7 - 8] AH AR
T8k 2, X T AN A R R £ X
BEAL B AT LA R R

FESEAT AR IR, R RSO BT
Hy I 1) b Ry JE I 3 R 4% 0 2 ) oAy I 0 B
Ak, W SRR, R R R R R
300 K, A2 d R R ik, 45T 2O o R bR
B AW AT IR EE B IE . KR 0.001 ps, REZRH
NVE, ith #0514 500 ps., 785 BG4 K IR i # A
Ji sk TR EE N 0.1 Alps, JE AT R N 30 A, #l
FH 3K 000 32 0 1S dofmr | D0 8] 2y 20 ps, B S
Fesk b Ry, BEAUZE SRR A T OVITORY4K
PRSI AL, A s 7 AR 2V A 5 U Ry AR | ki
B8 3 BT B0 ) I AR 5 A LA B A Al i B 9 Y
P A8 £ R AR B s

2 ZWHRKITIR

21 WARERFZEGT-ERREMLZE
4l A1LCNT/AL Fll Gr/Al 52 4 #1 BH 98 K IR B
P B b fr 5 IR IR O R ANE 2 iR,
LR 2 Ty, B L N SRR I B B AR
i 5 2 M P O R TR 42 e ) 3L o 17 2R fer R
FIRRE h LR A .
F:?TE*Rl/zhs/z (1)

Ao Ex O A g AR TR Sk 248 R=3 nm, E* 1]
DS EUN N g - KX
pete @)
l-v,
A E, L AR L, AEER IR AL L
v=0.33, TI5E 15 5] Gr/Al .CNT/Al Fil Al i3 PEEL =

Pl 2 ALLCNT/AL Fl Gr/Al 55 BARE B 4800 — R IR 4% 132 1 2
Fig. 2 Load-indentation depth curves of the pure Al, CNT/Al
and Gr/Al composites
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Fig.3 Snapshots of atomic shear strain cross sections at indentation depths of 5, 10, 20 and 30 A: (al~a5) Al; (b1~b5) CNT/AL;
(c1~c5) Gr/Al
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Fig.4 Snapshot of atomic displacement vector cross sections at 10, 20 and 30 A indentation depths: (al~a3) Al; (b1~b3) CNT/AL;
(c1~c3) Gr/Al
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Fig.5 Atomic morphology and atomic shear strain at an indentation depth of 30 A: (a) top-view and front-view atomic morphology and
shear strain of CNT; (b) atomic cross-sectional morphology of CNT/Al; (c) top-view and front-view atomic morphology and shear
strain of Gr; (d) atomic cross-sectional morphology of Gr/Al
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Fig.7 Representative snapshots of dislocations and defect structures at indentation depths of 5, 10, 20 and 30 A: (al~a4) Al;

(b1~b4) CNT/Al; (c1~c4) Gr/Al (atoms are colored according to the calculated CNA, only HCP atoms are shown in the figure;

other atoms are not shown)
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