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B OB BARENGE 1060 WA, 8 e BE RS R (RFE) 75 12 52 A 88 1) J5UAr 340 8 1 1) 4% SRR s 2 2
GEMEL, WA TR BEREAALNEL . SEMBKREAN S A, SREY, ASE RFE RMMERIERT
S B SR R, A8 AR B 8 KR 5~12 R0 SRS, AN SR A R A RS B B B ANAK . KA R R S
R P A KR (1A R W R TR YR, A B R BRI R R A R B R BT, LU LRSS & S A R
BT (KA AT A% B A N #RAR £  F Hall-Petch 384k, VRN S840 MRIK) 7 58 W T8, K5 B A IR B8 5
8 0.82%FF, B A PRl AR R E AR A SR B IA B 76.4 F1 163.2 MPa, A4 1F RFE MIZEESHRE T 91%A
71.4%, BT 84 I sk i, BRI A RTRE I S 53R B BB BT R R, (B RIA R 25.3%, AR IISRBIERL S
KR ORI R AR, B EEEER: A, RARE, J1tae

FE%E4ES: TB333 XHERFRIRAD: A

TEHS: 1002-185X(2022)11-4289-08

AR A R sp” R T DA B B A P R I — 4
YUK MR, AR m R REBLE A D) R A,
SR FHEMMEESE, FARGEAIESES
oA B R IE bR T M R R (R B A AR
Thie A o>, SR AR S
A TN R R . & A SRR R R
B AR IR 32 T A R G ] A G R R A I e L A
I AE 2 AE 55 JE v 7 43 43 DL R nAeT 1Y 5 SR A S R
B E. TEK, B0 XL E EE g s
HORE TS A R 2 1R VR 2 ) A T iR
Horp, K¥AM:AR . (severe plastic deformation, SPD)
VB — i 8 25 00 8 2 R, A8 43 B 38 0 14 () I
X JE A 4 e R B SR A A AR T A R T 2 A AR
YRR PR L DR AS B EOR R 2 1) ¢ . Huang
2 UL R B 5% M 4 B8 0 40 K (graphene
nanoplates, GNPs) 5 838 ¥ 20 1R & )5 I 0F, BRI H &
FEHLEE T m & EMR, TR RN, &k HE% e
ARSI A R/ E, £ 25 CT4 20 Bl &L
5 BRSO RSE RN B2 70 nm, EEMEHER
W 42 T+ 77 2 P RE ) (R B L H 5 Ze A BT 3 0 . Tiwari
SO BRI AR B AR b, SRR AT S
AT BB EL, A SEINR RS ECN 0.1%6, £

s HEA: 2022-02-23

10 18 R B2 AR B 5L 1) 2 & AR E M 5 B R0 B 4 5 B oy
AR IR T 20 26%A1 14%.

WAL R, DIREA A 24 5 kY SPD
fil &R, BT AIMIER, ASEa g REN
o B IO A S T A R T R AR RGP BE . Dixit 2517
WA= 5ENRE FHESEER Y, Bt 8
IR H BE £ 0 T (friction stir processing, FSP), i 5&
FIB ALY 6 nm 14 2205, & PORHY 1% B 15
FIORMEER . Wu P ERE A8 (1%) 5 6063
BHEEShAR. RPREGEMEEHITRRSE, MEH
JETE IR 4 5 A S R RO Y 10~15 E A &
W, RASH 3 EIRN S EMEEREE . Pidiss
FEAI M S B LB AR A 3R A T4 17.4%. 15.5% A1
11.1%. Liu 2030 83 % 2024 474 &R0 T
TN EAT 4 TEIR FSP. WFFURIL, HEMEHFAEER
TEFHEMAE (>50 ) 5HBHK (<10 2) , &
I 5%F 58 5 2 A M ORI S s B A B 3 R L B
PR T 15%A01 13%.

i B JBE 52 5% [ (rotational friction extrusion, RFE)
JETE FSP Bfilf bk J e ok () — F &2 6 A Rl £ 7 7%
HFIR: FFREAMEHEEJIEH T 5 mr i i 1 BE
P S B ik e = A R R, A AR B R R AR R B AR T

LT H: HRERBIEEIES (52065047) ; 11T EHREBIZEFE S (20202BABL204003 ) 5 B E i 45 K S0 70 A4 B8 4 T3k 4x (Y C2020-028)
TEEEN: & &, 5, 1996 F4, WA, MEMT KRS, L A 330063, E-mail: jianc923@163.com
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WS 2 RE, RAHBEOFHAAEAME.
RFE 47k 1 FSP A AR 34 H 5 ik 7 FSP /i 2 & 1
W), AR 1O TR AT R B, AR T A
BRI AHE 7T LA A SR JEURL, i RFE {2t
A1 28 ) A S 0 TR S ) 2% 0 BRI B SR AR R T A MR
F %% RFE 56 N A S 25 AR L IR 8800 5264
B 2540 5 7 2 VE e 1) o

1 % I

SIS SR FH (2 A B kA Tk 445 1060 HUHA,
S 110 mmx14 mmx5 mm; £ 52 RSN 5 & G 9N
KB A R A 7 4 1 8% A A7 55 (graphite flakes,
GFs), H P24 44 pm, EFE 1~3 um, ZifE=>
99.99%. f1 2R JE R SEM A 1 Fis.

Kl 2 4 RFE il % 5 &M B 7R 2 B RSS2 .
B A SR 1060 AR i T 5 FLIF sk, A 5
AR 5 A& IFFLIERIZE 2 iR 22 RRARRE S
MEL: X A& RHE B 6110 RFE W& LT85
JEE Y SR E 345 t/min, FFE#EZE 0.28 mm/min,
HEHO B 06 mm, WHAGEE 150 C. AR &M
o e S o 0@ ik 4 ) FL AR sRAL R BE R R, R
LECO CS844 Ryt 7 A kar il 52 & A4 R ik 75 5 DA
RIEA BRI E.

R 7 AU, ST B S 3 K S
H5% (SEM, FEI QUANTA-200 &) M 8L 408k,
FIFH B O R 2 4 (LabRAM HR A1) RAEA
B, YRGIES HE (TEM, Talos F200X
D WA BFE G A ERAN AL, &
T B ATH 0 H11X (EBSD, HKL Max %) FALHE
A R 2H S AR s W BE R D7 A1 0 /N B AR &3 mm (1) W44
AR AE, FIH WDW-50Y B H 7 5 BE il IR HLE =
T P REAT R SRS, B HE 2 0.12 mm/s.

i~
-

; 100 pm

Bl 1 SRR SEM JES
Fig.1 SEM morphology of raw GFs

Friction tool a

Press plate

Base plate

Preheating device

Composites

K2 RFE fil % £ &M EURE B S5 SEH

Fig.2  Schematic representation of RFE (a) and image of

composites (b)

2 HREDR

2.1 REEWIET

Bl 3 B NANEA SRS S 5B SEM JE
. WE 3 RATLURIL, 43t RFE J5 R RAF, A3k
7370 B BB B F B Mk, RFE B AR Y K 28 1 AR FE AR
A7 SRR BRI i, R A SRR 1.15%8 4
KD E M EE; IWE 3b, 3c B FH], AR
JRRLZ) 44 pm [ 542, 2 RFE I S HR R S5 A
BRIV, R RFE W FEX A 526 1R KBREAEH

Kl 4 BTon o A s R A S50 0.82% 5 & 4 Kl
MIHL 2 6T o BRI 47 2 1 P p 5 R A0 0 2
45 DIE (41350cm™) G I (£ 1580 cm™) . D’
g (291620 cm™) 12D & (452700 cm™) 2. D I
5 GUETH R (Ip/lg) % FH T YRR B4 R Sk
M. A SRR In/lg N 0.56, E &M EHE & E
3.12, Uil RFE A 8854 KEEE. &8 B
PRI 1620 cm™ BT 1) D5 i F SR R A0 e ey 2 A
BT HLA A R RO N B 3N, G U R A IR 5
D' E . AL, X 1600 cm™ B S ¥ EET 2 18
WL, WE 4b. 4c Fin. H4E Eckmann 26U HF 5T,
sp> BB In/ly 2978 13 A SLERFEAE 7 BT, Tl %
BRRE In/ly 5/, 7€ 3.5 LT, A 82 JEORHE In/ly 4 6.25
(B 4b) , FBUNEALERGE, MEAGMEN /iy N
1.49 (Bl 4c) , BEZ NN, XiFE—PKY RFE
SIA SRR IR, &5 R AR KR IR SR e A SR L
G Y A A RN R . 2D IS G OgERR B L
(Lp/le) R TATHA =R ZERE, WES R
FEiE. BRI SEME Lo/l N 1.66,
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K3 AEASFNES &M ER SEM B
Fig.3 SEM morphologies of composites with GFs addition of 0% (a),
0.53% (b) and 1.15% (c)

HHECA S 5B Lo/l 0.92 A W15, R WIFE RFE
MR A B R E TR KRR R .

Kl 5 2o T EEME A SR IR EIEN . H
, Kl 5a. 5b NEAMEHN TEM 14, B Sc~5f NH
HRTEM 4. ME 5 ol g2, MbamER, 546
MR ABEKERENRE. EE6MEY, fF/EKR
& 5~12 JZA VR A SR (B 5e. 5d)
WM IS A 5 R A 0 B v A A A SR A A B B T
GRS B RS ARG K (B 5h)
R4 HRTEM BT LLRIL, A s=90K R s
—I 3-8 EH A B, X SIS BRI A
BYUKAF HFESHEY 90077 A R E M (K
5d) , X —ILRAERIF FSP R85 55 ] £ A1 58 4 1 5k
R AR P W 22 2P, AT HENL, RFE Al FSP
AR A AN T YRR ER, WEREEA
SR BRI, 45 R0 OB ) SR, RS B
N340 A B 25 A 5

GFs a
Composites

Lp/lg In/lg

Raw GFs  0.92 0.56
Composites 1.66 3.12
N

Intensity/a.u.

)
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1 1
_._—L_....AL J\_
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g
2
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4
D
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Fitted data
=
g
2
7]
5
2 In/Ip=1.49

D

1550 1600 1650
Raman Shift/cm™

K4 AR S EE e 20
Fig.4 Raman spectra (a), peak fitting results of G peak and
D' peak for raw GFs (b) and composites (c)

2.2 ERALDWEST

K6 M 7 23 5l f& A s8I0 0% (FEAA) F110.82%
R EMER) EBSD 458 . KAUT FSP L2, RFE HI#A
JINE F RS AR R IR I AR T, kAR B 24 T3 45 il 1T T ik
/NP RS RS, HAPERRLR S 11.16 pm;
N0 0.82% A7 58 Ji V- 24 Stk R SFAUN 1.35 pm, A kifg
FgE— S H R g; K 6 A 7 Fik ] E R, W
A1 58 Ji KA B i A (high angle grain boundaries, HAGBs)
MEMEZ, /NAEEf T (low angle grain boundaries, LAGBs)
AR o BTNy, RS B ) S ) H AR AR TR
AR 12 B 2 R B A B RSE L, A FE AR 3
S GER ISR, KRR Rk F,
T8 i P AR ) KA B SR M T A A S /N A B
KA B & 5 e A9 364
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Xfoliated GFs

K5 SEMETHERER TEM il HRTEM 73 #7
Fig.5 Exfoliated GFs with different layers in composites showed
by TEM and HRTEM: (a, b) TEM images, (c) and (d)
enlarged views of the red box in Fig.5a and Fig.5b, (e) and
(f) enlarged views of the blue box in Fig.5a and Fig.5b

2.3 RELEH

Bl 8 B NE G MBS R RAE. B 8a 4
TEM W31%, 4234 RFE {E A 5806 /7 42/ T 200 nm,
7 BRESE AR P OF SRR IR . T A AR

S, KA HRTEM X H A 47 gz . Wik 8b
B, R4 S0 5 B AR T A7 76 B R AT 8, i
RUR P B U I X 30 2 5 S A I R %%
FIK B REAKI ALC, M, RUIRA TR A
SN 43HTiNA, RFE WSR2 T A SR OBEE KR
WGRIE, DGR C IR F AR KIEESR 5 n k7 )
oS Rk — e R R A U R B D B ALC,
SN o TX P ST TR AR B AR R e Ak B] g ST 1 — A
SR/ P S IV E R A TIC A < IR R T i
RSN

2.4 HAFEMee5EENE

Bl 9 BT/ AN TR A 2 0 0 o B 52 6 A ) 1) i R 7
iz, M 9 AT LLE 2], WA =5 5 A MR
7725 A KR P 4 1 S A T P A . &0 RFE 1)
FEAR e o B2 AR T 43 70 9 40 F1 95.2 MPa, &
RN 46%; HIIN 0.53%f 5, HAMEHNE IRoE
JEE AR 5 4 A B F] 72.2 A1 142.1 MPa, MR
REAHZEN 26.9%; HE—BHINAE£E] 0.82%K, B4
ORI AR 5E B ORT BT BL 9 B 4 B IA B 76.4 AN
163.2 MPa, AHELEEAR 3525 T 91%A1 71.4%, UL
AP AE A 2208 A TR, (HIREFTE 25.3%, £H
MBI R B B R A P 4kEnf 5
B 1.15%KF, A MR JE IR SR A BTt e, ik F
84.4 MPa, {HFTHi 38 [EK 2 153.7 MPa H 3E i 24
N 13.6%

Bl 10 Fros N E &M B D50, K 10 AT,
oA SRS N R, 2GR Rk e B 2R ) i
LA M 0.53% 47 55 1 5 & PR BT 2L A B S 1)
G, WRMHBEIW K=Y E, RIPIMER
FRAE (& 10a) 5 BN 0.82% 41 SR, B &4k 24 i
WIE RN o R E I RN (B 10b) 5 i
1.15% A7 SR INF, 526G Rk DU B 58 3 0L D i 1 DB SR8 R A
Jr 8 A B T L0 A B > (] 10e) o« X5 E 9

Misorientation Angle/(°)

60 = 14 S
Fraction of LAGBs=20.38% 12| g Mean grain size=I1.16 um
Fraction of HAGBs=24.48% <10
I X 404 i I
= 5
o =1 8t
= 20 = 4l
| LI |
0 0 L
0 10 20 30 40 50 60 0 5 10 15 20 25

Grain Size/pm

Kl 6 RFE #:44#) EBSD &5 4
Fig.6 EBSD results of RFEed Al matrix: (a) EBSD map, (b) misorientation angle, and (c) grain size distribution
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12

b c

12 10
R Fraction of LAGBs=13.91% * 8l L
< g|] Fraction of HAGBs=73.68% > Mean grain size=1.35 um
5] = 6]
.: ds)
2 g 4
— 4 &=

21
0 oL
0 10 20 30 40 50 60 0 1 2 3 4 5

Misorientation Angle/(°) Grain Size/um

K7 30 0.82% K &4 KL EBSD 455R
Fig.7 EBSD results of composites with GFs addition of 0.82%: (a) EBSD map, (b) misorientation angle, and (c) grain size distribution

(220)AL:
(111)Al
(11D)A

10 1/nm [110]

Kl 8 A MBS IRHE R TEM F1 HRTEM 14 % FFT
Fig.8 Interface characteristics of composites and corresponding FFT patterns recorded in ao, a;, a; and as: (a) TEM image, (b) HRTEM
image of interface
MIS5 RARFT, RIS E K 52 e 2 A AR R
TEEL SEAH RN

160 11 X EE T ASE SCHR[3,6,16-2718 N A7 52 44 DL 4l
FORHARS &AM BRI T R M. R

§12° i BLF AR5
E %0 chca_;‘“xloo% (1)
0 KA oo R ow 40 B0 5 A b BRI T 1 B0 3

% 1o 20 30 40 50 B (MPa).

Strain/% M 11 Faf A 2, A8 b 45 i (casting process) Fl
KA 4 (powder metallurgy)&s /7%, SPD # &I E &4
B9 A BRI AR R A5 4 BH B e A PTRL9R SEFR TH 38 AR 707 58 R A7 3¢ 2 3K

Fig.9  Tensile true stress-strain curves of composites with 19 10 £ MR 588 B2 i T 3208 3 sl il DA 84
different GFs additions I GaE IS SPD 5 v & R A AR
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Obligue Brittle
fracture fracture I mm
3= h !
Graphene .. ?hcn? .\.\ \\
\ N
1 i) N \
2 pm'
K10 AFA SRR I 2 2 50 RHK W D TR 3
Fig.10 Fracture morphologies of composites with GFs addition of 0.53% (a), 0.82% (b), 1.15% (c)
AGorowan P H Orowan-Ashby 24 R+
: : SPD * Thiss{[';]d Y
.80} e 1 ® Zhang 2
> | agl v 0.4MGb \/; a
S 5 7 e *I N B.ism[ZSI Ao-()rowan = ln( ) (4)
5 60 48 i r . E{:; n(l-v)L b
b sl g
® yul'd
g 40 . : T ° \S(rivaslava['x] = g( T (5)
! 4 Tiwari®! V \’
% 'Q 'i r : . Liao[“’] 3 4Vf
520 v ° »  Zheng!'"! N Vo
2T e s MR v 5 BN 0 77 8 R B T AT
2 ! JRAEL, 22 BIE 3.06 A1 0.331%; G A b 22BN FE A AE

00 0.5 10 1,5 2.0 2.5 3.0 35
Graphene & Graphite Content, @/%

P11 78N SR 0 B0 S00) 52 6 A4 BHTURL 5 B2 52 T 32 1 L AR
Fig.11 Increment rate of ultimate tensile strength (UTS) in the

current research and other published literatures

— AN, EERE A M RHE LA Hall-Petch.
Orowan. A& AN SR Ak . 38 5 AR X & A R
PR B B ST BRE Aoy 7T IE AP,

Aoy = A0y, +ACq g T AO 1 + ATy 2

Hall-Petch i 16 X 52 & #4442 9 o2 ik M
Aoyp P
- (€))
Aoy, =k, (\/7 \/—
s de M d 53 538 S A PRI AR 1 32 bR T
ky 4 Hall-Petch 40, ST445HUH 0.04 MPa-m'? %,
Orowan 5 1 % &2 & # K} i i 52 5 1) o7 #ik 18

IR A% N BT )4 R Burgers 2K &, 43 A HX 26 GPa
F10.286 nm"";  d, 3 5 HH 25 R RLF B A% (nm);
L A3E s Al A BE (nm); Ve 38 SR AR AR AR 73 H (vol %) «

A2, bEiR Orowan K F 2 fEAR B #AH 4047 T
i fL N BRI B, SEbRid Orowan 54K 11 5 AH A AR
o Vorowan H IJ_‘T—‘%B%[SI]:

I@mzmh%éﬂdy% (6)
Orowan = 05dc < 2d0 (7)

SR FE S8 L 52 2 b1 R BRI TR Aoy
AT B O

Ao, = O'V(l——)+0'm Vi 1> 1 (8)

Ao, = O'TVf(;—})+ oV, I.>1 9

I = o A (10)
St

m
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K o o, 20 ) AR R 55 AH 19 8 IR 58 B (M Pa) »
o B30 GPa™, 1 A7 SBUG 1F 35 K 4% (nm), 1o A B
Wl PR (nm), 4 AT BRI A RS BT A (nm®), S
NI AR TR (nm?), 7, A3 (BT U1 i AR o
JE(~0.501)

Z T A0 5 s AE 6 2 A M R IR RE T DT ek 1E
Accre, BT RFE WX ASBMBEIER, HA &N
AR G, 38 3 AH 5 B 1A B2 K 3R B0 S 5 B0 A
B 5 T R st R Y, PR AR A
B S ERA T R P AE, TR .

DAAT S50 0.82% BB AR AR, 256 FiRsmi Lz
TR R A ARE RS FE o, FITTHRWE 12 fis. 15
I, SESRAR )2 B L A AR R FE 43 AIEX 2.28 g/em’s 200 nm
A0 nm, ZERERIERL T EAE d, 1154 91.4 nm.

BT B8 T R R SR A 2 BRAR SR A A R A L
U0 AS 20 5 A AR JE AR5 (76.4 MPa) 5 HEG 1T
fH(114.9 MPa)f5 —Se 2215 . (H2, MAEE 12 i8££ 7L
BEH, SR LB S A AR ARG FE 1 DTk R
AT AL A Aoyr, KON Hall-Petch 3846 Aoyp, 1M
Orowan 5846 I DTHR Acorowan 1R/, JLF- 1] LA Z0HE .

120 |
(e o o T XK
< Esimated value (114.9) :::::
X
100+ 55
= Aour R Aoy
g BT RS
= y <0
o 80 Hexperimented value (76.4) RS A
g <K I,
p=3 Ao, 080%%S
7] p RS
oy 225 ATorowan
S 60 Ao
S~ 8.7 A
40 Tn(40) N
0 T

Strengthening Mechanism

K12 SRACHLEN A SR IN 0.82% 5 & b RHJE IR 5 1) 5 1
Fig.12 Influence of strengthening mechanisms on yield strength

of composites with GFs addition of 0.82%

3 & it

1) F|H RFE I RIBIEAZTE D) Sl 1 A SR e AR
e B EI R A SR AL R, A BHEAE K& 5~12
IR ER: -3 IN DV Pl PSR- -7 itisE Y =Ry vy S

2) MZ It RFE BI5AE, o s s 56 44 g ki
WU R KM S0 [FIF, RFE XA
SRR 2 P A R ETA GG, $em 7%kt C R
FIETETT AR TR 198 5 Ry 8Ok, X
HA R T HEMEL R E R .

3) FERENIN 0.82%I1 52 A kL ARk 58 B2 5 Bt dr 5

FEikF| 76.4 A1 163.2 MPa, K [6%541F REE )RR %)
FIFEE T 91%A0 71.4%, HARFF T 25.3%MEMHEK,
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Microstructure and Mechanical Properties of Graphene Reinforced Aluminum Matrix
Composites Prepared by Rotary Friction Extrusion

Cao Jian, Miao Yu, Xia Chun, Huang Chunping, Ke Liming
(National Defence Key Discipline Laboratory of Light Alloy Processing Science and Technology, Nanchang Hangkong University,
Nanchang 330063, China)

Abstract: In this paper, a successful attempt was demonstrated to prepare graphene reinforced aluminum matrix composites by in situ
exfoliation of graphite flakes (GFs) using rotational friction extrusion (RFE) method. It is found that the GFs are broken on a large scale and
uniformly dispersed into the aluminum matrix during PRE. EBSD analysis indicates that the grain is significantly refined, the fraction of high
angle grain boundaries is increased. As revealed by HRTEM that a number of 5~12 layer graphene can be peeled off from the GFs owing to the
severe plastic deformation of RFE, and there exists obvious transition at the graphene-aluminum interface due to the diffusion of carbon atom
at the broken graphene edge, which provides an efficient load transfer for the composites. The yield strength and ultimate tensile strength of
the prepared composites with GFs addition of 0.82wt% are 76.4 and 163.2 MPa, which are 91% and 71.4% higher than those of the RFEed
base metal (1060 Al), respectively. Meanwhile, the elongation of the composites is 25.3%, and a good strength-ductility balance is obtained.
Combined with theoretical calculations, it is found that the main strengthening contribution is most likely attributed to the load transfer and
Hall-Petch mechanism.
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