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R 208 R SR A Z D) FEIN LR i D) 20 mm=20
mm, B 5 ) A B roeh Ve R TR AT R, 2%
FHOGSCHR[20, 21 A, SR A A IR IR FE 4% 3 /NI
B, 435k 650, 680 AT 700 C, AR K 8~15 min.

)P 56 27 4 A1 5 3082 (OM) AT 4 Hi 8% (SEM/EDS)
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BT SErE R T 2% M AL CNTs/AL Ak
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Fig.1 Schematic illustrations of closed-cell CNTs/Al foam

precursor by multipass friction stir welding process

ditkfe. [, S4TSR SERAN CNTs X2 A% )
SRR RE I, SR A ) AR T2 % LAl Al
WK, 2l Al AR FIAF LB Z M ML CNTs/Al B
BV 1 Ji IR Y. ) RSP £ B ) 1EAT X EG 43 T

2 HERSUE

2.1 FEHEEEE XL CNTs/Al € &8 A T H KA

b g A )

B 2 FT 7 kg e 5 3 800 r/min 25 T8 YK 43t B 45 4
Jii 1L CNTs/Al 5 G R Tl R i = Mg . MK
Rl LUE W, B Sk e B D 800 r/min, AR TH
300 mm/min Hf £ 78 AR BET, CNTs/AL & A ik 7l
WIREERMATEE, (AL KL SEE . K
e RN, MmN EARL, FEURE SRR
MR, WA LE, WAL Gk G .

& 3 BT 71 A e 33 15 1000~1300 r/min 22 38 V3
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VR T A2 i 5 B 3
Fig.2 Surface morphology of CNTs/Al foam precursor by mul-

tipass FSW at a rotation speed of 800 r/min
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3 1000~1300 r/min £ 38 IR BEFE BEBAR I CNTs/AL &5 MUK TI 0K T 22 W% 50
Fig.3 Surface morphologies of CNTs/Al foam precursor by multipass FSW at different rotation speeds: (a) 1000 r/min, (b) 1200 r/min,

and (c¢) 1300 r/min

REMAESERE SR TR I, R4 I BN EIR “ I,
L A3 B B 22T 2 B Sk e S S N & 1300
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Fig.4 Surface morphology of CNTs/Al foam precursor by mul-
tipass FSW at a rotation speed of 1800 r/min
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BlS 208 KB BEHRIR IS CNTs/AL YL UR T AR 48 T T35
Fig.5 Cross section morphologies of CNTs/Al foam precursor by
multipass FSW at different rotation speeds: (a) 1000 r/min
and (b) 1200 r/min
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FERSFEAA T LAY ) 0 A o IR AR T 43 W 2R A
TP JEE 2 LT e 3k S o VR A R AR AR R AR v A3 A 7 AR
B o I T R B HE Sk e E L 1000 r/min
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76 =30 s I, 4T HAEAN ADCI2 Bk, T4
WY A 2 Th L S AR, AR ) PRl BRI 1 A At e
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W ETHES] 180 C A A7, X E Ml TR Sk i 1
Hhn, AEAPERE Sk R 2 I R e AR IR 2 S,
Kl 8a T, BEAG LMK, FESEEE 60~120 s
I [A] Y ] P, CNTs/AL 53 G Y oA P il 44 2 1 vy il [X 33
B, 15 =120 s b, HoElEZE R 415 C, X
F2 B TR I R v A PR N BRI B S 1 A 5 R

D .

100 pm

Kl 6 1000 r/min FHEFEARIE CNTs/AL VLU FUHI A T SEM JESR A1 EDS 4347
Fig.6 SEM image (a) and EDS maps of the relevant elements in the CNTs/Al precursor foam by multipass FSW at 1000 r/min:

(b) C, (c) Al, and (d) Ti
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Fig.7 SEM image (a) and EDS maps of the relevant elements in the CNTs/Al precursor foam by multipass FSW at 1200 r/min:
(b) C, (c) Al, and (d) Ti

1200 r/min | 5 REBEHEAE CNTs/AL UK T A # 0 SEM JE S A EDS 43 #r
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0 30 60 9 120 150
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Time, #/s

0B JBE I AR [) e % 3 CNTS/AL Y A i 55 - 1) 9% &% il 2%

Fig.8 T-t relationship curves of CNTs/Al foam at different rotation speeds of FSW: (a) 1000 r/min and (b) 1200 r/min
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K9 7E 650 CHE AR HASIE ] CNTs/Al &2 & IR Bk T 2 2UB 3R

Fig.9 Cross-section morphologies of CNTs/Al composite foams fabricated at 650 ‘C: (a) /=8 min, (b) /=15 min, and (¢) =18 min

TEELCH s SN A A 2R 15 min o] DUKIR, Uik
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171282350 Iy NP ¥ = T B2/ 150 0 i (DN D e N i
By fLai ik, LT YHmErE, TRRr 2%
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"C I R WA [ I 18] 5 CNTs/A A 45 Y AR R 4 T ol 0t 24
ZUES. I 10a hafLLE H, 680 CKifE 8 min )5,
TR I T KA AL, WALE o mis), 1L
18 RAF KON ZEBOR, ~F34LAE 0 200 pm. B &
I TH] (P S, 76 680 °C R ¥ 15 min J& , WKl 10b fioR,
BRI I K B K, L5, fLBR
GG, &AHIHE SRS, FERLfLE
9300 pm, e KWEFLEARHN 0.48 mm. B 0 A LI [A]
4 18 min, FEAGW LI IN, KEDAERFLEN K,
- FLAL TR 0 00) 5 Bt 96 1 [ F S B AIG  J LA BB —
HRFFZM S, B PR las . &, %E
[P VNPT I c.% 3 ¢l NS i O P LA S MO R R S E VRS
AR AR, FLAE KN AT AL, il 10e s .

LM ARG &AM R, AR SR R B TS
il % VAR LA S AT R

B 11 Jis o L CNTs/Al B £ 1K Bk 14 7E 700
"C I 2 A [ i 1) J5 CNTs/ A 52 2 00 3 R 485 T AOu 41
ZUES . 5E 10 X Har ORI, ZEHE 700 C A,
P T A YL B 5 e, TiH, G K & 70 i, 4L CNTs/Al
A AR AL 2 RO, WA BT K
HARLARMALCF LN 140 um), BFFT4E R 5
MR[24] 3. B 11a 45T 700 TR 8 min J5E A
TARRIES, W LR B AR B & IF, IF BB
IV FL AR AR 15 AL o ZE K R I IS ) 28 15 min (21
Bl 11b fioR), WAL S e RS, RV
R, LR G R KT AN B U ) <AL
[N, FF SRS RE R R, JEH LSRR, X2 T
FEH SR LR R B B Rl ZE K AN
B % 18 min, VWASLBE#AE/N, WE 11c Fros.

Kl 12 frosch 680 °C ki 15 min J§ CNTs/Al 4
YURE B e 7 BB (TEM) S A Ik h CNTs TS .
B 122 R DUA H, FERF 38R B0 A0 o R PR
T, JEHE AR, B 1206 G T ES
AT CNTs JESL, MEITRILUE 1, &R Al

Bl 10 7E 680 C IR IA [ 7] CNTs/AL 52 & 1 BRI A 10T 2 2L 55
Fig.10 Cross-section morphologies of CNTs/Al composite foams fabricated at 680 “C: (a) =8 min, (b) =15 min, and (¢) =18 min
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500 pm

B 11 AE 700 CHE AR IEAE I ] CNTs/Al & A 1K % i 42U 50

Fig.11

Bl 12 1 680 ‘CHI L 15 min /5 CNTs/Al 5 & ¥l ik TEM JE 51
Fig.12 TEM morphologies of CNTs/Al composite foam (a) and
CNTs in the foam (b) fabricated at 680 C for 15 min

FARE CONTs 454 RUF, CNTs Zifises, JFHAE
CNTs [EREAEAE— 22 . 45K CNTs 545
SEAR DR R, R EUE R R I R4 .
2.3 A[REI%EEFREEEXFFL CNTs/Al E&38
RFLBRE B R M
AN[F) R WL B 4 R CNTs/Al 52 G ik i FLER R
MR R 2 2
P = (Prccursor ~ Prpecimen) ! Prccursor X100% (D

Cross-section morphologies of CNTs/Al composite foams fabricated at 700 “C: (a) =8 min, (b) =15 min, and (c) /=18 min
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TR 0 FLB R 5 AR N TR R 0GR ik . AFLBR R Bl £
T TR AR B e T LU, ONTs/Al B &K K
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552 B BN ALK KA FEB BE(12~18 min), 7Ei%P B
FLBRZRZE 3G I, MFE SR T T S0 8¢ n] LUE
TR A LRI K B OB 1 A8k, I FLI TR 3
NN FLARE D 1 AL T 2 I 1l A TR T LA s 58 3 BB
LIRS Y B (18~20 min), 7EBEFYBE CNTs/Al B &
TR LB R RS, BEAALREmZ . Y5,
FLI B ARAZ A K o M Aok bl o] LA IR, 1 680
CARIMLIT, CNTs/Al S AR LB R By, HAHI
5 45.8%.
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\}{\h]; 14

3%}
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i
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Holding Time/min

Bl 13 ANIRDR IR BE CNTs/AL S G it R 1 FL R 2 5 R 1 I 1) 11
KA
Fig.13 Relationship between porosity and foaming time of CNTs/

Al composite foam at different foaming temperatures



© 2852 -

Mty e lm A RS TR

%49 35

Bl 14 B AR R IR E CNTs/AlL A 1)
SPERALEA S RO R L. WNE T LR
ey 21 BON RS K Y B, B RN 650 CHt
= E] 700°C, WAL T8 EARTGE S . B s 24 650 C
K 10 min WK FREILER N 0.2 mm, Kifd
15 min I FLEAE N 0.35 mm; 680 CAifd 10 Al 15
min I Y 3 1033 FL B 428 0.25 F10.48 mm; 700 °C
J 10 A1 15 min IR )P 2 AL AR 0.38 11 0.4
mm. [AII, B KRR R, KRN LR LR
I I R FLAR W AL o 3E 20 2 K R I ] (18~20
min), KLU BARRCD, Kod d T fLY
g — e R I ALY, ARSI, 3
SR ACTEE RN .

2.4 FERABREFHAFL CNTs/Al EEEEXNF1ERE

B9 52 M

Bl 15 Fror A 680 “C IR A AN ] I [H] Z5 1 1 41 Al
HT CNTs/Al 545 W PR HEH S H 4 . ) - A it 45 o M
LA, ENASE RN 0.01 mm/s 504 F, 4L
CNTs/Al 5 A WL IR HE TS Hs 411 8 ) - VA% it 2 5 I gL 7Y
TWRE RN 3 MM B, RIZRantEp Be. 500 i il
T B Bt S SBE A BE o T 4R B B AR AR T X I
TAER 0%~6%), MIFLRALTE B JyIefE, T4l
BERR S 25 i, 5 G AR N g - N AR il 4 a0 AL R L
Lo AEWMEJE IR G B B (AR 6%~60%), H i
TR g - AR il 2k v B ) L R g BB, fEkid
Firh, SEMARILRE R AR i, VKL B IR AR
JE o [FIF, 22381 e IR T S B B, 26 AL IR AT CNTs/Al
HEWRRIL 2 PR TERAAE, Hodr, 2080k ER
SR IR G R IA, RARGRMBEYERIERE T, 0

0.6
I I I
i i i
0.5F | I I
! i i
g i | |
E04F |
5 .
5 |
g 03f
= >
A 0k —=—i650 C
: —e—i680 °C
i i —a—j700 'C
0.1 1 1 1! 1 1 1 1
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Holding Time/min
KU14 AN R &1 F ONT/AL B Sk R fLER S5 R

HEURAGIRIE S
Fig.14 Relationship between average pore diameter and foaming
time of CNTs/Al composite foam at different foaming

temperatures
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Mk b . EREFS R4 N AR E 2 0.01 mm/s 4444 F,
ail Al IR B KRN J) 4 2.7 MPa; AR LB
CNTs/Al 524 LA 1 Je K e il Y. 3 4843531 4 8.0, 8.5,
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Fig.15 Compressive stress-strain curves of the pure Al foam and
CNTs/Al composite foams with various porosities at

quasi-static strain rate of 0.01 mm/s

F1 HALBKRIMAEFLEE CNTs/Al & & 8K BI R S {ET L
Table 1 Stress values of pure Al foam and CNTs/Al composite
foams with different porosities

Foam Porosity/  Strain  Yield stress, Platform stress,
composition % rate, &/s! op/MPa 00.1/MPa
Pure Al 30.5 0.01 2.7 2.2
CNTs/Al 30.5 0.01 10.3 8.5
CNTs/Al 38.6 0.01 9.6 7.2
CNTs/Al 45.8 0.01 8.0 5.1
CNTs/Al 46.3 0.01 8.5 5.7
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P W FLIZ I I R AL AL . R R I N 680
CRH 1S min 5, 5K PYHEALHLEN 0.48 mm, il
L35y, "2, LG TRE.

4) P14l CNTs/Al 524K 1 N ) - W AR il 26 R 0
G B PEAE 45 G AR TR R AR, A IR I JE iRk
JE Bt A LB 2 K G i g2, de oK R ) R 6 Y
JIE Sk 10.3 T 8.5 MPa. L4l AL KA, ML
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Study on Friction Stir Welding Process of Closed-Cell CNTs/Al Composite Foam

Pang Qiu', Yu Haiyang™®, Hu Zhili**
(1. Key Laboratory of Metallurgical Equipment and Control Technology of Ministry of Education,
Wuhan University of Science and Technology, Wuhan 430081, China)
(2. Hubei Key Laboratory of Advanced Technology of Automobile Components, Wuhan University of Technology, Wuhan 430070, China)
(3. Hubei Collaborative Innovation Center for Automotive Components Technology,

Wuhan University of Technology, Wuhan 430070, China)

Abstract: A new preparation process for closed-cell CNTs/Al composite foam based on friction stir welding was proposed. The
microstructure and elemental composition of the CNTs/Al composite foams with different rotation speeds (1000~1300 r/min) were
analyzed by scanning electron microscopy (SEM) and energy dispersive analysis (EDS), respectively. The temperature distribution of the
CNTs/Al precursor foam was studied by infrared thermometer and numerical simulation. The mechanical properties of pure Al foam and
the CNTs/Al composite foam with different porosities were compared and analyzed by the quasi-static compression test. The results show
that when the rotation speed of the stirring is 1000 r/min, the surface of the CNTs/Al precursor foam is smooth and dense. Simultaneously,
a blowing agent TiH», a stabilization agent Al,O; and reinforced phase CNTs are uniformly distributed on the cross section of the
composite foam. The comparison between the foaming temperature of 650, 680 and 700 °C shows that the optimum foaming condition is
680 °C for 15 min. Then the pore structure is uniform and mainly consists of circular pores, the maximum pore diameter is 0.48 mm and
the structure of CNTs in the composite foam is relatively complete, which is well combined with the Al matrix. Infrared thermometer and
numerical simulation temperature field show that the temperature gradually decreases with the increase of the distance to the center of the
stirring head, and the peak welding temperature is located in the stirring head which exhibits a bowl-shaped distribution. The stress-strain
curves of the CNTs/Al composite foam show the deformation characteristics combining brittleness and ductility at room temperature.
When the porosity is 30.5%, the yield stress and platform stress values of the CNTs/Al composite foam are the largest. Compared with that
of the pure Al foam, the yield stress of the CNTs/Al composite foam is increased by about 2~2.8 times, and the platform stress is increased
by about 1.4~2.9 times.

Key words: friction stir welding; CNTs/Al composite foam; microstructures; mechanical properties
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