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Effect of multi-pass friction stir processing on microstructure and mechanical

properties of SiCp/2A14 aluminum alloy composites

CAO Jinying, CAO He , OUYANG Qiubao’, ZHANG Di
(School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: The SiC particle reinforced 2A14 aluminum alloy (SiCp/2A14) composite was treated by friction stir pro-

cessing (FSP) technology. The metallurgical characterization, electron backscatter diffraction (EBSD), SEM, hard-

ness test and mechanical tensile test were used to analyze the influence of the multi-pass FSP on the microstruc-

ture, mechanical properties and superplastic deformation behavior of the SiCp/2A14 composite. The results show

that the distribution of SiC particles in the SiCp/2A14 composite stirring zone is obviously uniform and the grain is

refined after FSP. The grain size of the SiCp/2A14 composite with 2-pass of FSP is the smallest, which is 3.14 pm.

With the increase of processing passes, the hardness of the SiCp/2A14 composite decreases, and the tensile strength

at room temperature and the elongation at high temperature both increase first and then decrease. Among them,

the SiCp/2A14 composite with 2-pass FSP reaches the peak, and the tensile strength at room temperature is 319 MPa,

which is 41% higher than the SiCp/2A14 composite without FSP, and the elongation is 609% at 500°C and the strain
rate is 1x107 s™', which is 133% higher than the SiCp/2A14 composite without FSP.

Keywords: friction stir processing(FSP); aluminum matrix composite; microstructure; mechanical properties;

superplasticity
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RS A MO T 5 0 7 2= PR R A R 4F
P4 I FH T S5 110 6 52 R, B R o — AR 4% o s o
FEM R R AR Y, MR A a, REEAM
BHEAE T S A OB . ORI | L5 3 R
PECS FEMUAE AR . sCilis ki . I AR S Ak
HREUAT T — & B o o, UK 3G 5 AR L A 5 M
G R 1= N o A < 1 1 K N D T R
MW — B A R B A MR AT Y A S I 2
— o TR R AR R URL I 5 4R I B A MR
w T, BASCRE . AT RARSE L
5 A SR Tl g R R A 7, (HL R B T 3 5
AR 5 R ) L 2R TR R R 5 AR A 4 2 ] 1)
W2, FEEN PG IR R R IR R 2 )
RAEBE, NGy ae s e Job kb e 1 o
RIS S EO R EE O T HEReAE 22, A
8 N T2 2 G 2 A R — 2 1 TR E

TR AR TG 4 AR R AL AT LA fife o 384 i 1A S50k
A IR R, HEA B A ok an A /E T, A A
TREE SR AR, o, BehkEEE N
T (FSP)® A Sy — o 7 458 42 B 88 K B it I % o i
R H A ARIEEOR, BAA T 2R H . T
Ty W S AT ol B | S SR T v
b H AR IS FSP AN 23 B I B0 AR ARG TR IR
FRSE, BHInTJEMoESAA 2 ai b, AR
B IR A RE M IR A e . ARk, FFRT
fRZ FSP £ RIEFRFE A AR L IFsE . Ju 5
X TR E A 98 K TiB, ik 8 5 45 3% B A 4 R E
fF2i8 K FSP, &Pkl 4tk , 48w T)s
1952 G b1 ) IR 5 B2 2 55 T 48%. Zhao %51 XA
A& (Iwt%. 3wt%. 5wt%) [ 44 K ZrB,/2024Al
BAMELETT FSP, &I SRR ST/ 2 1 pm,
1E 750 K B IE I BE T 3615 T 292.5% 4 e K AE AR

A SiC Uk G 5 58 5L 2 A bR T
PERE N 45 52 K1, Cau iy n: FH T2 i K 45
FA AR 233 [ 3l A B A6 PR 9t 445 440 i 22 00 45 T LAy
KA MF . H i T SIiC Wk 76 85 1 i B2 i il o & B
FRBLG, BRI T WU R S8 s UR, e
S A OB T RE o 8 3T FSP H R 1T LA S
e A BB SIC SURE P SR ) AL, [ ) B A% 41
e dfokr, 152 51 F0E B A0 b 4 SUR R4 2
PERE, XT SiC UL 1 38 40 38 & & b0 R B i 1 —
i mEA — 2 MIE R E X, BHArxF FSP 7E47
G A ME LR K25 EE G MR &
YK RIS SR AR B S AR U Ak T, AT

IR SIC Uk 3 SR AR L 52 & R, LRI
AR EMEBE S FSP T2 Z A Y KL I8 A TR IF 592 58
o ACEEE T £ IR FSP ok M2 SiC ik 1
5 2A14 FR A 4 (SiCp/2A14) B G BB UKL 434 Al
mm R RSE DT B R B2 6 Y 0 2 1 e R 98
P, IFRGHT T AFEE K FSP T. 2% SiCp/2A14
AR RE Y R L

1 KWMBEAE

S5 T R ORE A AR 43 %R 10vol% [ SiC
iR 2A14 54 4 (SiCp/2A14) B AR, Hi,
2M14 BB 5 B AL A in 3R 1 R, SiC UKL Y
SEXRSE A 15 ume SiCp/2A14 & A 44 REY i 52K
FHBE P #5375, 1 Je0% Sic Bk i A 5] 780°C Ry
BRI R PR A T o MU PR i O A, AR
JEWIR A WEE G, Z Ml ir e &%
BEEBT RIS 460°C . B 16 0 1AM T
HATH AN, R U F I TR R RS R
300 mmx60 mmx6 mm [ SiCp/2A14 & & # B FS .

®1 2A4 BEENUFRTREE
Table1l Chemical composition of 2A14 aluminum alloy
wt%

Si Cu Mg Mn Fe Zn Ti Ni Al

0.6-1.2 3.9-4.8 0.4-0.8 0.4-1.0 0-0.7 <0.3 <0.15 <0.1 Balance

o1 BE 4520 T (PSP) 52 56 7 41 BE A w42 k1Y
Z P EE AR AUR LR AT, SCI0 BE H H13 4K il
B =TT R HE R IR E sk, HhE A
%018 mm, PEFEERER AN 8 mm, Sk HAZR
H5mm, KB 57mm,. LS H M. Bk
H:7F 600 r/min, JI T3 B >~ 80 mm/min, $if )
EF i fA A 2.5°, HhF E T & 0.2 mm, FSP it 240
BB, $Edksk TR GRIERE T o 5 A 2%
P B, BERE S BT RS, WY IR — O i Ak
XA REEAT 1~4 TE R FSP. 8] 2 g FSP jijJ5 #t ¢
EXF. FTLAEH, St 28 FSP e, fidkskkm

=T 1 Downward force

Tool rotation

6 mm

—Tensile specimen === _
. _:::\_’\}e_:iding direction
P 1 BEPREEBEIN T, (FSP) 7R &%

Fig.1 Schematic diagram of friction stir processing(FSP)
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PR B T, X T SIC BURLAE AR S B
W ADRHE SO HORE , AT S, SR ZEISS
Axio Scope.Al -5t % 1 U BE UL 28 A4 H} 1 0 0 2
ZURI SiC UKL 43 AT E AL s HL 8 BURAT T (EBSD)
BESBCH AR PR X, il 3 Leica = B F 3R U1 %
SO B HEAT B 4%, SR A MIRAS %! SEM #F
17 EBSD; K JH Zwick Zhu [ 30 4k [ 6 )& 45 b4 ok
BRI AR N T RE %8 1mm, 2mm. 3 mm
(4 2 T b 1 AT S R N, I 2 A ol 400 g,
T ES E Ry 10s,  AH R B A5 22 ] 1 P ] Ry
0.5 mm; 3 i B A7 i 5255 FE Zwick Z100 1K 5% Bl
2L 0.5 mm/min B 4E G B AR B IR T, R
BUCE BFRE FSP X8k, B 75 1) 5 o T 5 ) AR TR
R R SHINE 3(a) B, fiffiscss)s, i@ id SEM
WL iz i 0BT 11 T 500 5 e T A S 38 7E. Zwiick Z050
il ) AL BT, HOS RO XS = iR
AL, B RS anfEl 3(b) i .

(a) Before FSP

(b) After FSP
[¥l 2 FSP i faiidExd 1

Fig.2 Comparison of welding tool before and after FSP
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Unit: mm
[ 3 SiC FkiIgiR 2414 H14 4> (SiCp/2A14)
AR ARRE R AN R AT
Fig.3 Shape and dimension of SiC particle reinforced 2A14 aluminum
alloy(SiCp/2A14) composites tensile specimen((a) Room temperature

tensile specimen; (b) High temperature tensile specimen)

2 EREitie
2.1 SiCp/2A14 E &M BRI 23R
2.1.1 SiC ki i 53 A5 K R sf

i 4(a) M SiCp/2A14 A RHEEHT X (R 22 FSP
Ab PR SiCp/2A14 &2 A MK 1) MG AHZH 2L, Af
DLE W, BEA X SIC JUk o fi AN 35), RSPk
INA—, BAFAE D ROF R ) AL Cu 25 —AH (I
& A 5 FE T s ). [ 4(b) Sk SiCp/2A14 &2 A B LA
R DX B P X U Y 4 A AL 2L (B R TR )
AT LLFE 1, SiC WUk 7E SiCp/2A14 5 4 BHASE i
R P X A 40 A B 8RR, 40 FSP R, BiidE
X P [ SiC Uk o A W1 & ¥ 214k, BOR RSTH Y
ALCu MIFEA T I, &5 RF /NP Al,Cu #3524
SPARFERLAR I, X = i T AE FSP a2 Hp oML R R A
T ALCu ¢ HE R SR A s o B 4(c) Ry SiCp/
2A14 B AW RHEREX PO A S, TR S,
SiC ks $5 5 b oy A AE S AR I

& 5k /N [F] i X FSP Y SiCp/2A14 & 4 #1 Kt
SiC WUk R ~F 4 #i o AT LA 1, SiCp/2A14 B4
EBHRE#A R SiC B0RL Y - 1 3 R ST 2424 13.8 pm,
SRR ST 2 8.5 um, T4t 138K FSP ),
SiCp/2A14 & 4 M KL SiC FURL 1) F 247 K il R~ B
RZE 111 pm, FHEHR T EKE 7.1 pm, BEE
PEREE R B3N, SiCp/2A14 4 Kb SiC Bk
H AR R AT RIS, P2 il R AR

16 FSP it F2 P, SiCp/2A14 & G RHKE HE X N
SRAERZ BT, MR, AR shiR
G, FECSIC PR EBHEA , B5amAEREE L
=5, B TRk A SiC Wk =2 8] & A B
) JEE B 2 o, 3K SIC URLTE B FI 0 B2 P K A
weakAlifk, i Sic Bk R~/ .
2.1.2 Al FLR SR A

5] 6 2 SiCp/2A14 &AM BHEA KA B UK FSP
i SiCp/2A14 & & # K1 EBSD 1%, £ 2y SiCp/
2A14 5 5 M BEHEE B O R 3 ¥R FSP Y SiCp/2A14
S A AR R OR RSE R E ff EE A (HAGB) & &
& 6 AT LIE H, K2 FSP ALHIfY SiCp/2A14 5 &
WA REBEE AL K ANAS — 34 dioR i RT3k 3L
ek, BH—E B, B SAS R
ik . 45 FSP J5 K SiCp/2A14 5 & A B 3E X 4 &
W FEA R AN A, LR R ST Bl T kA
RGN D/ N e ¥E R . H 2 2 a0, 138 YK FSP
1 SiCp/2A14 B & #1 B kKL R~ 8 4.73 um, 238
UK FSP 11 SiCp/2A14 & & M B KL R ST 4 3.14 pm,
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BM —Base material; HAZ—Heat-affected zone; SZ—Stirred zone
&4 1JEIK FSP 1 SiCp/2A14 KA M BIANIH X3 Y 4 AHZH AR

Fig.4 Optical microstructures of different zones of SiCp/2A14 composites by 1-pass FSP

Average size/pum

HAA

0 %
Long axis

[§] 5 AN[FTEYR FSP (4 SiCp/2A14 KA MK SiC UKL R~ 4315

Short axis

Fig.5 Size distribution of SiC particles of SiCp/2A14 composites
with different pass of FSP

3 i UK FSP 119 SiCp/2A14 & A M Bl itk R ~F ok 5.56
um, 438K FSP Y SiCp/2A14 & A 1 8 i i )R ~F
H 6.6 um, H/NT SiCp/2A14 5 B EHEERE -2 8
Fi RS (9.3 pm), Hirf 2 38 YK FSP (1 SiCp/2A14 &
B RSB R ST e/ o 48 FSP R Y SiCp/2A14 &
R RL AR A S A 85% LU L, & T SiCp/
2A14 & G M RHEEAE , BB SiCp/2A14 & & M RHTE
FSP i b R A T 88 45 o

i L2 1 B R R R A T B A F A A Y,
FSP it #Er, FidE T H 5 SiCp/2A14 & A 41 KHE &
AR BUEESE , Gl A K E A A, flf SiCp/2A14
A MR IR IR B T B A R DL L, A
FSP £: i SiCp/2A14 5 & M K N ¥ K LB ¥ AR TE |
TE SR B0 S8 VAR P A EE RO I RIAE TR, =
ESQRE U B Ny A o O R BT R AN |
Ak, BEETEREE R BN, 4 3 3 UM 4 3B IR
ESP (1) SiCp/2A14 B-AFENIRIAEL 2 JEIX FSP 1 SiCp/
2A14 A MRHERIR R K, & H TZHEIK FSP

SR SEHEAT R, RETE YOI T 2 R) A B ] () B AR
20s, AERA KUK, Ml BEE SRR E R 3,
FEARN R i 22l S R PR, AR R ok
W2, REMZIE, SEESRSRL AR KR,
2.2 SiCp/2A14 EE MR N1 M RE
2.2.1 SiCp/2A14 & 4 M BT . G b

& 7 S}y 2 A )3 YK ESP 1) SiCp/2A14 5 4 1 K
FERE N T2 10 0 2 mm JZ2 18 0% 5 5008 B8 0 A (Y
JE B3 7 1) AN () 2 T L 1 S A T R 3 A S AR — 30,
A LLE M, AFEE K FSP 1 SiCp/2A14 & & # K}
) S R BE A AT B — 3, SiCp/2A14 G
BHEERE B F- S8 B K T0HV, £ FSP J5, SiCp/2A14
524 MR FE X 1 F 34 B 2 FE 100~120 HV Z [H]
Ho — 5 B &5, 1l KM 28K
FSP [ SiCp/2A14 5 & A RHE HI DX 1 7 35 4 32 4 53]
1142 HV F1 111.1 HV, 784k A K, Bl % 5k
WAk SN, B FE XA RE B R, &t 4 TR
FSP 1Y SiCp/2A14 & A ¥4 #1108 B (U 103.6 HV,

— WA HLT A MO R R S AR RS
HRR AR ER A . B 2.1 AR AT, £ FSP G,
SiCp/2A14 & A MRHBEFE X P4 1 di b RS /)y, 2R
DR P I i AR B, b X 7 2 Bl 1 B
AR I3 s, o 52 5 MERHE FF DX B9 6 B2 AR X T 52
G RHRERT Bl AR S, S5 —TJriH, SiCp/2A14 B A
R FE X N AY SiC ik 28 FSP )5 4 A5 B 3427,
RSFWN, SRR AR 38R >, H FSP i f v,
F R 55 — A0 ALCu B¢ 1 J5 & A v s i, 3895
P DX P B B o T RS B E R
3 IH UCHN 4 T YK ESP 1Y SiCp/2A14 5 A5 # BHW FE X
EOITIY A2 o8 Sy NI - e % X 71 5 o P 0 2] A
2.2.2 SiCp/2A14 B & MR 2 i BE

&l 8 2 SiCp/2A14 5 & M BHEE M4 S 28 [] 38 WK
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(d) 3-pass FSP

(e) 4-pass FSP

516 SiCp/2A14 A RHEM A FIE R FSP Y SiCp/2A14 A RN T 15 U4 (EBSD) K114

Fig.6 Electron backscatter diffraction(EBSD) images of SiCp/2A14 composite BM and SiCp/2A14 composites by different pass of FSP

Fz2 SiCp/2A14 E AWM R AREE X FSP K SiCp/2A14
SEMHRNRTNS/RAERR (HAGB) 288
Table 2 Grain sizes and high angle grain boundary (HAGB)
contents of SiCp/2A14 composite BM and SiCp/2A14
composites with different pass of FSP

Grain size/pm Content of HAGB/%
BM 9.30 62.0
1-pass FSP 4.73 86.9
2-pass FSP 3.14 88.9
3-pass FSP 5.56 86.5
4-pass FSP 6.60 87.3

[) SiCp/2A14 B A M AL Z WAL M PERE . WL
th, M SiCp/2A14 HAMAHER, 243 FSP (1 SiCp/
2A14 & A A B R o B R A R B R
SiCp/2A14 &AM BHAF 1) JE IR5RJE R 121 MPa, T
L3k B & 227 MPa, %4 1-4 38 YK FSP 1) SiCp/2A14
524 MBI JE MR B2 43 54 179 MPa., 191 MPa,
175 MP, 171 MPa, ¥t $i 58 J& 43 5% & 311 MPa,
319 MPa, 279 MPa, 286 MPa, H.'[" 2 i ¥X FSP iy
SiCp/2A14 & & M Kl s Mz 58 BE A1 PT P75 B A iy
3 SiCp/2A14 Z A MR 73 53 = T 58% F141%.

—a— |-pass
120 —e— 2-pass
1o —A— 3-pass
~ —v— 4-pass
)
» 100 -
4
S
= 90
=
2
2 80
=
70 +
60 1 1 1 1 1 1 1

-8 -6 -4 2 0 2 4 6 8
Distance from processing centerline/mm

7 AIRIEYK FSP 1) SiCp/2A14 A4 Y AT 18 43 A

Fig. 7 Microhardness distribution of SiCp/2A14
composites by different pass of FSP

SiCp/2A14 & G M RLEE B 1 ZE A 32 R 9.5%, 1~4 1
UK FSP [ SiCp/2A14 52 & #HRHIE {2853 51 R 12.6%
13.7%. 7.4%. 6.4%, H 2 iH K FSP [ SiCp/2A14
A M ORLHIE i ZR 4 SiCp/2A14 B G M RHRE M 2
T 44%. MIE 8(b) v LLFE H, Bl A 50 P8 UK Y
Jn, SiCp/2A14 525 A4 R i i B 1A fift 52 34 5t e 1



- 2866 -

EEMRER

KGN a3, 238 YR FSP 1Y SiCp/2A14 55
L5 B RN ZE {8 SR 1 = . M4 Hall-Petch 5¢ & U
L, BAARORE B SRR ST R L, SR g AE
S EE SRR E, KUk 2 X FSP 1Y SiCp/
2A14 & 4 MR IR 58 B R o B fe L T 3 0E
YA 4 JE YR FSP 11 SiCp/2A14 B A 4K T fb ki
KT FHORE W /N, % 38 T6IRE T SiCp/2A14
B AR AT K 2 3B YK FSP 1 SiCp/2A14 B 4 41K
FRPLAPHERE. WTLIE N, ET6RET, 26K
ESP [ SiCp/2A14 & 4 #4 K} i ik 5% Ji °~ 536 MPa,
PULHIOR JF 587 MPa, %% SiCp/2A14 & & 1 k£ k1
AR T 28% Fl 24%, SEAHFEL SiCp/2A14 A
POEHRE B B AT i

£ 3 T6RET SiCp/2A14 £ A BRI =B R HIlERE
Table 3 Tensile properties of SiCp/2A14
composites in T6 state

State Yield Ultimate tensile  Elongation/
strength/MPa  strength/MPa %

BM-T6 417 475 4.5

2-pass-T6 536 587 3.4

K1 9 Oy SiCp/2A14 5 5 B BHEE b S 2 38 YR FI 4
il YK FSP [ SiCp/2A14 & & #4 K 2 I8 H 1 W 10 19
SEM E1% . hid 9(a) i LL & i, SiCp/2A14 & &
MEOBHEEE I W7 0 R T ) B Ao >, B A B AR
FAL K SIC kL, K43 SiC BURL#R & 78 N #
KA. mE 9(b) fE 9(c) fTLAF i, 4 FSP
J&, SiCp/2A14 &4 M Ak 17 3 11 ) 5 4k i O i 34
%, HR-SF/ANMi¥E), Sic ok i me B4 58 20 .
XA W T FSP A, SiC BURL 4 A B 45,
mbL A B 4k, R EIE B L, HRGE

350

300

250 -

200 -

—_
W
(=]

Stress/MPa

100

50 —v— 3-pass
l —O— 4-pass
X L L L L L L L
0 2 4 6 8 10 12 14
Strain/%

Strength/MPa

BN, M H 438 K FSP Y SiCp/2A14 B & # K,
2 JB WK FSP (1) SiCp/2A14 & A5 R AL W 11 2 1 1) 85 K
ANEEINA], X OR T SRR P ROCR

2.2.3 SiCp/2A14 & & KR YA 1%

% 4 HARZ FSP AL HE Y SiCp/2A14 & A 1 KHE
AN PR A R R, LR S, 7E
500°C ZE IR E T, A4 FSP ALY SiCp/2A14 &2
B WA 11 S A S BEAS SR B WA, A I A% 3 % 43
K 1x107° s fl 1x1072 s 5/, SiCp/2A14 H &
AR B A R A ) 200%, HA IR IERE T .
Horb, fEARTEIRE J 500°C . NiAREF N 1x107° s
T, SiCp/2A14 & A B RHIW IE AR 5 7, 35
F] 261%, M A2 B i SiCp/2A14 E A #1FHY B
FERB I8 A 45

10 Ry 78 78 2 I B R 500°C AR R
1x107° s7 Z5 41 F AN [R) i UK FSP 1Y SiCp/2A14 &2 & 14
BEAIE AR R AT DL H, 7E 500°C . N AR B R
1x107° s Z5 % 4 FSP 11 SiCp/2A14 & & #1 K =
T I A 1A R R R B R B R, R 48 FSP AR HLIY)
SiCp/2A14 & 5 M BFEBEbF 55 Tk 4E it 26 % K AT 3k 3
261%, % 1-4 38 K FSP 1Y SiCp/2A14 & & # Kl &%
K SE R 5l 407% . 609% . 456% . 293%. F:
B, 2 23E YK FSP 1Y SiCp/2A14 & 4 181 i T 4
i, B SiCp/2A14 G M RHEM #2795 T 133%,
ULHIAE 500°C , WAl 1x10° s S5, FSP
HE % 4 51 SiCp/2A14 B G A KL B ¥ M PERE s H
Bifi 5 5 YIS N, SiCp/2A14 54 Bk I JE i
R SR E N R, 4 4 3E YK FSP 1Y SiCp/
2A14 & & MR R 55 SiCp/2A14 & A M LB 4
U4 T 12%.

B2 BM 14
300 | &4 l-pass § §
Y 2-pass N )
E=] 3-pass %E !
[[ITITT] 4-pass \E
= 10 ¢
R = XX T
w0 BN B s B
\ SNl B g
7 SN BN= :
o = KRS = 16 o
o5 = 55 = 2
NSl BN= =
100 K3 N % =
5 SN \SEE
XX XX = KX —
K RS — S —
R N = R = 2
=Nl BTl
[ [ \: KX =
o0 LEA N —= & N= 0
Yield strength ~ Tensile strength Elongation

8 SiCp/2A14 B A HERHEM AR FIE IR FSP Y SiCp/2A14 A MHRRITI i fE

Fig. 8

Tensile properties of SiCp/2A14 composite BM and SiCp/2A14 composites by different pass of FSP
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(a) BM (b) 2-pass FSP

(c) 4-pass FSP

9 SiCp/2A14 A FHBIEEM K 2 SV 4 TEYR FSP 1Y SiCp/2A14 & A RHRLMHINT 11 SEM &%

Fig.9 SEM images of tensile fracture of SiCp/2A14 composite BM and SiCp/2A14 composites by two-pass and four-pass FSP

R4 K% FSP LIEH SiCp/2A14 E A MBI
AERBRMEETHEME
Table 4 Elongation of SiCp/2A14 composites without FSP
under different high temperature tensile conditions
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Fig. 10 Elongation of SiCp/2A14 composites by different pass of FSP
at 500°C and strain rate of 1x107 s™
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Fig. 11 Superplastic fracture morphologies of SiCp/2A14 composites

by different pass of FSP
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