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AAGO61 1% & AR A X R RE I 1 BT
2 X W

ARSI R 2 MR R R RS 100 mmx
50 mmx2 mm [ TA1 2EEKH A1 100 mmx50 mmx4 mm
[FER A 4 AA6061 M, o AL BR N ZERR, Ti iR N R,
2 PR R S 15y 5 T3 2, 5 HERESI T3 3. 1)
AT Ti/AL WA ORISR, SR 5 9T BS LB A
AR & Jm A A, 3 7S N L e AT B
U BB I SERD FH IR RAL R T £ T B RS 148
B B TRAE — RS AL, BROM BT Ji5 A7 B 40 4 [ 5% . Ti/Al
523 S FH - 5L B L 5 AT %, -
FLRFRON B SO, RREY, WY 2R R sL il 2%,
FLARE A 150 mm, FRT FHRIE N 0.5 mm, #EUH
BN 100, XTMNAZAEE Ti Rk FHEXHTHE, 5t
LGB T AL FL I EE S 300 C, R 24 40%,
Hrb - ELC N B40%, SFHLIC N P40%.

FLHI 58 B 1 52 A BRI I R K A 2 D) IR D) BOR.
SN 10 mmx8 mmx5 mm K& HIRFE, X B40%A
P40%IAFE AT 300 ‘CIB“K 30 min JE A 5. i
BT XRD AR BFATWH B> 70, HEE N
5°/min. RAERB T RME (SEM) X &2 AR5
TSR AR A I R 35 gk 47 W88, FIH Reil (EDS)
O T/AL ST G & o R AT AR, FIAHA
i H BB LB Y T BURT S (EBSD) HiARFE

£ 1 M5 TAL 5 AAG061 SRE S MRS H
Table 1  Physical properties of pure titanium TAl and

aluminum alloy AA6061

Material Density/g-cm™ Poisson’s ratio Yield strength/MPa
TA1 4.5 0.3 275
AA6061 2.7 0.34 55

=2 HiEkIR TA1 F1 AA6061 2 & E£IRLFER S

Table 2 Chemical compositions of pure titanium sheet TA1 and

aluminum alloy sheet AA6061 (/%)

Material C Fe N (6] H Al Ti Si
TA1 0.06 0.12 0.03 0.15 0.014 - Bal.
AA6061 - 0.73 - - - Bal. 0.12 0.65

®3 4K TAL FIERAE AA6061 HFTRE
Table 3 Mechanical properties of pure titanium sheet TA1 and

aluminum alloy sheet AA6061

Ultimate tensile  Yield strength/

Material El tion/%
ateria strength/MPa MPa N
TA1 350 275 25

AA6061 124 55 22

A7y B TAL AR ST R AIZ, A Channel-5 4t
X B REAT 34T o AT T 4L 1 D) R A
PR AE 5 AGX-V RIIJT RE S AS AL E AT
P A F R AAF T 1 mm/mine FF = 50
PHE TVAL SRS, EHIESMEE 2 f
B, W 1 FR. A HV-1000B 8 56 R -
LN R R TS 8 PR DA R TR ST 5 S N
19 100 g, IEAS AN 15 50

3 ZR5UTE

JRUEAR AL 1) S A L 2 P 2 Froi s 16l 2a 9 AA6061
BEESMEHRHAL, FERMKN o MR —E &
MIdT A . B 2b N TAL Sk & RIRBAH L, NELE
BAAS, HAFRTH o M5SR4 R
3.1 EWTBRSH

B-PELE AL TVAL EARBEMZE WS E 3
Fiom. WK 3 R 2 AR, 3 -~F 5L A

r a d b

L L
- .
Ti
! Al ‘
Al

—— 7 f——7

M1 =xsiilulsgl

Fig.1 Schematic diagrams of three-point bending test: (a) titanium

side compression and (b) aluminum side compression

2 AAG6061 Fil TA1 J4EHM 44141 41
Fig.2 OM images of original sheets: (a) AA 6061 and (b) TA1
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3 Ti/AL A HRBE R IE 3
Fig.3 Simulated macroscopic morphologies of Ti/Al laminated

plate: (a) B35%, (b) P35%, (c) B40%, and (d) P40%
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T TR ARSI ALRCRYY, HIELEE &
R AR BT ELIN ARSI ECR Ti S 3R

PP AR BEAR /N s TP LI Ti AT AL B 51 4L
FAZAh, Ti R ENT AL, RIFALE SR
Ti AR R REEE L - AL R A AROK . A, A
LW AR P T AR ORR, Ti AR TR R
FEOR, R R SRR R A 0H il A2 TR L 8D -
3.2 NEMERNNIGHSH

S5 RN AR 2 i i R A L ) I RE P AR RS I —
A EERAR, B R B RO R S RO I A 4 AR
L HARTE I B 5 TR ROy 40% 00 -1 FLATT 5L

Kl 4 Ti/Al ZEBCENIES
Fig.4 Macro morphologies of Ti/Al composite plate: (a) P40% and

PR B SRR, 545 Ti IR EE R, E& (b) B40%
a 14 14
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E5 &R 40%H Ti/Al B G825 MNAR = B & H AR b ih 28

Fig.5 Equivalent strain cloud diagrams (a-b) and variation curves (c-d) of Ti/Al composite plate with reduction rate of 40%: (a) B40%,

(b) P40%, (c) TA1 plate, and (d) AA6061 plate

Ti/Al AWM R = B R AR 2, b ml yik-
SPELAA AR Ti M. m2 AFELIAEAL Ti . m3 k-
SEHLFLTH b AL LL K m4 ASFEL ST b AL N 25 Ak
PiAF . WEEE Scv 5d RILBE-FHLE ARG BN R
P SO 0 & JAME AR, o rf Ti AR 48 Ak 1) 2545 3BT
K, PEIEALR /N, U0 b f /I AL AN B A5 AL
RS KNS Ti BRARTE, (H35/NT TidR. B-FFL
HEWRE NS BAR KT PELE AR, ALK N
B .

6 T ELFIF 4L Ti/AL &2 AR 80N 1=
Bl MK 6a AT LAE HE-FALE AR Ti RERHLE
MSERN R Tk B, H+H 2 AN, LT

K6 Ti/Al B & HREEN )= K
Fig.6 Equivalent stress cloud diagrams of Ti/Al composite plate

with reduction rate of 40%: (a) B40% and (b) P40%
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BRI RN SR F ALBR . FHE 6b RWFELE &R Ti
FER AL JZ RN A ERBCNIE) . 1 TR SUR R SO
(P B3 0 T FL R 77, R R s T, AR
FEERN IR o TFELE AR R AR R A
W, Ti B AL ERJEONES), I EE RN 7) 8
3.3 FRESDH

JE N 2N 40% 1 -F 5L 5 L Ti/Al 2 & SEM
SR 7 Frox. Mg 7a. 7c 7 LA BEMFEE T
B, W-FELE G4 A G B RS e 5y
2, BAGA R, 0 7o, 7d Fs FELE SR G A
FLm R S L SLIR, Ti EA BB, &
BRI T -~ G AR AL 25 5 mT Jn g -~

B40%

100 pm

100 pm

C

LA AR AL E PR R, X T ISR FL
IR Ti AR SZ I ELE R, B R R AL 2 1
W R R O G, 1R T A &R 14 AR
77, MIHESRE AR LA, bR ALI
HILNTT, RR YRR SE SR T L& AR SR AR T
B-PELE AW, Ti &EBHIIEKR, FLH K S
R MBS RAE, WEEAE L% Ti &8
e ok, RUTEFELR M K A F AR Ti AR LB
SRS A, PR A P A FLIN AR LU .

8 Fuk-FHEFITFH, Ti/Al EAIRATH XRD
KIHE, L0k AN a-Al Fl o-Ti M, KF=4
SR ED . B9 N -F LA AL Ti/AL £ 4R
i G SRS & EDS i T &E K. Ti/Al H &K

i

I

7 JETFE 40%M Ti/Al 24 5L SEM FES
Fig.7 SEM morphologies of Ti/Al composite interface with reduction rate of 40%: (a) wave trough, (b) pore, (c) wave crest, and (d) crack
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Fig.8 XRD patterns of Ti/Al composite interface

EAFFLHI 70T EDS ZH4 R 5 8 XK, Ti A Al
TLREEARMHMIES B URAE AR K ET LR
PECEIL T &g, AT RBRAEREME. B
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FHwE BN T A B AR O R B B, g
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KR TEAERERN B FRRBIEMER, Fit
BN BN CRY HUZHR 5P PR RS & A
FIJCEY BN 1.6 pm, N T -FHE SR TR
T HUZ R o IX R -T LR SR 455 iR =TT
HAEEW

XTHE R 2N 40% 1) -~ 5L A 4L Ti/AL 2 &30
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Fig.9 EDS element line scanning of Ti/Al composite plate bonding interface: (a) peak of wave, (b) trough of wave, and (c) flat rolling

B40%

Phase distribution

Inverse pole figure

P40%

B 10 £ T3 40%01 Ti/Al E44K EBSD B A
Fig.10 EBSD images of Ti/Al composite plate with reduction rate 40%

17 EBSD 20 #r, 45 RWE 10 fix. MK 10a. 10b
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AR Ti B EBLIRSE, X2 i T 4L I AR - AL
HEWM SRR T PR AR, &E R m
E R R A B AR TR G O, (45 S A SR

AR oRLAE A, AT it R RO /NP 10e. 10d
P, B-FEUE AN Ti 2 Sk Az 2 57 i Ad ) 48
R WL A ol S T B OLE ) S5 Al e R, AL JR i WL <5 il
Mo IR BT Ti J2 RS B SUR I A, 2 BN K,
FHALFREMRENRE, b bR at 1o
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PNUE e I R RIAR Y P RO T SRR KBS 71, IF AL

WP LT 5L E A B 45 b R I R B K AR
TV Bl RLAE 45 & S TH AL 1 43 A1 4 0 2 R g vk 45 R tn 1]
11 fime W-"FEE AW Ti B3 E N KA kL, &
DR kL. FAELE AR Ti i E N gk, R
IR AKBRGRL. B-PEEFHLEAIR Al EH
GHEN SIS R e, 11d Frow, W-FEd
ienankiiR 2, HOCN KRB dkl, /b N SR,
15 EE 2 N 49.68%. 28.84%. 21.48%. “FHLE &R
W dm ki %, F RO KARTE db kL, d5e /b N P45 & b ok,
& EEAr N 44.02% 31.09% 24.89%.

A FUL 25 R AT -~ L ) S R AR 5 SR N )
H KT FEE AR, JEHE AR A, KRN

Recrystallized Substructured Deformed

B 11 KT X 40%H) Ti/Al £ & W45

10d &I ALBR I ok 248 VR, RO 2R 2
g5 I LB TEAR At AT 358 B S 4L ST A AR AL AR (1
| A DA Y < 5 O A NP v N £ R e R s e - e
HAWI S SR KT FELE AR 2 Rl Ty
R Ti B35 45 & SR, 2 BT AR T AL
JRJE N 300 C, T Ti F) i 45 i il P52 3t v i 5L UL
IR Ti BR80T H BLF 45 o dokr )
3.4 SiEFitige

12 N9 -~FFLRTP 4L Ti/Al 2 A R AS L) 173k
AT R RS J5 15 B R )- R AR 2k, Hop-FELE S
WRPTH 50BN 182.74 MPa, FEMHZRN 5.56%, iB K5
We-PHELEZ AR PURL 8 RS PR, O 177.32 MPa,

Recrystallized Substructured — Deformed

R SR e K AR TE df kLI T 300 e o L

Fig.11 Morphologies (a-b) and fraction (c-d) of recrystallized grain, substructured grain, and deformed grain of Ti/Al composite plate

with reduction rate of 40%: (a, c) B40% and (b, d) P40%

B ZE A RN E] 9.10% . V4L & AR PTI98 E N
159.08 MPa, FEMHZE N 14.32%, B K5 YT 58 A8
N 154.88 MPa, ZEAHZRIE K3, N 22.60%, H
WHAR IR 4 iR . B-FELE AR B oK 1
LEEWR, HRAHEMEMRT PTG, H-FiE
HRAIBBORGE & RS K T8, (2T
FUIH 45 A i, Db A R Oy B A AR U - FL
R TR I MEA, kiR R gnd, 3R
Hprham AR 25T o B -~F 5L 5T A AR A A 2R AR 2
BT 7E B2 o T2 v B o AR PR 3, o R A R
I, FEBURL SR Ik B e K AA G H A BR4ERE, I AR TR
WA iR G R T DB BRI AR N T, 5 B

200

[+
a9
=
wn
=
wn
Flat rolling
40 Wave-flat rolling
Flat rolling after amnealing
Wave-flat rolling after annealing
0 I T T

0 4 8 12 16 20 24
Strain/%

B 12 Ti/Al B A8 3-8 il 28

Fig.12 Stress-strain curves of Ti/Al composite plate
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Table 4 Tensile test results of Ti/Al composite plate

Ultimate tensile

Material strength/MPa Elongation/%
Wave-flat rolling 182.74 5.56
ahor amnealing 17732 910

Flat rolling 159.08 14.32
Flat rolling after annealing 154.88 22.60

PEBEFE, T 56 B W A PR

I 421 B R - P FL S P FL R S AR T
TS AT LSS, HaAERWE 13 Frac. HE 13a. 13b
AT LLE - PR A R4 A T T 2R /N T
EEWR, WE-FHE GRS GmEE R, N
ZE 13c. 13e RILBE-FFLE AR Ti A E )58 A
FEBTZ, MET AVRTIE ER, 915 FHEA B
R L, 2B R RV ET R, W%

Bonding interface

B40%

P40%

300 pm

Ti plate _

K 13d. 13f RICPELE AR Ti RS EE, BT
PEWT R, Al MRERAT W) 8 A7 AL Z ShE A B AIROE 3
L, ET ALBR 0 X0 A T TR e

Xt Ti/AL P-"P 4L 5P 5L R & BCEAT 25 il fg st
B, HESRWE 14 Fro. ATUESIBR-FHSTFHE
RS AR B BT, BT ELE G Sk
AU RRENI, THESRK SRAEITR™E, —
W Ti 25 Al RS e Een . RE LS
GBI ALRRCZ B SRR T, BT 0T BRI
Ti B2 2010 IS J), SRR B T Ti BRORT AL AR AR
o, MIMRIE RS itEge. mMESe5E%S
ZEO M, Ti IRAE RSN IVER T kS
AL BRI FARTE, PRI AETFR I R4 .

T AR AT B Ti/AL B-FAL S SFELR A
WA A, H R 15 Jron. B-THLE
AR AR AL T4 S B BE v T M AL, KGR O A

Al plate .

20 um

13 JE T 40%0 Ti/Al &4 HCh i 1 T2 30

Fig.13 Tensile fracture morphologies of Ti/Al composite plate with reduction rate of 40%

14 Ti/Al B A= f il 2 Rk BE

Fig.14 Macroscopic appearances of three-point bending specimens of Ti/Al composite plate: (a) corrugated positive bend, (b) flat rolled

position bend, (¢) corrugated back bend, and (d) flat rolled back bend
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—eo— Flat rolling
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Fig.15 Microhardness of Ti/Al composite plate

KE 6T 7 SUHR AR U s 52 3 B AR e K, i A AL
ER N R, FEEMEEEZE K. 454 5 m Ti/Al 2
< Jm A LT HL B AR R IR A5 T A )

/N Ti R KT ALIR .
4 % #

1) WRIEA RO BRI, Y5 HE RN
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SN PR AR R N TR LR AR, -
FEE GREFER I AR T PRLE AR, HEE5
TR SCIR I =42k 4, TSP 5L A BROA T8 5 — 4

+
iy,

2) W-PHEE ARG A R AL . LU,
PR B2 ERE N 1.8 pm, AN 2.4 um, T4
HEWEE G T HAAERE, ¥ 802 )EE N 1.6 pm, /N
TH-FRE AR, T TEE R A4

3) PSR- LA AR, kR
SPANFPELE AR, I B3 AV RS AR R i KT
SFEL, Ti bR T LR RUG, KRR A TS

4) P F 5L 5P 5L A BRI 52 A B ) 1
2, T KBS NARER, PP LA A AR SR e 4
AN, B S ECH L TR AL, B b R N
182.74 MPa, FE{HZFRN 5.56%, “VHLE A WRYIHLHEE
N 159.08 MPa, IEfHZE N 14.32%, 1B K5 5L 1
R AR L DI RE T, 5 BSORSA 2 A 236 2 g 17 0 s PR A1
W-PHELE AR P M AE SR B TP AL AR
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Interfacial Microstructure and Properties of Ti/Al Composite Plate
by Wave-Flat Rolling

Li Yajie, Ma Chengrui, Liu Cuirong, Zhu Zhiyuan, Zhang Peilin
(School of Materials Science and Engineering, Taiyuan University of Science and Technology, Taiyuan 030024, China)

Abstract: The finite element simulation of wave-flat rolling and flat rolling of Ti/Al composite plate was established and carried out.
Effects of different rolling modes on the microstructure and mechanical properties of the composite plate were analyzed. The results show
that the warpage degree of the composite plate with reduction rate of 40% is lower than that with reduction rate of 35%, the equivalent
stress and strain of the wave-flat-rolled composite plate are larger than those of the flat-rolled composite plate, and no holes and cracks are
found in the bonding interface. The thickness of the interfacial diffusion layer at the crest of the wave is 1.8 um, and that at the trough is
2.4 um, while the thickness of the interfacial diffusion layer of the flat-rolled composite plate is 1.6 um. The degree of recrystallization of
the wave-flat-rolled composite plate Al plate is higher than that of flat-rolling, and its tensile strength, bending resistance, and hardness are
also higher than those of the flat-rolled composite plate, but the elongation is lower due to work hardening.
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