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Abstract: The novel metal-intermetallic laminate ( MIL) composite Ti/Al Ti has excellent performances, such as high
strength, high modulus, high stiffness, low density and high fracture toughness, and it has a broad potential application in
aerospace, weapons and protective system of ground military vehicles. For fabricating Ti/Al, Ti metal-intermetallic lami-
nate composite, various synthesis techniques were developed until today, mainly including hot rolling, pulse current hot
pressing, sintering in vacuum and air conditions, and explosive welding technique, each of which has its advantages and
limitations. The present work reviewed the current research progress of a novel Ti/Al, Ti metal-intermetallic laminate com-
posite in domestic and abroad, with the emphasis focused on the development history, and processing methods of various
synthesis techniques of the Ti/Al;Ti metal-intermetallic laminate composites, and could provide the foundation and assis-
tance for the development and application of Ti/Al,;Ti laminate composites. In the end, this review predicted research
trends of the Ti/Al,Ti metal-intermetallic laminate composite from different research directions.
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Fig. 1 SEM micrograph of Ti; Al/TiAl laminated composites by

cold rolling + hot treating + hot pressing ( processing pa-

rameter;: 35 MPa, 1000 °C, 4 h) [

PELE AR R A 004 s ok 3 B — 52 I
JiE O HL Ny AT IRYE AR, ARG ) A R 4
AR G R R A LS A T k. — LR A
LI TELE J RN, XHELLER R R, T R,
JEAKAG, T LA SR A AR SE A 2 A A, R
FEEL R o AR 2 R B . 2R, o st Bk R
PEREM TR HE A, s SOP AR PR G e A L A
ALY, R AR TERE, TR, BLH T R AR
TR, ORHK R SZ BRG], I HXHEE A ki T —
¥ RGA . BRI R, SHEGWRAER, W
HELE A ARSI T/AMILE . Z R PolRA =, 1R
FHEN R AMRELE Ak T TIZALT 2R E A M
B, Hobilel T2 TV/AL R REVEE TG EE
B AL EE, N BCE 950 CJF ELALBE, 515 F) T
ALTi ZIRE ARk BFo8 20T, 38 a3 %05 3k B A i
M Ti/ AL Ti BRAR B A A RS AR 3 1
3.1.2 BREAL

BRBLEG RN EESIRERRM &S E—E,
FE—E MR T LA—2 JE R b A 5L, IRt g &0
—AR, DR EE ST, RABRBLEAR,
ZUHELHI S AR BRUN AR, — i 5L 44 4 8 Fnai Ak
SR SRR ANAL 55— T T 2 B SR A T A P
HaARE, SRS R R R AR, X2
RE G MBI 12 BE KA 34 . FEEDR R - 4118
K2 Maier 257 Fi| i 2R B 5L A 5 Sk I 77 35 A
il T Ti/ALZIRE AR, Hobil £ 2t B g ok i Fh
MR &, 7 RRESFLIAE (B 4), b
s Ti/ Al A B4y 5076 180, 400, 600 °C R #E47 5 4:

B HAE IR, 25K, 7E 180 CH1400 C T iff47iR k
W, R ERE EME R AR, HiFERaER
TG, MERETIE E 600 C, Fmss & 44 /4 8 A
L&Y ALTI, 5LHE &7k nl |F TAl L 2R E &
FHRH ) % o 25 [ T4 2 5K 2% Chaudhari 26 A5 1)
BHEL . A FERIELILS AR AT R R Hl & oy -
TiAl 3L 2R Z & Mk, MR Tl R2F Bk E 5 R
R AL R SO A T T/ TIAL 2R A
o WA R Tl R TR b I A 21 ) R AL S RS
e Ab P % T TiB,/TiAL 2R 2 A b1k, Zhang 2550
FIH BREFLAE SR KR T 45 T Ti/AlY
Nb BRE G MEL, SREH, ZZWRE SR
WA PERETS 2 B 5 3 . I, P WiE# B 48
SAPE RS T Galeyev 28 A i FI4 R 4 AL
GHERHETHZ(TIi+058)M=Z(Ti+0+Ti &
EVEREGME. HP O0OEE&NEEBNILEYE S,
HE 4y A Ti - 23A1 = 22.7Nb = 1.1V - 0. 6Zr — 0. 2Si -
0.3C (8RS ED -
3.2 REYyHEAE

MR BEA T Z 2K RMERERSEEN, &
R N REIE Y BOE R, HRSEZEFESE
G, AR ESETEERNEURE ARG, AR
PR — s B RS G B e Wi R . X R vk
BT . XM ESSFFA R R, 55 6 & B &
KEH L, GeF=AmBaE R m, AFEAEH, Fim
B 7124 M RE BB A% 35 31 sk B2 3l Bl 1 24k Rg o

20 {42 90 4EA, Rawers %8 N1 SR 3 25 AR B ds
BESEHIES R T TVALT RRE SR A8 5ok Al
S4B Ti M B O T 20 SR P AT R R
BAbH, HZARR TI/ALTI Z2RE SR, P ERHE
RS A ) A PR B I R % T T
ALTI BRRE G B, db Rt i as il il TREAF 5T Fr 25 M5 V5 45
AP FIFPIEZ S ETEAR L S5CT R % 7 T/
ALTi ZRESH R, B 5eX TA1 EkHCR 1050 4596 Ti-
6Al4V B G SR T T BB, SREHE T REHENL L
TR ERE . FIAZITE, FAE 700 CHf (AL 95
SR B IRARAAAE, WISCBLTI, Al fORRsR B, m
PRI, Rk S RIR AT, WG 7R EE Tk R 2= X
2 N R LS 2208 KA PR S T AR T 4R )
A WRZRE SR, IR A BRITH T 0 7 k% 4R
(Bl fE AP T BRI T T A5

B IR T R A0 AR i B ARORE Sl v O L BT
g ERE, TR, E—FIURPGESRIE AR FE R
FHEZS 007 Lhskk s Toad R sp bR S Ak, RIS N



320 Hh B A

$34 %

PISII L g m, (R R T K B[] i be 2 2 xRt
b, A HAE, W HES AR, fmR T2
BICZ IR, 2 R R R 2 2 A bk 7 T 32
B PR

S M K 2% 2% P BF 4 4 Vecchio FilAth (1) A
ALI1522 .20 272030 S ) O B 2 AR B4 B R I
#T T/ALT ZRE A MR, HElgREmE 2 )
AR EER RS AL T SR £E 500 ~ 700 C 4%
HIIMEE G MBS, Al 5 Ti 564 O A
ALTI, Ti GRIA, WJGERT TVALT 4 bk 4 95
JERE A RR G5 REY], TR ALT R 5,
GO T LA A B BeAh, AT 1E XX 2R E A b
BT T REBFSE, AR 7 2 ATk A R 28 A
) Ti B At T TR BRI Ti AL T 428 Wl kA
YIS EARE SR, TEHCEERE [, B RABISE T Ti/Al
f) S RE WL L B SR 3 J1 2% o WA Ti-ALAHIE, 7 500 ~
650 CHf, A ALTi, AlTi,, AlTi, ALTi 4w ik &
Y, ESEBRRFI T R IR ALT AR, HAt LR 4
J& A5 1 S5 2 T DUR) R T 22 MR R B DA 273
~1 473 K5 T B9 Ti/AL ZA0RHE thRERZR (npe 377)
WLAE W, ALTI (9 B AELL AT, 1 AITI [ [ HREAIR
BEAL, FBERELE R e AETE TR R WA AL, PR AT LT
W1 Ti AN AL SIS B Ti AL A4 ALTY, FIAITE 2R
SR ALTE A AT, (TR TR E R — R 51 - W
FICE) A R, Pt ALTE R ALTL, 975 80T LA 3
B2 FHERR . BEA, AT T X IR E AL
BB 2R . W2 R 55 R B TR AT M, AT
TR R BORTR I 7= A 10 5% 4 3 I 0 k) W 28440 2 1) 5%
WD W S N B S o 1 B TIN5V o S B it
feid i

Hydraulic system

Heating device

Overlap of Ti and Al foils

W2 JCELZE e won

Fig.2 Schematic diagram of reactive foil sintering in air''*]

7273 473 673

873 1073 1273 14731673
Temperature/K

K3 Ti/AL RAPEHE 273 ~ 1 473 KIRBEVE RN RY A 1h Rk
e
Fig. 3 Free energy curves of different Ti/Al intermetallic

compounds at 273 ~1 473 K%/

RSO TERY], SEENASRAARMLIL,
THABEATER R 47, T HAER KRR L FEAR T A4
AR, AHHALAAAE —E R BRI, il &l 7 b 2 R AR R
PERBE, A RALIR, TR Ti AL AR,
TR BB 255 PR
3.3 BIEIREEE

IR 2 M KR 25 RO R KE T, AR BORD Gt [ P
(R AR IR s BT 7 A 3 10° ~ 107 s ™ FR
AF RN 10" MPa [ 15 K, DA T S5 B 5 45 R 1R 40 S
Fr, HTZ0d RN 4 FoR' o T 0 ) A0 g i
TRFFEEmT AR, AT 1 2RSS AR 4 s = e i 1
SR, MR KRB AR LT BOR AN %k E20E
AT HSRIRER BR R A b ™ i S S, 2
JEE A RN S L AR AR

1
F ............... 1.4 .................... .}\
2
I l 3
(a)

K4 BEEaETlRERe

Fig. 4  Schematic diagram of explosive welding techniques

FURT, A2 TR K SR 1 4 Ti-AL R R 4L &
o3k 2R 5 BRI A W ST AR B b o M v A
L 6 37 4% AR K2 (1) Bataev' ™ 25 % AR AR 2 + ] K
W7 A T AVALTY T s B & PR R &
R, JEORIE TIZE AR R A R cE v e . R
WRFCAC T 5 [ 37 KA R R g A B3 R R AR K 2 o G

[60]



$4H

LS @REMLEYRZREZ Gk T/ AL T il & H0R S 5T e 321

FERegs il T Ti/ALT RARE G AR, SLig
W TARRD AL AR R IEIR R S B AR,
Wil S5 W MR VE A 0 B B2 B AR R TR T e
I 4 T/AL T 2R E SR, m, myReY
YHBVE IR A LR | 20 3 R Ay i 4 3kt 7
THRAWT . BEEAENRARESHH LA
R R BUZ, iR S A kesi ik M
o, %A AT 7E 2 < b AT LR IR MR, 5K
IRV TCRF IR B R, WA HEER R, HRER
B EPRCRIR, RES KR Bl A
AFRPERE R K, T RBURRR B A R 2R
Frg M, TR EERRIR B R R A Y AR VR R A R
R A e BAN, MELTR L R 22 E A6k
TTHESRIERIE . o F i R B AR R, bed
SRR RN R BETE e HEAT, R RE AWM 4R A T
fEo NIBPX TR B, B THERE T E R
3.4 BkmEFE

Jok v ef AR A 2 20 22 90 AR K SRR Sk 1 — A
POEMRE B AR, MR SR TR SR B
FIGLRess SR Bk KAy sUG 5, HIEEAR:
AIE 2 JoK b He i B B e B L s, (R TR R PR
FrE, MIMSEEY BIE

H A KB T ARBFFE B ) Mizuuchi 25 A7 F) ]
fk e R TR S 25 T T/ Ti-Al 4b &5 W1 )2 IR E &4
Bl HEWEGE T SN IR XA A B 5 i L R RO 2
2R IR I B SR 2R E A AR R R B
MR UNE S R . SRR r AR 1L, kol
sk B LU R BRESIR AR, beghnt . L4
AIE . WA RETR B ARG, il A5 i AT RORLAn N AT
BURE R R, [EEIRER AR, X RA [R
A L ( BB EL ) T A R B IR ), % Bk el i e 5
B TAE S LA AL TR ML

R

H

50 ym

FS ik wb RO T ) A 0 TiZAL 2R E A B R SEM
S0
Fig. 5 SEM micrograph of Ti/Al laminated composites by

pluse current hot pressing! >’

3.5 HfthAEEN
3.5.1 wFRkHpEAMIAE

HL TR B AR TR (EBPVD ) S D) H 7 o S FAE Y
—FPZEE T, W RGE A 37 B 3 R AR T 2 R R B
Tk, EAPRMEA, A LA BN 25 R IR A R R
AR LA LT XA 1t 2% 11 20 21 R4 1 PO AR U
L R BRI DT Jy s i 4 T )2 S 5 APRLINE - 10
S FE AR T I 28 K, B2 TURR B BR AR b L 2
i, Mmidlss 2R /N, SEMRERIFMHEER
BMEL MEZEE G MR RO R AU R 2 S RARE,
JZRIBE/N H 22 Ao il L Re 0 =, eI HA m il
PIVE . BUSEAEYE . PUARALTE . m RIS E TR JE
Ja& R A ) HE R )2 5 5 APRE, AR AR 25 i R U vy
Bz, (BRI A EARWAAAE— & R BRE: Haed
#iE)E, AR TR KRB Frd = AR, i H
AR IZ I B 4 J A] AL W 4k 2 R 525 AR Ti AL T
Rl et fe b, ARSI A TiAL JERS 2 5 5 ARL T
L . WREE Tl k2 245 2O R f i 7o B
FATTRRE S5 T RRGE Ti/TiAl & 2 1A Ak, IR
Tolb RS AA S R AL AU B IR 5
Nb/TiAl & 252 G kL,
3.5.2 #okimARk

WOGTURR L Z (PLD) — R FHOG 2 s 5L A k)
AR B L IAS JZ B TTRR G . BOGTTRRE R R
ABCEERME . P, RO MR RE I S L B
PRI i 5 . S5 B A K 2F Chung 261 3%
FHBOCTTRR IR SR il 4t NbAL /Al (&2 &
LEFRIRY . TR BRSSO A OB TR i 45
Al -Nb, Al/B, & 24514 & @ Ak G W B2 G Ak

R LA B AR Bh ] g BOR LLS, A 27 ok TG 4%
TSTIUAR . F A 5 S5 7 I T e 1 i o5 2R 5
FORHGTTE o AR JE T2 Mara 25 A7 7] FH B0 28 %
FEW I 7 kil 45 7 Cu/Nb U2 G0k whilE B R
TBE Chung % I 8 G 3 A RO 4 T Nb/
NbAL & 22 G -8
4 TI/ALT sBEMLEMEERESHEEH

BERARAEMAR

R T AR AR b ] 3 R AR Y 4 R SR R R A MR
s bR T e gkl A HoR, Horbi oy S ny e
8 75 % [E 45 ( Ultrasonic Consolidation) i s E 1.7, #E
PR LSBA SRR S B RS E T, A RL 2 1H A L
B T2 IR A, IZHR Rk K )
—Fh AR G 45 4R AL UM (S ) DT



322 Hh B A

$34 %

WFFEERBA, M I 4 BRI AR B A 1 28
B—-FESBIEHEAR, TERBEM, YEHGEER, &85 7F
ARBA P P ) 15 5 4 08 b 2% T 19 S8 A 4 ) 1 7
AR, TR v Y T, RO RS R X G R AT 3 T T AL
P T R S AL UG B TIAL S 7RG Besh i
TR R T I BOE B e, SO RS TR 4R, AR TERICR R
W HR R s R R P D I 45 O 4 R il s 1 2R B A
FHRFBITE 25 0 B4 i & A BB T A 77 A S AL
SR AR AT T % Z R 2R ER R, 2R E A
k. REEEEAR. SRIEKILEH . BT R
EIRE AR,

1AMk, I SRR TR E AR
FrEGHI 4, el ALLALT™  ALCu™ A Ti-A1TY 2 R
FEWFFE LK Sano 45 N7 SR A% 7 Ml 45t CP( Com-
mercial Pure)-Ti/TiAl,/Al JZ2RE G EL, TEWFREREF,
AT S PR P 30 1 55 T B AR T A AL o
B, RGBT IS S, F&H T CP-TY
TiAL/AL ZRE GFRL . LAk, R S5 R T 20
TLF ARG 58 4 T8 H A BRI RERT R 1 45 %5

R SR 3 ) 4 AR R T o 4 A R
B, OEW, AFEITRT 4RSI RE AR R
Ti/ALTi g BRSO TE sl
R] Ay i3k ol gy T 52 4 DI B I T O g S 2 R IR e, (HR
HET TARR o

5 4 iE

=A

Ti/ALTi G Jm AL & 28 2R 5 B0k AT A S g it
ZERARPRE. B R RERE T BT I ATRE, FEATZS AR . MU
BRARRE A 110258 Y By 37 S 0 22 AT A ) I 10 L T
[l Shage %) Ti/AL T g J AR ) 26 2R B 1 R o
o PEREFIN T T Z M0 LAE, JFHiZs ke
S T R4 (L N R A AR )Tz A
WARBTTE, BRI . OTFEMRA S i # B AR J5 1,
Ti/ALTi )[Rk & Y5 2 AR A5G B ] 4 S o) T
B RER, REH WA i & T R R,
BE— AR AR PR RE, FEARARAS, RSB Tl AL i
ZWPTETT M 2 —. @Ti/ALTI G J& ML & P E R AL
AR OE TE R PR REOI R B, e HIT R RS
MBFFE AR, T/ALTE G AL & P02 2R A 4R
WSOETERE . PR (O REZSE) S5 RHEREZ
FISCR . OTEF BT J5 i, 5 T KA B AR,
B SRR 2 e RE S A RHLT . ik . T T
ZIMRFR . OTEZ M EOE LT, T 8058 5
e RS AR RO S E A, 4

T LESHIE T/ ALT G R Y 2R 4 41
TR BB AR R 26 TR S A R 4, LR
XSS GYERERI I . OTE &8 ML AL T A B
RS RIr i, RIESCIRir TR, X EJZARE S bR
RARA o T < ) A AR 9 R R P 2 BT R
Bk < B AN R L AR PR RE T R R
B, ZEHUCEMETERT ALT A S i Ik, n) i £F g
ST B A B G Y ALTI 36 E), M e &
BRI EEIRTERE . @ il 1A AL R ] AR R R
T EMIEm, T X RERE S A S LN T
KOS HMERER, PG, T J il T A ) 4 SO F
SFHIOE TEMFE AR E R TR .

SExHk References

[1]  Technology Development (#4225 ). G thh 22 v i B4 4 9 W]
B—RIERE RSB Gw G HERR[T].
Metallurgy (KiftiG4) , 2001(01) : 36.

[2] Lin J P, Chen G L. Development of TiAl Intermetallic Based
Compound[ J]. Materials China, 2009, 28(1): 31.

[3] Wang X, LinJ P, Zhang L Q, et al. Hot Packed-Rolling Process
of High-Nb TiAl Alloy and Its Microstructure Evolution [J]. Chi-
nese Journal of Rare Metals, 2010, 34(5) : 658.

[4] Chen Y Y, Kong F T. Microstructure Refining of TiAl Alloys
[J]. Acta Metallurgica Sinica, 2008, 44(5) . 551.

[5] Wang X, LinJ P, Zhang L Q, et al. Cold-Rolling Technology of
Wrought High-Nb Dual Phase TiAl Alloy and Its Microstructure as

Tianjin

well as Mechanical Properties| J]. Rare Metal Materials and Engi-
neering , 2009, 38(8) . 1 472.
[6] Kim Y W. Intermetallic Alloy Based on Gamma Titanium Alumin-
ide[ J]. Journal of Metals, 1989, 41(7). 24 -30.
[7] Fleischer R L, Dimiduk D M, Lipsitt H A. Intermetallic Com-
pounds for Strong High-Temperature Materials: Status and Poten-
tial[J]. Annual Review of Materials Science, 1989, 19(1) . 231
—-263.
[8] Teisui T. Gamma Ti Aluminides for Non-Aerospace Applications
[J]. Current Opinion in Solid State and Materials Science, 1999 ,
4(3): 243 -248.
[9] Rawers J C, Alman D E. Fracture Characteristics of Metal/Inter-
metallic Laminar Composites Produced by Reaction Sintering and
Hot Pressing[ J1. Composites Science and Technology, 1995, 54
(4) : 379 -384.
[10] Dogn C P, Hawk J A. Processing, Structure and Properties of
Metal-Intermetallic Layered Composites [ J ]. Materials Science
and Engineering A, 1995(192 -193) . 624 - 632.

[11] Alman D E, Rawers J C, Hawk J A. Microstructural and Failure
Characteristics of Metal-Intermetallic Layered Sheet Composites
[1]. Metallurgical and Materials Transactions A, 1995 (26) :
589 —599.



$4H

LS @REMLEYRZREZ Gk T/ AL T il & H0R S 5T e

323

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Rawers J C, Perry K. Crack Initiation in Laminates Metal-Inter-
metallic Composites [ J]. Journal of Materials Science, 1996,
31: 3501 -3 506.
David J H, Vecchio K S. Microstructure Evolution in Metal-Inter-
metallic Laminate ( MIL) Composites Synthesized by Reactive
Foil Sintering in Air[ J]. Metallurgical and Materials Transac-
tions A, 2001, 32 (6): 1493 -1 504.
Vecchio K S. Synthetic Multi-Functional Materials for Structural
+ Ballistic and Blast Protection| R]. San Diego: 2005.
Vecchio K S. Synthetic Multifunctional Metallic-Intermetallic
Laminate Composiles[ J]. Journal of Metal , Materials and Min-
eral Soctety, 2005, 57 (3) .25 -31.
Vecchio K S. Designs and Fabrication of Structural Armor; US,
0286600 A1[P]. 2008 -11 -20.
Vecchio K S, Rohatgi A, Kosmatka J. Fabrication of Structural
Armor: US, 7992763 B2[ P]. 2011 -08 -09.
Dwivedi A, Bradley J. Mechanical Response of Titanium Aluminide
(AlL;Ti)[R]. Maryland: USA Army Research Laboratory, 2010.
Sano T, Catalano J, Casem D, et al. Microstructural and Me-
chanical Behavior Characterization of Ultrasonically Consolidated
Titanium-Aluminum Laminates [ R]. Maryland; USA Army Re-
search Laboratory, 2009.
Matthew W T. Multifunctional Titanium-( Titanium-Aluminide )
Metallic-Intermetallic Laminate Composites for Tough, Low Cost,
and Lightweight Missile Components [ EB/OL]. (2003 - 01 -
01). http: //www. sbir. gov/shirsearch/detail/148780.
Kosmatka J. Detecting Impact Damage and Location in Multifunc-
tional Metallic-Intermetallic Laminate ( MIL) Composites[ C]//
Proceedings of the 4th International Workshop on Structural Health
Monitoring. Lancashire: Lancaster Publications, 2003: 1 508 —
1514.
Raghavendra R A, Vecchio K S, Jiang F C, et al. Effects of
Ductile Laminate Thickness, Volume Fraction, and Orientation
on Fatigue-Crack Propagation in Ti-Al;Ti Metal-Intermetallic
Laminate Composites [ J ].
tions A, 2005, 36 (6): 1595 -1 608.
Raghavendra R A, Vecchio K S, Rohatgi A, et al. Fracture of

Metallurgical and Materials Transac-

Ti-Al; Ti Metal-Intermetallic Laminate Composites; Effects of
Lamination on Resistance-Curve Behavior[ J]. Metallurgical and
Materials Transactions A, 2005, 36 (11) . 3 217 -3 236.

Jiang F C, Robb M K, Vecchio K S. Use of Brazilian Disk Test
to Determine Properties of Metallic-Intermetallic Laminate Com-
posites [ J]. Journal of Metal, Materials and Mineral Society,
2010, 62 (1): 35 -40.

Richard D P, Jiang F C, Robb M K, et al. Effects of Ductile
Phase Volume Fraction on the Mechanical Properties of Ti-Al;Ti
Metal-Intermetallic Laminate (MIL) [ J]. Materials Science and
Engineering A, 2011, 528(7 -8): 3 134 -3 146.

Li T Z, Grignon F, Benson D J, et al. Modelling the Elastic

Properties and Damage Evolution in Metal-Intermetallic Laminate

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Composites[ J]. Materials Science and Engineering A, 2004 , 374
(1-2). 10-26.

Li TZ, Eugene A O, Meyers M A. The Development of Residual
Stresses in Ti6Al4V-Al; Ti Metal-Intermetallic Laminate ( MIL)
Composites| J |. Materials Science and Engineering A, 2008 , 473
(1-2). 49 -57.

Randow C, Gazonas G. Modeling Metal-Intermetallic Laminates
Subjected to Ballistic Impact[ EB/OL]. [2014 =01 -=30]. hi-
tp: //mme. geofisica. unam. mx/mme/ WCCM-VII/PlaticasWC-
CM-VII/ data/ papers/1577. html.

Rohatgi A, David J] H, Vecchio K S, et al. Resistance-Curve
and Fracture Behavior of Ti-Al; Ti Metallic-Intermetallic Laminate
(MIL) Composites[ J]. Acta Materialia, 2003, 51 (11); 2933
-2 957.

Salonitis K, Pandremenos J, Paralikas J, et al. Multifunctional
Materials: Engineering Applications and Processing Challenges
[J]. International Journal of Advanced Manufacture Technology,
2010, 49 (5-8): 803 —826.

Clegg W J, Kendallk K, Alford N M N, et al. A Simple Way to
Make Tough Ceramics [ J]. Nature, 1990, 347 (6 292) . 455
—-457.

Maximilien E L, Etienne M, Daan H A, et al. A Novel Biomim-
etic Approach to the Design of High-Performance Ceramic-Metal
Composites| J |. Journal of Royal Society, Interface, 2010, 46
(7). 741 -753.

Zhao Yazhong (#XWV L) . Bionics Design and Preparation of Met-
al/intermetallic Laminated Composite (4 &/ 4: @& [R14b-& 924K
SEMEMT AT 5145) [D]. Shi Jiazhuang: Hebei Univer-
sity of Technology, 1996.

Zhang Jiao (K {%), Xia Zhenhai ( i) , Liu Hailong ( XI|
M), et al. Ni-Al RE R/ E R E LS Y2 RS ENY
U 25T [J]. Journal of Hebei University of Technology (i
LT ) L 1999, 5(28) : 37 -40.

Cao Yang (#  [H), Zhu Shifan (£{H:{%), Guo Chunhuan
CREWL) , e al. FHLG IR EALEYIREIZREE I B i S5 41
B[ J]. Ordnance Material Science and Engineering ( £& 4% 44 K}
Bl 5 T ), 2013, In Press.

Chaudhari G P, Acoff V L. Titanium Aluminide Sheets Made U-
sing Roll Bonding and Reaction Annealing[ J]. Intermetallics,
2010, 18 (4). 472 -478.

Maier V, Hoppel H W, Goken M. Nanomechanical Behaviour of
Al-Ti Layered Composites Produced by Accumulative Roll Bond-
ing[J]. Journal of Physics: Conference Series, 2010, 240 (1)
012 108.

Sun Yanbo (#MEJ), Zhao Yeqing (#Xl7), Zhang Di (5K
M), e al. 95 - TEEHIRHEZ Ti-Al REB B S WS
LMt [ J]. The Chinese Journal of Nonferrous Metals ( 7 [E4
16,4 J/2F4) , 2010, (20 Special 1) : s1 064 — sl 067.
Safiullin R V, Galeyev R M, Vallakhmetov O R, et al. Laminat-

ed Composite Materials Based on Orthorhombic Aluminide/ Titani-



324

Hh B A

$34 %

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[51]

um Alloy[ C]. European; 6" European Conference on Superplas-
tic Forming, 2008 1 -7.

Galeyev R M, Valiakhmetov O R, Safiullin R V, et al. Develop-
ment of Laminated Composite Materials Based on Orthorhombic
Aluminide/Titanium Alloy and Their Tensile Mechanical Proper-
ties[ J]. Materials Science and Technology, 2009, 25 (12): 1
485 —1 488.

Liu Jiangping ( XYL ), Luo Liangshun (& R Jlii), Su Yan-
qing (FREIR) , et al. Ti/ ALY EUE P A)AR K A A i 45 B
L[ J]. Transactions of Nonferrous Metals Society of China( F
EA o4 mFEaaT]), 2011, 21 (3) . 598 -603.

Xu Lei (&% %), Cui Yuyou (f % /&), Yang Rui (#
i) . Research on Hot-Press Sintering of Ti-Aly Ti Laminated Com-
posites(Ti-ALTi R & # BHAE R & 0F5) [C]. Cheng-
du: Proceedings of 13™ National Conference on Composite Materi-
als, 2008, 15(6); 677.

Chang Yunpeng (% = M%), Ha Jinfen (M54:%7), Dang Chao
(5% #), et al. Synthesis and Mechanical Behavior of Metal-In-
termetallic Laminate (MIL) Composites Ti-Aly Ti ( 43 )& [614L5 )
BRI AR Ti/ AL T i # XI55 8) [C]. Beijing:
Proceedings of 17" National Conference on Composite Materials,
2012 950 —954.

Peng LM, Wang J H, Li H, et al. Synthesis and Microstructural
Characterization of Ti-Al;Ti Metal-Intermetallic Laminate ( MIL)
Composites[ J|. Seripta Materialia, 2005, 52 (3) ; 243 -248.
Peng L M, Li H, Wang J H. Processing and Mechanical Behavior
of Laminated Titanium-Titanium Tri-Aluminide (Ti-Al;Ti) Com-
posites[ J]. Materials Science and Engineering A, 2005, 406 (2
-1): 309 -318.

XuL, Cui YY, Hao Y L, et al. Growth of Intermetallic Layer in
Multi-Laminated Ti/Al Diffusion Couples[ J]. Materials Science
and Engineering A, 2006, 435 -436(5) : 638 —647.

Patselov A M, Rybin V V, Grinberg B A, et al. Synthesis and
Properties of Ti-Al Laminated Composites with an Intermetallic
Layer[ J]. Russian Metallurgy( Metally) , 2011, (4) 356 —360.
Bataev I A, Bataev A A, Mali V I, et al. Structural and Me-
chanical Properties of Metallic-Intermetallic Laminate Composites
Produced by Explosive Welding and Annealing[ J]. Materials and
Design, 2012, 35 (3); 225 -234.

Zelepugin S A, Mali V1, Zelepugin A S, et al. Failure of Metal-
lic-Intermetallic Laminate Composites under Dynamic Loading
[C]. Russian; The 17™ APS Topical Conference on Shock Com-
pression of Condensed Matter, 2011.

Mizuuchi K, Inoue K, Sugioka M, et al. Microstructure and Me-
chanical Properties of Ti-Aluminides Reinforced Ti Matrix Com-
posites Synthesized by Pulsed Current Hot Pressing[ J]. Materials
Science and Engineering A, 2004, 368 (1 -2) . 260 —268.
Mizuuchi K, Inoue K, Sugioka M, et al. Microstructure and Me-
chanical Properties of Ti/Intermetallic Laminate Composites Pro-

duced by Pulsed Current Hot Pressing (PCHP) [ J]. Journal of

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

the Japan Institute of Metals, 2003, 67 (9) . 141 —144.

Kong F T, Chen Y Y, Zhang D L. Interfacial Microstructure and
Shear Strength of Ti-6A14V/TiAl Laminate Composite Sheet Fab-
ricated by Hot Packed Rolling [ J]. Materials and Design, 2011,
32(6): 3 167 -3 172.

Cui X P, Fan G H, Geng L, et al. Fabrication of Fully Dense
TiAl-Based Composite Sheets with a Novel Microlaminated Micro-
Scripta Materialia, 2012, 66(5) : 276 —279.
Zhang R G, Viola L A. Processing Sheet Materials by Accumula-
tive Roll Bonding and Reaction Annealing from Ti/Al/Nb Ele-
mental Foils [ J].
463: 67 -73.
Gai Pengtao (%MS%%), Wu Wei (5% 4), Zeng Yuansong
(EIeHy) . R A Ti-AL T ZARE A AR RS F
%[ J]. Materials Science & Technology (¥ B Fl2¢5T72),
2013, 21(2); 45 —49.

structure [ J].

Materials Science and Engineering A, 2007,

Harach D J. Processing, Properties, and Ballistic Performance of
Ti-Aly Ti Metal-Intermetallic Laminate ( MIL) Composites [ D ].

San Diego: University of California, 2000.

Li T Z, Grignon F, Benson D J, et al. Modeling the Elastic
Properties and Damage Evolution in Ti-Al; Ti Metal-Intermetallic
Laminate ( MIL) Composites[ J].
neering A, 2004, 374. 10 -26.

Bloyer D R, Rao V K T, Ritchie R O, Fracture Toughness and

Materials Science and Engi-

R-Curve Behavior of Laminated Brittle-Matrix Composites [ J ].
Metallurgical —and  Materials  Transactions A, 1998, 29.
2 483 -2 496.
Konieczny M. Deformation Mechanism in Copper-Inermetallic
Layered Composites at Elevated Temperatures[ J |. Kovove Mate-
rials, 2007, 45. 313 -317.
Zhou Junjie (JHZ75) , Pang Yuhua (JEE4E), Su Xiaoli (F
WEF0) , et al. Pebra)m)Z2 R G MEHRITIBLRT]. Gansu
Metallurgy (Hif1E4:), 2005, 27 1 -3.
Tian Guangmin ( 17 ), Li Xuanming ( Z=3% B ), Zhao
Yongqing GBKER) , et al. J24RE 8 G AN THARBEFE
HUR [ T]. Materials China ( PEMEHERE) , 2013, 32(11);
696 -701.
Ma Li(H  Z=), Sun Yue($) BK), He Xiaodong( #BEZ ).
Ti/ Ti-Al KR & 2 B i & SYEREDTFE 1] Rare Mer-
al Materials and Engineering ( i 4 J& # %L 5 T2 ) , 2008,
37(2): 325 -329.
Ma Li(Z  Z=), Sun Yue(#) BK), He Xiaodong( #EBEZ ).
Ti/ Ti, Al &2 EZ G MBS 5YERERT5E [ T]. Jowr-
nal of Materials Engineering (#1#}LH) , 2007, sl 69 —72.
Han Jiecai (§#i784), Zhang Deming ( #{%4% ), Chen Guiqing
(BR5E) , et al. ] EB-PVD 244 Ti-Al/Nb 245 52 4541k
IWEFE[J]. Rare Metal Materials and Engineering (#7643 )@
RS T, 2006, 35(10) : 1665 — 1 668.
Chung H L, Jilavi M H , Duffey T P, et al. NbAl;/Al Micro-
laminated Thin Films Deposited by UV Laser Ablation[ J]. Thin



$4H

LS @REMLEYRZREZ Gk T/ AL T il & H0R S 5T e

325

[66]

[67]

[68]

[71]

[72]

[73]

Solid Films, 2001, 388 101 - 106.

Zhong Minlin (£ #(5%) , He Jinjiang ({]4:VL), Liu Wenjin
(R4, et al. FOLYIREIF Als-NbyAVB, F)2 48 ML
BYIEEFET]. China Laser (W EOE) , 2007, 34(12) .
1694 —1 699.

Mara N A, Tamayo T, Sergueeva A V, et al. The Effects of De-
creasing Layer Thickness on the High Temperature Mechanical
Behavior of Cu/Nb Nanoscale Multilayers[ J]. Thin Solid Films ,
2007, 6(515): 3 241 -3 245.

Chung D S, Kishi M E T. Microstructural Analysis and Mechani-
cal Properties of in Situ Nb/Nb-Aluminide Layered Materials[ J].

Science and Technology of Advanced Materials, 2002, 3 (2):
129 - 135.

White D R. Ultrasonic Consolidation of Aluminum Tooling[ J].

Advanced Materials Processes, 2003, 161 64 —65.

Li D Z, Soar R C. Plastic Flow and Work Hardening of Al Alloy
Matrices during Ultrasonic Consolidation Fiber Embedding Process
[J]. Materials Science and Engineering A, 2008, 498. 421
—-429.

Kong C Y, Soar R C, Dickens P M. Characterization of Alumi-
num Alloy 6061 for the Ultrasonic Consolidation Process[ J]. Ma-
terials Science and Engineering A, 2003, 363: 99 —106.

Kong C Y, Soar R C, Dickens P M. Optimum Process Parameters
for Uctrasonic Consolidation of 3003 Aluminum [ J]. Journal of
Materials Processing Technology, 2004, 146 181 - 187.

Kong C Y, Soar R C, Dickens P M. Ultrasonic Consolidation for

[74]

[75]

[76]

[77]

[78]

[79]

Embedding SMA Fibers within Aluminum Matrices[J]. Compos-
ite Structures, 2004, 66, 421 —427.
Ram G D J, Yang Y, Stucker B E. Effects of Process Parameters
on Bond Formation during Ulirasonic Consolidation of Aluminum
Alloy 3003 [ J]. Journal of Manufacturing System, 2006, 25
221 -238.
Ram G D J, Robinson C, Yang Y, et al. Use of Ultrasonic Con-
solidation for Fabrication of Multi-Material Structures[ J]. Rapid
Prototyping Journal, 2007, 13 226 -235.
George J, Stucker B. Fabrication of Lightweight Structural Panels
through Ultrasonic Consolidation[ J]. Virtual and Physical Proto-
typing, 2006, 1. 227 -241.
Domack M S, Baughman J M. Development of Nickel-Titanium
Graded Composition Components[ J]. Rapid Prototyping Journal
2005, 11:41-51.
Sano T, Catalano J, Casem D, et al. Microstructural and Me-
chanical Behavior Characterization of Ultrasonically Consolidated
Titanium-Aluminum Laminates [ C//TMS2008 — 137" Annual
Meeting and Exhibition Supplemental Proceedings : Materials Pro-
cessing and Properties. US; TMS Annual Meeting, 2008 ; 417 -
422.
Ryan L S. Advanced Analysis of Curved and Corrugated Titanium
Aluminide Metal Intermetallic Laminates Utilizing Multi-Dimen-
sional Finite Element Analysis[ D]. Rhode Island; Brown Univer-
sity, 2013.

(B &)



