-— . .
—— I oru

AL RERHEE SN

HEER

Research Progress on Gradient Composite Structures Fabricated by
Laser Melting Deposition Process

EtRBEEEERREMR

137353

tRFEEEMRERBERD
I T4 EERRE TENE
ERTHRBES AMRBRtRE
BT R MR RE R . S
EERHREABRERRREATFL
IfE.

BRI 5 B R A B AN TR
AL AN [ filE PR B 4 i A RE
LT R 1 ph P e DL A A

* B 5 973 TS U RE A AR A 5
JE— AL AR IERE” (2011CB606305 ),
bt TR R PR s & sh bk &
SRR BB T L R s
( Z14110400280000 ) %l

44 P REEOR - 2015 4E3 10 1]

5K 5K &

X Z &

' o

WEESEMEARME— I RMBIRERER S, 4
BXENAEEMNARMER TR A MR RERR—H
WEME /) R, BOLRERFE R AREMHHEK. A
AMERIMERTESAEEAESERYE, KRG EEH

EHNEERXRAMZ—,

DOI:10.16080/j.issn1671-833x.2015.10.044

AR — T B AR AR 2 1, X R4 4 m]
PAFE 0 S AN [R) R R PR BE A 34
b I3 525 A AP 5 A 1) 1O FH T i 2
TR R F 2 8] i3 e, W
F AR ARG PEBE K P RIS 44 %
AROCTEMZE R B 4T A4 s
S EA Y R R
FUHI, B S S 2 A B ] i R 22
ARG SFE TR H I
WA OB B e AR Y,
ERLE ¥ RSN N NGRS 2 NI v
JER A S OE T AR PR

OGP B HA S — Bl
AR B B I BOR
155 DR BOC I R A5 ik (4 by AR A
kAT BB CAD BRI 3 HAT 5
WHLM R LR G IERERIE 2%
T 25 20 L 2 P o o A0, B v

BRI R e/ ML B TERE 2 24
TEZAF 13 5 O B Rm &
PR e R Y A
N HFT S, TR ARTEA R
B2 AP RS SE — R4l
5 T ELAT 0 A B AG 4E
BET SRR R T2 00hE, il A%
JR M BHE T il g SR S S
REFE T — R MR e s HO R,
TERTTURG I 2 A 254 10 B O T
T LA AR L AL
8T AT R 1 P AN 5 R
FEPRH Y A 550 A A5
J7 T RGBS, - TR EEAR A T 30t
Py I H 4 TC11/Ti,AINb ., TA15/
Ti, AINb WA 4 M4 8} 7 T 1) A 5% F
JE& | 38 3= A A A 1A T RS T 1 4 T
e AE T R TAER B 71 .



Rapid Manufacturing Technology Mﬁuﬁﬁ*

EZHESSWE/
LR

Uk G AN [ A RE 22 [R] A B
ReM 225 5 TEAN A B Z [T
L | SR T AT AT I L
RPN 7. EEXASRIEY HARZs
FRBOE AR T 2, T8 — OB
J2 P S U M R o B R DU 2
Z MR Ry AR B WA T 2. T
o P VTR AL R T ] 1 2 Bt 2k
AT PR M R GE, LA S B A M A A
g1, [T 2R OB i R TR 4
W N Sz i i, DA PR UE R 45 44 1)
NEB L J5 2 vl il B 4 U
) A A SR A B R SE A, T
2 E WA 7 S, BT R AR
KZIF T VTR it
BHA R E AR Cu-Ni""| Invar &
4> =316L 88" 3161 SS-Inconel 690,
316L SS—Inconel 718" 316L SS—
Rene 88DT'"*" 3161 SS-Ni25.316L
SS-Stellite 31" 316L SS-Fe, Al
Ti-Rene 88DT"® | TC4—Rene 88DT""
Ti-V. Ti-Mo"™", Ti-C:”"", Ti-TiC™',
Ti-TiAl™! Ti-Ti,AINb™ . Ti60-
Ti, AIND™ %, TG HGE R IE %
EIEATTRM R T2 R, A
() L 51 ) S A A R R OG0 b 1) v
BAER T a6 8B4
FAERT, PRMA R e B b e T
5GBSR R RE A I DX Ry AR ALY
Jetkfg o

ST Cu=Ni 316L SS— L A4,
EAEEMMEHAR , M TA &M ETT
R (B HA B (AR B A R 38
etk SR RIS, i A
) T 2 VCHED, T LA 45t 2T RAF
T B A A T X T
Ti-V. Ti-Mo /&5, B V. Mo JGHE
g N, A AR R A W
AR A RS R AR 1 S A s R
BARAE PV f1 Ti-Ni, Ti-Al 4H
E A%, %F T Ti-Ti,AINb ., TC4-Rene
88DT 45 3% L FE M EMA R, th T

S I o B AN W sk b B
£ 1 Ti,Ni. TiNi,. Ti,Al 55 jifg 4
& EAL G, ¥l ke R
FI, UL, FE R AT 2 A AR Sk
JE 3t B v B AR £ US040 Qu
25 120 SR OGP R AR 2
TA15/ vy -TiAl B 55 & 5 454, #F 5
TR BRI B AR T 2R e R
KLy -TiAl G & MH vy -TiAl
A a,-Ti, Al LAY 4 F 24141,
TALS — M A H G TR A 25 A
B2 35 800°C x 48h 14 s & 4b B
Jei , A R BRBLEL, U BE T 1) 1) 5
FIHBREE K 1198.8 MPa, WiJ5 iK%
9 0.4% , F et

YT RALK SHLIR TS S S
FO AR F AT S RE K, an
SO S R 110 W SR i IR & 9% 57
SR R T 300 % T B R 1) 1 I 0 A iR
B A NBE R P AR IR A 4
Waspoaloy FI IN100 KA il A O
FERG AL, FEAE W 3 2 (B R FH A
FE R AT 0 P /L O
W Z A EHE R IR A FEAE , L0 A R
7 1Cr1 INi2W2MoV 44, it F 41 kEH
GH742 & 4, #i % GH163 & &%
Wit P = GH742 &4, th TiX # fh
BIAEEHSHRENELITER,
BB B U X R N A A, N
W E M M RS i T AT R EEE
XF T AT A RMA R, T DR
ELHEEVE 0 O AT G R/
SER) ST | 38 3o B o) A e
X B AL B PERE , DLSEBUR R A R

B RIE R & i R R R A R

RERYTE I A 4%

WMEEWHE | &
— kLB

AR, Bt 2 K ShFLE L
I 5 A Bk B RPIL 2 F B A A A iy
5 K AU REER A 432 T
BTk B AL AR S AN TR
RO AR MEREELSR , R T HE— 20 F%
AT BAS , 7 48 O TR R R
B R T2 R B A i R g 2
fili b, I E I R OGP BOE &
HTA2/TALSP N TC4/TC11P 46
WA A ARt 8 e Bt i X Ak
e A A K A = R
JEIRABGE , AT RS AR T
FEREEE

B ARG 4 R PR R A £
& 2L 98 T GH163 ., GH742
Rene95 AR I =il A 4 O G HRE
WY T2 A8 RE, A 5L Ak -
SR FH B 22 U T OGRS ROE i
#1 GH163/Rene95 WA 4 HiBE( W,
K12 (a) FCh)), A [ B4R N S
A X B HL S Hr R A 2 (e)~
(), PG E P EIE & 21T
15 BE T 1] oy S AN A R ) S T 4 ]
AL WA AR A B IR 2 Ab
FEA WA B AL AERUA A
FURAMAEAE TS 2 200 um B8535 9
DX, o U DX T S i 284k s GH163/
Rene95 H 3L XA 4 ) FLm 45 45 on &
=T GH163 15 5, 5t 1 ir 4t W7 224
WHEEINE 2 (b) Fis , R B3
by AT A B R A A A
B HIRE S MRE, b T i St
T XA B 1) A P2

R 9 v MRLER B A R 1 IR
JEE BRI, SR FH B 42 U 7 3o 4
TC11/ vy -TiAl" | TC11/Ti,AINb X
BEM R 3 RO s s
TC11/Ti,AINb BUA 4 BERECF e L
Ak DXL 2, WA 4 Bt o a8 X1
BT AT A SRR, T TRLAIND &
& X TC1 KA 4 W H BEAE ™ 48

2015 4E 55 10 W] - R blisE AR 45



f\/ - N
——Ix o

T T Z R )2 0 )2
(TZ1 #1172, WK 3 (b) fimw), &
550°CHR-E 2 h [ 25 B RY 20 1138 K
Qb3 TC11/Ti,AINb XA 4 7R 1R M
650°C =il S 7 {8 i R SiE 5
43 5 & 1060MPa 610MPa Fl 2.2%
23%, Fo s b i 2 T Ti,AIND
Al 650°C iR KA T TC11
G 4, 3k 2] I 78 43 & #5 TC1
B kR, SR A E Ti,AIND & 41
REM BN, FENTERAEE A

S =

/3 i

(¢ )Rene9s &4 MY
LA e

(a) FEfF

/ 13 Id e AN B VB L 6
¥ / Pl kgl [CECAN R fi

REAY AL AR 2

ROE S [RNEST R N Y VAR
Tk B AN (] 1) S B 5 2, SR O
Y B AR B T ) g OB A
TA15/Ti,AINb XA 4 45 ¥4 FE 44,
4 s, o BB 3 TALS 8k
&4, 9 KB TLAIND & 4. i
TA15/Ti,AINb XA 4 5t 11 1Y o328
AEAE BRI, 78R 4 P A7 7R 58 B
24 300 wm B AR 43 AR o X TR RR
JEH T Ti,AINb 54X TALS G541

s

i | 13 % i T
i { \
oLy \ iAo BN
B ) ARTE RS
_44 19 g .7. 3 £A 7Y
b RiE U
% it t R £ : ¥
| I L B L G *5 L2
o 4 1 N L
i 9
) % 53 e LT 0 m
s I Tael b b
1 & AS e _____ S

(e) FLiminy 2 AN

(b)) A P X 20 2
E3 BHRERFTCI/TLAINDN S EHFEFGRERMTERAH

46 FiAAHEECAR - 2015 453 10 1]

E4 ERiEBFTA15/TiL,AINDI & S HEH

i BT o V3 BT S 1 6] )
IR PRI FE 4 1025MPa, 3 fifi R
K 7.3% , Wi 24 % HE T A 1w B O S G
TA15 &4 —M, 8380 T E FAREXT
TAIS A& Sk Re ik, WhoE
R, EOCPGE Y Ti,AIND & 421
IR 750 °C IR TR 5 B 4 )k
1012MPa F1 702MPa"", H % b hr
WS TALS &4, fEhi Pt 2
i1, TLAIND & &M B L P A%
VBRI | S B AR A AR AL
FAAL TA15/Ti, AIND XA 4 LT X
N RANERE BT IE T WAy
(B Ak 3 A 4 DX R Y RE A T S
T, o3 SR AN ) A 4 T 1) 1A B
HLHAT T 43T, U TR T 18 )
AT RPN 25 R R
VPRI B A2 A 25 R BT 5 B 4y
511 1090MPa , 1050M Pa, %iE { % 4
NN 6.0% .9.0% , Wi 3457 T4 5 1+ 3
X B FLH BT TALS &4, bR
SEIRFEAr Won T OB PGE BB H AR
FEBR LU BE = IR 2548 L 1% & e i

B
Ao

R E [

PO BT ARy — T H,
A LA IR RO, 1R A
b JBE A2 45 K ) L4 FRO 5 T A 7
H AR AR A3, PR 2 R 24
S R4 R T TR (R
SR v A 2 . e,
HEAT IR B S G S BTN 2 e %



Rapid Manufacturing Technology Mﬁuﬁﬁ*

(a)A/l (50%A+50%B )/B

(b) A/ (60%A+40%B )/ ( 40%A+60%B ) /B

5 B IREBFTAT5/Ti, AINoHE B B 53 BEIE 44 (A:TA15, B: Ti,AINb)

JEAN RIS L Z 1] AR A sl S
I3 ae U DX A i T XA A
FHARIE AL, $1 XA A EZE RO LA
F, W] ATE W 5 Z (8] 5] A5 3% P
FORHEIAR 2 1050 =R B A T2 95
FEUR O R I 1 7 R 2 P
A7 50 3l B B2 A 52 2% 14 A i
T AR RUE B A AR &
TRPRE B PR B BE 22 S R A 4l
FEISE A3, BT X BSAES 2o A8 2 g S O
RIS T R Ak,
JEHH I R 2RI 5 4 BRE
BRI B AT IR R AL
PASCBREH A S MEREBOLAL , B XA 2
S AE T BRSO B At B
HBE , DLBM R A TR A e g 2 2
AE; RIS, i TR R S 45 s
EATH IR PERERG B = , A
RERITAN T AT FEITSE

2 £ x W

[1]  Noor A K, Venneri S L, Paul D B,
et al. Structure technology for future aerospace
systems. Computers & Structures, 2000, 74: 507—
519.

[2] Autissier E, Richou M, Bernard
F, et al. Design optimization of plasma facing
component with functional gradient material Cu/
W interlayer. Fusion Engineering and Design,
2013, 88(9-10): 1714-1717.

[3] Kieback B, Neubrand A, Riedel H.
Processing techniques for functionally graded
materials. Materials Science and Engineering A,
2003, 362: 81-105.

[4]  Rajan T P D, Pillai R M, Pai B C.

Characterization of centrifugal cast functionally

graded aluminium-silicon carbide metal matrix
composites. Materials Characterization, 2010,
61(10): 923-928.

[5] BB gk, bl . KRS
SERUREOE BTG R S Pk . P E
O, 2009, 36(12): 3204-3209.

[6] kK&, A IF . S RRE R R
HOCTEH OB HARBE IR . s RS |
2010(8): 47-50.

[7]  Blackwell P L, Wisbey A. Laser—aided
manufacturing technologies: their application to
the near—net shape forming of a high—strength
titanium alloy. Journal of Materials Processing
Technology, 2005, 170(1-2): 268-276.

[8] Graf B, Gumenyuk A, Rethmeier
M. Laser metal deposition as repair technology
for stainless steel and titanium alloys. Physics
Procedia, 2012, 39: 376-381.

(91 EHE XIERA, 4E 45 TCLL Bk
B EOCERTIRME Z 05T . T E
ot , 2012, 39(2): 0203005.

[10] SKACE, A1 I3 TF . BRI E AR EHE
B0 o CV AN W AL T A R EE R 2B
2010, 29(11): 21-25.

[11] Shin K H, Natu H, Dutta D, et al.
A method for the design and fabrication of
heterogeneous objects. Materials & Design, 2003,
24(5): 339-353.

[12] Fessler J, Nickel A, Link G, et al.
Functional gradient metallic prototypes through
shape deposition manufacturing//Proceedings
of the Solid Freeform Fabrication Symposium.
University of Texas at Austin, 1997.

[13] Shah K, Haq I U, Khan A, et al.
Parametric study of development of Inconel—steel
functionally graded materials by laser direct metal
deposition. Materials & Design, 2014, 54: 531-
538.

[14] Lin X, Yue T M. Phase formation and

microstructure evolution in laser rapid forming

of graded SS316L/Rene88DT alloy. Materials
Science and Engineering A, 2005, 402(1-2):
294-306.

[15] Lin X, Yue T M, Yang H O, et al.
Laser rapid forming of SS316L/Rene88DT graded
material. Materials Science and Engineering A,
2005, 391(1-2): 325-336.

[16] KA, I, A1 19T . SOtk s
TR #22 )% 3161 A —Stellite31 FaH
FETREM R} . 42 Jm AR | 2007, 32(9): 45-47.

[17] Durejko T, Zigtala M, Polkowski W,
et al. Thin wall tubes with Fe;Al/SS316L graded
structure obtained by using laser engineered net
shaping technology. Materials & Design, 2014,
63: 766-774.

[18] Lin X, Yue T M, Yang H O, et al.
Microstructure and phase evolution in laser rapid
forming of a functionally graded Ti-Rene88DT
alloy. Acta Materialia, 2006, 54(7): 1901-1915.

[19] Lin X, Yue T M, Yang H O, et al.
Solidification behavior and the evolution of
phase in laser rapid forming of graded Ti6Al4V—
Rene88DT alloy. Metallurgical & Materials
Transactions A, 2007, 38(1): 127-137.

[20] Collins P C, Banerjee R, Banerjee S,
et al. Laser deposition of compositionally graded
titanium—vanadium and titanium-molybdenum
alloys. Materials Science and Engineering A,
2003, 352(1-2): 118-128.

[21] Zhang Y Z, Meacock C, Vilar R.
Laser powder micro—deposition of compositional
gradient Ti—Cr Alloy. Materials & Design, 2010,
31(8): 3891-3895.

[22] Zhang Y Z, Wei Z M, Shi L K, et al.
Characterization of Laser powder deposited Ti—
TiC composites and functional gradient materials.
Journal of Materials Processing Technology, 2008,
206(1-3): 438-444.

[23] Qu H P, Li P, Zhang S Q, et al.
Microstructure and mechanical property of laser
melting deposition (LMD) Ti/TiAl structural
gradient material. Materials and Design, 2010,
31(1): 574-582.

[24] X 2 ¥, Ak 2E, BT, % Ti-
Ti,AINb T RERE BEAT B HOE AR OB ST .
GBI, 2009, 44(8): 1006-1012.

[25] WtElE, Ahag, 1T/, 55 L OGAE
PRI Ti60-Ti,AIND B EERT R ZH 2 5 A0
A5 4 JEAER, 2000, 45(6): 729-736.

[26] X=E=E, MhaE, B RS, 55 . b
BEXHEOE ST R BUE THALTC 7 5 S LS
FITERERIRZ IR . WA s AP ek TR | 2014,
43(9): 2197-2202.

(F#% 55 )

2015 4E 55 10 W] - Rl iR 47



Rapid Manufacturing Technology m&ﬁ]ﬁﬁ*

IFAERAL R T, PRI A 3 R e e
fik.

(A AR 5| A A
FHE IR, o] LSS RIS Ak, Az
SR AR B RN B
FBRSs , T fa 5, Joms BEAR B 22
A, 5y R IAL , B R AT
A A= TR

3D R FTERHAR N E 2 ARSI
< ) il i 940 2 7 A s S AR O v A
L R L LR T i e e b
i3 , 7 LAY 2R AR, R
ANFACAR BRI {6l 5 22 59 4 o il
I A BLSE . 3D VR ATENF AR TE
i f IO , E%AE i s T
B, OE 5 B 221 B A 5E
SR EUE SR E, R — MR 5
SEB e RCR AR A B9 42 ) 3D 4T
ENEEAR, I H. 3D ¥ AT ENH AR
BIA L TCRR ], <G B e
K BRI SR AR MY 3
PN A EMIRERLAE B i R
FF BT PE RN RELE LASE, 75 AT B
e W N RSN g5
TR T 10455 (13 = v 00 A

&

(1) 3D & FTENE A LIRS |
v T 5 e ) <5 ACREIR AT ED
“EROK”, A B JEURRR R TCBR
T s RE AU AR 4 Rl A R
BIA FTENS R 2 IR SRR AR F T
PEAT, B A i AR AR, e — ol
TR 2 S B R AR AR A B

JEAEL 3D FTENHA

(2) 3D B FTERH AR BEME I 1 Ak
WEAEBEIRIMNE RN EN )8
N NN N2 e N eI P R
()4 Ja A AR ORSE S548  12#
PERESF I R S H

(3)3D ¥ FT ERHE A B il i 4 )
TR LA, 38 AT SiE A1 10 3 B % A4
R AR R Z LA RHER R A
FERE p ELA T T R

& % x o

(1] RTF 3D FTEN=HER AERC T LA
TECE 2 B0 - AEsT: sl ke, 2015:10-
30.

[2] Joan H. Mastering 3D printing.
USA:Apress,2014:3-29.

[3] Manogharan G, Kioko M, Linkous
C. Binder jetting: a novel solid oxide fuel-cell
fabrication process and evaluation. JOM,2015,
67(3): 660-667.

[4] kA, BT IR . S AET i
TS - deat: B Rk, 2013 :1-20.

[5] Maeda K, Childs T H C. Laser
sintering (SLS) of hard metalpowdersforabrasionr
esistantcoatings. Journal of Materials Processing
Technology, 2004, 149(1-3): 609-615.

[6] Olakanmi E O. Selective laser
sintering/melting (SLS/SLM) of pure Al, Al-Mg,
and Al-Si powders: Effect of processing conditions
and powder properties. Journal of Materials
Processing Technology ,2013,213(8):1387-1405.

[7] Zhu H H, Lu L, Fuh J Y H.
Development and characterisation of direct laser
sintering Cu—based metal powder. Journal of
Materials Processing Technology, 2003, 140(1-
3):314-317.

[8] Cormier D, Harrysson A, West H.
Characterization of H13 steel produced via
electron beam melting. Rrapid Prototyping
Journal, 2004,10(1):35-41.

[9] i - R AR RS - RS 3D AT
Bl MAHGFIBISE . Abat: whfE A, 2013
220-222.

[10] A&Ag, 77 B, skdtut 3D FTEn#4
kL. AR, 2014(5): 6-7.

[11] ZE2B, 5KE, RIZE. BTN
G A A 2 R FL A B R R e
2004(1): 67-71.

[12] 7k A, Br B . 8 AH & 4
A1203 BHE RCE A PERE 1 B2 TR . 025 BB
1,2000,20(3):134-138.

[13] 24, SEE0E MR, 5 . &8
AR I A IR B A ) IF 52 AR BN i
5 OBMERE Tk, 2006, 16(5): 34-37.

[14] Gillissen R, Erauw J P, Smolders A,
et al. Gelcasting, a near net shape technique.
Materials and Design,2000,21(4):251-257.

[15] Omatete O O, Janney M A, Sirehlow
R A. Gelcasting—new ceramic forming process.
Ceramic Bulletin, 1991,70(10):1641-1649.

[16] VT, 2 A AR Z A B BE I
AR AP E B Tlk, 2003, 10(4):6-9.

[17] Janney M A, Ren W J, Kirby G
H. Gelcasttooling: net shape casting and green
machining. Materials and Manufacturing
Processes, 1998, 13(3):389-403.

[18]  ZHGEN, M0, 7% . 3B
AL 48 D B R 55 1 B 1.7 . 53 1L
A ,2011(2):164-165.

[19] German R M. ARG A . ik
HERE AT - g R4 A, 2001: 372,

[20] £ 6 Fi, 7 & W, &
45 .1000mmTC4 Bk 7 BB T J7 ZH AU fiE
WESE . AR A (5 4 8 2 41,2000, 10(2): 133-
135. (vigw 12 &)

(3% 47 )

[27] Lewis G K, Milewski J O, Cremers D A,
et al. Laser production of articles from powders:
US Patent 5837960, 1998-11-17.

[28] Liang Y J, Tian X J, Zhu Y Y, et
al. Compositional variation and microstructural
evolution in laser additive manufacturing Ti/Ti—
6A1-2Zr-1Mo-1V graded structural material.
Materials Science and Engineering A, 2014, 599:
242-246.

[29] Qian T T, Liu D, Tian X I, et al.
Microstructure of TA2/TA1S graded structural

material by laser additive manufacturing process.
Transactions of Nonferrous Metals Society of
China, 2014, 24(9): 2729-2736.

[30] Ren H S, Liu D, Tang H B, et al.
Microstructure and mechanical properties of a
graded structural material. Materials Science and
Engineering A, 2014, 611: 362-369.

[31] Ren H S, Tian X J, Wang H M.
Effect of heat treatment on microstructure and
mechanical properties of a graded structural
material. Materials Science and Engineering A,

2014, 614: 207-213.

[32] 4R, ki, B, &5 . BoLkE
FEUUR GH163/Rene9s SRIEXA 4T RMIFFT .
fiashilEHA L 2010(9): 94-97.

[33] XuZJ, Zhang Y Z, Liu M K, et al.
Interface microstructure evolution and bonding
strength of TC11/y =TiAl bi-materials fabricated
by laser powder deposition. Rare Metals, 2015,
DOI: 10.1007/s 12598-014-0243-1.

[34] XU, B8 05, XU, 4 0t
JEALDIR Ti2 AIND F G 4 1) il G ZH SURIRL A
PERE . PEIEOL . 2014, 41(1): 0103005.

(Bt &)

2015 4E 55 10 W] - il 55



