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Al-3Cu &4 My 5PERe,  RIBEAG V> 2118 R R 5 o,
AR RSB, PRS2 2~4 pm, H.
O AA], KRR 105 pm(AEEEE A 1.7X10°
K/s)Jg/NE 48 um(PAHIHEE ) 3.7X10° K/s), Mk
YRR R T B

SR, BB MR BIAR R g, K EAARL M H
M 2~3m KR EAZ 5 m, AT EAE 8.5 m £
TR AR KT, X 2219 #3E S KM el T
KT K e AR —AUE Bk F TR 9 m HELAF,
T HARIA 1.2 m A SRS R4 FL-FL]
B BRATISE d 1250 mm K EAR 2219 49442k
HEEREIN S, SR Tl FIEL%E, Ml T
P EARI R, BT U0 M e 1) BB R,
REI IR B2 AN PERE R, G i A AR A A
Ky aAa K, 2) HEEA ST 2 IR, BRI A
SIUCFL AR, KRR KSR A S P 4 b
FHo il, ARSCAEF 0T T S 2219 KEEEEN
B R AT DL, RS ELAR DT M OM 3 AR IR H =17 )
VR KOWEE SR N B OB S, DUITRE 2219 554
G K5 BE 0 AR PE BRI AL PEBEIT,  JF W 7
IR BERAE HH SO I .

SN}

KM B IELEIE LR & T d 1250
mm X 4300 mm [1] 2219 556G KM HEE . B 5
[l 600 mm ALY 1/4 15 r, W5 ALFRATT 7] (A/C 1)) ¥
FERR 385950 53 o 12 ANk, BN DI 10 A4
RURTIIHE, SRAF 12 AN 22 By, e 5l

1(a)).

WEEZ(440 C, 8 h)+480 C, 4 h)+H(530 C, 10
h)+(535 C, 38 h, HA) LA B S AT 2 1) 48— ]
WIS EE, H T2k 450 C% MG B3 ik,
A AR 50%)+545 C [ 4 h+450 C % [ 813
AIE 50%)+537 CIEW 4 h+3%5l A AR, bijG
T 165 C NI 24 he

A ASTM Fiifk, HIZD)FINLREHr i RE n g
75 mmX 6 mm X2 mm [ 4R, 7E Instron B H7 A5G
MU EHEAT, Fris s ok 2 mm/min, REHHEI 3 N
FERIPPIIME . 28 Keller i477)(0.5% HF+1.5% HCI+2.5%
HNO;+95.5% H,0, #AE0EHE, T Olympus J4
2 ML . Noa Nano SEM230 B4 rpsm 8444 6
W2,

1

2 RIEHER

2.1 KEBERSBER

SR R I, By [ — 3B A ZEAN R,
WO AL C I S AR X R Sk, Hah Rk
1 fizRe AIWL, Mn. V. Zr 25605 400 2 6330
FAHZEAKR, (IR B)EHIE 0.01%~0.02%
Z ], ZCE Fe. Si&5F R MEHILE HAR, 1
FAHEI0E Cufwbi™E, (2/3~5/6) 1124k 300 mm
KEVE I N B SRR AR Y, il 34w
FER K.

2.2 HS4ELR
1 s e BORE AR It i 20 23 . i B 1 ] I,

iy (2/3~5/6)FAR40 . P IBIREEA T IR EEE ST OIS WSS a(AD)HE AATIRT i F A R AR s 36 it A
x1 LR AERD
Table 1 Chemical composition of tested alloy
wi%
Sample No. Location
Si Fe Cu Mn Mg Zn v Zr
Standard composition <0.20 <0.30 5.80-6.80 0.20-0.40 <0.02 <0.I  0.05-0.15 0.10-0.25
Nominal composition <0.0005 0.015 6.10 0.39 <<0.0001 0.016 0.05 0.16
1 Center 0.003 0.03 6.49 0.41 0.003 0.02 0.04 0.15
2 /6 0.003 0.02 6.25 0.40 0.003 0.02 0.05 0.16
3 r/3 0.004 0.02 6.01 0.39 0.003 0.03 0.06 0.16
4 r2 0.003 0.02 5.90 0.39 0.003 0.02 0.05 0.16
5 2r/3 0.002 0.02 6.11 0.39 0.003 0.02 0.05 0.16
6 5r/6 0.003 0.02 6.13 0.39 0.003 0.02 0.05 0.16
7 Edge 0.002 0.02 5.40 0.39 0.003 0.02 0.06 0.17
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Fig. 1 Microstructures of 2219 alloy ingot: (a) Sampling diagram; (b) Edge; (c) At (2/3—5/6) radius; (d) Center
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B2 2219 54:(2/3~5/6) 4240 1) SEM JESI. 2434 ) EDS 4347
Fig.2 SEM morphology(a), line scan(a) and EDS analysis(c) of 2219 alloy ingot at (2/3—5/6) radius
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Kl 3 BT NEEEEZ(440 °C, 8 h)+(480 C, 4 hy+
(530 °C, 10 h)+(535 C, 38 h)¥ &) fhAbHH Ji5 75 X 3511\
WAL B 3 T, FEELR I3 S AL
fi gt AR AR CORHR A0V, R I ZOIR AN M
B, AR A A BT A (LB 3(a)): Cu S RAT
N (2/3~5/6) A4 (LI 3(b)), i At LI RV #iAH
1572 %23 /TR At A AN TR | P LR SR DN
IR, AP RIRZ i O A KR
REHE 3(c)), HIEH BERBPRSFEALRFF A

24 ZER-EAEASAR

FEZ 1 BT 5 N L Y, R 2 BB AR 4i 4k
A 2 i B (e o R Y Y S I SR A A
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FR: SEIR 2 1 R T — [ A B SRl 2 1) 1
TG — [ AL P

Bl 4 B b e 20 22 JE 1A [ s b RS VeI 2
AL, mE 4 TUE L, 2HEIBEBFN ARG S
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Fig. 3 Microstructures of as-cast 2219 alloy under homogenization: (a) Edge; (b) At (2/3—5/6) radius; (c) Center

B3 Aes e B

Edge At (2/3-5/6) radius

Center

B4 2210 4R Hs
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Fig. 4 Optical microstructures of 2219 alloy after aging treatment: (al), (a2), (a3) Edge; (bl), (b2), (b3) At (2/3—5/6) radius; (c1),
(c2), (c3) Center; (al), (b1), (c1) Axial direction; (a2), (b2), (c2) Radial direction; (a3), (b3), (c3) Tangent direction
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) FAR ] 3 ANTT A A ZRZE AN K, R o iR A 45
e AHBE AR S, RT3/ T 5 pm, 41fE] 4(al)~(a3)
Fi7R o Cu 5 A BT i (2/3~5/6) 42 A0 (LI 4(b1)~
(b3)), FRAR G, i AH AlLCu AH LG 7> 5 etk sl st Fetk
HEAZ, BHormtm, RoF4) 10~20 pme HIE 4(cl)~
(3R, Cu FEmE IO AR S SR R 2,
PR RSFLI 20~50 pm, T EEAE AR B S W4 5K
AT, WM E, AR ATEELE 200 pm K, H
TR B SRR Y SIS W = i e .

25 AEhFMHEEE

K 2 FH AR A B BE 2 2 1) 45— AL B S
WEIN S 0 22 PR . 5K, il 2 1) -
IR S g il iR DT w1 N T IR ) N P SR A T
PEREAHZEA K. Cu S (TR EOLI N 5.5%I112HE,
G ERAR, op 0022050 407 MPa. 285
MPa, & 4 18.9%. 1 Cu T EHEINA 6.0%11(2/3~5/6)
NeARhb, Bl PR RIAR A SR BRI BT, R
WA MR, HAhm AR MEREEAR B, oy 000
Wik 420 MPa. 323 MPa, & 4 8.7%. 4k&:4% Cu
TEE 6.5%M O, MR AR B MR, H
WAL R PERERA KRB, 0y 00273700k 343 MPa,
297 MPa. & 4 3.3%. ZEGER, HERLHEIH O
. AN R Cu SREME), St
RAMMNKSAE, WEEE Co SR, &4
F WA EAR G B R, PR R R
Feo HFBJRHIE Cu & EN 5.5%M0, FT Cu £E Al
W RS, A A LA 32, SR, T
RAf. (2/3~5/6)FACALIEHIN Cu FHEIGINE 6.0%,
HEERE A ALCu AAF(E, &2 - IEAEL
S, fr AT, SR, AR TR S

w2 2219 GEMJIENERE
Table 2 Mechanical properties of 2219 alloy

Location Direction o,/MPa  ¢y,/MPa  6/%
Axial 407 285 18.9
Edge Tangent 443 350 13.9
Radial 420 315 13.0
Axial 421 326 8.9
At (2/3-5/6)

) Tangent 448 343 11.0

radius
Radial 420 323 8.7
Axial 352 303 4.2
Center Tangent 365 299 52
Radial 343 297 33

(s, MEAPERIA P R EF . g O Cu F i
2100 6.5%, Fr P REGREN AT ALCu ARECERE 2 H.
FR, AR RAE, AR, 5 51N s,
FEANFER N T AT S By Wi B RCR A, tnfE—E fe
JEERRR T S AETE, X5 4 Prosisik
—H

2.6 SERMETOMIR

B 5 Bt 0 £ VeI R0 (B A iy 3
TP 5 R, R 2219 BEEE (1B (R 224 AR 1 B 234
HMEPERIER ) 2. B BEIL M B s R ZE AR,
PIES ROTAE 1~8 pm ZJa), W0 15 —AHTRL 7500
A, BPERANE W, UIRIVERIRON T, 1523~
5/6)F-AAbpebeit, PR KR W S, FR I X
JUT R, W e W R G, M )
LR KIS (Z 20 pm) (KR AATRL T, REELMATRL T
Ey BB R, AR, oA
RPN Y S R P S T T PN 4 ]
SRR, ARG TR SUE R, LU
A AT 2R R PE TR . T, KA e b i )
OB, BEFE Cu SHRZBWIEM, & hIvEErR
JEtE 2 5 . s DR e 0 i, b I Cu
AT 7 DB, AR ALCu JE -4 45 Sl AR HCE
%, JUTHOR, @2 QI B2 [ - AR [
WINRAC R, BA PR, (EREBORAW] .
FEPEASE MR RE T, oA A IR AR, I
A ADFEARE Y ZE R, ANBE IR AT, =]
SR N A A, O AR SR, I i
kA, FEGEERIERR, XHR 2 PR s;
K2

3 HifSIE

3.1 2219 KB HTEEREITA D

Kl 6 il Al-Cu-Mn = 044 AH 1 [ AR T 5%
KU, I 6 5, P ErA AR, 2219 4w
SE MBAHTHTHE o ALY, B S AT L=a(A) PR T-47,
B VAT 2 Ay AL 2R Y e E RIS R A = A T 3
AR L=a(A)+0, %5 AR RFEL M FE 2 41k
BRI, T 2219 FaA 4 KEEEem &, Higs:
WIS HE L N 1~20 K/s, & TARPPHgeE . &4
S ROME TN e TR s i R TR 2 e
LAY, RV RBEFELT Cu 2
H 5.5% WM RE L=a(A)+0 FLE RN, HEE
L=a(AD)+0+T VUM PAT L S AR o 29K, WIdiAH T
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Fig. 5 Fracture morphologies of tensile samples at axial direction: (a) Edge; (b) At (2/3—5/6) radius; (c) Center

AL 2% J121 20 28 936 44 2 ¢
a(Al) 5(Al+o P 2 Ww(Cw)/%

6 Al-Cu-Mn —JC& <A P [ A7 T £ 5

Fig. 6 Al-Cu-Mn ternary alloy solidus projection
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A L=o(AD)+0. FiEEmAHRE R V), AR B H
XVoB 2R AR AR AR B 2 ) L it s E A 2 A
B, RIBHA A EE BN, A B AR 45 SbAH 1
B b o AR MR — 0w, LAh A A
it 2R, K T AN TR B A . Wi SCHR[13]
A, SR HGER G 10° C/s (H MG I,
Al-4.6Cu-Mn 4 IR EF- 17 25 b AH 52 24 K BOREIR R 1L
IIATAE SR A B A, ST RZ20 10~100 nm.

M1 R LAE Y B b i 2 R T AR
s AR, B IE IR 176 ALLALCu L
B, O TUERFT DA (21D oy e FILTO1] 5 112015100
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Fig. 7 Enlarged view of Al-Cu-Mn ternary alloy phase
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32 2219 KMEHIRE S AL TR % EiR-E
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FEEEEE ST R E], XA S T 25 Tt
£ 2 SRR = S e, AP G OGRS 4120
FIMEREANIYA), T I 3 R R = SRR . X T
2219 BE G KERET 5, H o AN A FE O AT
R ARAT, LG % 5 o A 7 TR I
MR HT# EA 2

2219 B4 At LI Sk Ry OBERE K. Cu 7E4R
B IR R 8 K=0.161"%), 3 B S EEE 3 2
WICEAREADY H, FEOR R B TR -
Tt BESEMPCERKE Cu JuE, FoAMN M
e F b S m b o T 2219 44T Cu RN
5.8%~6.8%, LT Cu £F Al FPIREIGENE, b b
S HIACP T SS AH MoBs b = AL H a(ADIEAA
AL a A5 0 ARIL AR 2341, X 5 EI(1)
PR g R—580 4k, KEEEEHER I f il i
KR, RO g TR I R B — e il
YER, A imbT R B B s h i 318, W
PR T REA DY B = EREL R WAT, X
WIGAE T B 1 BT8O s it 35 30 8 A 48 448 J5 I
G0 FIRBE A ARATT R S S AT AT LRI B A4 IR K
LR AR T2 BRE gt . ASCEE il 2
AT BN 22 10) 45— [ I AUV B IS , BB I
(RO P T #1545 21 T ARG 1R 5%

KR P B T R A AR S I, TR
PRPCE A ENBER],  HOER A MR RS, HAR i 2
AR RECL BN, O RIS RS, R TR
WAL, R AR B ORI B A, A
AT T, AR 225 TS, R
W R SRS N R A — e B FE
BB T . XA 1 TR AN AR AL B A A
Y ZESEWIR IR . 28R, RABEEIR T 12 AL AE o T,
B AT, IR AEA AL I AT S R A A AT
FATIRAE R, 2 BF e 2=, — Bl
FAYREN . RGP Ay s g 1,

2], S5 H 2219 K¥55E Cu Jo & ™ HE,
HCT LN 6.5%, THILTRLI K 5.5%. (EHERE IR,
A, BRAEE AT AL Cu A SR 1 n i & FUMH

Ko AERIN T FE A [P RS AE R M o HT ] 4 50, 2 1)
S B I AR AR B BB AR DX A AR e AT
SRR, SRS /INT 20 pm, BEBHLAATAE S A A 5
SRS 2 BE AL B s 1 R Lh AT AT K REBR AR 45 AT
T EAE S R oA, B XA O B it
MBI AN =AEORIES . ALCu BARE:
LIAARE 227K, AR RER, #K ALCu
SRAR G Al R By S e g gk b, WIAERICREL, B
HBURE 7 BRI S, R S e ek, B 2
PR BRI DL o FERT L, 35 2 1) 45— [l I Ak
PG AT T M AT 21— R, (R A

4 g

1) 2219 KEFEEHE R FE B 42 10 J7 17 A 2136
FEROK, MR EA4I0E Cu ™ E., 280, 2219
KB LR Cu S RAN 6.5%, (2/3~5/6)NF-12kk2
N 6.1%, HFBLIN 5.5%.

2) 2219 &4 FE il a(ADFEAR. AT 10 A o
A5 0 ML AL K. RO I, AlLCu
BRAR 5 A ECER D, B dbid RGBS 2%
G IE) S AAL BN 22 [ BB — [ 5 I K AR B , 5 2/3
18 LAGMH A3 IRV AR AR &5 Sl AE A S 2 e, R Lo iR
S5 ARAE A B RS oA, AT L

3) 2219 G4 IR 28 LU B 28 A0 Jfe 2 By 284
H Ao Cu S BARMILEE, FEAR MR, TR
SR> RGN, arAndsys), Wrles KHIR, %
PERIF. Cu FrE BRI HEs, AlLCu FRAx 45 fiAH
T, 22 - IS, Bk 4 S A R Ak
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SE AR R SRR Y, 225 R R Y g,
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Composition segregation behavior of 2219 aluminum alloy ingot
with big size and effect of multi-axial forging and solution-aging
treatment on microstructure and mechanical properties of ingot

XU Dao-fen"?, CHEN Song-yi', YU Fang®, CHEN Kang-hua'?, LIU De-bo*

(1. Light Alloy Research Institute, Central South University, Changsha 410083, China;
2. Guilin University of Aerospace Technology, Guilin 541104, China;
3. State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China;
4. Beijing Institute of Astronautical Systems Engineering, Beijing 100076, China)

Abstract: The composition segregation behavior of 2219 aluminum alloy produced by ultrasonic semi-continuous ingot
with diameter of 1250 mm and the effect of multi-axial forging and solution-aging on microstructure and mechanical
properties of 2219 aluminum alloy were investigated by spectrograph, optical microscopy, scanning electron microscopy
and tensile testing. The results show that the main alloy element along the radial of casting has serious segregation under
the volatile cooling rate, which impels non-uniform distribution of non-equilibrium crystallization phase Al,Cu. The
billet core has higher numbers of Al,Cu phase and dendrites are coarse. The non-equilibrium crystallization phase
reduces gradually and the dendrites refines obviously from the core to the edge. After being treated by multi-stage
homogenization and multidirectional forging-solution and aging treatment, the area between 2/3 and 5/6 of ingot radius
has the best comprehensive mechanical properties with the tensile strength of 420 MPa (axial and radial directions) and
448 MPa (tangent direction), the yield strength of 323 MPa (axial and radial directions) and 343 MPa (tangent direction),
and the elongation of 8.70% (axial and radial directions) and 11.0% (tangent direction). The main fracture mechanisms of
2219 alloy will make the transition from ductile fracture to brittle fracture along the radial of casting. Therefore,
multidirectional forging-solution and aging treatment is an effective means to weaken the macro-segregation.

Key words: large-scale ingot; 2219 alloy; composition segregation; multidirectional forging-solution and aging treatment;

microstructure evolution; mechanical properties
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