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SEIG B 42 B N BRI A F FR AR AR A A
HEAAEE, HAEHABNRES L, %): Cu 242,
Li 1.49, Mn 0.28, Mg 0.032, Ti0.026, Zr 0.092, Si
0.015, Al RE. SEHREMEHBANHZ£460 C, 20
h)+(525 °C, 24 h) MM AR, I BREL A
Fro HIEGERIELE Gleeble—1500 B HBLIML LT,
AN d10 mm X 15 mm, 3RFE 5 1 k43 il T K
=R AR/ N BEE o AR TR S R 340~500 °C, [H] B
TERN 40 C, AL EN 60%, NASHAE(E )77
410, 1. 0.1, 0.01 #10.001 s™'o #HJEZ4EILFEF, A
5C/s HIFHRERF 2BV, (R 3 min 14 FRR
FERREE: TRART7 0 5858 )R BT I — 3, VA TE 56 i
JESLRIFKA R, RE &SR HN . 2
WESE 77 MR, SLUIEIHK 3 mm A4k, #Hl
AT EE S 50~60 pum, MHEMK d3 mm @ f, JFRH
MTP—1 BUXUHE F AR R, AR ARR R 23 T L (AR oy
#): p(HNO;):9 (CH;OH)=1:3, JREHE: 20mV, H
s 50~60 mA, JAEE: —35~-30 C.
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Table 1 Activation parameters of high temperature dislocation motion mechanism in pure aluminum

g dn, AR SRR E LT & SRR VR
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LS, RO EE SIS . T RUALER 2R R .
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AR FNFAL NI OC F, il (D) E A &M
TR YB PRI 1R (R WL AR
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R o NIRRT RAEAZTEALH] H R T EHEE S
FE LA A5 B R0 BE(O) R AR 5 3h S BRI &
FEYIMRER, WO RE(Q) T iAW SCER[13]FTid
HUA R 5=2.86X107"" m, 4fi Al fl Al-Cu-Li &4
RIFABE S A 1A 2 fdil.

Bl 1 BN Al-Cu-Li && MR MBUE R vV 5
InZ ZHK R, ATLLEH, BE InZ M8/, R0
ARG 21.6 THE 142.1, FWIFEATLEE T = A1
AR AR AR, &4 MBhAS [ EHLH] BRI
TP AR TR A 4 ) 2 ) 2 ORI 3R UL T A A R 4%
il o H13% 1 A0 2 AT DL HY , SH4R 1305 BE(80~220 kJ/mol)
b Al-Cu-Li & 4 H 05 §E(224.13~296.98 kI/mol)/),
F W Al-Cu-Li & &AE ARG FEA TR A= A2 s
BRI AR AR, EHBT AT E R

[14]

Dislocation motion mechanism Activation energy, O/(kJ-mol™") Activation volume, V/(107°m?)
Cross-slip 117 10-100
Climbing 140—156 1
Cutting-order non-conservative motion 140—-156 102-103
Dislocation entanglement and nailing 80—220 90—-600
F 2 Al-Cu-Li 5&ZTRHE QMR MBI AFA(D)
Table 2 Deformation activation energy and activation volume of Al-Cu-Li alloy
ol 0.001 s 0.01s" 0.1s" s’ 10s™
t/'C 144 1 4 v/ 14
(kJ'mol™) (10°m?) InZ (10 m) InZ (10 m?)! InZ (10 m’) InZ (10 m?) InZ
340 224.13 44 .4 48.94 39.1 51.24 34.1 53.54 243 55.84 21.6 58.15
380 284.69 76.2 45.52 59.5 47.82 55.4 50.12 43.1 52.42 29.9 54.73
420 296.98 99.7 42.49 79.0 44.79 57.8 47.10 432 49.40 36.2 51.70
460 267.18 117.5 39.80 97.5 42.10 66.9 44.40 52.0 46.70 39.6 49.01

500 249.21 142.1 37.38 118.4 39.68 80.0 41.98 554 44.29 49.4 46.59
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Bl 1 Al-Cu-Li 5&RMWEGE AR Y InZ Z 1)K &R
Fig. 1 Relationship between apparent activation volume and
InZ of Al-Cu-Li alloy
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B2 REAEREE T Al-Cu-Li #4:) TEM 4

Fig. 2 TEM images of Al-Cu-Li alloy under different
deformation conditions: (a) =500 ‘C, £=0.9, &=0.1 s ';

(b) =420 C,e=0.9, £=0.001s"
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SPAES BRI AE B L LT SR By 3 2 A L
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BRI G IS AE AN NI I 7 DA R BBois /R F R R
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WML, G 3(d)F LB SR AL N = GER 2%
o (R 28 LA K ANET HL I 58 — AR T AT 42 51 B s
ARIREEIG N, FEA &ML, THSRFAEE
(P B dn It e AL A DX U358 B LI [ B AR AE B S
IS AL, SRS SEEAE MM, 4
InZ=47.10 H.(420 ‘C, 0.1 s, & 3(e)h Lt
SkFR, —HENAE MR R — 0K, BmNA L E
RIEEHREE, R ER AR SZV T 2R AR, HAZ

B 3 ARRELENET Al-Cu-Li 41
TEM 14

Fig. 3 TEM images of Al-Cu-Li alloy under
different hot deformation conditions: (a), (b)
340 °C, 10 s, InZ=58.15; (c) 420 C, 10s™",
InZ=51.70; (d) 380 °C, 0.01 s, InZ=47.82;
(e) 420 °C, 0.1 s™', InZ=47.10; (f) 420 C,

PWIEAAAE RS BE G T, RIOIRAS R 3 [l S A1 P 45
an[FE I A, TUBIESRIE A TS, ShAHLMEE
HHHM. 24 InZ=42.49 H(420°C, 0.001 s i, G0
3O, AN B AR, HALETTIRE S AR T
Firads, IFHIEERRIR 0 KM B dn A, R A T
BAEFL M. B InZ H, % Inz=37.38 H
(500 C, 0.001 s i, @I 3(g)fiR, BEEAFE N
F1421X107°° m’, ST E, WIBIEW, &R
JUFBATRBEAASAAAE, AR RS, (HH
3 i T BRI ATS A AL AR B0 48 56 4 PRI XU SR SOIRA 4 9 28
LI LAZh S (B 2+ B A8 45 v 9 2 B L
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WG & RAFAE TR B A0 SR ALZe FIEIR 1)
AlyCu,Mns Ao Bl 5 B N A — BT 404 T &40
TEM G AEX B A7 1%, HAE 5@finnl
340 CRiE 3 min YK, & X HLFATH 77 15 8 [100] 41;
Bl 5(b)HI(c)TR (340 C, 0.1s )T 60%, 1%EX H
FATH N T7 18 8[100] a0 B 5(d) B s A3 77 18] 9
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G HE 5 BN R N AL T LLEH,
KI Ty A EAEAE LA e, 31X AT e R R AL D)
ATt AE BT H AR AR 5 RS [ Ao By, FTRA H i
) R P o B IR A, 0 B [ A EL 0 s o
TG . PRSI T AHTRERAL RAARIR, &Rk
WELWALRE, S8 . BT, &
SEAEEMIEIN, N T TSR T BB AL
B MRS T AR AR R TR R R 33
T, TSR AT R AZ GG AL SR AL i B HUE 1E
BEAR T IR T B RE, A R T3 M A TR A =
GARCIA-INFANTA 25U 30, 7 AR A2 [l i
P4k A, S SEH . BB 5(b). (o)A

(WATEUE H, Ty ARFEE S S SR BT (7
b ie gbsh, WRARRMPO?Y, ALZe iTUMER T 1
TERZ R, AR TG S ELAESE ALZr T2 AL A
W ARHE Ty AHIAT Y, 72 5(a) B AT LOWEL S 1) fK
T ALZr BB . B4 B, AR
AR Ty (AT H RIS T A T3 T s — T3 T PR
BT BObT Y BRELR Ty R R AR T AR REAL s 53— T T2 AR
IR SISV EC DN PN VAT NSt N E =R A5 11b]
Whi St ARGRECR 7345 00 AlsZe KLy Ty AR BT H
REKER LA E, ST ARG .

LY
& 4 Al-Cu-Li &40 G R TEM Flik X B 147
i

Fig. 4 TEM image(a) and selected area electron diffraction

pattern(b) of Al-Cu-Li alloy after homogenization treatment

Kl 6 s NE44 380 CHl 420 CHrAl{RiE 3
min, PLR(380 C, 0.1 s )FI(420 C, 0.1 s )74z
T 60%J5 1) B A5 A1 X HLF-AT 53 . B 6(a) nT %01,
380 ‘CORiR 3 min J&, 9T tH RSFBORH) T A, SFke
Kl 4(a). B S@)FE 6(FRmTE, WETHE, T 5
BN, DR RSN 2380 C, 0.1
BT 60%J5, i 6(b)Fn, EX M FATS R A&
A T, WIHBER T AT RS & AN & Ak
frit, B RSTA PR B BCEURI N s AR (340 °C,
0.1 s YLK B 5(b)), HH A EESE T . fir
A A5 B 5 A EHE T A HE S T R & R AR
O3 A SR (I 6(b)), H. Ty AV AR Y il 248
O3 o BB THEIRE S 420 CRIE 3 min, 21 6(c)
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Fig. 5 TEM bright field images and selected area electron diffraction patterns of Al-Cu-Li alloy under different hot deformation

conditions: (a) 340 °C, 3 min, 5=[100],; (b), (c) 340 'C, 0.1 57", £=0.916, b=[100]4;; (d) 340 C, 0.1 5™, £=0.916, b=[112]4,

Bl6 ARRMBEREMT Al-Cu-Li &4 TEM A% X i 775

Fig. 6 TEM images and selected area electron diffraction patterns of Al-Cu-Li alloy under different hot deformation conditions:

(a) 380 °C, 3 min; (b) 380 C, 0.1s™'; () 420 °C, 3 min; (d) 420 C,0.1s™'

B, T AHECEEEHR TR, RSP, &
(420 C, 0.1s Y& 60%J5, W 6(d)fin, ZZRIE
FETFE, ABOEE R, WAL, R
SEREIN, SRR GG, R E RN T

MBCE . BRERRSEPRAC. MAE N TR, S5 T

IR & AL B ez, TGRSR

B, XM ALEEIZ S PRSI RES -
BT R AATERE, B7 PshE a4
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460 ‘CAH1500 °C43 5l 3 min, A& (460 C,0.1s")
(500 C, 0.1 s ) HIAETE 60% 5 [T BA A G AL X H
TR MEE2 460 CHRE 3 min J&, TR Fi
— BN, R SR N, 4460 C, 0.1sh)
AT 60%J5 (I 7(b)), ORURBY B T HAH & A B
A, EREEHRRET, A& EE MRS
AR S INFE 5y, TR RGHT IR A BE PR 4 i dikis, AR
Pt T BT BT R R BRI IR BN T, BT LATE AR TR B
RMER] Ty AT, ATHHE ORI T ARAAEAT
BIBE. MIRETHE A 500 C, &4 rE It R DL S 3
BB, HEA T T, 2500 C, 0.1 s)
BTG A H A N 5e 8, R AR A AL RS L
EIRABOEER T, ZERE R, WAHA )
PERG R, PROE A FER R, (R ) 22 3 & S8 ) 120°
M TEE ), S TUR BTG, 7 AR R A R
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Tt B SR O OFEAE, G 2.1 TPnE, pE ALY
B et HRE A BEA ST J(ALL)H, K
HE& A EABIRIEEICE, £ 0.08%~0.3%, ¥
Z B T REZ) 14 mI/m* 324, Gy 4E v K Bobr
W A AR MR SRR T S5 v KO R W RE A o AT

o BT A CHIEEA LI2 BlLhK, HI¥y 54
¥, Efd o HTE[100]A1 FI[110] Al J5 AT BE A5 B
ML EEAP, Frel oS FARLEATHIE 3 LA
5y, AHET S AHTEEKIY BEbT G R SHR N, TETES
AT BT X W . K 8 Fis NE S AR K
MR ME, W DL RIS RSN 6FH BA
FRSHBERI) B

Zi EWTAL, Al-Cu-Li B F£(300~500 C)T,
MBS H S0 340~460 “CARIE M BoA
K Ty AHBTH, 340~420 CTEM B T) #HBIAHTH H
B AL, T AL IR H PN TT TR — R PRIR T B
Mt IR Ty AH PR AR TE R A A (Bl 5 — g THD 2 Jif
Gin AL RS N KRR RSN T
RN R MR B SR E, ST Mg/
Ho BREHIT 460 C, %A T, HbTH. HEE
R RS Mn MHIRZARREAZTE, SHRTERE KL
B aT T i

3 Z5ip

1) Al-Cu-Li A & BTS2 B 3D & AL
HN: M InZ BE(nZ>51.70), HIEEFEAGK (1<
420 °C), ABREAZESASIEFS, DL FEEERS B
R 24 InZ fHiEF(47.10<InZ<51.70), JRE 1=

7 AFEBBEZMET Al-Cu-Li &4 TEM {FFIEX BFA7H 3
Fig. 7 TEM images and selected area electron diffraction patterns of Al-Cu-Li alloy under different hot deformation conditions:

(a) 460 C, 3 min; (b) 460 C,0.1s™; (c) 500 °C, 3 min; (d) 500 C,0.1s”'
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Fig. 8 Dark field images of ¢’ phase under different hot
deformation conditions: (a) Quenching after (340 C, 3 min);
(b) Quenching after (460 ‘C, 3 min); (c) Quenching after
(500 C, 3 min)

380 °C, LUMBATASATHERL . =407 B R0 45 ) i 28 DA K
AL BUET N E AL, A Bl A P A b
HEL Y InZ BR(nZ<47.10), J6JEF =420 C, 3
A EE 3N B A b A EE AL

2) Al-Cu-Li &&#BEFE(300~500 C)T; #H
M Eh M7 H S 4nL A 340~460 C IR FY BEA
K Ty, 340~420 CARTERYEL T MBI H A
BB AnA, T AR BN — 7 R R
TR Bt th R R T A R AR TE A AL AT (B35 5 —
77 I SR E AR T S R BN R BRI
FER TR R E R TUEAE, ST
/T AR TR FE R I 460 °C, A T MHTH .
AT FE BARAI S Mn MR KRS8 71, O MIAE I
KO AR RI AT H
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Dynamic evolution of microstructure of Al-Cu-Li alloy
during hot deformation

YANG Sheng-li', SHEN Jian?, CHEN Li-yang', LI Xi-wu®

(1. Luoyang Ship Material Research Institute, Luoyang 471039, China;
2. State Key Laboratory of Nonferrous Metals and Processes, GRINM Group Co., LTD., Beijing 100088, China)

Abstract: The dynamic softening mechanism and the dynamic evolution of the precipitate phase in the thermal
deformation process of Al-Cu-Li alloy were studied by isothermal thermal deformation experiment and TEM analysis.
Based on the Zener-Hollomon parameter (Z), deformation temperature (z), thermal activation parameters and
microstructure analysis, the dynamic softening mechanism of the alloy during the thermal deformation was clarified. The
results show that, when InZ>51.70 and 7<420 C, the main softening mechanism is cross-slip of screw dislocation and
climbing of edge dislocation; when 47.10<InZ<51.70 and =380 °C, the cross-slip of screw dislocation, detachment of
three-dimensional dislocation network and particle dislocations depinning are the main softening mechanism, and some
dynamic recrystallization occurs; when InZ<47.10 and 1=420 C, the dynamic recovery and dynamic recrystallization
are the main softening mechanism. Dynamic precipitation and refinement of 7 phase (Al,CuLi) of the alloy during hot
deformation (340500 ‘C) were studied systematically. The rule of dynamic precipitation and refinement of 7, phase is
as follows: the coarse T phase precipitation occurs at the holding stage of 340—460 °C, and the T, phase is precipitated
and refined dynamically at the deformation stage of 340—420 °C. The refinement of 7) phase are derived from two
aspects. One is that, the coarse T phase precipitated in holding stage is broken and dissolved during the hot deformation
processing. The other is that, the original grain boundaries, a large number of dislocations and subgrain boundaries
introduced during the hot deformation provide a large amount of heterogeneous nucleation site for the 7| phase, which
leads to the fine precipitation of 7. When the deformation temperature is higher than 460 ‘C, without precipitation of 7.
The ' phase (Al;Zr) and Mn-containing phase always keep stable existence during the hot deformation. The ¢’ phase
(Al;Li) can precipitate in the quenching process.

Key words: Al-Cu-Li alloy; hot deformation; dynamic recovery; dynamic recrystallization; dynamic precipitation
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