4. 90%:4 [ FEHEAA R 8 0 BB 1 BRI B 81 2%
FORTHERY: /ALK
4.1. 1ZLOIC

Al-Cu-Mg&4x, Al-Mg-Sith4x, Al-Zn-MgA & I3BVLHER T LI =7 AE4 L
LCTHI DAL, RERVEVLERIC K - TR (LB A2 7m 7. 8%, BT LI =
T DA DO RFEh BB XA LA AL TS 7o i AN [E V(R & 100~200 °CHEE D
IREETIHEIRRN T 5 2 & T, WLREMOHTIHRLZNITHEILHOGP Y — e E DT
i, BRI K- TUTEN DRSS DWEIR A7 7 A Z DR X - T, i
SRS OWMER/RDLLOTH L. ORI HIBRIIASRICL > TRARS
P, WIS RIS T 2T 722 ER S 72 b T AR DR+ O T 228
IS DJRE72>TND.

ARBFFECUE, EIRLBEA N 7272 B I E FER90% DS HIEIE 21TV, AR FnfE
AR TARR 2 A L7z 9 2 CRENEVLBR 21T > T\ 5. —fRIC R BB
AN L2 M9 2 &2 ko T, AR, & <ICKREDIALAEA S U7k
& 720, BRALOAFAEIS K o TRERIT ISR IR 2 Z &R F BN TV D, H50L
AR & U COEIR T OIS B e 2 &0, BRALAMT HH O B A il D A
M LTI 2L ERZOHEBLEEZ LN TN,

S BT, WWINTER OFEREESCIRF RN BV S 2 - T, 58INEIC X » THITHE
BT BRI INE T~ 2 7200 Tide <, @ ORI R FE THN D AT 3 R
DR T2Y, B L ITEZ R D RRD N0 572 8, WK LEEAN
M ORFNEGLER L X R 20T R 2 R T2 e d 5. 25 LIk i
DEACEFEMNCREET 5720121, FiRAE T BEMSEE % P & 92 2 A
IRFHm AR R TH 5.
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W 7 IS (HAADF-STEM) B2 4, 8 SHIE, BT, SR
E7R EDTIEIZ L 5T, 900%DH R EAEZ AT - T2 EBVLERI T )L I =0 A4 DR
T IR & SRR ST L, KB ORZIT HE AR I KIE 5 .o

WTHLMMZITAZEAZHBE LTS

-2 liae)

4.2. fEAM & FEBRTTIE

ARFFEIAH L 727k O —% % Table 4-112 7177, Al-Cu-Mg& 4, Al-Mg-Siah4:,
Al-Zn-Mg&4: & H 12 3WFE 7 v — 7 @ik, Wb 5 TEREL (2A, 2B,
2C, 6A, 6B, 6C, 4.5Zn, 5.5Zn, 8.0Zn) A/ L7c. —HOERICITMMAIC
B LZREZ O T0 D SR B oM BELERIT0% & L, Wi bk -72HIc
TIRKFRIE TN —T BN—FE LTI o 7o, JEIEWR O B OB % JER 3 5
HET, 3BT 72 & N AR 7 L — 7 IC B % LA s CE L7-. Ml
ICHE LIZRB OB XA IR 7 NV — 7 TiT o 72,

RERN BB (3 A A VN2V, IR 21T 9 B EIZIT Y v X
(KNOs: NaNO3=1:1) ZHu /-,

REhth OFEHZ DWW T, M SE, HERNE, ~EEAERENE (DSC),
EETE M (SEM) #8122, FZniE FIHMeE (TEM) #igx21To7-. HiE
FHEIXGER © " E i B FE 5 Auto Sigma 3000% FVWVEIR T CTHIE L7-.
DSCi U 4 7 BURZEAEA B G5+ Thermo plus EVOII Y U — ADSC8230% 7=, 12
YR ITHE99.99 % DI T /L 2 =7 L& -, SEMBIZRIT H AE FRER
HUE - B BT ISM-7200F 2 H \», TEM#BLZIZ 13 H AR 7 i AU i 1 BB

JEM-2100F, JEM-2010F, JEM-ARM200F % H\ 7z,
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4.3. Al-Cu-Mg& 4

Al-Cu-Mg & & DIE L RIFIT G SMRIC L » T2 D, 2AF Tld495°C, 3.6
ks, 2BFf &2CHF TI3480°C, 3.6ksk L7z,

Al-Cu-Mg & IERAbA (AQ.) & FAUIT90 Y [ AE % Jiti L 7290 % ] F 4k
¥ (AR (2190 CORFNESLI AT > T b D& T NZE TR, T8M & 5.

QAMZ RN LT & & O & LEER % Fig. 4-18 KX UFig. 42187, EIR{L
%O X35 X Z80HV A B, TOM Ol S IXRFhHIHIZ 100 HVS HWET EH L,
IFRhIERI3.6 ksdb 72 W £ T T M —IRBEZ "7, 7.2 ksl T115 HVIZAE &
WERL, TZIT2EROT T F—REBEZRLIZE, BXLL170ksTE — 7 K%
ZRL, TUUBETRTLTWA. 2EIZH A8 X0 EF-OEROFFRIZ O
TiX, ZOMOEBEEROEALDIRNTZOE D E AW LINTIFHZRL, 5l &SR
FEEO TS, T8 MITMN TRFZHENL OB A X DL Z 0, BEh
SR/ ER L, 06 ks CE—ZMS L7 o7=. T8MDEBERIT T6
MEo R ERE LTS, Fig 42 TARMICY T AXBRDO E— 7 NI 5
NN b, TMTIEMTHO 7 7 AZ BN TRE IS, MTIZfE> T
ST O B — 7 MERANCBEY L, HrifiMetE ST g, 2B 2T
H DR AER Y A DR E IR T OILEGREE & LTIV TWD 2 & &R LT
5.

FLRR D B 72 % Al-Cu-Mg &4 (2AMF, 2BAF, 2CHF) Tok D EFhihi#R % Fig.4-312,
EERDLEAV ZFigd-4 12~ T . Cud MgDEINNT X > TR O S 12E WA
BOLINDN, BNZ Lo TEDEITIEN > TND LR Z 5. 2BHMIZ L
E TRV, 2AMICH2CHIC S ZH5D 7T b —HlA A LD . TAMTET )
OB & B — 27 B B D I RIRFR] (43.2ks) NBHZE TR, Figd-412

ARLUTCEBEROZATS, RS OLEEROKTRALND N, EIMMERED
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Fig. 4-1 Aging curves and electric conductivity of AI-Cu-Mg alloy (2A) after solution

treatment (T6) and after 90% cold rolling (T8)
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Temperature, T /°C

Fig. 4-2 DSC curves of Al-Cu-Mg alloy (2A) after solution treatment (A.Q.), after

90% cold rolling (A.R.) and after 0.6 ks aging of cold-rolled alloy (T8)
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Fig. 4-1 Aging curves of Al-Cu-Mg alloys (2A, 2B and 2C)after solution treatment (T6).
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solution treatment (T6).

-57-



EWIERNLTWDZ ENBEXLND.

A2 MR 2 172.8 ks B4 L 723BE & 90%Im RIERERS % 21.6 ks B4 L 7=
B OHT % O HE-TEM #1234 % Fig. 5 12777, AIEIIXERIB L% 5nm
DT ZMRD SHHOMBrm N BILE SN, BFITITRE S 8~10 nm O P3G
Do, TN SHEEZEZ TN, FFMRHEIC L D2MENLETHD.

Al-1Cu-3Mg &4 ORI HIEFR IR 5 M Lo B2 35MICiE&E s 5 H
)T, 520 °CT1 hOIEKRILR, T%DMRIERE 21T > 723l 2 v, 170 °CD
R 24T > 7. RN DT A ODHAADF-STEMBIZE 21T > 7-.

VARAEAT & T%EIER DB R 4 Fig4-61 =3, ERER O S 130 IR L
Moziz EEl>Thd . IR B T o ROEE L O % ICT T b — a0 R
PhDDIXZDOEEDORHMTHHD. B — 7 1 SI1X1000 ksff T THN S . JELEH
THUMOEDHRIZT T b= S, WM OZN LY b EWiE s %
R B2 X100 ksfHE TRO HLA.

Fig. 4-712[6 UA 4 ODSCHIE DOfE R 277, WA CTlZ100°C (376 K)
WZI TAZ =D — 7 338 b5 0N, FEIEM TIER 5720, 300 °C
(568 K) fHIOE— 27 ESHTHOE—2 Th 5. FEIEMOFHF T 7 F LT
D.

Fig.4-81X LA 220 minfF%h L 723081 O GPBY — » Z HAADF-STEM#I 42 L
b DTHD. RN BHREDH HGPB!, GPB*E W\ 572 b HGPBYY — 2 |Z
Mz, GPBXY —Y ERESH =704 A 7 DGPBY — v BHALAR EIZFRD BTz,
ZDOGPBXY — FAIRHE D b EWRFEE 2R D, AIRAE Lo<041>J71H12
BLRIIZELS LTz,

[7] U 20 minfRgZh it Hh OBRALHR EIZEE AR L72GPBX Y — U & 5 7cD DX A 7D
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Fig. 4-5 TEM observation of Al-Cu-Mg alloy (2A) aged for 172.8 ks at 190 C after

solution treatment (a) and aged for 21.6 ks after 90% cold rolling (b).

-50-



130

120 |-

110

100

90

80

70

60 |-

Micro Vickers Hardness (HV)

50 b/ tttttletsaal sl al el sl
// 0.01 0.1 1 10 100 1000 10000
AQ.

AR. Aging Time (ks)

Fig. 4-6 Aging curves at 170 °C for the as quenched (A.Q.) and as rolled (A.R.) Al-1Cu-

3Mg samples.
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Fig. 4-7 DSC curves of A.Q. and A.R. samples
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Fig. 4-8 HAADF-STEM images of the A.R. sample aged at 443K for 20 min (a-c) and
the corresponding atomic structures of GPB zones (d-f). (a)(d) GPB1 and GPB2 zones,

(b)(e) 2GPB2 zone, (¢)(f) GPBX zones.
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SFANHEAFE L TV A2 8IZ2 L2 b D %Fig. 4-9(27 7. DRI ORG MR E L
THEDOH DS L, HAEGARDS- RO S0 BH LTINS, TLHLDH

A 7 OSHIE, AIRARICK L CEADOHMERER > T\ 5.

F72. Al-1Cu-3Mg & 4 D BT iR 1%, GPB™Y — 3 S-IRIDSHICAERE L,
GPBXY — VU ISS- I DOSHIZERET 25 Z L AR WE STz, b 572 DDSH
AL, AWVISEEE L CBART 5. S-THRLOSHIE T 2ROIBREEZHT 5 DI
XL, S-IRDOSHIFEALBRITIH > THRE L, R0 TT AR, S 612iEm v MR
HPNH KA T 5.

Al-1Cu-3Mg 54 ORI HIEFR IR 2 I L OB O FEMIC DOV T,

AFRORRIAEHS D LA T O 3HOmm Al 0 22 Sz,

(1) XL Chen, CD Marioara, SJ Andersen, J Friis, A Lervik, R Holmestad, E Kobayashi,
Precipitation processes and structural evolutions of various GPB zones and two types
of S phases in a high purity cold-worked Al-Cu-Mg alloy with low Cu/Mg ratio,
Materials & Design, Vol.199, 109425, 2021.

(2) XL Chen, CD Marioara, SJ Andersen, J Friis, A Lervik, R Holmestad, E Kobayashi,
Data on atomic structures of precipitates in an Al-Mg-Cu alloy studied by high
resolution transmission electron microscopy and first-principles calculations, Data in
Brief, Vol.34, 106748, 2021.

(3) XL Chen, DH Kim, M O, CD Marioara, SJ Andersen, A Lervik, R Holmestad, E
Kobayashi, Effect of pre-deformation on age-hardening behaviors in an Al-Mg-Cu

alloy, Materials Science & Engineering A, Vol.820, 141557, 2021.

-62-



Cu Al Mg Cw/Al
Z=12 [ IR
z=0 O 0

[010]
o

o\ " oonld
\ v

Fig. 4-9 HAADF-STEM image in [100]a1 orientation, with atomic overlay of
precipitates along dislocation line in the A.R. samples aged for 20 min at 443 K

revealing periodic nucleation of GPBX zones along <114>a; and two types of S phases.
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4.4. A1-Mg-Si& 4

Al-0.6Mg-1Si-0.5Cus 4 (6AF) DEIRLES (T6) & 90% MM HELER (90% cold-
rolled) DFEZHIHR & EEME A Fig. 4-10127 7. IR O S O v — 27 1386.4 ks
T, HSIIB L ZI30HVER LT, 90%DEHFEEIC LV, il X 28 KIgIZE R L,
FlE—JS31.8ksTH T,

IR TIX03 ksE TITHE S IR L, HERENMILAEE L TV RN
EMD, T TAZDHEAENBRITHPEE TS EEX BRI, 03 ks H86.4
ksE TIHE S LEBEBRPHRKLTODZENOITHNEE TWHAEZ ENb5.
86.4ksLAENEIFR TH 0%, TOMGEERNPHRLTND Z LG, WEN
AR ZRIE CRHFEFICIR > TWD Z ERbhs.

—J7, 90%4 B FEAEAL LI TR LI X 2 @ OV S 2 S R RS e £ 0, 1.8
ks TITHE S AEMTHR L T D Z EnBHT L EE TWD Z &N bh
5. TOM, BERLERKLTWDZEMND, AR ETWEZ L, £-FK
IZENLORIENRE TWDLZ EnEZLRD.

WIREM (AQ.) &90%MRIEIER (AR, 72bNCENENE1.8ksd D\
1386.4ksHi& L7726 D (T61.8ks, T686.4ksH L 190% cold-rolled 1.8ks) DDSC
WE U7z fER 2 Fig. 4-111277. 1.8 ksHigh L 723 LAT 1213230 °CHUTIZB (L)
DR E— 7 DIFET D Z LB 1L.8ksBFRN TR DT H N E > T DB Z ERD
5. 12, 86.4 ksligh LB O J7 037 (L)DIEMRE Y — 7 I K E N Z &)
ODITHENZ N ENRD00 5. 90%MmMELEM TiX, 180 *CHITIZH TNy
AL DR — 27 NBND Z LINBEIEPFIZ DTN 7 A Z BB S LT
HEEBEZOND., £, WRMEMTRO LN (Q) O E— 2 3B/ <
otz 0%AEEIEM & TN 218 ksFih L= b D& T 5 &, Bghtfody
TB” (L) OHE—Z7 BN/INEL 2o TV D Z DB 1.8ksDIFRN T (L) DT

-64-



160

54
90% cold-rolled: Hardness
g @. ......... O
=120 50 <
7] S~
: s
< 100 : 48 =
e i T6: Hardness 2
© : 7]
T g0 |+ 46 3
n d =]
— > c
a : o
G S 44 Q
> w
Q
§ 40 r o a2 E
= O T u T6: Electrical Conductivity 9
= [ o -
E} """ 90% cold-rolled: Electrical Conductivit
0 7/// M llll Lol Lol Lol Ll Lol [ EEET| 38
AQ. AR 0.1 1 10 100 1000 10000

Aging time, t/ ks
Fig. 4-10 Aging curves and electric conductivity of Al-0.6Mg-1Si-0.5Cu alloy (6A)

after solid solution treatment and after 90% cold rolling.
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Fig. 4-11 DSC curves of Al-0.6Mg-1Si-0.5Cu alloy (6A) as homogenized, as rolled

and as aged.
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YV OEEIIRE WIS/ NS <, BERESTY 7 & CTRHE L 72T Y 01
WAL, 1.8 kslEhAf ©5.3 nm?, 86.4 ks &'— 27 Ri2h4 C10.3 nm? & - 7.

TERAERE 1.8 ksIEZh A4 L2 L & V7= AT 4 D i 73 FRBETEMB 22 D B % Fig. 4-13
IZRT. QDR EIER L7 b D2 bIIRT. B oftibiEd (a=1.516 nm,
b=0.405 nm, ¢=0.674 nm, B=105.3°) & —E T HHEANHR T, 7 T7AZDE
T TR, BPPONTHPB IR E > TND 2 EBRbD. Z OFERIEDSCHIE DOk
Reb—HT 5.

90% [EIFEAER % 1.8 kshisdh L 7= & & DFAfE & T O B o R EEBI R O B %
Fig. 41412783, B EICHT 03872 > THFH L T DR 0388 D b i,
DFRREBIE NG, MTHPMORIIZBLZ10nmTH D Z L1bns.

Fig. 4-12(a)lZ/~ L 7o EA4 1.8 ksREZhffk & Fig. 4-14(a)lZ s L 7290% [ E
HERS1.8 kshpzahflik & Lbige 4% &, Hriti ORI MM o RE L, &
SIEI0% M FEIEM DR N &3 D.

I LZRIGT 5 &, R b o HZE8hi, 03 ksk TIEZ 7 A X DI

[P (LYDATH, 1.2 ks~86.4 ks TR (LYDHTHY, LI TR (L)DHLKAL &
BQ)~DERE L WHIEREEZ LV, —H0%MMTFIEM T, 1.8 ksE TR (L)HT
HIC X 25 bR EIEIC L 8 k& BRI, Z LAk TIEEIEIC K 2k 55
EEY, EHIZEIEIC K D8 L BN K Db ERTEZ 2D EE
oD,
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Fig. 4-12 TEM observation of Al-0.6Mg-1Si-0.5Cu alloy (6A) aged for 1.8 ks (a) and

86.4 ks (b) after solid solution treatment showing [’ precipitation.
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Fig. 4-13 HR-TEM observation of Al-0.6Mg-1Si-0.5Cu alloy (6A) aged for 1.8 ks
after solid solution treatment (a), and closed up of the red framed part

showing B precipitates (b).
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Fig. 4-14 TEM observation of Al-0.6Mg-1Si-0.5Cu alloy (6A) aged for 1.8 ks (a)

after 90% cold rolling (a) and closed up observation of B’ precipitates (b)
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90% 1 R EFE DSR2 N R BN T T 8 L LT, (1) FEIEFIZ Y 7 2208
T 22 L, QP@QIIEER LRI L, GFrHZESR RSS2 & &0
RSz, Ao iEiE, T K-> THA IS0 8O KRG
R A M E LT ST AMEES D Z & &, RIpERREE T 5 EERFO
PEHDTERICRD LR ETHELEINTEHDEEZLND.

4.5. Al-Zn-MgH4:

5.5%DIn% I LT-Al-Zn-Mg&4: (5.5Zn) 1EIRAERT & 90%4 £ ZEAF OB A%
% Figd-151077 9. WA ORI k2 2 LTl Y, FARRSRAITES
EZ22umTH -7z, 90%M EEEM (3N T NS E U7 SRRI 580 b,
T ORI B X2 yumTH o 7o, fEERINIC b KEOEEN 285 A T
LI, OEDDOREEERNTHANZEI L TWD Z ERbhs.
IniINE%4.5, 5.5, 8.0 & Bk & E 72 Al-Zn-Mg & S IA LA & 90% 143 £ ZEA
DO #R 2 Fig.4-1612~7 7. IR L E S8 O ST ZnifINENHE 2 512250 C
80~100 HVIZHIM L TE Y, RERhOMETICHE- TEDOREITHERL TS, B—
7 BN ET D EERNICIZZ T2 <, WO/ TH264 hTH T2, 90%4
FESEA TIFN LREKIZ L > T, ST L £200~220HV E Th o7, KRho
ETIC ES T, [EHEIC K 2810 & AL A RIRFIC S 2 o 7o R, Vo T AR
L72t%, 14ha v —2 L L TR R Z T, 20N, Gaaic X2k
LB OO RICRKRE BN o 7o, B— 7 R O BLHE 300 T
WOBEET, MTIC X ZEALOEARLH TIZ L » THHEHE S -k ki i e &
DU ORERR A b & LTI Z EAVRIBE NS,

Fig.4-17125.5Zn B &AL £ £ 4 & 90% 5 B JELER DODSCIHRIE O #E F % 73

B TR BTGP Y — U B D ' — 27 7390%A R IEA, TR S 7.
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Fig. 4-15 SEM micrographs of Al-Zn-Mg alloy (5.5Zn) as homogenized (a)

and as rolled (b).
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Fig. 4-16 Aging curves of Al-Zn-Mg alloys as homogenized and as rolled.
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Fig. 4-17 DSC curves of Al-Zn-Mg alloy (5.5Zn) as homogenized and as rolled.
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Fig.4-21 |3TEAE=R % 24l S W72 Al-5.5Zn-2.5Mg-1.5Cu-0.2Cr &4 D RFZh Bl C,
REZIREE 13120 °C, 80 °C & L7=. 80 °CTHREZhHT D MMKIR T 5 72 O JLHNS I
<, =7 SICHZETLHE TORMITRLS o722y, T XTORBHIIBNT
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Fig. 4-18 TEM observation of Al-Zn-Mg alloy (5.5Zn) at peak aging condition after

solidsolution treatment and after rolled.
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Fig. 4-19 (a) a bright-field images of the precipitates in 7150 alloy viewed along a
<110>a; directions. (b) a schematic three-dimensional drawing illustrating that all
the disc-like precipitates shown in (a) lie on the {111} a1 planes in the Al-matrix, and
some appear edge-on and the others appear about of round-shape in the [110]ai
projection. Taken from a reference (J.Z. Liu, J.H. Chen ,D.W.Yuan ,C.L. Wu J. Zhu

and Z.Y. Cheng Mater Charact, 99, 277-28, 2015).
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Fig. 4-20 HR-TEM observation of precipitates in Al-Zn-Mg alloy (5.5Zn) at peak
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Fig. 4-21 Aging curves of Al-5.5Zn-2.5Mg-1.5Cu alloy after cold rolling at various

reduction rate (0%, 30%, 60%, and 90%)aged at 120 °C (a) and 80 °C (b).

-77-



60%/EZERF 120 °C &' — 2 REZhAS t DA 4 2 HAADF-STEM#BLEE L 72 R %
Fig. 4-22~Fig, 4-25/27~9". Type 17> 5 Type 4D 4 FFE O AT HM BN EEZ S,
Type 1 & Type 2IZZNE TIZHMEDHDHH D TH H M5, Type3 & Type 4B L Tix
WEITHRED 2, 2D OHTHIITENEIELR D AR & O A ER & Fr
DI ENRO LN,

Fig. 4-221Z7~ 9 Type 1 OFT I ORFEIE, ZH KRS R2=> ) LEFHE (O
2= 8 EAGDEEETHHI LT, TORLE=y FEO2=y NIEAR
HRAH L DFABIRR BV, N ZEN%ITRT Type2, Typed & [F] U HALBR TH
5.

Fig. 4-231Z7~R 9 Type 20T I, R==v h LRZCHEIF.OIZI80E HIER X
H7-R'2=y NEMAGDLEY IV 7EEZE L TV 5.

AR, I BIEE S 7= Type 3OHT ) % Fig. 4-2412 77, HelRbH L<ITT +
AJRTH-7Type 1l £ Type2 L 1T EA2 0, L < B Sz Type3ld#ik, & L
IFERIROITHMTH D EEZBND. Type2?d Y 7 7 J516] % 90 [Al#is X H7-
KOG A L o TV D . AIRE & O A2 BIERIZ(110)g//(1-10)a1, [100] 4//[11-2]al,
[120],//[111]a CTH - 7=

Fig. 4-251277 9 Type 4DH 3 Typel DO = v k& ~SflHAbE -tk
Z &0, AIRHE & O A BIFRIZ(001)g/(1-10)a1, [210]4//[11-2]a1, [010]4//[111]aI T
HoTz.

-78-



Type 1 (HAR - T4 AT

N B R GR AR R 2N P Be
"‘Q"?i*""'-"

"’..
e O RS R wE 8%
- ’ L8 ol T S SRR

000000000000 B
0000000 0 00g (001), // (111)y, [100],// [112]a,

[120],, // [110]4

000000000000 I Type 2
—g b

R

O Type 4
(001),, // (110, [210], // [112]a,
[010], // [111],

000000000000

000000000000
000000000000 ﬁ

©Q Zn
O Mg
O Al

Fig. 4-22 HAADF-STEM observation of Type 1 n’ precipitate in Al-5.5Zn-2.5Mg-

1.5Cu alloy peak aged at 120 °C for after 60% cold rolling and its crystal structure.
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Fig. 4-23 HAADF-STEM observation of Type 2 n’ precipitate in Al-5.5Zn-2.5Mg-

1.5Cu alloy peak aged at 120 °C for after 60% cold rolling and its crystal structure.
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