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Tadashi Tanimoto, Teruto Kanadani and Mutsuo Ohta. Initial Aging of Al-Zn-Mg.Si,
Al-Zn-Mg:Ge and Al-Ag-Mg,Si Pseudo-Ternary Alloys.

Al-rich Al-Zn-Mg,Si, Al-Zn-Mg:Ge and Al-Ag-Mg:Si quaternary alloys were studied by the
measurement of electrical resistivity. The results may be summarised as follows ;

(1) The isothermal aging curves of electrical resistivity in Al-Zn-Mg.Si and Al-Zn-Mg.Ge
quaternary alloys seemed to be composed of two stages when electrical resistivity was plotted
against logarithm of aging time. (2) When Mg : Si=2:1, the maximum increase of resis-
tivity, dpm, in Al-Zn-Mg:Si and Al-Zn-Mg.Ge or Al-Ag-Mg:Si quaternary alloys was nearly
equal that in Al-Zn or Al-Ag binary alloys, with the same amount of Zn or Ag with quater-
nary alloys under the same aging condition. But when Mg : Si>>2 : 1, the maximum resisti-
vity increase, dpwm, in former two quaternary alloys are larger than that in Al-Zn binary alloy.
(3) The times, twms, required to reach the mximum in electrical resistivity in the Al-Zn-Mg.Si
and Al-Zn-Mg.Ge quaternary alloys were much longer than that in Al-Zn binary alloy or Al-
Zn-Mg ternary alloy. (4) Tt might be concluded that the increase of electrical resistvity was
mainly dependent upon the spherical G. P. zones which were similar to those in Al-Zn or
Al-Ag binary alloys, when Mg: Si=2:1, (5) The clusters containing Mg and Si, Mg and
Ge in the ratio of 2: 1 might be formed in quaternary alloys during the aging. But the
resistivity increse caused by the Mg.Si or Mg.Ge clusters formed in the quaternary alloys might
be very small and be negligible. (6) If it is assumed that Mg»Si or Mg:Ge clustes may absorb
large number of vacancies when clusters are formed and consequently the rate of growth of
Zn-G. P. zones is decreased, the shape of the isothermal aging curves and the very large value
of tws in the quaternary alloys may be explained. (7) It seems that Mg.Si and Mg.Ge clusters
can absorb much more vanancies than those absorbed by isolated atoms of Mg, Si and Ge in
solid solution. (8) It was not observed in Al-Zn-Ca.Si or Al-Zn-Mg:Sn alloys that the possible
clusters of Ca.Si or Mg:Sn absorbed large number of vacancies. (9) The method to estimate
the value of the electrical resistivity from the data obtained with specimens of a special cross-

section shape, is established.
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Table 1 Nominal composition of alloys and electrical resistivity of alloy as-quenched.

‘ | e
No. Alloy Quenching temperature l‘ Resmtn(r;t)sf] zfs(;::;enc}]ed
1 A-10wt%Zn ‘ 340°C | 1.22
2 Al-10wt%Zn-0. 1wt % Mg | 340°C 1.26
3 Al-10wt %Zn-0. 1wt %Mg-0.02wt2%Si ‘ 340°C 1.26
4 AL 10wt Zn-0. 1wt 9 Mg-0.05wt %St | 340°C 1.26
5 Al-10wt%Zn-0. 1wt %Mg-0.08wt%Si | 340°C | 1.27
6 AL10Wt%Z0-0 2wt B Mg-0. 115wt %Si | 340°C 1.28
7 AL-10Wt%Zn-0. 05wt % Mg-0. 029wt %Si | 340°C 1.24
8 Al-6wt%Zn-0. 1wt 2% Mg-0.05wt%Si | 340°C 0.80
9 Al-15wt%7Zn-0. 1wt % Mg-0 . 05wt%Si : 340°C 1.81
10 Al-10wt%Zn-0 . 1wt % Mg-0. 15wt % Ge 340°C 1.27
11 Al10wt%Zn-0.01wt%Mg-0.025wt%Sn 340°C 1.28
12 Al-10wt%Zn-0 . 143wt%Ca-0 . 05wt 95Si . 340°C —
13 Al-15wt%Zn | 320°C 1.69
14 Al-6wt%Zn } 340°C 0.75
15 | AL3.0wt%Ag | 320°C 1.12
16 AL3.OWtAg-0. % Mg:0.05wissSi 320°C 1.16
17 AL-0. 1wt%Mg-0.05wt%Si 340°C | 0.322
18 Al-0.2wt%Mg-0. 115wt%Si 1 340°C J 0.359
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Fig. 2 Isothermal aging curves in the alloy 1 and quaternary alloy 4 at several temperatures
after quenching from 340°C,
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Fig. 3 Isothermal aging in the binary alloy 13 and quaternary alloy 9 at several temperatures
after quenching from 320°C and 340°C, respectively. The values of Ap in the alloy 13 were
corrected using the as-quenched value from 340°C,
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Fig. 4 Isothermal aging curves in the alloys 4, 8, 9 and binary alloys 1, 13, 14 at 20°C after
quenching from 340°C.
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Fig. 5 Isothermal aging curves in the alloys 2.3,4,5.7 and binary alloy 1 aged at 20°C after

quenching from 340°C
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Fig. 6 The change of Apm (ternary or quaternary alloy)—~ Apm (binary alloy) and tm
when Si content is changed in Al-4. 4at%Zn-0.1at%Mg alloys, T,=340°C and T.—=20°C
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Fig. 7 Hardness change during isothermal aging at 20°C in the alloys 1, 2, 4,10 after quenching

from 340°C
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Fig. 8 Isothermal aging curves in the alloy 10 and binary alloy 1 at several temperatures after
quenching from 340°C
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Fig. 9 Isothermal aging curves in alloys 15, 16 at 20°C after quenching from 820°C
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Fig. 10 Resistivity increase of isothermal aging in the alloys 11 and 12 at 20°C after quenching

from 340°C
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Fig. 11 Isothermal aging curves in the alloys 17 and 18 at 20°C after quenching from 340°C
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©Mg, Si BELLAEFEL TS TV LADOERICL>T tu BEALTVWBEERIT
HMEOE>CBbN5.

G. P. zone D% vacancy mechanism iIC k2 &£ X 3 EARHEDEA, 17D vacancy 5~
103 HOBBETF4E3:C &€ 5, Girifalea & Herman?® iIC X% & G.P.zone 2R T 5 5%
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RICBOTE, FEANKE solute-V (AEREFEZEED pair) BBIHLUIBERTO BE O
53 (G.P.zone) HBHIHK, T D G.P.zone EZEILEDHENMNITNETSHE zone DEHHOD
ZIOBENE 730 22 fL1 matrix D F~NEILHL T E, FHU solute atom &H5E LT zone
DHNEBEE L DET. FRL XD ICAREDEETIE, Zn-G. P.zon Mk, ZLTEOD
zone D5 D X 5 75 mechanism THRE L T3 ERE T2, Al-10wt%Zn-0.1wt%Mg-0.05wt25Si
B4 hic 340°C TATFHCTHET L EADOBEIL 10°~107° BETH 5. EERETEER
4.5x1072 TH 5. Mg KU Si OFRFOEEIL 15107 THS., coAgPhTEREINLS
Zn-G. P. zone @ %E & Lil® mechanism IC X » T 5 E#E L 5 5. Lutts!®, Panseri &
Federighi!® I X DEINTVEED, Al-MgSiG@P TIHE Mg.Si-G. P. zone ML & 11,
D G.P.zone REFARINT 2 EMBHONTNE, KESOHFICHE 2 TCHREE LRI
Mg:Si-clustr D3RR I N D cluster 32 fL& TN 1L, FEEERDOZEILO BESET L, Zn
DILESF /2o Fig. 2, 3, 4, 5, 6%FO ty EVERHALKRSZ. coBBicon
TAHLUBHICHR L TABLROBEOTHS. T10bL, BANERITE Zn, Mg, SiJFFiE
WIFNRBIZIZEBER* XL > TO AR ERET 5. R0k IERE (1 21EE) TH Zo-G. P.
zone MAMICEEE XN G, C & FAMIC MgSi cluster bR EIN B TH A 5. MgSi cluster
R T BEBICRIA I N AL —BRIZEHBZDEE cluster IWRNINDE D ET S &
matrix ~NEHT A ELORBREFLTETHA S, TORICLUT Zn LHEET 2 ELDORBEDISELD
TEHCEIIEDE In [ETOBT 2EMND LD G P.zone DRERENELILS, L
TERIERDBERICIES zone DREX (BFEM 9A) KRET AICETZHHNELLEE
BRI NT4TEED tm BRANBEZCEFBHNSTONESTHS.
Mg:Si-G. P. zone 328 fLAWRINT 2HEHD3H 5 T & 13 Lutts!® % Panseri 50 I XD FHEI N
TNBDS, KD 4 AL DES Mg.Si cluster (Lutts!® DA E Panseri 5149 OB AIIR%
RESAROBIELO0THEOE A UEHIRD G.P. zone BMERINTNBEESHRWTH
. RREDOBACIRE S ICEEMBIED, T OBEICKD cluster &0F3:2 &1CF3.) M2
eRNT 28 L TROBANEILONS,. T13bb MgSi cluster 3% D NPREERICE
o204, cluster OFFO EAOEE3RHALE OERICEIEL GUEA, cluster
RO~ DFRFHELEHEEL TV EEEENEILNLY, KTEOHELENNELDHIIRAR
HTH2, BEORMYETLEILEOHEAORCETEOMNETHAL T BENE S, 12
1:1 OFAEZLTOENEPRARETH 2D TRHE, BAY ORIEFEER O TRMIRT &
ZEAE DR T ANF —ZRDZCERBFEECHRTH S, LEULEOERE LU TRLITHKE
2RDBZ EIFHES . clustering LTV B MgSi DEA{EL T, cluster D FHF—FY D
DEILLEDEARLINVFE ~ERDTHBE, Mg & Si M8 XT clustering LTV 5B EF 3 &

* BOROWFED K KB E Al-Zn, Al-Cu, Al-Ag AEDMANEHRBIKENTEZ, KT L ELEEGEKIRIL
STV ESTH S,
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0.42eV, Mg & Si @ (/10 %5 clustringlL T 5 &35 & 0.45eV, 1/100 £ 35 & 0.50eV &
K5, COBBEHBERBODTHOENREDTHEH, Mg & Si BRI LEFETFELTHEET
3X0DbR350ICELDEAZBRRUEECEEZRLTNEEEZELTIMANKZL, LE
STHNL Zn RFEREATAEAOERERELILLETL, tuZRELILEITHAD. TOK
AN ODPDORED S ELICEZLTHSLEROBDTHS.

TIHEAREHBRICENTRL 4o (270A&E 40AE) OEADH®D Zn-V pair @O jump
BIREALTHIERET S, I51C, HEIEHPDO2EILD decay 1375 <, G.P.zone JEERIC L B
free Zn JR B DD bMEAHKT Zn FFEMEEL TV L EAOBERERIETH S EIRET S
L, 2TEALDEABANKOEZ OB t,(sec) ETDZn-V pair @ jump ¥ n (t)

n;(t) = KCt (6)

TEbhINh5B.
A TEAEDBEASBmEANE Mg.Si BIEHR I NEAEL BT 3 72 DB t'(sec) FTD Zn-VOD
jump DOBE n';() 12

Im(ﬂ)==K§;cg@ﬁn (7)

TRbh¥ 3,

C,C; BENZTN2T, 4TARALHTD Zn-V ODFOBEETHS. Kid Zn-V fD jump Dk
BEHT2T, 4nBCELVERETS.

F7e (D) AD C;0) 13 MgeSi DEICEDHNAELEDEDTHD, ULicdioT Cst) 2 KD
%. Mg:Si BRI N BB MIGKIT

2Mg + Si— Mg,Si

Tho, EEEHELE U TR I MgSi D&% 3c(t) &9 5&

dcx(t’)_h_ o (+1))2 _— !
8yt = {e, — e ()} % {eg — e (t)}
T ca=2c3 &3 5H&
ct) = e — 1)y a4 1/, (8)

123, BF s icBiF 3 Mg.Si DEE 3ex(t) KDL N,
L7285 T free vacancy DEEIZEHMES DL TEE, 278, 4TAEPT Zn EHAE
LTWREFOBELY2ZNEN Ci(t), C;0)) BKROBDTHS.

C, = {ze, exp (B,/kT)} exp(—E(/kT) [1—zc, -+ ze, exp (B,/kT,) ] (9)
1—ze, -+ zc, exp (B,/kT)
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O, (t) = - CXP (—E/ET,) [1—z(c,+c,+c;) +2z{c.exp (B, /ATy +c.exp (B,/kT) +ezexp (Bs/kT,) ] - c,exp (B,/ET)

c,exp (B,/kT) +c.exp (B./kT) +cexp (B,/kT) -+ {3exp (B,/kT)—2exp (B./kT)—exp (B,/kT)} (c3 - \/-8—1—4—1——)

(10)
7o 2 LRl B IR DED

c1 3 Zn D

c: > Mg DR

cs 3 Si DEE

Bi; Zn EZEILEDEL T v F —

B.; Mg &%EfLEDFEAT A NVF —

Bs; Si EEILE DA T A VF —

By ; MgoSi cluster i 1 DB+ & EfLEORET RV F —
Ei; Al P TOEID IR = 4 v & —

Tq 5 BEAALMLE

T ; BERhIRE
7 @aﬁlﬁ

6,8 FhEN2IC, 4 ILEE DR

(9), (10) ZEzhFh (6), (1) MITRATIUL ny v () BRHSNE. (2720 (DA
w5

CORICLTRDE NI ny, 0y BHELVEBE, 2080 hREREECLT, 28

STOHLEHICIS - 72 ¢ #RRALT4LAEORMN ¢ 255k s. LrLAOLD S
£ By, k£ D2 DRENRAITHD. Lichi->Tr (MgSi EROKEELE) 2HLYBEHFDO DL
CEMEL TEDEMDHAIUL, By T4 5 cluster LTS Mg.Si o E5 1 HH O D EflLE

DL ANE - ERMEREPOKRDBCERTETHS X HICEDLNS. £ & By ZliHICE
BL T Al-Zn 2 TAL DML EEIC L TRHIEDG6), (1) RCbETOTEFE L 4LE
& OB RO TG 2 BT D g o WEIRFERICK D KD S 1 o ik & 3L Ty
e,

Fig. 11 TRENTHLEYD, COFREOERED Mg.Si TREFSOHMEMIIA S NEHA, <
ZBEE B A5 ¢ Mg.Si cluster D i b0 78 ¢ F B ADOH S b/NENKHDTHSH 5. Panseri 519
OWIZETIE 15 B8 (20°C) X DEILOMMMBED SN TS, AMRED 4 LELDEABE2 T
AeDEALIZ MeSi ORMERSREILZ AN, LHL, MgSi cluster 3% { D 2% £l
AL T 5 T & DS B 155 1F MgeSi cluster HSJEER & 1172 RICIE Zn-G. P. zone DR &
HAHCERARETHEEHICEDLNS,

BHRD & 5 IKIEHOBMIZEL LT Al-Zn 2 EAS D& & FAMKIE Zn-G. P. zone DREIT L
BEEZTEROBNENEL VWSS, 278, 4703k Zn-G.P. zone BNEIURETHLEEZD.
ZLTCENECIEETZCETZRMEOW to/th 2 tv IKXFL T plot LcbdD A Fig. 12 TH
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'tq/tb
107 . ; .
i Al-4.4at%Zn-0.1at%Mg-0.05 at%Si ]
N — ]
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Fig. 12 Plots of the ratjo of tq to th against tp, where tq: the time required to reach a
certain value of the increment of resistivity in quaternary alloy, tb ; the increment of resistivity
in the binary alloy 1

% (tq5 4 TLAE, s 2TLAE). CORX OO < GIHLS 4 TTAE D M E I3 2K
IWIETFLTWA, 2L CHERSEARICIS 2ENCIIFEMEIRIZIZ—EICIE > T A T L35,
Al-Zn 2 TCALICHRMINA AMYEFH Zn-V OFE T A VFEF -~ LD REVEEZ A VF —%
b, MY URETARETICEET B35 E CORBENYET2EBAEDHEED to/tv—ts
AR I EIC T IRERICIE S EEZ O 05, (RSP TOZEIAD decay BERI NS 3 LIET
BEAICRTHEZEZIBCEMNHEEKS). Lcdi>T to/te BEEICKE LI >TVZDIIIZEIE
BT B SDONHEKTNBEEEZIONS. TIEbH MgSi cluster BRI NZNBKEL TO
BDTHAD. 72751 Mg.Si cluster (ZRIMU 72RICZILE DK RKREVEAZ FVF -2 o
TWBTHHADHETFRINB D to/te DEMISIEIMIZAT L S MgeSi cluster DR RE®H
BEE2EKRLTHE3 DI TRIED. HBAZAVF —BREOH/ICEPLETD Zn-G. P. zone DK
EXELETIRZCLETETHS.

VI EDEEE R BEO M A > T 3% & Fig. 13 08012 5. HikRAIZAL-10wt%Zn
BE&D 0°C DEEHHETH S, HFECRELEOEEST A NVFH0.42V TH B 3THE (AL Zn
EOMEMER%E L IBVILE) % 0.15% &1 Al-Zn-X £4&0 0°C TORFIMHETH 5. HifkR
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Fig. 13 Schematic diagram of aging curve in the Al-Zn-Mg-Si quaternary alloy (curve B).Curve A
and C are the isothermal aging curves(T:= 0°C) in the Al-4.4at%Zn alloy and the simple Al-4.4at%Zn
-0.15at%X ternary alloy, respectively, and an atom of X has a large binding energy with a vacancy
(0.42ev)

B i3RI AD Al-10wt%Zn-0.1wtP%Mg-0.05wt%Si &4 D 0°C TORZhHHRTH 5. FhDEE <
MBNCIZEER A LDDPDPBENTED MgSi cluster BEFLEZBRINLEED S P AE XD HIRAK
HUTEZULENTL 3, FiBEOPEICIE Mg.Si cluster (ZHR TS THlifg C it
TBIRESALL Zn-G.P.zone DIREXRE IR (FZIT 156, thif BRI P 23 &¥5L%
HLOBNNNES LM >TL 3725 Zn-G. P. zone DREEEIRIETLTL 3, £#LTQ AL
T35 E Mg:Si DBIEIDPIEDE LD t/t 1ZIFIT—EWLE - TL 5. (Fig. 12 BR) < 0EYL
% T3 Mg:Si cluster BZEFLEFH U S RIS B8 D378 72 5 >, MgoSi cluster D JUER, Bk i34
572 bDEEZLND. £ LT MgSi cluster 73, binding energy 23RS D KEFWNWE I TELE
BISERZ T 2. DCHBRBIZ CIi—KULTL 5. tm LIEOHLNTIE Ostwald BRE O BRI
HO G.P.zone DRERZEHBEICISE > THRE D, tn TTOEKHICDVWTRELZDEFVICLD N
O DOEBREREZHAMEKS. Fig. 4 OFR (g) 2V TIE Zn DREMNIENE Zn-G. P. zone
DOREDEL G. P.zone BFISRE SBRELIZW S BIC MgsSi cluster 23HRZEFLZTKINT 5 &
SRV ZORERBERISOIKIETTS. £ 2 0Lk THSEESENAEZTRLEROBK
BE2TEFTHMeSi OMRBEDLNEBEALEIONDS. COFID Fig. 9 THD. Al-3wt%Ag
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2 AL TIE Ag-G.P. zone 78 dow ZETBDRIEFICHED. Lichio TIORER Ag-G. P.
zone DK X INHEREES C 272D bHIT Mg:Si-cluster DIRENHLHLNTNE D EEZLD
n3s,

VI E Mg,Si ICBEd 3 E8E BT E 258, MglGe iICDNTH MgeSi EEU S HFLERINL T
WBREEZEZTEINTHAS.

% 7c Fig. 10 725 Al-Zn-Mg-Sn, Al-Zn-Ca-Si &4 T3 %2 W § 3 8615 D cluter
BRERISN TN ES TH 5. Hansen D 2 ILASIRIERIED 1€ L3 E Mg.Sn, Ca:Si % i
Mg:Si Mg.Ge “FE [ U AR ORELEDE W E&ERLEMTh Mo hTHhab, Ll
Al-Mg:Sn, Al-Ca.Si FEE2 LAERICH 3 2 MR ASNILNDT, Al 54 H T3 Mg:Sh,
Ca:Si cluster WK INTVAEINELARHTH B, LU custer B INT £D cluster B3
ZEHA BT BRI B LRI ARIT Fig. 2, 3, 4, 5, 6 ICRINZHMICELT 2139 T
b5,

V 8 &

Al ICE T Al-10wt%Zn B4EICHIE DMg, Si, Ge, Ca, Sn K U Al-3. 0wt%Ag A& I HE
D Mg, Si ZHFML 72 EL IOV TESEIOAEE TRV, A&PICBRkIN s Mg:Si BXU
Mg.Ge cluster DZHRIC DN TKOFERE /. ) o

(1) &lkehh 3 P AZ KR O EICE L T plot 975 & 2 BEREICIE > TV B K HITH
Z5. ‘

(2) WEHOBEKING don 1 Mg D&% 0.1at% & LT Si % 0~0.05at% £ THEMS
#3LE, EUMRED Al-Zn 2D dom FVDLITPICREVEETHD T S,

(3) Al-Zn 2JCA4®D ty ITH LT Al-Zn-Mg-Si, Al-Zn-Mg-Ge A4 D tu ZIEFICE .

(4) Al-Zn-Mg-Si, Al-Zn-Mg-Ge, Al-Ag-Mg-Si @& DH &, Mg:8i=2:1, Mg:Ge=2:1
DL X, WEHOBEMIZ Al-Zn, Al-Ag 2 TESPICER INAEKIRD Zn, Ag G. P.zone & [F
UKL, BRIRD Zn, Ag G.P.zone DFERICLEHDTHA .

(5) ABLICHERINILEEDOEED Mg.Si, Mg.Ge T, BB X117 cluster O HEL~D
HHRBEBEAERNESITH S,

(6) Mg:Si @ cluster ICX D Zn-G. P.zone DFEHRENESL L EKTIE®ONE EEZLD
EEREEZHBOIERE tn DRV EEFIIHKS.

(7) Mg:Si @ cluster |3 Mg, Si BEFRETCEHBERPCEETIEELIDT>EEDE
LEZBRNTEES>THS.

(8) Mg:Ge D cluster & %7z Mg.Si cluster & [RRRICE K DEFLEBINT S L5 TH 5.

(9) CasSi KT MgSn (% cluster Z{EB MG AP THBD, cluster BSHKIEL THZ
D cluster ZZEFLAZBRLIENEH>TH 5.

(10) HEL VWO LRI DT O DEE X S WEHIDEE KD 2 HEEHEH T T
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