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The Role of Vacancies on Precipitation in Al Alloys

Abstract

In this review, the main focus is on the papers published in the past five decades that
dealt with (or investigated) the equilibrium vacancies in metal and the role of vacancies on

precipitation in Al alloys.

Keywords: Aluminum; Point defects; Vacancies; Precipitates
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1911 #4g B * Alfred Wilm(Martin,1968)%# # + $ 48 (duralmin) ¥ 7 3 4%Cu % &
MgfrMnz 488 £47 A e BB % AT 2 RAEHF BEREET —4 8
Rt A gp% DA R ATE AR S A F PEH (Rl frA T R PARARS £ 53
,g_,ﬂ. o FREREANHFETER L BFERE g AL A% 0 - 1] 1930

# % Guinier fv Preston | * X-Ray $&&+;2 € 4 B i iicimdr 1 e 0 B 3] 1950 & &
TEMZ#R a7 2 &pidr it o @47l L 2 2R/ P 2 B m ik 2 o
- fkEn ¥ EEa g FERE RR A MESL ERF AT 0 A ‘ufrmﬂl*%c
EREESF O AR - BRI RASPRLUBRADE £ - "T/’J‘étmb EAS SRR ¥
(scandium)Frc % &t > ZHCE Sc($0.3%)4F & £7 FREPldw » Flav AR
T2 A EB R SR BRI RIR S d KRR (4 R T
s R LXI0ON s L E R E A Lo

T F A gmﬁ% CREDE BRI T £BY by AFR I MRS
(point defects) 7%= 7 > ¥ if @3t 1926 # > FrenKel ¥ %zp( % 1)> # ¢ 12 Simmons and Balluffi
& 1960-1963 & %+ Al, Ag, Au fr Cu #7i% 3 3* (vancancies):7#* 3 & & T Ry
p d 5 (Gibbs energy) AR TR EL P AL A k- 2 3% ,_+__mFF !i\.’ £ 60 & >
Zener fv Wert #£ 41— B % 4 #5538 (pd o @ 34 feen?) N 2 E) > @ A 30 £
Varotsosc = Alexopolos #& ! ¢cB Q) #i-3% (Varotsos,2007)> £ ¢ B 5 % /§ % #c(isothermal bulk
modulus) © Q % & + T 328 # (mean volume per atom) > &7 fa b # Ak § #icHF —?]z B ant

£
£

%
¥4 dE L FHE S §F 0N K it (Fazeli % 02008 ; Nagai % > 2001 ; Miura % »1975)
MEG AR BIRFE > (RBHIIVERHELEAIAMNT R PRE LA
FEACR o AT A L LR KDY R W RIS BT A VB i
§ o FIEBBBER G T whE o

A A R A s

AN T

- AR
“Nothing is perfect.”# Fa¥ #b75 ettt @ - 7 & B 58 > JG Kadh e - 7 #-k Fag
S fd

1.2k4% FeA(point defects) > [ 1 ©
2. % #(dislocation) °
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3.3 P45 E(stacking faults) ; & 7 (grain boundary) °
4.3% F (voids) °
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Point defects in crystal lattice: V-vacancy, 1 - interstitial atom, FP- Frenkel pair, D-

divacancy.( Encyclopedia of Materials, Elsevier, Online)

2 ¢ ghak K(point defects) 7 i £ 4 T #r(thermodynamic equilibrium) » j& & o271 p o

it (Gibbs free energy)¥ a3 11 (& 452 > 2010)
cv=exp(-gvf/kT)

Fdoeyt A TERR
gt A A &
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21 & Ppaafal R g 2k

Brief history of studies of point defects in metals(Kraftmakher,1998)

Item

Reference

Prediction of vacancy-interstitial pair formation

Frenkel, 1926

Mechanism of vacancy formation

Wagner and Schottky, 1930

Calculations of point-defect parameters

Huntington and Seitz, 1942

Extra resistivity of quenched samples

Kaucman and Koehler, 1952-1955

Defect contribution to resistivity at high temperatures

MacDonald, 1953

Defect contribution to specific heat

Carpenter, 1953, Pochapsky, 1953

Vacancy parameters from thermal expansion

Gertsriken, 1954

Theory of defect concentrations

Vineyard and Dienes, 1954

Differential dilatometry

van Duijn and van Galen, 1957

74

Feder and Nowick, 1958

wi



CFEE A PEE N - S5

Nenno and Kauoman, 1959

Stored energy in quenched Au

DeSorbo, 1958

Electron microscopy of quenched samples

Hirsch et al., 1958

Observation of point defects by a field-ion microscope

Muller, 1959

Proposal to observe point-defect equilibration

Jackson and Koehler, 1960

Nonlinear increase in specific heat of Mo and Ta

Rasor and McClelland, 1960

Differential-dilatometry data on Al, Ag, Au and Cu

Simmons and Balluffi, 1960-1963

Specific heat and vacancies in refractory metals

Kraftmakher and Strelkov,
1962-1964

Quenching in superfluid helium

Rinderer and Schultz, 1964

Equilibration of vacancies in Au

Seidman and Balluffi, 1965

Influence of vacancies on positron annihilation in

metals

Berko and Erskine, 1967

MacKenzie et al., 1967

Specific heat of refractory metals

Cezairliyan et al., 1970-1971

Specific heat and vacancies in low-melting-point

metals

Kramer and Nolting, 1972

Evidence of the priority of studies under equilibrium

Seeger, 1973

Relaxation phenomenon in specific heat of Au

Skelskey and Van den Sype, 1974

Positron-annihilation data on refractory metals

Maier et al., 1979

Thermal expansion of refractory metals

Miiller and Cezairliyan, 1982-1991

Relaxation phenomenon in specific heat of W

Kraftmakher, 1985

Vacancy equilibration in Au from positron annihilation

Schaefer and Schmid, 1987

Theoretical bounds for formation entropies

Varotsos, 1988

New differential-dilatometry data on Ag and Cu

Hehenkamp et al., 1992
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X,=3[AL/L-Aa/a] N
FF Xt zakR

Loz i g i

G 3

AL/L @ & < 8 =

Aafa: fo e ¥ BB

¥ ¢bs it 3 (positron) 4 B 5 T L (resistivity) s 1 5§ & (density) % 4 %
WAL B KK W B RIS A T

1. AT x Xv (3)

2. A T v «Xy (4)

3. e (0o 0) 0o[8] ©)
#¢ AT i EF(positron)? & iF T

1=
Ay & IR (resistivity) ehsg i
CviFIRFAF
fi

ci ¢ A & (intertial) b + 4

,Oo: ;‘L’ui Bﬂaff:f—"%)i
o0 : ”}5 LA fiade BB R

Fri M A BNk o BT B AR B SR BHES B AP L H B2
TELTOESSHE PEVEELEL ¥ F e HakT Cu Mg Zn Si> 2
BT 30 £ ARB P e h f 45 Tis Zr~ So ¥ 0 A0 FIEE ¥ £045 414 07
f& (morphology) ~ & t AJE i 1 ~ I HEH2 75 L+ % » #7073 4L AU (solution treatment)
A # i 47 v 7 3 (supersaturated vacancies)¥t17 1 A 1 57?7’}% CRIERE ARG
oz IR REAT A P RE R Y o frt 2 .

v

SRR AR S R RARILA LA R B - R B RS AR O AT
B PE R EOCH T (f AR L3 ) ¢ B B - [P LT R L g 2
S EARA L AT TS A GBI B ER ST R EpT ) AT RIS
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PR RTHEZITEER > 4ok 4 7757 ; Hehenkamp #1994 & 5 £ cvgh = B4
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Bedp o doB 20 1 pIERE - BT R 4o AP A BRIV IE R ES540CH B 5 600
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2 32 f % & (vacancies-impurity blnding) ) i B

R 2 W 4RY IV B A S Bidy

N\

Formation, binding, and migration energies for vacancy complexes in Al. (Hoshino % - 2006)

Mono - vacancy, v Di - vacancy, 2v Tri - vacancy, 3v
(Year)
E¢ Em E¢ Em E¢ En
0.76 (1963)
0.56 0.17 0.48 (1964)
0.20 0.50 (1973)
0.65 0.65 0.50 0.3 0.47 (1959)
0.72 0.52 (1985)
* All values in eV/at.
A3E L AR LI L e Y
Vacancy formation energy and migration energy for common metals.
Al Cu Au Ni Fe Mo
Ev f(eV) 0.65-0.70  1.20-1.30  0.94-0.98 ~1.80 1.40-1.60  3.00-3.24
Evm(eV)  0.60-0.65  0.70-0.75  0.78-0.88 ~1.04 ~1.20 1.30-1.60

Encyclopedia of Materials: Science and Technology (Elsevier, Online)

Crystals: Point Defects, B. L. EYRE, UNIVERSITY OF OXFORD, UK

24 2 RERBEZICTEER
o Ei:O.?e.V.*(Hoshmo EFO.6756.V..*1ElseV1er, (Hehenkamp » 1994)
BRITC % > 2006) Online)
/107 /107 /107
520 29 57 60
540 38 73 66
560 49 91 71
580 62 114 76
600 77 141 81
660(*3 &) 143 251 94
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Resipvosal temporaturs (K1)
B2 48~ 4F oy 2V R R M %
Arrhenius plots for vacancy formation in Al, Cu andAg. (Hehenkamp > 1994)

yoeb o BosrH dr o ¥ PR AR 0 Mg ¥ 4e ik 47 41 F = % (nucleation) 2 = &
(growth)(Miura % - 1975) » 2 H 4] x Fdofmrt ? - SHIn i AR EJR 8% L » Eée o
g 3L AP A ) i}uﬂb i e 4% (migrate) £ #* (dislocation) 2 & % (grain boundary)> & ¥
Z3VER ~ £ M (Fazeli & > 2008 ; Nagai % > 2001 ; Miura % > 1975) v e s &P e
B (impurities) 47 ¢ frizd iE e frehz 3V 5 £ > A= 45 & F(complex) » FELL 738 -
Ao PRET R R A A o A B R o AR R I g E S <] 0 & 5
Lt EFLLEE~E BT ‘f;é‘,nh(bmdmg energy) » 27?11 Mg B33t 2 &kt > 7
FoAEE &Y FEF Mg ad o Bt 2P E R 47 I 4 & £ (Fazeli & 0 2008 5 Nagai
%+ 2001 5 Miura ¥ - 1975) > Fazeli {r Sinclair & @ & 3 4% 2 45 41 » Al-Mg-Sc & £ -
Fl% Scfrz 3t {%5 + % & i (binding energy)’ & 7 Al-Sc & £ ¥4RF { 5 ez It
43¢ AlsSc ﬁ:w %o B3~ Fl 40 Auli ALSc 47914 TEM 4 & 2 fds B4t € 5
. PFZ(precipitate free zone) » ¥ fris 3 A 7|4 Sc fez 3t enlg & 4w > Flut > @2 2 Mg

BRI R R R
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Solute size factors and solute - vacancy binding energies for selected elements in
Al.(Westfall » 2008)

Solute - Vacancy

Solute Element Linear Size Factorf Binding energy (Year)
(eV/at.)
Si - 5.56% 0.08%* (2007)
Si 0.03 (1973)
Fe ~0* (2007)
Cu - 14.62% 0.02* (2007)
Mg + 12.08% - 0.01 (1973)
Mg - 0.02* (2007)
Mg 0.25+/ - 0.03 (1995)
Zn 0.02 (1973)
Zn - 1.95% 0.03* (2007)
Ti - 0.35% (2007)
H N/A See Table 2 - 4 —
C N/A N/A N/A

T Percentage change in atomic radius relative to Al (from H.W. King).

* Determined from first principles density functional calculations.

240 nm

e

B3 AlsSceg 4R.32 TEMAp #
Dark field TEM images using the reflection of Al;Sc FCCL12 phase showing different
populations of the particles resulted from aging treatment: (a) 2.5hr at 300°C, (b) 2hr at 350°C,
and (¢)8.5hr at 300°C followed by 80min coarsening at 425°C. The low density of rods/laths
observed in (b) are likely a second morphology of Al;Sc observed under conditions of low
supersaturation.(Fazeli% > 2008)
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B4 47 414 % P AL TEMAR &
Bright field TEM image showing precipitate free zone in the vicinity of a grain boundary.
Aging treatment: 3hr at 400 °C. (Fazeli% > 2008)

BIS Al-3 wt % Cu-T6 & & 3 i {55 7 & = B TEM4p ¥
Electron micrographs of Al-3 wt % Cu-T6 1 -irradiated at room temperature at a flux of 10"
1 MeV photons/cm? see for (a) zero, (b) 7 and (c) 25 h.(Miura % > 1975)
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¢ I'?;;!'_ﬁ& v‘,fig;gj;:u]:ﬁ_ X5 -3

Bl6 Al- 10 wt % Mg- T6b £ ;L/n_iﬁlﬁ‘“f% X pr R TEMAp &
Electron micrographs of Al-10 wt % Mg-T6 7 -irradiated at room temperature at a flux of 10"’
1 MeV photons/cm®. see for (a) zero, (b) 4 and (c) 25 h. (Miura% > 1975)

B 72017-T0 & &£ 3 B ig 5 * * p= 7 TEM 4p #
Electron micrographs of 2017-T0 7 -irradiated at room temperature at a flux of 10'' 1 MeV
photons/cm? . see for (a) zero, (b) 7 and (c) 25 h. (Miura % > 1975)
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Mg 22 Cu fr"‘ mé:—é: o 2 Mg A F E i § prendd(trap) 3 3¢ ? Nagai Eﬁﬁ—*‘
(Q001)tefé PAFT TR LT B% > £ 6~ % 7o P HELauERT » AlL1 at% Cu 2

L

DN g -lf”—‘ﬁ»w’ 196 ps» Al-1.7 at.% Mg—1.1 at% Cu :# #* i+ ¥ + (T 354 & 218 ps>

kg or Mg§ Forrehffi(trap)z it RIFE T FNTHESAE L FZZIVRREF
TELFFEGE (4 7 (3) °
%6 73 EAl-l1lat%Cus £° 2 &
Positron lifetime in Al-1.1 at.% Cu. Error for each value is 3 ps(Nagai % > 2001)
Thermal treatment As-quenched Agedat 150 C
1 min 12h 400 h
Positron average 196 ps 201 ps 184 ps 180 ps

lifetime

27 33 &Al-1.7at% Mg-1.1at% Cus &7 2 & it H)
Positron lifetime in Al-1.7 at.% Mg—1.1 at.% Cu. Error for each value is 3 ps (Nagai % > 2001)

Thermal treatment As-quenched Agedat 150 C
1 min 8h 60 h 400 h
Positron average
o 218 ps 195 ps 184 ps 184 ps 215 ps
lifetime
1960 # > Balluffi and Simmons & i if* 7987 3 45 &) > B G bt SR ST 15 § A 4 45 15

(defects) » 2 7 € 2% substitutional atomic sites F#icp > F]p* > %ﬁ d AL/L 2 Aa/a> ¥ {&
o Bhdt fachik B - Miura 3 5 5 (1975) e MehR RER - FE £33 7 Mg +4 %
10kCi®®Co P& 8t » 44 Kak 45 14303 PREEE > R SR 6B 7> B 558 &
AP d g Mg TiRigE25 s X3 RHEFET O BO6TE £ 7 10wt.%Mg > {5 5 25 /]

PR kA Y X Fapr it Bl 7 22017488 4 2 0.49%Mg > iV fsdg et 25 ) 0 A 4
~ ¥ 74 £ (dislocations) » f&_Miura % 4 (1975)c77 2% > 7 17 5v £ £ (dislocations)fe ds & 4
Ziten T 20k | (sink) > s B 53tk /lﬁl(source) FBXE R EEAL T

A4t G i RS R Bb(rap) 0 BRIT ABRAR 4 0 R B R B
FE G AR FFNNT G SRS

PHER &4 0 L RFFPT Mg ezt R
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