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Abstract

The effects of Mg alloying on the temporal evolution of Al3Sc (L12 structure) nanoscale precipitates are investigated, focusing on

the morphology and coarsening kinetics of Al3Sc precipitates in an Al–2.2 Mg–0.12 Sc at.% alloy aged between 300 and 400 �C.
Approximately spheroidal precipitates are obtained after aging at 300 �C and irregular morphologies are observed at 400 �C.
The coarsening behavior is studied using conventional and high-resolution transmission electron microscopies to obtain the tempo-

ral evolution of the precipitate radius, and atom-probe tomography is employed to measure the Sc concentration in the a-matrix.

The coarsening kinetics are analyzed using a coarsening model developed by Kuehmann and Voorhees for ternary systems [Kueh-

mann CJ, Voorhees PW. Metall Mater Trans A 1996;27:937]. Values of the interfacial free energy and diffusion coefficient for Sc

diffusion in this Al–Mg–Sc alloy at 300 �C are independently calculated, and are in good agreement with the calculated value of

interfacial free energy [Asta M, Ozolins V, Woodward C. JOM 2001;53:16] and the experimental diffusivity obtained for the

Al–Sc system [Marquis EA, Seidman DN. Acta Mater 2001;49:1909; Marquis EA. Ph.D. Thesis. Materials Science and Engineering

Department, Northwestern University, 2002; Fujikawa SI. Defect Diffusion Forum 1997;143–147:115].

� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Aluminum alloys containing Sc are promising materi-

als for high-temperature structural applications due to

the high strengthening effect of the Al3Sc (L12) precipi-

tates [6,7]. Strengthening improvements and nanostruc-

tural stability of Al–Sc base alloys are achieved by

adding alloying elements, such as Zr, thereby decreasing

the coarsening kinetics of the precipitates [6], and Mg as
a solid-solution strengthener [6]. It is important to

understand the effects of Mg in order to control not only

the specific contribution of Mg to the properties of
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Al–Sc alloys (strengthening effect and creep resistance)
but also the changes in the nanostructure.

The combined Mg and Sc solid-solubilities in Al are

reduced compared to the respective binary Al–Mg and

Al–Sc systems. The Al-rich corner of the pseudo-binary

Al–2.2 at.% Mg–Sc phase diagram, calculated by Mur-

ray (from Alcoa) [8], is shown in Fig. 1; note well that

this isopleth exhibits a very narrow solid-solubility range

of Sc in Al containing 2.2 at.% Mg, that is, 7.2 · 10�4

at.% Sc at 300 �C. Pisch et al. [9] measured even smaller

Sc solid-solubility values, 8 · 10�5 at.% Sc at 300 �C for

2.2 at.% Mg. The solubility of Mg in the Al3Sc phase is

still not clearly determined. First principles calculations,

however, predict the absence of Mg in the Al3Sc phase

[2]. Magnesium was, however, found at up to 5 at.%

in the Al3Sc phase after annealing at 350 �C for 60 days
ll rights reserved.
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Fig. 1. Al-rich corner of the Al–2.2 at.% Mg–Sc phase diagram as

calculated by Murray [8]. The dashed lines represent the Al–Sc phase

diagram [29]. The vertical line indicates the alloy studied in this

research.
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[10]. Murray calculated an equilibrium concentration of
either 0 at.% Mg or 3.5 at.% Mg substituting for Sc at

300 �C for an Al–2.2 at.% Mg–0.12 at.% Sc alloy [8].

The coarsening kinetics of Al3Sc precipitates between

300 and 450 �C in a binary Al–0.18 at.% Sc alloy are de-

scribed in detail in [3,4], and they obey approximately

the (time)1/3 kinetic law for the average precipitate

radius, ÆR(t)æ, of the Lifshitz–Slyozov–Wagner (LSW)

model for a binary alloy [11,12], yielding an activation
energy for Sc diffusion in Al of 164 ± 9 kJ mol�1, which

is in agreement with the values obtained from tracer dif-

fusion measurements [5]. Utilizing differential scanning

calorimetry analysis, it was shown that Mg has no sig-

nificant effect on the precipitation kinetics and volume

fraction of Al3Sc precipitates in an Al–4.4 Mg–0.3 Sc

at.% alloy [13]. Similarly, Toporova et al. [6] studying

Al alloys containing 0.24 at.% Sc and 2.77 to 7.2 at.%
Mg, by microhardness measurements, concluded that

the precipitation kinetics are not modified by the pres-

ence of Mg; however, no coarsening kinetics results,

with precipitate radii measurements, were presented.

There are a limited number of quantitative experi-

mental studies of the coarsening kinetics of a second

phase in ternary systems [14–16]. Several workers have,

however, developed models describing coarsening kinet-
ics in multi-component systems. Umantsev and Olson

[17] derived a general analytical formulation of the

coarsening kinetics in multi-component systems in the

absence of capillary effects, while Kuehmann and Voo-

rhees [1] solved the problem taking into account the cap-

illary effects for ternary alloys with low precipitate

volume fractions; depending on the partitioning behav-

ior and the diffusivities of the alloying elements, the
coarsening behavior of the second phase can be strongly

modified compared to the binary alloy. The effects of
Mg on precipitation and the coarsening behavior of

Al3Sc precipitates in an Al–Mg–Sc alloy need to be

addressed in detail, in light of these coarsening models

for ternary alloys.

Building on our previous research on the precipita-

tion behavior of Al3Sc in dilute Al–Sc alloys, specifically
focusing on precipitate morphologies and coarsening

kinetics [3,4], this study focuses on the changes induced

by the presence of Mg on the morphologies and the

coarsening kinetics of Al3Sc precipitates in an Al–2.2

Mg–0.12 Sc at.% alloy. Observations by conventional

transmission electron (CTEM) and high resolution elec-

tron (HREM) microscopies, and atom-probe tomogra-

phy (APT) analyses were performed in parallel in
order to describe quantitatively the nanostructures and

compositions of both a-Al matrix and Al3Sc precipitate

phases as a function of aging time and temperature.

APT analyses of the behavior of Mg during Al3Sc pre-

cipitation are discussed in separate articles [4,18]. This

research is part of a comprehensive study of the room

temperature and elevated temperature (573 K) creep

behavior of Al(Sc) based alloys [4,19,20] in parallel with
the complete characterization of their nanostructures

[3,4,18].
2. Experimental procedures

An Al alloy with nominal composition 2.2 at.% Mg–

0.12 at.% Sc was prepared by casting, using pure metals
and a master alloy (99.9 wt.% purity Al, 99.99 purity %

Mg and Al–0.35 at.% Sc), which were melted in an alu-

mina crucible, stirred to ensure proper mixing, and

directionally solidified in a graphite mold. Homogeniza-

tion in the single-phase region of the ternary phase dia-

gram (Fig. 1) was performed at 618 �C in air for 24 h to

ensure uniformity of the Mg concentration throughout

the alloy and eliminate the dendritic structure resulting
from directional solidification. The samples were

quenched into water at room temperature, and aged in

air at different temperatures (300 to 400 �C) for between
0.33 and 1040 h.

Transmission electron microscopy samples were pre-

pared by cutting the alloy into 350 lm thick foils. Discs

of 3 mm diameter were punched from the foil, mechan-

ically ground to 200 lm, and then jet electro-polished
with a solution of 5 vol.% perchloric acid in methanol

at �30 �C. CTEM was performed utilizing an Hitachi

8100 operating at 200 kV (Northwestern University),

and HREM on a JEOL 4000EXII (Argonne National

Laboratory) operating at 200 kV to limit the amount

of radiation damage produced by the electron beam.

The APT tips were obtained by a two-step electropol-

ishing procedure using a solution of 30 vol.% nitric
acid in methanol followed by a solution of 2 vol.% per-

chloric acid in butoxyethanol. Tips were maintained at
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temperatures below 30 K, with a chamber pressure of

10�5 torr consisting of a mixture of 80% Ne and 20%

He for field-ion microscopy (FIM) observations, and

ultrahigh vacuum conditions (10�10 torr) for pulsed

field-evaporation analyses; the latter was performed

using a pulse fraction (pulse voltage/steady state dc volt-
age) of 20% and a pulse frequency of 1500 Hz.
Fig. 3. High-resolution electron microscope images ([100] zone axis)

of Al3Sc precipitates in an Al–2.2 Mg–0.12 Sc at.% alloy after aging at

300 �C for: (a) 0.5 h; (b) 5 h; (c) 1040 h; and (d) Al3Sc precipitate

obtained in an Al–0.18 at.% Sc alloy after aging at 300 �C for 350 h [3].
3. Results

3.1. Transmission electron microscopy observations

3.1.1. Precipitate morphology

After aging at 300 �C, approximately spheroidal

Al3Sc precipitates, uniformly distributed throughout

the matrix, are present at a high number density. After

24 h aging, the number density is about (4 ± 2) · 1022

precipitate m�3, measured from CTEM micrographs

(Fig. 2). The temporal evolution of the precipitate mor-

phology projected along the [100] direction, during

aging at 300 �C was observed using HREM. After
0.5 h, the small precipitates appear cuboidal (Fig.

3(a)), while after 5 h the Al3Sc precipitates are more

spheroidal (Fig. 3(b)). Longer aging times, 1040 h, lead

to larger spheroidal precipitates (Fig. 3(c)). The interface

between the Al3Sc precipitates and the a-Al matrix re-

mains coherent even for the precipitates with the larger

radii (R = 4.2 nm), obtained after aging for 1040 h. The

coherency state of the a-Al/Al3Sc interface is ascertained
by the so-called Ashby–Brown strain contrast (Fig. 2),

and no interfacial misfit dislocations could be detected

in the HREM micrographs, which implies the precipi-

tates are coherent.
Fig. 2. CTEM micrograph showing a high number density

(4 ± 2 · 1022 m�3) of Al3Sc precipitates in an Al–2.2 at.% Mg–0.12

at.% Sc alloy after aging at 300 �C for 24 h: dark-field image,

exhibiting Ashby–Brown strain coherency contrast, obtained with a

200 reflection.
When aging is performed at 350 �C for 24 h, the pre-

cipitate morphology is also approximately spheroidal
(Fig. 4(a)). After aging at 400 �C for 2 h, the Al3Sc pre-

cipitates exhibit irregular shapes as illustrated by the

small protrusions on the precipitates in Fig. 4(b). Rod-
Fig. 4. CTEM micrographs of Al3Sc precipitates after aging at:

(a) 350 �C for 24 h; (b) 400 �C for 2 h; (c) 400 �C for 240 h; (d) 300 �C
for 24 h followed by 400 �C for 24 h. The micrographs (a), (c), and (d)

are dark-field images obtained using the 1 0 0 superlattice reflection.



Fig. 5. Log–log plot of the average precipitate radius (ÆR(t)æ) as

function of aging time at 300, 350 and 400 �C in the Al–2.2 Mg–0.12 Sc

at.% (filled squares) and the Al–0.18 at.% Sc alloys [3] (open diamonds)

versus aging time, yielding the value of the coarsening exponent, kKV,

in Eq. (2). The error bars correspond to one standard deviation.
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like Al3Sc precipitates, aligned along the [100] or [110]

crystallographic directions, are also observed. These

rods are semi-coherent with regularly spaced interfacial
misfit dislocations, at an average dislocation spacing of

30 nm (Fig. 4(c)). For the present study, a pre-aging

treatment at 300 �C for 24 h was performed, before

aging at 400 �C, to produce high number densities of

precipitates with more regular morphologies, which al-

lows for the comparison and accurate measurement of

precipitate dimensions. The resulting precipitate mor-

phology appears cuboidal with facets parallel to the
{100} planes (Fig. 4(d)). The a-Al/Al3Sc interface re-

mains coherent for precipitate radii to about 15 nm.

3.1.2. Precipitate dimensions

Average precipitate radii were obtained using both

CTEM and HREM. During aging at 300 �C, the aver-

age precipitate radius, ÆR(t)æ, increases with aging time,

from 1.1 nm after 0.5 h aging to 4.1 nm after 1040 h, as
shown by representative HREM micrographs in Fig. 3.

Fig. 5 displays the increasing average precipitate radius,

ÆR(t)æ, with increasing aging time at 300, 350 or 400 �C.
Note that in the case of cuboidal precipitates, the dimen-
Table 1

Average composition of the a-Al matrix as function of aging time at 300 �C

Time (s) Total number of ions (106) A

Nominal – 9

As quenched 0.8 9

1200 2.2 9

1800 1.7 9

7200 0.66 9

18,000 1.4 9

86,400 0.044 9

3,60,000 0.55 9

37,44,000 0.69 9
sion corresponds to the average length along [100]

directions.

3.2. Atom-probe tomography measurements

Measurements of Sc concentrations in the a-matrix
were obtained from APT analyses of tips in the as-

quenched state and after aging at 300 �C for 0.33 to

1040 h. The Mg concentration in the a-Al matrix is inde-

pendent of aging time and is equal to 2.1 ± 0.4 at.%,

which is very close to the nominal composition of the al-

loy, i.e., 2.2 at.%. The Sc concentration in the a-Al ma-

trix decreases with increasing aging time from

0.166 ± 0.005 at.% after homogenization, to a value of
0.014 ± 0.001 at.% after 1040 h, as listed in Table 1.

All error bars are equal to ±one standard deviation of

the mean, unless stated otherwise.
4. Discussion

4.1. Precipitate morphologies

4.1.1. Morphology after aging at 300 �C
The equilibrium morphology of the Al3Sc precipitates

observed in the dilute Al–Sc system after aging at 300 �C
for 250 h exhibits facets on the {100}, {110} and {111}

planes and its geometry corresponds to a great rhombic-

uboctahedron [3]. The HREM micrographs of Al3Sc

precipitates obtained after aging the Al–Mg–Sc alloy
at 300 �C for 1040 h, however, did not show the same

faceted morphology. To illustrate the effect of Mg addi-

tions, the faceted morphology of an Al3Sc precipitate

obtained in an Al–0.18 at.% Sc alloy after aging at

300 �C for 350 h is displayed in Fig. 3(d). The equilib-

rium shape of a precipitate is determined by minimizing

the sum of the interfacial and the elastic energies at con-

stant volume. The relative contribution of each term is
evaluated using the parameter [21]

L ¼ C44e2l
c

; ð1Þ
l (at.%) Mg (at.%) Sc (at.%)

7.68 2.2 0.12

7.4 ± 0.02 2.41 ± 0.02 0.166 ± 0.005

7.4 ± 0.01 2.46 ± 0.01 0.119 ± 0.002

7.6 ± 0.01 2.29 ± 0.01 0.105 ± 0.003

8.3 ± 0.02 1.66 ± 0.02 0.045 ± 0.003

7.7 ± 0.01 2.26 ± 0.01 0.044 ± 0.002

8.4 ± 0.06 1.56 ± 0.06 0.029 ± 0.008

8.3 ± 0.02 1.68 ± 0.02 0.016 ± 0.002

7.6 ± 0.02 2.35 ± 0.02 0.014 ± 0.001
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where c is an average value of the interfacial free energy,

C44 is the shear modulus, e is the lattice parameter misfit,

and l is the characteristic size of the precipitates. It was

shown, employing Eq. (1), that the shape of the Al3Sc

precipitates in the binary Al–Sc system is controlled by

the interfacial free energy of the system [3,4]. The addi-
tion of Mg increases the lattice parameter of Al [22] and

therefore decreases the lattice parameter mismatch to

e = 0.0062 at 300 �C; the elastic constants are essentially
constant with Mg additions [23], and C44 is 28.5 GPa

[24]; the interfacial free energy is also reduced by Mg

segregation [4,18], and an experimental value, c = 140

mJ m�2, is calculated in Section 4.3. The ratio of the

elastic energy to the interfacial free energy, L, is then
equal to 0.06 for a precipitate diameter of 8 nm, and

the morphology of the Al3Sc precipitates in the presence

of Mg is therefore also controlled by the interfacial free

energy.

The change in morphology of the Al3Sc precipitates

with Mg addition from faceted to approximately sphe-

roidal is associated with a change in the value of interfa-

cial free energies. In particular, as suggested by a Wulff
plot, the reduction of the {100} facet lengths corre-

sponds to a smaller decrease of {100} energy relative

to the interfacial free energies for the {110} and

{111} facets, leading to a more rounded or approxi-

mately spheroidal morphology. The decrease of an aver-

age value of the interfacial free energy is demonstrated

by segregation of Mg at the a-Al/Al3Sc heterophase

interface, as described in quantitative detail [4,18].

4.1.2. Morphology after aging at 400 �C
Growth instabilities have previously been observed in

the dilute binary Al–Sc system, as the Sc supersaturation

decreases [3,4,25], and the complex shapes observed in

this Al–Mg–Sc alloy are comparable to the shapes that

we observed in the binary Al–0.12 at.% Sc alloy aged

at 350 �C [25]. The hypothesis of shape instability is con-
firmed by the more regular shapes obtained after an ini-

tial aging at 300 �C followed by a second aging

treatment at 400 �C. The development of growth insta-

bilities is most likely due to the lower number density

of precipitates and concomitant decreased diffusion

fields at early times, so that the precipitate morphology

is controlled by growth conditions [26]. The develop-

ment of rod-like Al3Sc precipitates, about 300–500 nm
in length, with irregular widths suggests formation by

coagulation of existing precipitates, as suggested in

[26,27]. Coherency loss may occur when the precipitate�s
dimension is large enough and the spacing between the

misfit dislocations is of the order of a/e, where

e � 0.83% is the lattice parameter misfit at 300 �C be-

tween the a-Al matrix containing 2.2 at.% Mg and the

Al3Sc phase [22,28], and a � 0.2 nm is the spacing be-
tween {200} planes. The calculated equilibrium disloca-

tion spacing is therefore 32 nm, in good agreement with
the experimental interfacial dislocation spacing ob-

served for the rod-like precipitates (Fig. 4(b)).

4.2. Coarsening behavior

4.2.1. Assumptions of the coarsening model

The model developed by Kuehmann and Voorhees

(KV) [1] to describe Ostwald ripening of second-phase

spherical precipitates in a ternary system utilizes several

assumptions that need to be discussed for the case of the

Al3Sc precipitates in the Al–Mg–Sc system. First, the

coarsening behavior of the Al3Sc phase is studied for

precipitates with close to spheroidal morphologies, that

is, precipitates obtained after aging at 300, 350, or
300 �C followed by 400 �C.

Second, it is assumed that no competing mechanisms

contribute to the overall increase of the precipitates�
dimensions. In particular, nucleation and growth of

the precipitates are terminated and coarsening occurs

by diffusional mass transfer from small precipitates with

high interfacial curvatures to larger precipitates with

lower interfacial curvatures. According to [29], the num-
ber density of Al3Sc precipitates in a binary Al–0.12

at.% Sc alloy commences decreasing for an aging time

longer than about 2.78 h at 288 �C and 0.56 h at

343 �C, which indicates that nucleation of new Al3Sc

precipitates is complete and the system has entered the

coarsening regime. In considering the coarsening behav-

ior, experimental data are therefore recorded for aging

times longer than about 1 h.
The composition of the coarsening Al3Sc phase is as-

sumed to have reached its equilibrium bulk value,

cbe ð1Þ, as given by the phase diagram, Fig. 1. The mea-

sured compositions (APT) of all the Al3Sc precipitates is

indeed close to the stoichiometric composition, even at

the shortest aging times, and the variations with aging

times of the Sc concentration in the Al3Sc phase, as re-

ported by Sano et al. [30], employing one-dimensional
atom-probe microscopy, are not confirmed. The compo-

sition of the Al3Sc precipitates is also uniform within the

precipitate volume [19]. No Al3Sc precipitates with non-

stoichiometric composition were ever observed. The

time independent composition of the Al3Sc precipitates

is consistent with one of the assumptions of the LSW

model of coarsening for a binary alloy.

Because the predicted coarsening rate constants for
the binary Al–Sc [3] and ternary Al–Mg–Sc (Table 3)

alloys are comparable, the off-diagonal terms of the dif-

fusion tensor are neglected, which implies that diffu-

sional interactions between Sc and Mg are neglected:

this is a strong assumption as it neglects the flux of

atoms carried by the off-diagonal terms. Furthermore,

the chemical potential of a vacancy is taken equal to

zero.
In the KV mathematical treatment of coarsening, the

system is considered to be in a quasi-steady-state, that is,



Table 2

Coarsening exponents measured from the plots displayed in Fig. 5 for

the Al–0.18 at.% Sc and Al–2.2 at.% Mg–0.12 at.% Sc alloys at three

different aging temperatures

300 �C 350 �C 400 �C

Al–0.18 at.% Sc 0.18 ± 0.01 0.3 ± 0.02 0.27 ± 0.01

Al–2.2 at.% Mg–0.12 at.% Sc 0.16 ± 0.02 0.19 ± 0.03 0.26 ± 0.06
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t ! 1, and in this asymptotic time limit, the time

dependencies of the mean precipitate radius, ÆR(t)æ,
and the Sc concentration in the matrix, Ca

e ðtÞ, are given

by [11,12,31]

hRðtÞin � hRðtoÞin ¼ kKVðt � toÞ; ð2Þ
caScðtÞ � caScð1Þ ¼ jKVtm; ð3Þ

where n = 3 and m = �1/3 are the predicted exponents;

caScð1Þ is the solid-solubility of Sc in the a-Al phase at

the aging temperature; and kKV and jKV are two differ-

ent rate constants, which are dependent on the detailed

thermodynamics of the system, the average interfacial
free energy, and the diffusion coefficients of Mg and Sc

in Al. Eqs. (2) and (3) exhibit the same time dependen-

cies for both binary and ternary systems, albeit with

quite different kinetic rate constants. The agreement

between the experimental data and the model predic-

tions is discussed in the following subsections.

4.2.2. Temporal evolution of the precipitate radius

The form of Eq. (2) implies two variables, n and

ÆR(to)æ. In the following treatment, ÆR(to)æ3 is neglected

[15], and Eq. (2) becomes ÆR(t)æn @ kKVt, which implies

that a log–log plot of the average precipitate radius,

ÆRæ, versus aging time yields a slope of 1/n. Figs. 5 and

6 indicates that the experimental slopes are smaller than

the value 1/3, and increase with increasing temperature.

The ternary system also appear to have smaller coarsen-
ing exponents than the binary Al–0.18 at.% Sc alloy,

used as a reference [3], at 300 and 350 �C (Table 2). Sev-

eral authors have also reported lower values of the

coarsening exponents, in particular for the coarsening

behavior of Ni–Al alloys [32], where Ti additions affect

the coarsening rate, and for the behavior of dilute

Al–Sc alloys with addition of Zr [33]. Slopes smaller

than 1/3, as determined from Fig. 5, could be an indica-
Fig. 6. Mean precipitate radius (ÆR(t)æ) versus (aging time)1/3 (t1/3) at

300, 350 or 400 �C (the latter samples were pre-aged at 300 �C for 24 h

prior to aging at 400 �C), comparing the coarsening behavior of an Al–

0.12 at.% Sc alloy (open diamonds) with an Al–2.2 at.% Mg–0.12 at.%

Sc alloy (filled squares). The error bars correspond to one standard

deviation.
tion that the system is in a transient coarsening regime

or that the exact atomistic diffusion mechanisms (that
is, the off-diagonal terms in the diffusion tensor and

the chemical potential of a vacancy may be significant)

by which coarsening takes place need to be taken into

account to explain the coarsening kinetics in detail. In

particular, lattice kinetic Monte Carlo simulations with

a vacancy diffusion mechanism accounting for possible

asymmetries in the vacancy mobility and concentrations

between precipitate and matrix phases predict smaller
time exponents [34]. A possible explanation for the fact

that the slopes are closer to 1/3 at 350 and 400 �C than at

300 �C is that the assumption of a quasi-steady-state is

not achieved for the lower temperatures due to slower

diffusion, but is obtained when aging at 350 and

400 �C: at 300 �C, n = 0.16 ± 0.02; at 350 �C it is

0.19 ± 0.03; and at 400 �C it is 0.26 ± 0.06, which are

all less than 1/3. In the following analysis, the ternary
Al–Mg–Sc alloy is, however, assumed to obey the

assumption of quasi-steady-state coarsening described

in [1] for all aging temperatures.

The coarsening kinetics increase as the aging temper-

ature increases, as shown by the increasing slopes of the

fitted curves in Fig. 6. The average precipitate radius is

larger for the Al–2.2 Mg–0.12 Sc at.% alloy at 300 and

350 �C than for the binary Al–0.18 at.% Sc alloy. The in-
verse trend at 400 �C may arise from the different initial

conditions; the binary alloy was directly aged at 400 �C,
whereas the ternary alloy underwent a pre-aging treat-

ment at 300 �C. The smaller Sc supersaturation (�0.12

at.% Sc) than in the binary alloy (�0.18 at.% Sc) is asso-

ciated with a smaller thermodynamic driving force

(Fig. 1) and leads to a smaller number density of Al3Sc

precipitates and larger precipitates, which is consistent
with nucleation theory.

Table 3 presents the measured values of the kinetic

rate constants and a comparison with the coarsening

kinetics of the binary Al–0.18 at.% Sc [3] and the ternary

Al–2.2 Mg 0.12 Sc at.% alloys. By comparing the exper-

imental kinetic constants, k, with the asymptotic solu-

tions of the LSW and KV models (Table 3), better

agreement is found for the binary Al–Sc alloy (LSW)
than for the ternary Al–Sc–Mg (KV).

4.2.3. Temporal evolution of the Sc matrix concentration

As the Al3Sc precipitates coarsen, the Sc concentra-

tion in the matrix systematically decreases, as observed



Table 3

Solid-solubility of Sc in primary a-phase ðcaScð1ÞÞ and in the Al3Sc phase ðcbScð1ÞÞ; solid-solubility of Mg in primary a-phase and in the Al3Sc phase;

diffusion coefficient of Mg and Sc in Al; measured and calculated coarsening constants (kKV and jKV) for the Al–2.2 at.% Mg–0.12 at.% Sc alloy for

three different temperatures; and measured and calculated solid-solubility constants (jKV) at 300 �C

300 �C 350 �C 400 �C

Measured solid-solubility of Sc in Al–2.2at.% Mg (this work) 8.9 ± 3 · 10�5 – –

Calculated solid-solubility of Sc in Ala 7.20 · 10�6 2.28 · 10�5 6.00 · 10�5

Measured solid-solubility of Sc in Al3Sc
b 0.274 ± 0.016 – –

Calculated solid-solubility of Sc in Al3Sc
a 0.25 0.25 0.25

Calculated solid-solubility of Mg in Al3Sc
a 0 – –

Diffusion coefficient of Sc in Al (m2 s�1)c 8.84 · 10�20 1.63 · 10�18 1.95 · 10�17

Diffusion coefficient of Mg in Al (m2 s�1)d 1.62 · 10�16 1.46 · 10�15 9.44 · 10�15

Measured kKV (m3 s�1) (this work) 1.6 ± 0.7 · 10�32 1.3 ± 0.1 · 10�30 8.3 ± 0.2 · 10�30

Calculated kKV (m3 s�1) 3.4 · 10�33 2.0 · 10�31 5.9 · 10�30

Measured ternary k/calculated ternary k 4.7 6.5 1.4

Measured k (m3 s�1) in the binary Al–0.3 wt.% Sc alloye 2.0 ± 0.4 · 10�32 6.9 ± 1.1 · 10�31 1.6 ± 0.12 · 10�29

Measured ternary k/measured binary k 0.8 1.9 0.5

Measured jKV (at.fr. s1/3) (this work) 8.8 ± 1 · 10�3 – –

Calculated jKV(at.fr. s
1/3) 1.4 · 10�3 – –

a Ref. [8].
b Ref. [18].
c Ref. [5].
d Ref. [36].
e Ref. [3].
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by APT (Table 1). The Sc concentration in the a-Al ma-

trix first exhibits a steep decrease between 0.33 and 0.5 h,

Fig. 7, corresponding to nucleation and growth of Al3Sc

precipitates. After 0.5 h, the Sc concentration slowly de-

creases. The data are plotted in Fig. 7 according to

Eq. (3). To check the agreement between the experimen-

tal data and the KV model, m is first taken equal to �1/3

to calculate a value of the equilibrium Sc concentration
in a-Al, caScð1Þ, which is the intercept of the fitted line

and the solid-solubility axis in Fig. 7, corresponding to

t = 1. The extrapolated value of the solid solubility is

(8.9 ± 3) · 10�3 at.% Sc. Prior data obtained by Sano

et al. [30] on an Al–0.25 wt.% Sc alloy aged at 300 �C,
Fig. 7. Scandium concentration in the a-matrix ðcaScðtÞÞ as function of

(aging time)�1/3 at 300 �C, yielding equilibrium solid-solubility of Sc in

this Al–Mg–Sc alloy, caScð1Þ ¼ 8.9� 10�5 at:fr: The error bars corre-

spond to one standard deviation.
using a one-dimensional atom-probe microscope, lead

to a higher value, that is, 1.5 · 10�2 at.% Sc. Both our

measurement and Sano et al.�s of the Sc solid-solubility

are higher, however, than the value calculated from

thermodynamic or resistivity data; that is, the Sc solid-

solubility in Al–2.2 at.% Mg at 300 �C is 7.2 · 10�4

at.% assuming no solubility of Mg in Al3Sc and

4.8 · 10�4 at.% if the Mg solubility in the Al3Sc phase
is finite according to Murray [8]. In binary Al–Sc alloys,

the solid-solubility at 300 �C is 1.7 · 10�3 at.% Sc

according to Fujikawa�s resistivity measurements [35].

The advantage of APT over resistivity measurements is

the direct determination of concentration values, which
Fig. 8. Log–log plot of the scandium supersaturation in the a-matrix,

½ðcaScðtÞÞ � caScð1Þ�, versus aging time (t). The empty squares are

obtained using our experimental value of the Sc solubility in Al at

300 �C; the filled diamonds are obtained using the Sc solid-solubility

data from [7]. The error bars correspond to one standard deviation.
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do not require calibration standards. Fig. 8 displays a

log–log plot of ½caScðtÞ � caScð1Þ� (the Sc supersaturation)
versus aging time, and the slope of the fitted straight

line, �0.35 ± 0.05, is close to the theoretical value of

�1/3, predicted by the KV coarsening model for a ter-

nary alloy. The measured value of the coarsening con-
stant is then jKV = (8.8 ± 1) · 10�3 at.fr. s1/3, which is

a factor of six greater than the calculated constant,

1.4 · 10�3at.fr. s1/3 (see Eq. (9)).
4.3. Interfacial free energy and diffusion coefficient

The coarsening rate constant, kKV, for the temporal

evolution of the precipitate radius in a ternary alloy is
given by [1]

kKV ¼ 8cV m

9K
; ð4Þ

where Vm = 1.035 · 10�5 m3 mol�1 is the average atomic

volume per mol of the Al3Sc phase, deduced from
Vm = Naa

3/4 (Na is Avogadro�s number, a = 0.4196 nm

is the lattice parameter of Al3Sc [28]), c is an average

interfacial free energy at 300 �C. The coefficient K is

given by

K ¼ DcSc
DSc

DcScG
00
ScSc þ DcMgG

00
ScMg

� �

þ DcMg

DMg

DcScG
00
ScMg þ DcMgG

00
MgMg

� �
; ð5Þ

where Dci ¼ cbi ðRÞ � cai ðRÞ � cbi ð1Þ � cai ð1Þ; ca=bi ðRÞ
are the concentrations in the a- and b-phases (matrix

and precipitate phases) near the precipitate interface;

the ca=bi ð1Þ are the concentrations far from the

a-Al/Al3Sc interfaces in the a-Al matrix. This approx-

imation implies that a possible enhancement of solute

concentration at the curved precipitate interface is

negligible in the evaluation of the Dci. The Sc con-
centration in the a-Al matrix, at any aging time, is

negligible compared to the Sc concentration in the

Al3Sc precipitates, cbSc ¼ 27.4� 1.5 at:% Sc, which is

invariant with time, within the experimental error,

from the earliest time (0.33 h) to the longest coarsen-

ing time (1040 h) as measured by APT [18], and

DcSc ¼ cbSc � cAl–2.2 Mg
Sc � cbSc. The Mg concentration in

the a-Al matrix is also approximately a constant;
the Mg concentration in the precipitates is, however,

evolving as shown in [18], but for the sake of sim-

plicity it is taken equal to be zero, cbMg ¼ 0 at:%.

The G00
ij are the second derivatives of the Gibbs free

energy with respect to the concentrations of i and j,

with i, j = Sc, Mg; the Dis are the diffusion coeffi-

cients of Sc and Mg in Al–2.2 at.% Mg. Assuming

the a-Al phase is described by dilute ideal solid-solu-
tion theory, the derivatives of the Gibbs free energy

are given by
G00
ScSc ¼

RT 1� caMgð1Þ
� �

caScð1Þ 1� caScð1Þ � caMgð1Þ
� �h i ; ð6Þ

G00
ScMg ¼

RT

1� caScð1Þ � caMgð1Þ
h i and ð7Þ

G00
MgMg ¼

RT 1� caScð1Þ
� �

caMgð1Þ 1� caScð1Þ � caMgð1Þ
� �h i . ð8Þ

The kinetic rate constant jKV describing the Sc con-

centration in the matrix is given by [1]

jKV ¼
ð3cV mÞ2=3K1=3DcSc

DcSc DcScG
00
ScScþDcMgG

00
ScMg

� �
þDcMg DcMgG

00
MgMgþDcScG

00
ScMg

� �h i .

ð9Þ
From measurements of both precipitate mean radius,

ÆR(t)æ, and the temporal evolution of the matrix solute

concentration, caScðtÞ, it is possible to calculate an aver-

age value of the interfacial free energy and a value of

the diffusion coefficient at 300 �C, independently of

one another, as first shown by Ardell for a binary alloy

[37]. Using Eqs. (4)–(9), the relationship for the interfa-
cial free energy is given by

c¼
jKVk

1=3
KV DcSc DcScG

00
ScSc þDcMgG

00
ScMg

� �
þDcaMg DcScG

00
ScMg þDcMgG

00
MgMg

� �h i

½2V mDcSc�
ð10Þ

and the diffusion coefficient DSc in the ternary alloy is

obtained from

4

9

jKV

DcSc

DcSc DcScG
00
ScSc þDcMgG

00
ScMg

� �
þDcaMg DcScG

00
ScMg þDcMgG

00
MgMg

� �

k2=3KVDcSc

¼DcSc
DSc

DcScG
00
ScSc þDcMgG

00
ScMg

� �
þDcMg

DMg

DcScG
00
ScMg þDcMgG

00
MgMg

� �
.

ð11Þ
Since DcSc @ 0.25 � DcMg @ 0.022, and DSc � DMg at

300 �C (Table 1), Eq. (11) simplifies to

DSc ¼
9Dc2Sc DcScG

00
ScSc þDcMgG

00
ScMg

� �
k2=3KV

4jKV DcScG
00
ScSc þDcMgG

00
ScMg

� �
þDcMg DcScG

00
ScMg þDcMgG

00
MgMg

� � .

ð12Þ
The experimental values of the equilibrium Sc solid-

solubility, caScð1Þ ¼ 8.9� 10�5 at:fr:, the kinetic con-

stant for the time dependence of the Sc concentration

in the matrix, jKV = 8.8 · 10�3 at.fr. s1/3 (Fig. 8), and

the coarsening constant for the time dependence of the

precipitate radius, kKV = 1.69 · 10�32 m3 s�1 (Table 3),
yield a diffusion coefficient of (1.2 ± 0.6) · 10�20 m2 s�1

and an interfacial free energy of 158 ± 36 mJ m�2 at

300 �C. Assuming a lower Sc solid-solubility value, such

as the values given by the thermodynamic assessments,

7.2 · 10�6 at.fr. [8], the interfacial free energy becomes

extremely high, 1.95 J m�2, which lends credence to

our higher experimental value of the Sc solubility at
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300 �C, as compared to the value calculated from assess-

ments of the thermodynamic data. Our calculated value

of the Sc diffusion coefficient at 300 �C is reasonable,

since the diffusion coefficient for Sc in pure Al at

300 �C is 8.84 · 10�20 m2 s�1 [5], which differs only by

a factor of six for the diffusivity of Sc in this Al–Mg–
Sc alloy.

The value of the interfacial energy, 158 ± 36 mJ m�2,

is comparable to the experimental values previously re-

ported for the a-Al/Al3Sc heterophase interface without

Mg addition: 78–125 mJ m�2 (Hyland [38]), 41–63

mJ m�2 (Jo and Fujikawa [35]), 105 mJ m�2 (Novotny

and Ardell [25]), 120 mJ m�2 (Iwamura and Miura

[39]), 20–300 mJ m�2 (Royset and Ryum [40]), 218
mJ m�2 (Watanabe et al. [41]), and 57 mJ m�2 increas-

ing with precipitate radius (Robson et al. [42]). Note,

however, the wide range of values. It is also comparable

to the value obtained from first-principles calculations

for the a-Al/Al3Sc without Mg, 175 mJ m�2 [2]. Taking

into account the Mg segregation at the a-Al/Al3Sc inter-

face [18], a decrease in the interfacial free energy in the

ternary Al–Mg–Sc system is anticipated and is estimated
to be �15 mJ m�2 [4].

The smaller calculated values of the diffusion coeffi-

cient of Sc in Al and of the interfacial free energy as

compared to the binary Al–Sc system should lead to

slower coarsening kinetics according to Eq. (3). The

experimental data do not, however, exhibit any signifi-

cant differences between the binary and ternary data.

There are, however, significant differences in the expo-
nents n for ÆR(t)æ, see Table 2, for the two alloys; the

measured ternary rate constants divided by the mea-

sured binary k all differ from unity. Neither the binary

Al–Sc nor the ternary Al–Mg–Sc alloy exactly fit the

LSW or KV coarsening models, respectively, and the ra-

tios of the measured to the calculated ternary rate con-

stants are all significantly greater than unity. The

values are 4.7 at 300 �C, 6.5 at 350 �C, and 1.4 at
400 �C (Table 3), which reinforces the point that the rate

constant, k, is temperature dependent.

The calculated coarsening constants obtained using

Eqs. (5)–(9) and the values of c and DSc are presented

in Table 3, and they show qualitative agreement with

the measured values. The calculated value of jKV at

300 �C is 1.4 · 10�3 at.fr. s1/3, and the measured value

is 8.8 · 10�3 at.fr s1/3, which implies a factor of 6.3 great-
er than the calculated value. Firstly, this may be because

the second derivative of the free energy is most likely

overestimated by employing an ideal solid-solution

model. Secondly, it may be due to the neglect of the

off-diagonal terms in the diffusion tensor or the assump-

tion of zero for the vacancy chemical potential. Eq. (3)

therefore implies that the value of the interfacial free en-

ergy derived above is also an upper bound, whereas the
value of the diffusion coefficient of Sc in Al at 300 �C ob-

tained from Eq. (12) is a lower bound.
5. Conclusions

The study of coarsening kinetics in the ternary Al–2.2

Mg–0.12 Sc at.% alloy between 300 and 400 �C are qual-

itatively similar to those of the binary Al–0.18 at.% Sc

alloy [3], but there are quantitative differences:

	 The morphology of the Al3Sc (L12) precipitates, as

observed by HREM, after aging at 300 �C is approx-

imately spheroidal and the faceted morphologies of

the Al3Sc precipitates, which results in great rhombic-

uboctahedra, in an Al–0.18 at.% Sc binary alloy are

not observed (Fig. 3). This implies that the {110}

and {111} interfacial free energies are most likely
decreasing to values close to the one for {100}

a-Al/Al3Sc to yield an approximately isotropic inter-

facial free energy, thereby producing an approxi-

mately spheroidal precipitate morphology.

	 Irregular Al3Sc precipitate shapes, attributed to

unstable growth, are observed after aging directly at

400 �C (Fig. 4); however, by pre-aging at 300 �C, reg-
ular Al3Sc precipitate morphologies are obtained.

	 The coarsening kinetics of the Al3Sc precipitates in an

Al–2.2 Mg–0.12 Sc at.% alloy are analyzed using a

detailed coarsening model developed by Kuehmann

and Voorhees [1] for dilute ternary alloys. The KV

model is based on the Umantsev–Olson [17] analyti-

cal treatment of coarsening in multicomponent

alloys.

	 The exponent describing the time dependence of the
average precipitate radius, ÆRæ, is never equal exactly
to 1/3 for the three aging temperatures considered in

this study and is temperature dependent; that is, it

increases with increasing aging temperature.

	 The ratios of the measured to the calculated ternary

rate constants are different from unity and vary from

1.4 to 6.5 for aging temperatures varying from 300 to

400 �C; this may be due to the neglect of the off-diag-
onal terms in the diffusion tensor and/or taking the

vacancy chemical potential equal to zero.

	 In the coarsening stage, the Sc concentration in the

matrix was measured by APT and approximate

agreement was found with the t�n dependence, with

n = 0.35 ± 0.06 for the supersaturation of Sc, as pre-

dicted by the KV model (Fig. 8).

	 Independent measurements of the a-Al/Al3Sc interfa-
cial free energy and the diffusion coefficient of Sc in

Al–Sc–Mg are determined based on the coarsening

kinetics of the average precipitate radius (HREM)

and Sc concentration (APT), and good agreement is

found between the measured values of the interfacial

free energy at 300 �C, 158 ± 36 mJ m�2, and predic-

tions based on first-principles calculations [2], 160

mJ m�2, and between the diffusion coefficient for Sc
diffusion in Al–2.2 at.% Mg at 300 �C, (1.4 ±

0.6) · 10�20 m2 s�1, and existing values for the diffu-
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sivity of Sc in pure Al [5], (8.84) · 10�20 m2 s�1. The

unique aspect of this approach lies in the direct mea-

surement of the Sc supersaturation in the a-Al matrix

by APT. More details concerning the chemical

aspects of the temporal evolution of Al3Sc precipi-

tates in this ternary Al–Mg–Sc alloy are given in
[4,18].
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