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Abstract

The coarsening behavior of four Al(Sc,Zr) alloys containing small volume fractions (<0.01) of Al3(Sc1�xZrx) (L12) precipitates was
investigated employing conventional transmission electron microscopy (CTEM) and high-resolution electron microscopy (HREM). The
activation energies for diffusion-limited coarsening were obtained employing the Umantsev–Olson–Kuehmann–Voorhees (UOKV)
model for multi-component alloys. The addition of Zr is shown to retard significantly the coarsening rate and stabilize precipitate mor-
phologies. HREM of Al(Sc,Zr) alloys aged at 300 �C reveals Al3(Sc1�xZrx) precipitates with sharp facets parallel to {100} and {110}
planes. Coarsening of Al-0.07 Sc-0.019 Zr at.%, Al-0.06 Sc-0.005 Zr at.% and Al-0.09 Sc-0.047 Zr at.% alloys is shown to be controlled
by volume diffusion of Zr atoms, while coarsening of Al-0.14 Sc-0.012 Zr at.% is controlled by volume diffusion of Sc atoms.
� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The temporal evolution of the nanostructure of an aged
Al(Sc,Zr) alloy is reported in Part I [1], utilizing high-
resolution electron microscopy (HREM) and atom-probe
tomography (APT). APT analysis is the only method that
yields directly precipitate compositions; the analyses of pre-
cipitates shows that Zr substitutes for Sc in Al3Sc precipi-
tates to form Al3(Sc1�xZrx) precipitates, where their
composition is temporally evolving. Zirconium diffuses
four orders of magnitude slower than Sc in Al at 300 �C
[2,3], and after aging at 300 �C for 2412 h the Al3(Sc1�xZrx)
precipitates have not achieved global thermodynamic equi-
librium; we propose that Al(Sc,Zr) alloys do not reach a
global equilibrium, within reasonable time periods, when
aged between 300 and 375 �C. In addition, the temporal
evolution of Al3(Sc1�xZrx) precipitates does not achieve a
stationary state. This article examines the morphological
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and temporal evolution of Al3(Sc1�xZrx) precipitates
employing conventional transmission electron microscopy
(CTEM), which is necessary to understand fully the tempo-
ral evolution of this system.

The seminal model for diffusion-limited coarsening of
binary alloys was developed by Lifshitz and Slyozov [4]
and Wagner [5] (LSW model), which assumes: (i) no elastic
interactions occur between precipitates, thereby limiting the
precipitate volume fraction to zero; (ii) the diffusion fields
of precipitates do not overlap; (iii) dilute solid-solution the-
ory obtains; (iv) coarsening occurs in a stress-free matrix;
(v) the linearized version of the Gibbs–Thomson equation
is valid; (vi) precipitates have a spherical morphology and
(vii) precipitates coarsen with a fixed chemical composi-
tion. A general analytical approach for determining the dif-
fusion-limited coarsening rate in multi-component alloys
was first described by Umantsev and Olson, UO model
[6]. Later, the specific case of steady-state coarsening in
ternary alloys, which includes capillary effects, was solved
by Kuehmann and Voorhees, KV model [7]. Collectively,
the Umantsev and Olson [6] and Kuehmann and Voorhees
rights reserved.
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[7] approaches are denoted the Umantsev–Olson–
Kuehmann–Voorhees (UOKV) model. As indicated in
Part I [1], there are three temporal equations that describe
diffusion-limited coarsening in the asymptotic limit, which
are derived for ternary alloys assuming an ideal dilute solu-
tion with the off-diagonal terms of the diffusion tensor
equal to zero [7]. The first equation describes the increasing
average precipitate radius, ÆR(t)æ, as a function of aging
time

R tð Þh i3 � R 0ð Þh i3 ¼ 8cV m
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where ÆR(t)æ is the average radius at time t, ÆR(0)æ is the
average radius at t = 0, here the superscripts a and b refer
to the a-Al matrix and Al3(Sc1�xZrx) precipitate phases,
respectively, Vm is the molar volume of an Al3(Sc1�xZrx)
precipitate, c is an isotropic interfacial free energy, Rg is
the ideal gas constant, T is the absolute temperature, Ca

i

is the composition of the ith component in the matrix, Di

is the diffusion coefficient of the ith component in the ma-
trix, and ki is the distribution coefficient of the ith species
between the a-Al and Al3(Sc1�xZrx) phases and is defined
by Cb

i =C
a
i . The right-hand side of Eq. (1) is also given by

kKVt, where kKV is the KV coarsening rate constant. The
value used ideally for ÆR(0)æ is for a system in a stationary
state. The second equation describes the decreasing precip-
itate number density, NV(t), with increasing aging time
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where VV is the precipitate volume fraction. The third
equation is utilized in Part I [1] for describing the decreas-
ing a-Al matrix solute composition, Ca

i tð Þ, with increasing
aging time
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where Ca
i t ! 1ð Þ is the equilibrium solid-solubility of the

ith component in the a-Al matrix, and kexp is the experi-
mentally determined coarsening rate constant. The quan-
tity in the brackets on the left-hand side of Eq. (3) is
denoted the matrix supersaturation. Eqs. (1)–(3) have the
same time dependencies as diffusion-limited coarsening in
binary alloys [8–10], but the coarsening rate constants
(the coefficients of tn) are significantly different.

Zirconium can substitute for up to 50% of Sc atoms
within Al3Sc precipitates, thus forming Al3(Sc1�xZrx)
(where x 6 0.5) [11,12]. Zirconium additions reduce the lat-
tice parameter of Al3Sc [13] and concomitantly the interfa-
cial free and elastic strain energies. Furthermore, the
diffusivity of Sc in Al is over four orders of magnitude
greater than that of Zr in Al at 300 �C [2,3]. Zirconium
is, therefore, effective in reducing the coarsening rate of
a-Al–Al3(Sc1�xZrx) alloys, as confirmed earlier by electri-
cal conductivity [14] and hardness measurements [14,15]
and suggested by Robson [16].

Microstructural decomposition studies of Al-0.18 Sc-
0.05 Zr at.% [17] and Al-0.24 Sc-0.04 Zr at.% [15] reported
microhardness values greater than those of Al(Sc) alloys
when aged at or above 350 �C. Both studies attribute the
increase in microhardness to the presence of a second pre-
cipitate phase, Al3Zr (L12), in addition to Al3Sc. CTEM
observations of an Al-0.18 Sc-0.05 Zr alloy, aged at
400 �C for 200 h, demonstrate the presence of large semi-
coherent Al3Sc (ÆRæ = 26.3 nm) and smaller coherent Al3Zr
(ÆRæ = 5.5 nm) precipitates [17], while energy-dispersive
X-ray analyses detected large Al3Sc precipitates and fine
Al3(Sc1�xZrx) precipitates in coexistence in Al-0.24 Sc-
0.04 Zr aged at 400 �C for 17 h [15].

The morphological development of Ni3X (L12) precipi-
tates (X = Al, Si, Ge, Ti or Ga) in FCC Ni-rich solid solu-
tion, have been studied extensively [18–25], and are directly
comparable to Al(Sc) alloys since they are structurally
analogous. Precipitates in nickel-base alloys occur at higher
volume fractions (typically >0.10) than Al3Sc precipitates,
but the temporal morphological evolutions are similar
[26], as both systems have elastically hard precipitates in
a soft matrix and similar elastic moduli anisotropies. As
Ni3Al precipitates coarsen in nickel-base alloys, their mor-
phology evolves from spheroids to cuboids to arrays of cu-
boids (octets) that eventually split into smaller precipitates
[20,25]. This morphological evolution is attributed to the
elastic self-energy of isolated precipitates and elastic inter-
actions among precipitates. Morphological evolution is
found to depend on lattice parameter mismatch, interfacial
free energy, and elastic constants, all of which affect di-
rectly coarsening kinetics [25].

Because of the small maximum solid-solubility of Sc in
Al, 0.23 at.% at 660 �C [27], Al3Sc precipitate volume frac-
tions in the Al(Sc) system are inherently small (<0.01), and
therefore, elastic interactions among precipitates can be ne-
glected; the elastic self-energy of an isolated precipitate is,
however, anticipated to play a role in the morphological
evolution of Al3Sc precipitates. Recent CTEM studies of
Al(Sc) alloys demonstrate a morphological development
that is qualitatively similar to those observed for Ni-base
alloys [26,28]. At low Sc concentrations (60.12 at.% Sc),
Al3Sc precipitates (ÆRæ < 20 nm) are cauliflower-shaped
and evolve to spheroids (Al-0.12 at.% Sc [28]) or lobed
cubes (Al-0.07 at.% Sc [26]) after aging for >72 h at
350 �C. Higher concentrations of Sc (Al-0.18 at.% Sc) pro-
duce faceted or spheroidal Al3Sc precipitates, which evolve
temporally into cuboids upon aging at 400 �C.

Part I [1] presents results utilizing APT and HREM to
examine the chemical compositions of Al3(Sc1�xZrx) pre-
cipitates. Part II presents results utilizing CTEM and
HREM to investigate the temporal coarsening characteris-
tics of Al3(Sc1�xZrx) (L12) precipitates by examining: (1)
the morphology of Zr-containing precipitates; (2) how
the morphology changes as a function of Zr concentration;



Fig. 1. A comparison of precipitate morphologies as observed employing
HREM images, [100] zone axis, of alloys aged at 300 �C for 576 h: (a) Al-
0.06 Sc-0.005 Zr; (b) Al-0.07 Sc-0.019 Zr; (c) Al-0.09 Sc-0.047 Zr; (d) Al-
0.14 Sc-0.012 Zr. The arrow in (c) denotes the presence of an atomic height
ledge.
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(3) the mechanism(s) of coarsening. This work is part of a
research program to deduce the relationships between the
nanostructures of two-phase a-Al–Al3(Sc1�xZrx) alloys
and their mechanical properties at ambient and elevated
temperatures [13,26,29–45], in particular creep.

2. Experimental methods

Alloys and TEM samples were produced using the pro-
cedures outlined in Part I [1]. In Table 1, the compositions,
calculated equilibrium volume fractions, and Sc/Zr ratios,
based on at.% and wt.% concentrations, of the Al(Sc,Zr)
alloys investigated in Part II are listed. Homogenization
was performed at 648 �C for 72 h, within the single-phase
region, followed by water quenching to 24 �C. Samples
were then aged, within the two-phase region, at 300, 350
or 375 �C, for times between 1.2 and 2412 h to produce
Al3(Sc1�xZrx) (L12) precipitates.

TEM samples were examined in an Hitachi-H8100
(CTEM) and a JEOL 4000 EXII (HREM), the latter at Ar-
gonne National Laboratories, operating at 200 kV. Con-
ventional TEM was performed with samples oriented
along the Æ100æ or Æ110æ type directions, utilizing two-
beam diffraction conditions. Dark-field images of the
precipitates were formed using four {100} superlattice re-
flections. The thickness of the foil was determined employ-
ing a combination of the convergent two-beam electron
diffraction (CBED) and thickness-extinction contour fringe
methods. To ensure accurate statistics, a minimum of 400
precipitates was used for each coarsening data point. Pre-
cipitate dimensions were determined using image-analysis
software (NIH Image). For all morphologies, the dimen-
sions of precipitates were calculated by determining the
diameter of an area-equivalent circle, which yields an effec-
tive diameter [23]. Determination of precipitate number
densities employed Kelly�s procedure [46] for projected pre-
cipitates without overlap or truncation effects. HREM was
performed on samples oriented along the [100] zone axis,
and Al3(Sc1�xZrx) precipitates were imaged with an objec-
tive aperture placed around the incident beam and the
surrounding four {100} and four {110} superlattice reflec-
tions. This technique [26] resolves clearly the precipitates�
lattice fringes, but not the matrix�s, and allows for defini-
tive imaging of the a-Al–Al3(Sc1�xZrx) heterophase inter-
faces, which are structurally sharp on an atomic scale.
Table 1
Compositions, volume fractions, and Sc/Zr ratios of alloys investigated

Alloy (at.%) Sc (wt.%) Zr (wt.%) Precip

Al-0.06 Sc-0.005 Zr 0.10 0.018 0.0030
Al-0.07 Sc-0.019 Zr 0.11 0.06 0.0038
Al-0.09 Sc-0.047 Zr 0.15 0.16 0.0071
Al-0.14 Sc-0.012 Zr 0.24 0.04 0.0074

a Calculated from thermodynamic data at 300 �C [1].
3. Results

3.1. Morphological evolution of Al3Sc1�xZrx precipitates

Aging of ternary alloys at 300 �C produces precipitates
with ÆRæ < 4 nm. Fig. 1 compares the Al3(Sc1�xZrx) precip-
itate morphology, as determined by HREM along the
Æ100æ direction, for the four Al(Sc,Zr) alloys aged at
300 �C for 576 h The precipitates are faceted parallel to
the {100} and {110} planes, as indicated by the white
lines. In contrast to the other Al(Sc,Zr) alloys, Al-0.09
Sc-0.047 Zr (Fig. 1(c)) has distinct faceting along the right
edge of the precipitate, while atomic height ledges (arrow)
are seen along the top left-side of the precipitate. The inset
diffraction pattern (Fig. 1(b)) exhibits FCC and L12 reflec-
tions, and no additional extra reflections due to the Al3Zr
(DO23) phase.

Fig. 2 exhibits CTEM images of the Al-0.07 Sc-0.019 Zr
alloy, which demonstrates the morphological development
of this alloy for different aging times and temperatures.
itate volume fraction (VV)
a Sc/Zr ratio

(at.%/at.%) (wt.%/wt.%)

12 5.6
3.7 1.8
1.9 0.9
11.7 6



Fig. 2. A comparison of precipitate morphologies as observed employing
superlattice dark-field CTEM images (utilizing a 100 superlattice reflection
near the [100] zone axis) of Al-0.07 Sc-0.019 Zr aged at: (a) 300 �C for
288 h; (b) 300 �C for 2412 h; (c) 350 �C for 288 h; (d) 375 �C for 196 h.

Fig. 3. A comparison of precipitate morphologies as observed employing
superlattice dark-field CTEM images (utilizing a 100 superlattice reflection
near the [100] zone axis) of alloys aged at 375 �C for 196 h: (a) Al-0.06 Sc-
0.005 Zr; (b) Al-0.07 Sc-0.019 Zr; (c) Al-0.09 Sc-0.047 Zr; (d) Al-0.14 Sc-
0.012 Zr. The dotted arrows in (a) indicate the presence of interfacial misfit
dislocations.
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After aging at 300 �C for 288 h (Fig. 2(a)) or 2412 h
(Fig. 2(b)), Al3(Sc1�xZrx) precipitates exhibit a spheroidal
shape, with ÆRæ < 3 nm. Increasing the aging temperature
to 350 �C, for an aging time of 288 h, produces a combina-
tion of spheroidal and cuboidal precipitates (Fig. 2(c)),
with ÆRæ = 8.1 ± 0.4 nm. Aging at 375 �C for approxi-
mately the same time, 192 h, produces lobed-shaped cuboi-
dal precipitates (ÆRæ = 23.3 ± 1.2 nm, Fig. 2(d)), where the
lobes form along Æ111æ-type directions.

The effect of solute concentration is displayed in Fig. 3
for Al(Sc,Zr) alloys aged at 375 �C for 192 h. In compari-
son to the other alloys, Al-0.06 Sc-0.005 Zr has the lowest
precipitate volume fraction (0.0029) and the largest precip-
itate radii (ÆRæ = 26.9 ± 1.4 nm). When this alloy is aged at
375 �C, the morphology is lobed cuboidal precipitates,
Fig. 3(a). The dotted arrows indicate misfit interfacial dis-
locations, which demonstrate a partial loss in coherency
for precipitates for this ÆRæ and larger. The larger Zr con-
centration in Al-0.07 Sc-0.019 Zr produces a larger precip-
itate volume fraction (0.0036) and a smaller precipitate
radius (ÆRæ = 23.3 ± 1.2 nm, Fig. 3(b)). Increasing the pre-
cipitate volume fraction to 0.0068 (Al-0.09 Sc-0.047 Zr)
decreases the precipitate radius (ÆRæ = 10.6 ± 0.5 nm),
and produces a combination of spheroidal and cuboidal
precipitates (Fig. 3(c)); in contrast, the Al-0.14 Sc-0.012
Zr (volume fraction = 0.0072) alloy contains spheroidal
precipitates with ÆRæ = 5.4 ± 0.3 nm (Fig. 3(d)). Spheroidal
and cuboidal Al3(Sc1�xZrx) precipitates are uniformly dis-
tributed throughout the matrix, while lobed cuboidal pre-
cipitates form in isolation and in lines associated with
dislocations, indicating that the latter are heterogeneously
nucleated.
3.2. Precipitate size distributions

Precipitate size distributions (PSDs) are produced from
histograms of the PSD function (g) plotted as a function of
normalized radius (u = R/ÆRæ). PSDs are displayed for the
Al-0.14 Sc-0.012 Zr alloy aged at: (1) 300 �C for 288 h
(Fig. 4(a)) and 2412 h (Fig. 4(b)); (2) 350 �C for 72 h
(Fig. 4(c)) and 2328 h (Fig. 4(d)) and (3) 375 �C for 3 h
(Fig. 4(e)) and 192 h (Fig. 4(f)). Precipitates with radii
smaller than 2 nm are below the conventional TEM resolu-
tion limit, thus the smallest precipitates could be under-
counted. Calculated PSDs, according to the LSW and
Brailsford–Wynblatt (BW [47]) models, are superimposed
on the experimental data. The BW model includes a correc-
tion for precipitate volume fraction that decreases the peak
height relative to LSW model; recall that the LSW model
assumes a precipitate volume fraction approaching zero.
The PSDs for aging at 300 and 350 �C have a similar
broadness and an increased height relative to those pre-
dicted by both models, while the 375 �C PSDs are narrower
and taller than predicted by both models. Other coarsening
models contain precipitate volume fraction corrections
[48], but at small volume fractions (<0.01) all models pre-
dict the same result, which is represented in this article
by the BW model.

3.3. Time exponents for coarsening

Coarsening data is displayed by plotting ÆR(t)æ as a func-
tion of time on a double logarithmic plot, Eq. (1). Fig. 5 is



Fig. 4. Examples of precipitate size distributions (PSDs), in which
histograms of the PSD function, g, are plotted as a function of normalized
radius, u = R/ÆRæ. These distributions are for an Al-0.14 Sc-0.012 Zr alloy
aged at: 300 �C for (a) 288 h and (b) 2412 h; 350 �C for (c) 72 h and (d)
2328 h and 375 �C for (e) 12 h and (f) 192 h The predictions of the LSW
(solid line) [4,5] and BW (dashed line) [47] models are shown for
comparison.

Fig. 5. Double natural logarithmic plot of average precipitate radius, ÆRæ,
vs. aging time for indicated alloys at: (a) 300 �C; (b) 350 �C; and
(c) 375 �C. The data for the binary Al-0.18 at.% Sc alloy are from [26].

C.B. Fuller, D.N. Seidman / Acta Materialia 53 (2005) 5415–5428 5419
a compilation of the coarsening behavior of Al-0.06 Sc-
0.005 Zr, Al-0.07 Sc-0.019 Zr, Al-0.09 Sc-0.047 Zr, and
Al-0.14 Sc-0.012 Zr alloys at aging temperatures between
300 and 375 �C. The slopes of Fig. 5 yield the time expo-
nents for coarsening, which are equal to 0.1 or less, with
the exception of 0.21 (Table 2), and all are significantly
smaller than the 1/3 value predicted in Eq. (1). This is in
distinct contrast to Al-0.18 at.% Sc, which yields a slope
of ca. 1/3 (Fig. 5(a) and (b)). The time exponent for Eq.
(2) is determined from a double logarithmic plot of precip-
itate number density, NV(t), vs. aging time, and values are
Table 2
Experimental time exponents for coarsening from the relation of ÆR(t)æ vs. t (

Al-0.06 Sc-0.005 Zr Al-0.07 Sc-0.019 Z

300 �C 0.04 ± 0.01 0.03 ± 0.02
350 �C 0.10 ± 0.01 0.08 ± 0.01
375 �C 0.06 ± 0.02 0.03 ± 0.01
given in Fig. 6 and Table 3. The exponents range from
0.00072 to �0.39, which are all considerably smaller than
the predicted value of �1. Depletion of the matrix concen-
tration as a function of aging time, as predicted by Eq. (3),
is plotted in Fig. 14 of Part I [1]; the resulting time expo-
nents for coarsening at 300 �C are �0.33 for Sc and
�0.11 for Zr, compared to the model value of �1/3. In Part
I, we showed that the precipitate composition is temporally
evolving. Thus, the three measured time exponents for
coarsening indicate that Al(Sc,Zr) alloys do not follow
the temporal predictions of the quasi-stationary-state KV
model for a ternary alloy.
Fig. 5)

r Al-0.09 Sc-0.047 Zr Al-0.14 Sc-0.012 Zr

0.05 ± 0.03 0.02 ± 0.01
0.21 ± 0.01 0.07 ± 0.02
0.07 ± 0.01 0.02 ± 0.01



Fig. 6. Double natural logarithmic plot of precipitate number density, NV,
vs. aging time for indicated alloys at: (a) 300 �C; (b) 350 �C; and (c)
375 �C.
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4. Discussion

4.1. Morphological evolution of Al3(Sc1�xZrx) precipitates

The balance between isotropic interfacial and elastic
energies of precipitates dictates the morphology of coher-
ent precipitates [49]. When the precipitate surface-area-to-
volume ratio is large, as is the case for small Al3(Sc1�xZrx)
precipitates, the morphology is determined by the minimi-
zation of the isotropic interfacial free energy, leading to
approximately spheroidal precipitates as observed in Figs.
1, 2(a,b) and 3(d). In contrast, when the Al3(Sc1�xZrx) pre-
cipitate surface-area-to-volume ratio is small, it is the elas-
tic strain energy that determines the morphology. For the
case, when the precipitate is elastically stiffer than the ma-
trix, that is, Cprecipitate

44 � Cmatrix
44 (C44 is the shear modulus),
Table 3
Experimental time exponents for coarsening, from the relation of NV vs. t (Fi

Al-0.06 Sc-0.005 Zr Al-0.07 Sc-0.019 Z

300 �C �0.04 ± 0.03 0.28 ± 0.01
350 �C �0.20 ± 0.04 �0.31 ± 0.03
375 �C �0.27 ± 0.05 �0.29 ± 0.02
the cuboidal morphology dominates (Figs. 2(c) and 3(c)),
while the plate-like morphology dominates when the ma-
trix is elastically stiffer than the precipitate.

The equilibrium shape of precipitates, when dictated by
the anisotropy of interfacial free energy, is deduced from
Wulff plots [49], utilizing anisotropic interfacial free energy
values from the literature, if available. Employing a
HREM to investigate Al-0.18 at.% Sc aged at 300 �C, Mar-
quis and Seidman [26] determined that the equilibrium
shape for Al3Sc precipitates is the great rhombicuboctahe-
dron, which has 6{100}, 12{110}, and 8{111} facets. In
Fig. 3, Al3(Sc1�xZrx) precipitates are observed to have fac-
ets parallel to the {100} and {110} planes, which appear
to be nearly equal in length to those observed in the Al-
0.18 at.% Sc alloy, indicating that the anisotropy of the
interfacial free energy for Al3Sc and Al3(Sc1�xZrx) precip-
itates is similar.

HREM observations [26] demonstrate irregularly
shaped precipitates with no facets in Al-0.07 at.% Sc aged
at 300 �C for 72 h. The irregular shapes are attributed to
growth instabilities caused by the low Sc supersaturation
in the matrix; at a constant aging temperature the volume
fraction is directly proportional to the supersaturation.
Additions of Zr to the Al-0.07 at.% Sc alloy stabilize the
morphology of Al3(Sc1�xZrx) precipitates, such that clear
facets parallel to the {100} and {110} planes are observed
(Fig. 1(a) and (b)). While the Al-0.06 Sc-0.005 Zr and Al-
0.07 Sc-0.019 Zr alloys we investigated have slightly higher
volume fractions (0.0031 and 0.0038, respectively) than the
binary alloy [26] (0.0026), we believe that the small change
in volume fraction does not account for the lack of growth
instabilities. If growth instabilities are attributed solely to
supersaturation, then increasing the supersaturation,
(thereby increasing the volume fraction from 0.0026 to
0.0046, which occurs when comparing the Al-0.07 at.%
Sc alloy aged at 300 �C [26] to the Al-0.12 at.% Sc alloy
aged at 350 �C [28]), should not produce the irregularly
shaped precipitates that are observed by CTEM in both
binary alloys. The presence of zirconium, therefore, ap-
pears to stabilize Al3(Sc1�xZrx) precipitates against growth
instabilities.

The value of NV for Al-0.06 Sc-0.005 Zr aged at 300 �C
for 576 h is (10 ± 3) · 1021 m�3, while the NV value for
Al-0.07 at.% Sc (aged at 300 �C for 576 h) is (5 ± 2) ·
1020 m�3 [26]; therefore, adding 0.005 at.% Zr increases
NV by more than a factor of 20. This demonstrates that
Zr additions are highly effective in increasing NV, which
may be the result of heterogeneous nucleation of Al3Sc
and/or Al3(Sc1�xZrx) precipitates on Sc–Sc, Zr–Zr, and/or
g. 6)

r Al-0.09 Sc-0.047 Zr Al-0.14 Sc-0.012 Zr

0.32 ± 0.09 (7.2 ± 7.1) · 10�4

�0.39 ± 0.06 �0.13 ± 0.08
�0.19 ± 0.05 �0.04 ± 0.03
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Sc–Zr dimers or perhaps larger solute clusters. Also a larger
Zr concentration increases the supersaturation and there-
fore the driving force for homogeneous nucleation, and
concomitantly the nucleation current, which implies a high-
er number density of homogeneously nucleated precipitates.

The lobed cuboids (Fig. 3(a) and (b)) are observed only in
the Al-0.06 Sc-0.005 Zr andAl-0.07 Sc-0.019 Zr alloys. Since
the volume fraction of precipitates is small (<0.004) in these
alloys, there are minimal elastic and diffusion field interac-
tions between neighboring Al3(Sc1�xZrx) precipitates; as a
result, the Al3(Sc1�xZrx) precipitate morphology is due to
the elastic self-energy of isolated precipitates. The morphol-
ogy of isolated individual precipitates is rarely observed
experimentally because of the presence of elastic and diffu-
sional interactions between precipitates; isolated precipitate
morphologies can, however, be calculated, for example,
utilizing the discrete atom method [50]. This method treats
isolated two-dimensional precipitates in a cubic matrix
and finds them to have fourfold symmetry (elongated along
the [11] and 1�1

� �
directions), which is not due to the anisot-

ropy of interfacial free energy. This fourfold symmetry is
attributed solely to elastic self-energy due to the lattice
parameter mismatch and the different elastic anisotropies
of the two phases. Similar Al3(Sc1�xZrx) precipitate mor-
phologies are observed in a binary Al-0.07 at.% Sc alloy con-
taining about the same volume fraction of Al3Sc precipitates
[26].

4.2. Precipitate size distributions (PSDs)

PSDs provide a measure of how well coarsening experi-
ments obey extant coarsening models. PSDs were deter-
mined for the Al-0.14 Sc-0.012 Zr alloy, which provides a
demonstration of the changes in PSDs as a function of
both aging temperature and time. The LSW model for a
binary alloy predicts that the PSD shape is time-invariant,
that is, it is self-similar, while current coarsening models
[51–54] predict a broadening of the PSD and an increase
in the rate constant, with a concomitant increase in volume
fraction of precipitates. Fig. 4 demonstrates that the full-
width at half-maximum of the average experimental PSD
does not change significantly when Al-0.14 Sc-0.012 Zr is
aged at 300 or 350 �C.

4.3. Coarsening in ternary alloys

4.3.1. Time exponents for coarsening

There have been several investigations of the kinetics of
coarsening systems utilizing Eq. (1), which yield time expo-
nents for coarsening (ÆR(t)æ vs. t) with values other than 1/3
[55–57]. A cluster–diffusion–coagulation model that applies
to low temperatures has been developed [55,56], where
clusters represent order-parameter fluctuations, and where
diffusion of atoms between precipitates is slow. This model
proposes that coarsening may occur through the diffusion
and coagulation of entire clusters due to solute-atom trans-
port along interfaces, which is governed by how the local
diffusional mechanism affects a shift in a precipitate�s cen-
ter-of- mass. Since the time exponent for coarsening is
shown to depend on the spinodal critical temperature
(Tc), this model [55,56] yields exponents of 1/6 (at low tem-
peratures, where T is much less than Tc), and 1/5 or 1/4 (at
intermediate temperatures, where T is at or slightly above
Tc). Recent lattice kinetic Monte Carlo simulations [57]
demonstrate that coarsening kinetics are a function of the
possible different vacancy concentrations in the matrix
and precipitate phases. For these simulations, time expo-
nents of coarsening were found to vary from 0.11 to
0.267, depending on where vacancies prefer to diffuse (in
matrix or precipitate phases) and the number of time steps
in the lattice kinetic Monte Carlo simulation. When vacan-
cies prefer to diffuse inside precipitates, precipitate diffu-
sion and coagulation is favored; conversely, when
vacancies prefer to diffuse in the matrix, the classical evap-
oration–condensation mechanism is favored.

Time exponents for coarsening are derived from the
data plotted in Fig. 5. For this procedure to be reliable
ÆR(0)æ � kLSWt must be satisfied, which occurs physically
when the increase in precipitate radius is large relative to
ÆR(0)æ. Therefore, accurate time exponents for coarsening
are difficult to calculate, for the Al(Sc,Zr) system, at
300 �C, where precipitates do not significantly coarsen.
Thus, the time exponents determined are most likely effec-
tive values.

4.3.2. Coarsening mechanisms

Precipitate coarsening may occur by diffusion-limited
coarsening, interface-limited coarsening, or a combination
of these two mechanisms [58], with interface-limited coars-
ening occurring at small ÆR(t)æ and diffusion-limited coars-
ening occurring at larger ÆR(t)æ values. At constant
precipitate volume fraction, as is the case for the aging
times in this article (Table 4), diffusion-limited coarsening
is the most probable mechanism. Analyses of the coarsen-
ing results indicate that diffusion-limited coarsening is
occurring, which is supported by the agreement of the acti-
vation energy values calculated in Section 4.3.2.2 with the
literature values.

4.3.2.1. Experimental coarsening kinetics. The coarsening
kinetics for each ternary alloy at 300, 350, or 375 �C is dis-
played in Figs. 7 and 8. As anticipated, the coarsening rate
for each alloy increases with increasing temperature. Fig. 7
demonstrates that increasing the Zr concentration [Al-0.06
Sc-0.005 Zr (Fig. 7(a)) vs. Al-0.07 Sc-0.019 Zr (Fig. 7(b)]
decreases the coarsening rate (slope of the linear fit). To
calculate coarsening rates according to Eq. (1), ÆR(t)æ3 is
plotted as a function of aging time (Fig. 9), where the slope
of the linear regression line is the experimental coarsening
rate, kexp (Table 4).

The interfacial free energy of coherent precipitates is
smaller than that of semi-coherent precipitates, due to the
absence of interfacial misfit dislocations. A change in inter-
facial free energy has a profound impact on the coarsening



Table 4
Experimentally and theoretically determined coarsening rate constants (kexp and kKV, respectively) and volume fractions (VV) of Al3(Sc1�xZrx) precipitates
for each alloy studied

Alloy (at.%) 300 �C 350 �C 375 �C

Al-0.06 Sc-0.005 Zr kexp (m3 s�1) (5.13 ± 2.07) · 10�33 (1.50 ± 0.22) · 10�30 (8.27 ± 4.15) · 10�30

(3.15 ± 0.54) · 10�29c

kKV (m3 s�1) 2.2 · 10�35 2.9 · 10�33 2.4 · 10�32

kexp/kKV 229 522 344
Exp. VV

a (2.7 ± 0.8) · 10�3 (2.9 ± 0.7) · 10�3 (2.9 ± 0.9) · 10�3

Calc. VV
b 3.1 · 10�3 3.0 · 10�3 2.9 · 10�3

Al-0.07 Sc-0.019 Zr kexp (m3 s�1) (1.86 ± 0.55) · 10�33 (1.62 ± 0.24) · 10�31 (4.12 ± 1.72) · 10�30

(4.05 ± 0.75) · 10�29c

kKV (m3 s�1) 7.2 · 10�36 9.7 · 10�34 8.5 · 10�33

kexp/kKV 259 166 484
Exp. VV

a (3.3 ± 0.8) · 10�3 (3.6 ± 0.7) · 10�3 (3.3 ± 0.8) · 10�3

Calc. VV
b 3.8 · 10�3 3.7 · 10�3 3.6 · 10�3

Al-0.09 Sc-0.047 Zr kexp (m3 s�1) (4.29 ± 2.58) · 10�34 (6.75 ± 0.73) · 10�32 (9.1 ± 1.5) · 10�31

kKV (m3 s�1) 4.7 · 10�36 6.2 · 10�34 5.4 · 10�33

kexp/kKV 91 109 170
Exp. VV

a (6.8 ± 2.4) · 10�3 (6.8 ± 2.0) · 10�3 (6.8 ± 2.0) · 10�3

Calc. VV
b 7.1 · 10�3 6.9 · 10�3 6.8 · 10�3

Al-0.14 Sc-0.012 Zr kexp (m3 s�1) (3.92 ± 3.37) · 10�34 (9.2 ± 9.1) · 10�34 (2.61 ± 0.79) · 10�32

kKV (m3 s�1) 2.2 · 10�35 2.9 · 10�33 2.4 · 10�32

kexp/kKV 18 0.32 1.1
Exp. VV

a (6.9 ± 2.1) · 10�3 (6.6 ± 2.0) · 10�3 (6.7 ± 2.0) · 10�3

Calc. VV
b 7.4 · 10�3 7.3 · 10�3 7.2 · 10�3

a Calculated from: VV = (4/3)ÆræA 0/H [46]; where A 0 is precipitate areal fraction and H is the TEM foil thickness, which assumes that precipitates are
present in an ideal thin foil.
b Calculated from thermodynamic data [1].
c Coarsening rate constants after precipitates have lost full coherency.
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kinetics of an alloy, as indicated in Eq. (1). A definitive
change in the coarsening rate is observed for the Al-0.06
Sc-0.005 Zr and Al-0.07 Sc-0.019 Zr alloys (Fig. 7(a) and
(b), respectively) when aged at 375 �C for times longer than
384 h; note the change in slope from (8.27 ± 4.15) · 10�30

to (3.15 ± 0.54) · 10�29 m3 s�1 for the Al-0.06 Sc-0.005
Zr alloy and (4.12 ± 1.72) · 10�30 to (4.05 ± 0.75) · 10�29

m3 s�1 for the Al-0.07 Sc-0.019 Zr alloy (Table 4). The in-
crease in coarsening rate is most likely due to a change in
the interfacial free energy of the precipitates resulting from
a partial loss in coherency, which is consistent with obser-
vations in Ni-base [19,22], Fe–Cu [49], and Cu–Co [18] al-
loys. Examples of precipitates and their associated misfit
dislocations are displayed in Fig. 10, where Fig. 10(b)
shows only the locations of the Al3(Sc1�xZrx) precipitates
and Fig. 10(c) shows the positions of the misfit dislocation
cores in relation to the Al3(Sc1�xZrx) precipitates. We,
therefore, calculated coarsening rates and activation ener-
gies only for precipitates with ÆRæ < 30 nm, where full
coherency is assured.

For comparative purposes, Fig. 11 shows the coarsening
behavior of the ternary alloys for each aging temperature,
along with the binary Al-0.15 at.% Sc alloy aged at 300 and
350 �C [26]. Fig. 11(c) shows the effect of coherency on
coarsening rates for the Al-0.06 Sc-0.005 Zr and Al-0.07
Sc-0.019 Zr alloys at 375 �C, where an abrupt change in
slope denotes the loss of precipitate coherency, as deter-
mined by the presence of misfit dislocations. Thus, partially
coherent precipitates coarsen at a faster rate then fully
coherent precipitates. A comparison between the binary
Al-0.15 at.% Sc and the volume fraction equivalent Al-
0.14 Sc-0.012 Zr alloy demonstrates that Zr additions are
effective in decreasing the coarsening rate.

The effect of volume fraction on the coarsening kinetics
of Al(Sc,Zr) alloys is examined for the Al-0.06 Sc-0.005 Zr
and Al-0.14 Sc-0.012 Zr alloys, which have Sc/Zr (at.%/
at.%) ratios near one another (therefore sitting on the
same tie-line, Fig. 2 in Part I [1]) and a 58% difference
in volume fraction (Table 4). As the precipitate volume
fraction is increased from 0.0031 to 0.0074 (Al-0.06
Sc-0.005 Zr and Al-0.14 Sc-0.012 Zr alloys, respectively),
the coarsening rate decreases. An inverse relationship
between the coarsening rate and precipitate volume frac-
tion has been observed in alloys containing small precipi-
tate volume fractions (<0.04) [10,59,60]. The coarsening
rate decreases because of an increase in diffusional and
elastic interactions among precipitates, with increasing
precipitate volume fraction. In the Al(Sc,Zr) system, the
precipitate volume fraction is small enough that diffu-
sional interactions between precipitates may be negligible,
but we now examine this point in more detail. The dis-
tance for diffusional interaction of precipitates is known
as the screening distance, and is calculated to be �32ÆRæ
for the Al(Sc,Zr) alloys [61]. When the Al-0.14 Sc-0.012
Zr alloy contains precipitates with ÆRæ = 3.6 nm, the
screening distance is 115 nm, which is 48% larger than



Fig. 8. Coarsening data plotted as average precipitate radius, ÆRæ, vs. t1/3

for: (a) Al-0.09 Sc-0.047 Zr and (b) Al-0.14 Sc-0.012 Zr alloys aged at
indicated temperatures. Numbers next to each curve are the coarsening
rate constants (m3 s�1).

Fig. 7. Coarsening data plotted as average precipitate radius, ÆRæ, vs.
(time)1/3 for: (a) Al-0.06 Sc-0.005 Zr and (b) Al-0.07 Sc-0.019 Zr alloys
aged at indicated temperatures. Numbers next to each curve are the
coarsening rate constants (m3 s�1). The sharp change in slope at 375 �C is
due to the Al3(Sc1�xZrx) precipitates losing their full coherency.
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the calculated center-to-center interprecipitate distance of
56 nm [42]. Precipitates will, therefore, interact with each
other via diffusion. The same calculation for the Al-0.06
Sc-0.005 Zr alloy, ÆRæ = 3.3 nm, produces a screening dis-
tance of 106 nm, which is 72% larger than the interprecip-
itate distance of 76 nm. Comparing these percentages
(48% for Al-0.14 Sc-0.012 Zr vs. 72% for Al-0.06 Sc-
0.005 Zr), an increase in volume fraction corresponds to
an increase in diffusional interactions between precipitates.

Ardell has independently determined the interfacial free
energy and diffusivity of solute atoms, utilizing the asymp-
totic solutions of Eqs. (1) and (2) for a binary alloy [9].
Extending Ardell�s approach [9] to a ternary alloy [30],
the data for the Al-0.09 Sc-0.047 Zr alloy in Part I (the var-
iation in matrix Sc composition, the coarsening rate con-
stant of 8.47 ± 4.40 · 10�7 m3 s�1, and the distribution
coefficient for Sc and Zr [1]) is combined with the corre-
sponding coarsening rate constant at 300 �C (kexp, Table
4) to determine an interfacial free energy of 59 mJ m�2,
Eq. (3). This value is smaller than the calculated interfacial
free energies for the a-Al–Al3Sc interface of 160 mJ m�2 for
{100} and 185 mJ m�2 for {111} orientations at 300 �C
[62]. This method assumes the application of the asymp-
totic solutions to the LSW model, while coarsening of the
Al-0.09 Sc-0.047 Zr alloy at 300 �C is shown to be in a
non-stationary-state regime [1].

4.3.2.2. Activation energies for coarsening. Temperature
dependent factors in Eq. (1) are present in the form of
the equilibrium solute concentration in the a-Al matrix
and Al3(Sc1�xZrx) precipitate phases. Since Zr substitutes
for Sc within the precipitate phase, the ternary Al–Sc–Zr
system can be considered a pseudobinary system (Al3Sc–
Zr system), where the coarsening rate is determined by
the element with the smaller volume diffusivity. This ap-
proach was utilized to determine the activation energies
for diffusion-limited coarsening in studies of ternary Ni–
Al–Cr [63] and Al–V–Zr [64] alloys. The activation energies
for diffusion-limited coarsening, including temperature
dependence, were calculated from the slope of an Arrhe-
nius plot of kexp9RT(c

b � ca)2/8ca(1 � ca)cVm vs. inverse
aging temperature (Fig. 12(a)), where Zr is assumed to be
the rate-limiting solute element. The resulting temperature
corrected activation energies are listed in Table 5 under QR.

A comparison between the temperature corrected acti-
vation energies, QR (Table 5), and the activation energies
for Sc and Zr diffusion in Al found in the literature (Table
6) demonstrates that Al-0.06 Sc-0.005 Zr, Al-0.07 Sc-0.019



Fig. 10. The presence of interfacial misfit dislocations as observed from:
(a) 2-beam bright-field with g = [200]; (b) superlattice dark-field with
g = [200] and (c) weak-beam dark-field CTEM images where g = [200] is
the imaging reflection and 3g is the excited reflection. The micrographs are
for an Al-0.06 Sc-0.005 Zr alloy aged at 375 �C for 863.5 h.

Fig. 9. Double logarithmic plots of (ÆRæ)3 vs. aging time for indicated
alloys at: (a) 300 �C; (b) 350 �C; and (c) 375 �C.
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Zr, and Al-0.09 Sc-0.047 Zr have activation energies
(258 ± 37, 240 ± 15, and 281 ± 17 kJ mol�1, respectively)
near the literature values for Zr in Al (222 [65] and
242 kJ mol�1 [3]). In contrast, Al-0.14 Sc-0.012 Zr has an
activation energy (QR = 134 ± 28 kJ mol�1), which is near
the literature values for Sc in Al (174 [66], 154 [67], and
164 ± 9 kJ mol�1 [26]). Coarsening of precipitates in Al-
0.06 Sc-0.005 Zr, Al-0.07 Sc-0.019 Zr, and Al-0.09 Sc-
0.047 Zr alloys is therefore controlled by volume diffusion
of Zr and coarsening of precipitates in Al-0.14 Sc-0.012 Zr
is controlled by volume diffusion of Sc.

4.3.2.3. Comparison to a ternary coarsening theory. An illus-
tration of the effects of Zr additions on the normalized KV
coarsening rate constant [7], ~kKV, is presented in Fig. 13,
where ~kKV is given by
~kKV ¼ kKV

8cV mDSc

9RT

. ð4Þ

Fig. 13 is for T = 300 �C, where the distribution coefficients
for the Al-0.06 Sc-0.005 Zr alloy are taken from the tie-line
data displayed in Fig. 2 of Part I [1]; it does not, however,
require a knowledge of c and Vm. Fig. 13 demonstrates
quantitatively that the addition of Zr at constant Sc con-
centration decreases the coarsening rate of Al3Sc
precipitates.

The tie-line data displayed in Fig. 2 of Part I [1] and the
best estimates from the literature for the interfacial energy



Fig. 11. Coarsening data as given by average precipitate radius, ÆRæ, vs.
t1/3 for indicated alloys at: (a) 300 �C; (b) 350 �C; and (c) 375 �C. Numbers
next to each curve are the coarsening rate constants (m3 s�1). The data for
the binary Al-0.18 at.% Sc alloy is from [26].

Fig. 12. Arrhenius plots of coarsening rate constant (k) vs. inverse aging
temperature for: (a) experimental data, k = kexp and (b) KV model,
k = kKV. Each slope yields the effective activation energy for diffusion-
limited coarsening. Data for the Al-0.18 at.% Sc alloy are from [26] (b)
displays the theoretical predictions for the alloys shown in (a).

Table 5
Comparison of experimentally determined activation energies

Alloy QR (kJ mol�1)a Qmodel (kJ mol�1)b

Al-0.06 Sc-0.005 Zr 258 ± 37 242
Al-0.07 Sc-0.011 Zr 240 ± 15 242
Al-0.09 Sc-0.047 Zr 281 ± 17 242
Al-0.14 Sc-0.012 Zr 134 ± 28 242

a Values were calculated from the slope of the Arrhenius plot of
kexp9RT(c

b � ca)2/8ca(1 � ca)cVm vs. 1/RT, where Zr was assumed to be
the rate limiting solute element, Fig. 12(a).
b Values were calculated from the slope of the Arrhenius plot of kKV

9RT(cb � ca)2/8ca(1 � ca)cVm vs. 1/RT, where Zr was assumed to be the
rate limiting solute element, Eq. (1).
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(175 mJ m�2) [62] and the molar volume of the
Al3(Sc1�xZrx) precipitate (1.038 · 10�5 m3 mol�1), calcu-
lated from Vm = NAa

3/4 (NA is Avogadro�s number and
a = 0.410 nm is the lattice parameter of Al3Sc0.9Zr0.1
[13]), were utilized to calculate the theoretical coarsening
rates, kKV, for all the Al(Sc,Zr) alloys and aging tempera-
tures. The results are displayed in Fig. 12(b) and Table 4,
which are compared to the experimental data (kexp) in
Fig. 12(a) and Table 4. The ratios of kexp/kKV (Table 4)
indicate that the kexp values are significantly greater than
kKV values for all alloys aged at 300, 350 or 375 �C, with
the exception of Al-0.14 Sc-0.012 Zr at 350 or 375 �C.
These calculations were then utilized to determine an effec-
tive theoretical activation energy for each alloy (Qmodel,
Table 5) from the slope of an Arrhenius plot of
kKV9RT(c

b � ca)2/8ca(1 � ca)cVm vs. inverse aging temper-
ature (Fig. 12(b)).
The temperature compensated values of kKV fall onto a
single line for the four Al(Sc,Zr) alloys, which, of course,
produces equal values of Qmodel (242 kJ mol�1, Table 5).
It was anticipated that the values of Qmodel are equal, since
it is assumed that Zr is the rate-limiting diffusing element
and the activation energy calculated by tracer diffusion of
Zr in Al is 242 kJ mol�1 [3] (Table 6). The collapsing of
the results for four alloys onto a single line demonstrates



Table 6
Literature values for the diffusivity of Sc or Zr in Al

Solute elements Method D0 (m
2 s�1) Q (kJ mol�1) References

Sc in Al Tracer diffusivity 5.31 · 10�4 174 [66]
First-principle calculations – 154 [67]
Coarsening measurements (1.9 ± 0.5) · 10�4 164 ± 9 [26]

Zr in Al Tracer diffusivity 7.28 · 10�2 242 [3]
Coarsening measurements 5.4 · 10�3 222 [65]

Fig. 13. Calculated normalized coarsening rate constant at 300 �C vs. Zr
and Sc concentrations obtained utilizing Eq. (4).
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that the KV model does not account for a precipitate vol-
ume fraction effect.

5. Conclusions

In a series of coarsening experiments, the temporal
behavior of Al(Sc,Zr) alloys was studied by TEM and
HREM, and compared to the results for Al(Sc) alloys
[26]. These experiments and their analyses result in the fol-
lowing findings:

� Part I [1] demonstrated that the precipitate chemical
composition is temporally changing during the process
of coarsening, which is discussed in detail in Part II.

� The exact morphology of Al3(Sc1�xZrx) precipitates was
examined for the first time, employing HREM, in
Al(Sc,Zr) alloys aged at 300 �C (Fig. 1). Al3(Sc1�xZrx)
precipitates in all ternary alloys are observed to have fac-
ets parallel to the {100} and {110} planes and, there-
fore, they are close to being great rhombicuboctahedra.

� The effect of Al3(Sc1�xZrx) precipitate volume fraction
and Zr additions on precipitate morphology was
observed. Alloys with <0.004 volume fractions of
Al3(Sc1�xZrx) precipitates contain precipitates that are
initially spheroids, which evolve to cuboids, and finally
lobed cuboids; in contrast, alloys with P0.007 volume
fractions of Al3(Sc1�xZrx) precipitates do not exhibit
lobed cuboids. Al3Sc precipitates in Al-0.07 at.% Sc
alloys are known to be irregularly shaped [26], while
additions of Zr produce faceted Al3(Sc1�xZrx) precipi-
tates at a higher number density than the Al-0.07 at.%
Sc alloy.
� Al3(Sc1�xZrx) precipitates temporally evolve morpho-
logically from spheroids to cuboids to lobed cuboids
(Figs. 2 and 3).

� The effect of elastic anisotropy on the formation of
lobed cuboids in Al-0.06 Sc-0.005 Zr and Al-0.07 Sc-
0.019 Zr alloys aged at 350 and 375 �C is discussed,
where small volume fractions (<0.004) of precipitates
permit coarsening to occur with smaller elastic and dif-
fusional interactions than the higher volume fraction
(>0.007) alloys.

� Time exponents for coarsening are determined from the
slopes of double logarithmic plots of average precipitate
radius, ÆRæ, vs. aging time (Eq. (1), Fig. 5) and precipi-
tate number density, NV, vs. aging time (Eq. (2),
Fig. 6). Part I [1] presents a determination utilizing the
matrix supersaturation vs. aging time (Eq. (3)). The cal-
culated time exponents for coarsening range from 0.02
to 0.21 (ÆRæ vs. t, Table 2) and 0.00072 to �0.39 (NV

vs. t, Table 3), which are significantly less than the val-
ues of 1/3 and �1, respectively, predicted by UOKV
model for diffusion-limited coarsening of a ternary alloy.
From the matrix supersaturation vs. aging time [1] time
exponents for coarsening for Sc = �0.33 and Zr =
�0.15 are calculated, compared to the predicted value
of �1/3.

� Agreement with the UOKV model of a ternary alloy is
not achieved for the following reasons: (a) accurate time
exponents for coarsening are difficult to calculate when
precipitates do not coarsen significantly, as is the case
for Al(Sc,Zr) alloys and therefore the time exponents
are effective values; and (b) the precipitate size distribu-
tions (PSDs) are not self-similar.

� Assuming diffusion-limited coarsening, experimental
coarsening rates, kexp, are determined for Al(Sc,Zr)
alloys aged at 300, 350, or 375 �C (Table 4), and com-
pared to the model coarsening rates, kKV, obtained from
Eq. (1) [7]. Adding Zr was found to decrease the coars-
ening rate of Al3(Sc1�xZrx) precipitates compared to
Al(Sc) alloys with the same volume fraction of Al3Sc
precipitates [26] (Fig. 11).

� A change in the Al3(Sc1�xZrx) precipitate coherency is
observed to have a dramatic effect on the coarsening
rate, as observed by the discontinuity in slope for two
Al(Sc,Zr) alloys aged at 375 �C, Fig. 11. Once
Al3(Sc1�xZrx) precipitates lose full coherency, the coars-
ening rate constant increases due to an increase in the
interfacial free energy of the precipitates.



C.B. Fuller, D.N. Seidman / Acta Materialia 53 (2005) 5415–5428 5427
� Temperature-corrected effective activation energies for
diffusion-limited coarsening are experimentally deter-
mined (Table 5) and compared to the literature values
for diffusion of Sc and Zr in Al (Table 6). Al-0.07
Sc-0.019 Zr, Al-0.06 Sc-0.005 Zr, and Al-0.09 Sc-0.047
Zr alloys have temperature-corrected experimental acti-
vation energies of 258 ± 37, 240 ± 15, and 281 ±
17 kJ mol�1, respectively, and are, within experimental
error for the Al-0.06 Sc-0.005 Zr and Al-0.07 Sc-0.019
Zr alloys, close to the literature activation energy values
for diffusion of Zr in Al (222 [65] and 242 kJ mol�1 [3]).

� In contrast, the Al-0.14 Sc-0.012 Zr alloy is found to
have an experimental activation energy of 134 ±
28 kJ mol�1, which is, within experimental error, near
the literature values for the activation energy for diffu-
sion of Sc in Al (174 [66], 154 [67], and 164 ± 9 kJ mol�1

[26]).
� The previous two points imply that coarsening of the Al-
0.07 Sc-0.019 Zr, Al-0.06 Sc-0.005 Zr, and Al-0.09 Sc-
0.047 Zr alloys is controlled by volume diffusion of Zr
in Al, and coarsening of the Al-0.14 Sc-0.012 Zr alloy
is controlled by volume diffusion of Sc in Al.

� From the above conclusions, coarsening models for
ternary alloys are not obeyed in detail because Zr dif-
fuses significantly slower in Al than does Sc, so obtain-
ing global equilibrium (between 300 and 375 �C) is not
possible within reasonable time periods. The neglect of
the off-diagonal terms in the diffusion tensor is an
assumption of the KV model of coarsening of ternary
alloys, which implies that a significant amount of flux
is not carried by the off-diagonal terms and this may
be incorrect.
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