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Abstract

An attempt of refining a recently reported calculation of the temperature dependent misfit between Al and Al3Sc particles is

given. Further, the impact of a temperature dependent misfit on the calculated diameter for coherency loss of Al3Sc precipitates

is demonstrated. The origin of misfit dislocations is also briefly discussed.

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

The research on scandium additions in aluminium al-

loys has gained some interest over the last decade, due to

the beneficial effects that can be obtained by such addi-

tions. It has been reported that Sc additions may pro-
vide good grain refinement during casting or welding,

excellent control of the grain structure in thermome-

chanical treatments by Al3Sc dispersoids, and significant

particle strengthening due to precipitation of Al3Sc [1].

Apparently, the precipitation of Al3Sc particles in the

solid state is to a large extent of a homogeneous nature,

and it seems that the equilibrium Al3Sc phase precipi-

tates directly from the supersaturated solid solution
without preceding formation of metastable phases. The

particles formed in the solid state are coherent with

the Al matrix, they normally have a spherical appear-

ance (It has been shown that the equilibrium particle

morphology for many conditions is that of a Great

Rhombicuboctahedron, which in effect is quite close to
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a sphere [2].), and the volume fraction of particles is

small. This seemingly simple precipitation behaviour of

Al3Sc has also led to a certain popularity of the binary

Al–Sc system as a model system for investigating basic

principles in physical metallurgy [3–6]. The aim of the

present work is to discuss the misfit and coherency loss
of Al3Sc particles in view of recently published experi-

mental investigations.
2. Misfit between the Al3Sc particles and the Al matrix

At room temperature the lattice parameters of the

Al3Sc phase and pure Al is 0.4103 nm and 0.4049 nm,
respectively, which translates to a misfit of the Al3Sc par-

ticles with the Al matrix of approx. 1.33%. However, the

lattice thermal expansion of the Al3Sc particles is differ-

ent from that of the Al matrix, thus making the misfit

temperature-dependent. The thermal expansion of Al3Sc

has not been measured until recently, but in a recent

study [7] the linear thermal expansion was determined

to be constant at approx. 16 · 10�6/K over a wide
temperature range. For pure Al the linear thermal
sevier Ltd. All rights reserved.
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expansion is dependent on the temperature. A recom-

mended approximation [8] for the linear thermal expan-

sion of Al in the temperature range 300–900 K is given by

DLAl=LAl
0 ¼ 1:8� 10�4 þ 2:364� 10�5ðT � 300Þ

þ 4:164� 10�9ðT � 300Þ2

þ 8:270� 10�12ðT � 300Þ3 ð1Þ

This thermal expansion is somewhat higher than that

of Al3Sc, which in turn means that the misfit between

the Al3Sc particles and the Al matrix decreases with
increasing temperature. The temperature dependent

misfit d(T) has been calculated from the linear thermal

expansion data in [7], and is reproduced by the solid line

in Fig. 1:

d00ðT Þ ¼
aAl3Sc 1þ ð16� 10�6ÞðT � 300Þ

� �

aAl 1þ DLAl

LAl
0

� � � 1 ð2Þ

It is, however, possible to refine this calculation

somewhat. Whereas the thermal expansion of Al3Sc is

expected to be only due to lattice expansion, there is a

significant contribution from vacancies on thermal

expansion of Al at high temperatures [9]. Thus, the tem-

perature effects on the misfit should be calculated from
the changes in lattice parameters rather than from the

linear thermal expansion.

The equilibrium concentration of vacancies may be

written on the form

cv ¼ eSv=Re�Hv=RT ð3Þ
where cv is the fraction of vacancies in the matrix, Sv

and Hv is the entropy and enthalpy of the formation

of vacancies, T is the temperature in K and R is the
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Fig. 1. Lattice mismatch between Al and Al3Sc as a function of

temperature. The solid line represents the calculation based on linear

thermal expansion data as given by Eq. (2), whereas the dotted line

represents a correction for vacancies as given by Eq. (4).
gas constant. The values of Sv and Hv are found to be

20 J/mol K and 73.2 kJ/mol, respectively.

By subtracting the vacancy effect on the thermal

expansion one achieves a temperature-dependent misfit

as represented by the dotted line in Fig. 1:

d0ðT Þ ¼
aAl3Sc 1þ ð16� 10�6ÞðT � 300Þ

� �

aAl 1þ DLAl

LAl
0

� cv
3

� � � 1 ð4Þ

A second correction that should be taken into ac-

count is the effect of Sc in solid solution on the lattice

parameter of the Al matrix. With increasing temperature
more Sc is brought into solid solution, and it is reported

that the lattice parameter of the Al matrix, presumably

measured at room temperature, increases linearly with

the Sc content in solid solution [10]. These data can be

used to calculate the effect on the lattice parameter at

elevated temperatures under the assumption that the rel-

ative increase in lattice parameter due to Sc in solid solu-

tion is independent on temperature. In [10] a figure is
presented which shows the measured lattice parameter

as a function of Sc content in solid solution, and a value

(da/dc)/a = 0.122 is reported, where a is the lattice

parameter of the Al matrix and c is the Sc content in

solid solution in at.%. This reported value for (da/dc)/

a is 100 times larger than what is indicated in the corre-

sponding figure. However, if c is taken to mean atomic

fraction rather than atomic percent, there is a good
match between the reported value and the correspond-

ing figure. Thus, in the present exercise the value for

(da/dc)/a of 0.122 is used with the understanding that

c represent atomic fraction.

It has been shown that the measured solvus line in the

binary Al–Sc system is well described by the regular

solution approximation [11,12]:

cSc ¼ eSSc=Re�HSc=RT ð5Þ
where cSc is the fraction of Sc atoms in solid solution in
the matrix, SSc andHSc is the entropy and enthalpy of Sc

in solid solution, T is the temperature in K and R is the

gas constant. In a recent work the values of SSc and HSc

were found to be 19 J/mol K and 65 kJ/mol, respectively

[12].

Combining these equations one obtains the following

expression for temperature dependent misfit:

dðT Þ ¼
aAl3Sc 1þ ð16� 10�6ÞðT � 300Þ

� �

aAlð1þ DLAl

LAl
0

� cv
3
Þð1þ 0:122� cScÞ

� 1 ð6Þ

The corrections for vacancies and Sc in solid solution
relatively to Equation (2) are shown in Fig. 2. These two

corrections are of approximately the same magnitude,

but with opposite signs. Thus, the resulting (net) correc-

tion as incorporated in Equation (6) is close to zero, and

it turns out that the first hand approximation of Equa-

tion (2) as applied by [7] is very good in this case.
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Fig. 3. Approximations for the temperature-dependent critical particle

diameter for the introduction of dislocations to the Al/Al3Sc interface.

The lower curve represents Eq. (7), whereas the upper curve represents

Eq. (11).
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Fig. 2. Corrections relative to Eq. (2) due to vacancies and to Al lattice

expansion from Sc in solid solution.
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3. Critical diameter for loss of coherency

When an Al3Sc particle grows it will sooner or later

reach a critical size where it will be energetically more

favourable to introduce an interface dislocation at the

Al/Al3Sc interface than to increase the matrix strain. A
simple approximation for the critical size can be derived

from the lattice parameters, assuming that the critical

size is reached when the misfit over the whole particle

diameter equals the burgers vector of the Al matrix:

dcrit ¼ b=d ð7Þ
where b is the burgers vector of Al and d is the misfit be-

tween Al and Al3Sc. This approximation yields a critical

diameter of approx. 21.5 nm at ambient temperature.

Applying the calculated temperature dependent misfit

d(T) from Equation (6) (and not forgetting that also b

is temperature dependent) with this simple approxima-

tion for a critical diameter for loss of coherency, one

gets a temperature dependent critical diameter as shown
by the lower curve in Fig. 3.

A more refined analysis on the transition from coher-

ent to incoherent particles has been performed in [13].

This analysis is based on the balance between the in-

crease in particle/matrix interface energy due to interfa-

cial dislocations and the relaxation in elastic energy due

to the same dislocations:

pd2
critrdisl ¼ pd3

critGd
2 ð1þ mÞ
3ð1� mÞ ð8Þ

where rdisl is the energy of a interface dislocation

network per unit area and G and m are the shear

modulus and the Poissons ratio of the Al matrix, respec-

tively. The energy of the dislocation network is ex-

pressed by
rdisl ¼
Gb
2p2

1þb�ð1þb2Þ1=2�b lnð2bð1þb2Þ1=2� 2b2Þ
h i

ð9Þ
where

b ¼ pd�

1� m
ð10Þ

in which d* is the decrease in lattice misfit when interfa-

cial dislocations are introduced.

This analysis as reported in [13] yields a predicted

critical diameter of 24.6 nm for transition from coherent
to semi-coherent particles at ambient temperature. The

temperature dependency of the critical diameter is not

treated in [13]. However, solving Equations (8) and (9)

for the critical diameter dcrit one gets

dcrit ¼
b

d2
3ð1� mÞ
2p2ð1þ mÞ 1þ b� ð1þ b2Þ1=2

h

�b lnð2bð1þ b2Þ1=2 � 2b2Þ
i

ð11Þ

and from the temperature dependencies on b and d as

discussed above, one gets a temperature dependent crit-

ical diameter as shown by the upper curve in Fig. 3.
The analysis of [13] is based on the following simpli-

fications [14]:

1. The precipitate and the matrix have the same crystal

structure and the same elastic constants (G and m).
2. The interface between the precipitate and the matrix

is planar.

It should thus be possible to further refine this anal-

ysis by evaluating whether taking the measured elastic

constant of Al3Sc [15] and the spherical interface into

account has any impact on the predicted critical



Table 1

Some reported critical diameters for coherency loss in binary Al–Sc

Reference dcrit
[nm]

C0
Sc

[wt.%Sc]

Ttrans

[�C]
dcrit
Eq. (7)

[nm]

dcrit
Eq. (11)

[nm]

Drits �83 [16] 38–40 0.5

Berezina �90 [17] 28–30 0.3 400 30.8 38.0

Riddle �00 [18] >32 0.2 400, 450 30.8, 33.5 38.0, 42.3

Riddle �01 [19] 50 0.2

Jones �01 [20] 40 0.12, 0.25

Jones �03 [21] 40 0.25 450–500 33.5–37 42.3–48.0

Marquis �01 [2] 40 0.3 400, 450 30.8, 33.5 38.0, 42.3

Iwamura �02 [13] 40 0.2 400–460 30.8–34.1 38.0–43.3

Watanabe �04 [22] 40 0.28 400–450 30.8–33.5 38.0–42.3
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diameter. A further refinement should also look into the

temperature dependency on the elastic constants.

Some examples from the literature of experimentally

observed critical diameters in binary Al–Sc alloys

[2,13,16–22] are summarized in Table 1, along with some

predictions for critical diameters from Equation (7) and

Equation (11) (Fig. 3). There is a fairly good consistency

between the observations, and the measured diameter is
quite close to the simple predictions above. Taking the

temperature dependency of the misfit into account

clearly improves the theoretical predictions.
4. Misfit dislocations

One should keep in mind that the discussion above

only considers for what particle sizes it is energetically

favourable to introduce misfit dislocations to the parti-
cle/matrix interface, whereas the origin of such disloca-

tions has not been treated. There are several possible

origins of misfit dislocations:

1. A possible formation mechanism of misfit disloca-

tions, referred to as prismatic punching of dislocation

loops, is discussed in the literature [23]. Such a mech-

anism requires large stresses at the particle/matrix
interface. The maximum stress at the interface is only

depending on the precipitate misfit d, not on the pre-

cipitate size. It has been suggested that misfits in

excess of approx. 0.1 is necessary for this mechanism

to operate [24], which is an order of magnitude higher

than the misfit of Al/Al3Sc.

2. Another possibility of formation of misfit disloca-

tions is through the accumulation of vacancies on
the particle/matrix interface. Computer simulations

have shown that vacancies at the interface may

reduce the lattice strain [25], and it is suggested that

collapsing vacancy clusters may form misfit disloca-

tions [26].

3. Formation of dislocation loops inside particles has

been observed [26].

4. Matrix dislocations in the vicinity of the precipi-
tates.
Observations in [13] indicate that misfit dislocations at

Al/Al3Sc interfaces may form without the participation

of matrix dislocations. It could be worthwhile to do some

experimental work in order to determine the mechanism
of formation of misfit dislocations in Al–Sc alloys. This

would improve the understanding of the precipitation

behaviour, not only in Sc-containing Al alloys but in

all alloys containing coherent precipitates.
5. Conclusions

The attempt of refining the calculation of the temper-

ature dependent misfit between Al and Al3Sc lead to

only negligible corrections.

It is shown that by taking the temperature dependent

misfit into account, there is a much better match be-

tween calculated values and observed values of critical

particle diameter for loss of coherency.
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