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Abstract 

The precipitation kinetics of AI3Sc phases in Al-0.090at.%Sc and AI-0.15at.%Sc alloys were investigated in the aging 
temperature range from 533 to 733 K mainly by electrical resistivity measurements. The average Sc concentration cs, of 
the AI-rich matrix was calculated from the value of the resistivity. The results of aging time dependence of cs,. and fraction 
of solute transformed were analysed from the viewpoint of time scaling, the Johnson-MehI-Avrami equation and the 
Ostwald ripening theory. The rapid growth stage of the AI.~Sc phases was successfully scaled and nearly characterized by 
the model of diffusion-controlled growth of a fixed number of particles. The solid solubilities of Sc in aluminium from 
733 K down to 643 K were estimated by the analysis of cs~ of the AI-rich matrix during the Ostwald ripening of the AI ~Sc 
precipitates. 

1. Introduction 

It is well known that transition metals have a small 
solid solubility and a low diffusivity in aluminium, but a 
small amount of transition metal exerts a pronounced 
influence on the structure and properties of pure 
aluminium and of Al alloys. 

Recently, it has been noted that scandium, whose 
maximum solid solubility in aluminium is 0.21 at.% ]1, 
2], produces an excellent age-hardening effect in Al-Sc 
alloys [3]. The maximum net increase A O0.z/A c in yield 
stress after aging subtracted from that in the as- 
quenched state per unit concentration in AI-Sc alloys 
has the second-highest magnitude, about 1 GPa at.% 
[3] of all A1 alloys; the value of Aoo.2/Ac for an 
Al-0.027at.%Au alloy has the highest magnitude, 
about 2 GMPa at.% [4] and the values of A o0.2/A c in 
the usual age-hardenable alloys are below 200 MPa 
at.% [3]. Moreover, the addition of Sc to other Al alloys 
introduces superplastic behaviour and a higher 
strength level with higher ductility [5, 6]. The source of 
this interesting behaviour is the presence of very fine 
equilibrium A13Sc precipitates which exist with coher- 
ency strain in an ordered L12 structure. On the 
contrary, the development of Al-based age-hardenable 
alloys for high temperatures is generally limited by the 

non-equilibrium nature of the Guinier-Preston (GPI 
zones and intermediate precipitates. One possible 
method of overcoming the difficulties is to use an 
alloying addition in which the precipitate is either 
coherent or semicoherent in its equilibrium structure. 
Therefore it is very important to investigate the 
kinetics of precipitation of the equilibrium phase in 
AI-Sc alloys, but detailed studies have not yet been 
reported. 

Generally, the resistivity of an aged dilute alloy can 
be converted into the average concentration of solute 
in the matrix when the size and volume fraction of 
precipitates are sufficiently large and low respectively 
and the deviation [7] from Mattiessen's rule is negli- 
gibly small. 

In the present work, the precipitation kinetics in 
AI-Sc alloys were investigated in detail by converting 
the value of the resistivity into the average Sc concen- 
tration Csc of the Al-rich matrix. Moreover, the solid 
solubility for Sc in alumimum at temperatures lower 
than 733 K was estimated by the analysis of Cs~, which 
is associated with the Ostwald ripening process of the 
precipitates. This method is very effective for the 
determination of solid solubilities at lower tempera- 
tures where traditional methods cannot be used 
because of the low diffusion rate of solute. This idea 
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has been successfully applied to studies of the precipi- 
tation kinetics of and determination of solid solubilities 
in AI-Li [8], AI-Si [9] and AI-Ge alloys [10] by Fuji- 
kawa et al. 

2. Experimental procedures 

2.1. Sample preparation 
The AI-Sc master alloy containing 2.1 mass% was 

prepared by melting 99.9996 mass% AI in a high 
purity alumina crucible and then adding 99.9 mass% Sc 
wrapped in high purity AI foil in an atmosphere of pure 
argon. The melt was thoroughly stirred before pouring 
and was cast into a pre-heated iron mould. The AI-Sc 
alloys of desired composition were prepared by dilu- 
tion of the master alloys with high purity AI. The ingots 
20 mm in diameter were homogenized at 573 K for 
7 ks and formed into wires of 0.5 mm diameter by cold 
swaging and drawing. According to the result of the 
chemical analysis, the concentrations of Sc and im- 
purities were as follows: 0.10 mass% (0.060 at.%), 0.15 
mass% (0.090 at.%), 0.20 mass% (0.12 at.%) and 0.25 
mass% (0.15 at.%) Sc; 0.006 mass% Mg, 0.004 mass% 
Fe, 0.001 mass% Cu and 0.001 mass% Si. 

well-polished surface of the disc-shaped specimens 
with a diamond square-based pyramid under a load of 
0.5 kgf for a period of 20 s. The measurements were 
repeated eight times and the mean value was calcu- 
lated. 

2. 4. Transmission electron microscopy 
Strips of specimens were cold rolled to 0.2 mm in 

thickness, allowing thinning for transmission electron 
microscopy (TEM). The samples for TEM were pre- 
pared by twin-jet polishing in an electrolyte solution 
consisting of 90% nitric acid and 10% water. TEM was 
carried out using an electron microscope of the JEOL- 
200 B type. 

3. Results 

3. I. Hardness change 
Figures 1 and 2 show the hardness change plotted as 

a function of aging time for the AI-0.15at.%Sc and 
AI-0.090at.%Sc alloys respectively. A maximum like a 
plateau was observed. The maximum hardness and the 

2.2. Electrical resistivity measurement and thermal s o 
treatment 7 0 

The specimen for the resistivity measurement was > 6 o  

mounted on a quartz specimen holder. The high purity ~ so 
AI wires of 0.5 mm diameter were spot welded to the m 40 
specimens as potential leads. The distance between the ~ 

c 3O potential leads on the specimen was about 0.4 m. Both ~ 20 
ends of the specimen itself were used as current leads. 
The resistivity was measured at 77 K by the four-probe -r 10 
method using a precision potentiometer and a standard 0 
resistance (0.1 f2 ). The measurements were repeated 
about ten times to obtain one data point, reversing the 
current direction to eliminate the stray electromotive Fig. 
forces. Correction for the liquid-nitrogen temperature 
was made with a dummy specimen. The distance 
between potential leads was measured using a preci- 
sion scale. The diameter of the specimen was measured 
at different positions and the average value was evalu- 
ated. From these results the specific electrical resistivity 
was calculated. The resistivity was determined to an 
accuracy of 2 part in 10 3. The specimens were 
homogenized in air at 913 K for 3.6 ks in a horizontal 
furnace and quenched into iced water. The quenched 
alloys were isothermally aged at various temperatures 
between 533 and 733 K. Aging was carried out in an 
electrical furnace in air. 

2.3. Hardness measurement 
Microhardness tests were carried out using the 

Vickers method. The indentation was made on the 
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Fig. 2. Age-hardening curves for the AI-0.090at.%Sc alloys. 
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aging time taken to reach the maximum hardness 
depended greatly on the aging temperature and Sc 
concentration. The maximum hardness Hv m~X and the 
time taken to reach the maximum hardness were 
smaller and longer respectively with decrease in Sc 
concentration. The highest H v  max w a s  obtained after 
aging at 573 K. This aging temperature is much higher 
than in usual age-hardenable AI alloys. According to 
the results of Dritz et al. [3], the age hardening in AI-Sc 
alloys was scarcely observed after aging even for a long 
time at lower temperatures than 473 K. On the 
contrary, for dilute AI-Au alloys [4], value of Hv max 
was obtained after aging at 393 K. This difference 
between the characteristics of age hardening of the two 
alloys can be attributed to the difference between the 
diffusion rates of these solutes and the mechanism of 
age hardening. Another prominent feature of the age 
hardening of AI-Sc alloys is the high degree of resis- 
tance to softening and the high hardness level retained 
for a long aging time, as shown in Figs. 1 and 2. This 
suggests that the coherency of the precipitates is fairly 
stable as would be expected from the fact that they are 
in their equilibrium state and the diffusion rate of Sc in 
aluminium is low [1 1 ]. 

, e - u  j ? T  o ~.  * ., 

, t  

Q 

3.2. Transmission electron microscopy 
Figure 3(a) shows the typical microstructure of the 

aged A1-0.15at.%Sc alloy. This specimen was aged at 
573 K for 600 ks, corresponding to the overaging stage 
shown in Fig. 1. Very fine precipitates are homogene- 
ously dispersed in the matrix. Figure 3(b) shows the 
electron diffraction pattern of the same specimen used 
in Fig. 3(a). Strong superlattice reflections were 
observed. It was recognized from Fig. 3 that the pre- 
cipitates are the AI3Sc phase with the LI 2 structure. 
Figure 3(a) shows the coffee-bean-like strain contrast 
explained by the Ashby-Brown [12] model; a large 
coherency strain exists near the precipitates. Similar 
phenomena have been reported for the equilibrium 
precipitates in Cu-Co alloys [ 13]. The large coherency 
strain is attributed to the large difference between the 
lattice parameters of the AI3Sc phase and AI matrix 
and is the origin of the large degree of age hardening in 
AI-Sc alloys. Figure 3(a) shows that the coherency 
strain is still maintained after aging for a longer aging 
time; hence the stable coherency is one cause of the 
small softening as opposed to overaging. 

3.3. Resistivity change 
Figures 4 and 5 show the resistivity plotted as a 

function of aging time for the AI-0.15at.%Sc and 
AI-0.090at.% Sc alloys respectively. The resistivity 
decreases with increase in the aging time. The decrease 
corresponds to the decrease in Csc in the Al-rich matrix 

Fig. 3. (a) Dark field transmission electron micrograph of AI~Sc 
particles in the AI-0.15at.%Sc alloy aged at 573 K for 600 ks 
and (b)(001)-orientcd electron diffraction pattern from the 
AI~Sc particles. 

owing to the nucleation and growth of AI3Sc precipi- 
tates. The change in the resistivity shown in Figs. 4 and 
5 can be roughly divided into three stages in view of the 
precipitation process: an early stage with an incubation 
period, a rapid growth stage, and a gradual growth 
stage with the Ostwald ripening process. The early 
stage was very short in the AI-0.15at.%Sc alloy and 
was clearly observed in the AI-0.090at.%Sc alloy. The 
end time tF of the rapid growth stage, as shown in Fig. 
4, was shorter with increases in aging temperature and 
Sc concentration. Figure 6 shows the concentration 
dependence of the difference between the resistivities 
of the AI-Sc solid solution and the resistivity (2.297 
nQ m) of pure aluminium obtained in the present work 
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Fig. 5. Resistivity plotted against aging 
AI-0.090at.%Sc alloys. 

time for the 

in comparison with the result of Fujikawa et al. [2]. The 
data in the present work were in good agreement with 
the result reported by Fujikawa et al. Figure 6 shows 
that the resistivity increment is linearly proportional to 
the Sc concentration over a wide range of concentra- 
tions. Generally, in determining the average solute 
concentration in the matrix from the resistivity of aged 
specimens, it is necessary that the magnitude A( T, c) of 
the deviation [7] from Mattiessen's rule is negligibly 
small, the contribution to resistivity from precipitates 
can be ignored, and the resistivity increment must be 
linearly proportional to solute concentration in the 
matrix. The value of A( T, c) for the AI-Sc alloy is not 
yet known. However, as shown in Fig. 6, the resistivity 
increment caused by Sc atoms in the solid solution is 
linearly proportional to the Sc concentration and the 
straight line determined by the least-squares method 
passes through the origin; hence, the value of A( T, c) is 
negligibly small. The average size of AI3Sc particles, 

except in the early stage of the present work, was larger 
than 10 nm according to electron microscopy studies 
in the present work and by other workers [3, 14], and 
the volume fraction of the AI3Sc precipitates is, of 
course, very low because it is a dilute alloy; therefore, 
the distance between the AI3Sc precipitates was suffi- 
ciently large in comparison with the mean free path of 
an electron in aluminium. Figure 4 in ref. 2 shows that 
the resistivity hardly depends on the Sc concentration 
beyond the solid solubility; consequently, the contribu- 
tion to the resistivity from the AI3Sc precipitates can be 
neglected in the resistivity of the AI-Sc alloys. These 
results furnish a satisfactory basis for our analytical 
method used to measure the average Sc concentration 
in the matrix. The value of 34 nfl  m at.°/o - ~ deter- 
mined by Fujikawa et al. [2], shown in Fig. 6, was used 
in the present work as the resistivity increment A p / A  c 
per atomic per cent of Sc in the solid solution of the 
A1-Sc alloys. The value is in good agreement with the 
value of 35 nff2 m at.%-i obtained by Ocko et al. [15]. 
Moreover, some influence of lattice strain due to the 
coherent AI3Sc precipitates is possible, but in the 
present work this was neglected. Figures 7 and 8 show 
the time variation in the average Sc concentration of 
the AI matrix calculated using the results shown in 
Figs. 4 and 5 and the value of A p / A c ,  indicating that 
the precipitation rate in the AI-0.090at.%Sc alloy is 
slower than that in the AI-0.15at.%Sc alloy owing to 
the low supersaturation of the solute. 

4 .  D i s c u s s i o n  

4.1. Precipitation process in A I - S c  alloys 
Evidence of the existence of GP zones and any 

metastable precipitates, except equilibrium AlaSc 
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Fig. 7. Average Sc concentration in the matrix against aging time 
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Fig. 8. Average Sc concentration in the matrix against aging time 
for the AI-0.090at.%Sc alloys. 

precipitates, were not obtained by TEM in the present 
work and other studies [3, 14], by field ion microscopy 
(FIM) [16] and by the resistivity measurements in the 
present work. The AI3Sc phases and ordering observed 
in AI-Li alloys were not found in the as-quenched 
state. The precipitation process in the AI-Sc alloys is 
comparatively simple. However, interestingly the equi- 
librium spherical AI3Sc phases maintain a large coher- 
ency strain for a long aging time according to the TEM 
results of the present work and other studies [3, 14j 
and to FIM [16]; the large amount of age hardening 
originates in the coherency strain. Non-coherent AI3Sc 
phases were expected to precipitate from the beginning 
of aging above the critical aging temperature from the 
results of hardness and resistivity measurements. 
Figure 9 shows the time tt;. o.5 and tz in AI-0.15at.%Sc 
and AI-0.090at.%Sc alloys plotted against the recip- 
rocal of aging temperature, where te=o.5 is the time 
taken to reach the stage where half the fraction of 

atoms are transformed as described in Section 4.2 and 
t E is the end time of the rapid growth stage described in 
Section 3.3. This plot gives the so-called C curves in 
the AI-0.15at.%Sc alloy and cannot be expressed by a 
single straight line over a wide range of aging tempera- 
tures; the C curves consist of two branches interpene- 
trating each other. The result can be explained by 
supposing that the upper branch represents the non- 
coherent AI3Sc precipitates and the lower branch 
represents the coherent AI3Sc precipitates. Corre- 
sponding to this result, at aging temperatures higher 
than 643 K, the magnitude of the age hardening was 
smaller and the softening due to overaging was larger 
than that at lower aging temperatures. However, the 
question arises whether the coherent AI3Sc phase must 
be distinguished from the non-coherent AI.~Sc phase or 
not as different phases. Figure 9 shows also that the 
reaction rate in the AI-0.090at.% Sc alloy is much 
lower than that in the AI-0.15at.%Sc alloy. 

4.2. 7"he Ostwald ripening oj'Al~&" precipitates and 
the solid solubUity of  So in aluminium 

According to the often adopted Lifshitz- 
Slyozov-Wagner (LSW) theory [17, 18] and the LSW 
theory of diffusion-controlled coarsening modified by 
Ardell [ 19, 20], the average concentration c of solute in 
the matrix during coarsening of precipitates varies 
asymptotically with aging time t as 

c-c~,=(~t)  -''.~ (1) 

where G is the equilibrium concentration of solute in 
equilibrium with a precipitate of infinite size and the 
rate constant ~c is given by 

D(RT)2 (2) 
7¢ = 9 0 2 e  2 Vm 

where D is nearly equal to the diffusivity of solute in 
the matrix, RT has its usual meaning, o is the inter- 
facial free energy of the precipitate-matrix interface 
and V m is the molar volume of the precipitate particle. 
If the experimentally determined values of c are plotted 
as a function of t- 1;3, a linear relationship should exist at 
sufficiently long aging times, and the equilibrium 
concentration c c can be obtained directly by extrapola- 
tion to t-~,,3 =0  (t = co). Figure 10 shows the time var- 
iation in Cs~ from Fig. 7 in the stage corresponding to 
the Ostwald ripening of the AI3Sc precipitates in the 
AI-0.15at.%Sc alloy, where the mean radius of the 
AI3Sc particles is proportional t o  t 1/3, according to 
electron microscopy results [3, 16, 21]. The experi- 
mentally measured values of c in mole per cubic metre 
(lO-ZpWs~Ms~) are plotted against t -U3 in Fig. 10, 
where p = 2700 kg m-3 is the density of the solid solu- 
tion, and Wsc and Ms,. are the Sc concentration in mass 
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per cent and the molar mass of Sc respectively. The 
values of ce were determined using the least-squares 
method. The  values of c~ and r are shown in Table 1. 
The rate constant obtained from the coarsening data in 
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Fig. 9. C curves obtained from the time tF = 0.5 and the end time 
t E of rapid growth in the Al-0.15at.%Sc and AI-0.090at.%Sc 
alloys. 
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Fig. 10. Variation in average Sc concentration of the Al-rich 
matrix as a function of t- ~/3 during the coarsening of the Al3Sc 
precipitates in the Al-0.15at.%Sc alloys. The value of ce, 
obtained by extrapolation of t- t/3, is indicated. 

Fig. 10 can be used to calculate the value of o, pro- 
vided that the solute diffusion data are known. The 
value of o was determined in the present work using 
the experimental values of r and the impurity diffusiv- 
ity of Sc in A1 [11] using eqn. (2)• Then the molar 
volume of the AI3Sc precipitates was calculated from 
the relationship Vm--Na 3, where N is Avogadro's 
number and a ( = 0.4105 nm [22]) is the lattice constant 
of the unit cell of AI3Sc. The value of V m is thus 
4.17 x 10 -5 m 3 mol-~. We calculated the value of D in 
eqn. (2) using the values of D O and Q for the impurity 
diffusion of Sc in aluminium [11]. The calculated 
values of a are given in Table 1. The values of tr range 
from 40 to 60 rrd m-2; the magnitude for the AI3Sc 
phases is smaller than that [9] for the equilibrium non- 
coherent Si precipitates in A1-Si alloys and larger than 
that [19] for the intermediate coherent ),' phases with 
the L12 structure in Ni-AI alloys; hence, the values for 
the AI3Sc phase are reasonably small. 

Thermodynamically, for a dilute solid solution, the 
variation in solid solubility with temperature is given by 

where C is the solid solubility in atomic per cent, A S is 
the excess entropy of mixing, A H is the heat of mixing 
and R T  has its usual meaning. Figure 11 shows the 
logarithm of the values of c e in the present work as a 
function of the reciprocal temperature, in comparison 
with the solid solubilities of Sc in aluminium deter- 
mined by Fujikawa et al. [2] and Dritz et al. [23]. Apply- 
ing the result of the present work in Fig. 11 to eqn. (3), 
the values of A S / R  and A H were calculated by the 
least-squares method to be 6.57 and 62.8 kJ mol-  
respectively. The results were in good agreement with 
the values obtained by Fujikawa et al. ( A S / R = 6 . 0 2  
and A H  = 58.5 kJ mol-a). The extrapolated solubility 
line of the present work, as shown in Fig. 11, agrees 
well with the solid solubilities above 833 K by 
Fujikawa et al. 

TABLE 1. Values of the rate constant r, the equilibrium solid solubility c e and the interracial free energy determined from coarsening 
data for Al-Sc alloys 

T c e r D* o 
(K) (mol  m -  3 (at.%)) (m 9 m - 3 S- 1) (m 2 s -  1) (J m -  2) 

733 22.4 (2.24 x 10-2) 1.50 x 10-6 1.30 x 10-t7 4.13 x 10 -2 
703 15.2 (1.52 × 10- 2) 1.72 x 10-7 1.74 × 10-18 6.32 × 10-2 
673 11.8 (1.18 × 10 -2) 3.97 × 10 -8 1.95 × 10-19 5.42 × 10 -2 
643 4.97 (4.97 × 10 -3) 

aThe diffusivity D was calculated using the values of D O and Q for the impurity diffusion of Sc in aluminium obtained by Fujikawa 
etal. [11]. 
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4.3. Kinetics and scaling of  precipitation in A l -Sc  
alloys 

Here, we have calculated the fraction F of solute 
transformed by time t using the results shown in Figs. 7 
and 8 and thereby discussed the kinetics of precipita- 
tion in the AI-0.15at.%Sc and AI-0.090at.%Sc alloys. 
F is expressed by the following equation: 

F -  c, ,-c,  (4) 
( ' ( I  - -  C c  

where c~j is the concentration of solute in solution at 
zero aging time, c t is the concentration at aging time t, 
and c~ is the equilibrium concentration. The values of 
c~ at 643, 673, 703 and 733 K were given by the 
results in Table 1 and the values at other temperatures 
below 623 K were calculated using eqn. (3) and the 
values of A S / R  and A H  from the present work. 
Figures 12 and 13 show the aging time dependence of 
F calculated in this way for the Al-0.15at.%Sc and 
AI-0.090at.%Sc alloys respectively. Most of the results 
gave sigmoidal curves for F against aging time, where 
the value of F increases slowly at first, then much 
more rapidly and finally slowly again. For the 
AI-0.090at.%Sc alloys, the three stages were clearly 
observed at all aging temperatures. On the contrary, for 
the Al-0.15at.%Sc alloys, the reaction rate was very 
large owing to the higher supersaturation of solute; for 
aging temperatures higher than 623 K, at short aging 
times more than 80% of transformation was finished 
and it was difficult to detect the three stages. The time 
taken to reach F=0 .5  in Al-0.15at.% Sc has already 
been plotted against the reciprocal aging temperature 
in Fig. 9. 
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Fig. 11. Comparison of c~ obtained in the present work with the 
solid solubilities of Sc in aluminium obtained by other workers. 

It is very important to investigate the scaling prop- 
erties using a normalizing parameter for the kinetics of 
phase decomposition and to find the universal law of 
self-similar evolution of the decomposition process 
[24]. There are generally two aspects to the scaling of 
phase decomposition. One is structural scaling, which 
has been investigated mainly by small-angle X-ray and 
neutron scattering, and where the configuration of the 
particle distribution remains the same except for the 
aging-time-dependent characteristic scaling length. 
The second is time scaling, from which a universal time 
scale may be deduced to evaluate the precipitation 
kinetics, independently of aging time, aging tempera- 
ture and composition. In the present work, the aging 
time was normalized by an appropriate time, and time 
scaling was investigated. Figures 14 and 15 show the 
time scaling of the results shown in Figs. 12 and 13. The 
aging time was normalized by the time taken to reach 
F=  0.5. The value of F itself can also be said to be the 
magnitude obtained by scaling the solute concentra- 
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tion. It is noted that the values of F in the initial stage 
and the rapid stage at temperatures below 673 K and 
the values in all the stages at temperatures above 673 K 
fall on one master curve; hence, the early stage and the 
rapid growth stage are excellently scaled, independent 
of aging time, aging temperature and Sc content. 
Consequently, the decomposition at the early stage and 
the rapid growth stage of precipitation in the AI-Sc 
alloys can be controlled by the universal law, indepen- 
dent of aging temperature, aging time and solute con- 
centration. However, the gradual stage with the 
Ostwald ripening process at temperatures below 643 K 
did not conform to this time scaling. The reason has 
not been clear in the present work. The scaled curves 
are compared in Figs. 14 and 15 with the following 
scaling function: 

y = 1 - e x p ( - x  LS) (5) 

y = 1 - exp( - x  2'°) (6) 

Although some discrepancy between the experi- 
mentally scaled curve and eqn. (5) or eqn. (6) was 
observed, the scaled curves may be approximated by 
eqn. (5) or eqn. (6) in the region where F is below about 
0.8. In the present work, the best scaling function over 
the whole range of F could not be found. Equation (5) 
and eqn. (6) are similar to the Johnson-Mehl-Avrami 
(JMA) relation [25, 26] for three-dimensional nuclea- 
tion and growth as follows: 

F =  1 - exp( - kl ' )  (7) 

where t is the time, and k and n are constants; k corre- 
sponds to the so-called rate constant and has the 
dimensions of (time)-'. Avrami [26] pointed out that, if 
one plots F against log t, all the curves with the same 
value of n will have the same shape and will differ only 
in the value of k, which is equivalent to a change in k, 
corresponding to a change in scale. Here, we analysed 
the results shown in Figs. 12 and 13 by the JMA rela- 
tion. When eqn. (7) is applied to the result of precipita- 
tion, a straight-line relation with the slope n should be 
found in the maximum observable experimental range 
of reaction. Therefore, by plotting log{log[I/(1- F)]} 
against log t, one can obtain the time exponent n. 
Figures 16 and 17 show the log{log[I/(1 - F )]} vs. log t 
plots for the AI-0.15at.%Sc and AI-0.090at.%Sc 
alloys respectively. The existence of a straight-line 
relation was observed in the rapid growth stage. The 
JMA exponent n below 643 K is close to ~ for the 
AI-0.15at.%Sc and A1-0.090at.% Sc alloys, which 
means the growth of a fixed number of particles [27]. 
Since the reaction rate at aging temperatures above 
673 K for the AI-0.15at.%Sc alloy was very large, a 
few data were obtained for F of the rapid growth stage; 
the data correspond to the stage of deviation from the 
JMA relation at aging temperatures below 643 K, and 
therefore the values of n and k were not calculated in 
the present work. 

4.4. Activation energy for precipitation 
Figure 18 shows the Arrhenius plots of t r .  0.5 of the 

linear part for the AI-0.15at.%Sc alloys in Fig. 9. The 
apparent activation energy was determined from the 
straight-line relationship between the time taken to 
reach F=  0.5 and the reciprocal of absolute tempera- 
ture using the following equation: 

exp( ) ,8, 

where k, is a constant. The values of Q obtained are 
given in Table 2. No difference between Q for the 
upper branch and Q for the lower branch was 
observed. The value was much smaller than the activa- 
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TABLE 2. Apparent activation energy for precipitation in 
AI-0.15at.%Sc and AI-0.090at.%Sc alloys 

Sc Q (kJ mol-  1) 
concentration 
(at.%) 643-733  K 533-573 K 553-643 K 

0.15 124 a 124 a 169 b 
0.090 124 ° 

aThis value was determined from the temperature dependence of 
the time taken to reach the stage where half the fraction of atoms 
is transformed. 
bThis value was determined from the temperature dependence 
of the rate constant k in the JMA relation. 
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reciprocal aging temperature for the AI-0.15at.%Sc alloys. 

tion energy (217-286  kJ mol- ') [1 l] for impurity diffu- 
sion of Sc and other transition metals in aluminium. 
Moreover, from the stage where the JMA relation is 
valid, the value of Q can be determined from the tem- 
perature dependence of the rate constant k: 

k=k2 exp(- ~T ) (9) 
where k 2 is a constant. Figure 19 shows the Arrhenius 
plots of the rate constant k in the JMA relation for the 
AI-0.15at.%Sc and AI-0.090at.%Sc alloys. The values 
of Q obtained using eqn. (9) are given in Table 2. The 
values were also smaller than the activation energy for 
impurity diffusion of Sc and other transition metals in 
aluminium. A possible explanation of the disagreement 
between the activation energies of diffusion and pre- 
cipitation may be the high excess vacancy concentra- 
tion after quenching because a strong attraction 
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between Sc atoms and vacancies was expected [28-30]; 
the activation energy for precipitation corresponds to 
the migration energy of a Sc atom in AI-Sc alloys. 
Another explanation could be the easy formation and 
high dispersion of AI3Sc precipitates because of their 
coherency and low interfacial energy of the precipi- 
tate-Al matrix interface. 

5. Conclusions 

impurity diffusion of Sc and other transition metals in 
aluminium. 
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(1) The precipitation process and kinetics in 
AI-0.090at.%Sc and AI-0.15at.%Sc alloys were inves- 
tigated by resistivity and hardness measurements, and 
TEM. 

(2) It was found that the equilibrium AI3Sc phases 
with the L12 structure precipitate homogeneously 
without the formation of any other metastable phases. 
The AI3Sc phases maintained coherency with the 
matrix for a long aging time. 

(3) The average Sc concentration Cs~ of the Al-rich 
matrix at aging time t was calculated from the resistivity 
results. The curve of Cs¢ vs. log t consists of an early 
stage with an incubation period, a rapid growth stage, 
and a later stage with the Ostwald ripening process. 
The concentration c¢ of the solute, in equilibrium with 
the Ai3Sc particles of infinite size, corresponding to 
solid solubility, was determined by extrapolating the Cs¢ 
vs. t-~/3 plots in the Ostwald ripening stage to infinite 
time as follows: 4.97 × 10 -3 at.% at 643 K, 1.18 x 10 -2 
at.% at 673K, 1 .52x10 -2 at.% at 703K and 
2 .24x10 -2 at.% at 733K. From the temperature 
dependence of the solid solubilities, the excess entropy 
of mixing and heat of mixing associated with the forma- 
tion of a solid solution of Sc in aluminium were calcu- 
lated to be 6.57 R and 62.8 kJ tool- ~, respectively. 

(4) The fraction F of atoms transformed at different 
aging times was calculated from the values of Cs~ and c~. 
The curve of F vs. log t was analysed from the view- 
point of the time scaling and the Johnson-Mehl plot. It 
is found that most stages can be clearly scaled by one 
master curve. The JMA exponent n was nearly equal to 

in the rapid growth stage at aging temperatures lower 
than 643 K, corresponding to the model of diffusion- 
controlled growth of a fixed number of particles. 

(5) The interfacial free energy of AI3Sc was deter- 
mined from the values of ce, the rate constant ~c in the 
equation c -  c e = (xt)-~/3 in the Ostwald ripening stage 
and the impurity diffusivity of Sc in aluminium by 
Fujikawa et  al. 

(6) The activation energies for the precipitation of 
A13Sc were determined by the temperature depen- 
dence of two kinetic parameters, showing that the 
values were smaller than the activation energy for 
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