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Effect of Sc on the precipitation behavior of AI3Li was studied in an AI-Li-Sc alloy, with 
::>articular emphasis on the coprecipitation of AI3Li and AI3Sc phases. The main results are ; 
~ I) The present ternary alloy is strengthened by the adoption of the two-step aging, first aging at 
573K and second aging at 473K, due to the coprecipitation of AbSc and AI3Li phases. 
(2) when simply aged at 473K, growth rate of AI3Sc particles is negligibly small and that of 
AI3Li is apparently retarded by the presence of Sc. But, (3) when aged at 473K , after preaging 
at 673K to the overaged state, AbU phase tends to grow around the pre-existing spherical 
AbSc phase, thus forming composite particles, with AbSc in the core surrounded by AI3Li. 
The formation of the composite particles seems to require a critical size for the AI3Sc core. 
Mechanism of formation of the composite particles is discussed on the basis of the experimental 
results. 

Introduction 

Both lithium(Li) and scandium(Sc) are light elements, and form a LlrAbX intermetallic 
compound with aluminum. These intermetallics occur from supersaturated solid solutions and 
contribute to the hardening of the alloys. The precipitation characteristics in each binary system, 
AI-Li and AI-Sc, have been considerably studied by the previous authors[I]-[3]. But, the case of 
ternary AI-Li-Sc alloys has scarcely been studied[4][5]. In the present work, effect of addition of 
a small amount of Sc on the age hardening and precipitation behaviors in AI-Li alloy is studied. 
Stress is on the role of coprecipitation of AI3Li and AI3Sc phases. Mechanism of the formation 
of the composite particles is also discussed on the basis of the experimental results. 

Experimental procedure 

A 3mm thick sheet of a ternary alloy with a composition AI-2.4mass%Li-0.19mass%Sc was 
prepared from the ingots of each constituent element by melting and casting, followed by hot
rolling and final cold rolling. Cold rolled sheets of binary alloys, AI-0.24mass%Sc and AI-
2.6ma~s%Li, were also prepared by the similar method. The rolled sheets were sectioned into 
into rectangular pieces for heat treatment. Dimension of the specimen pieces is 3x3x6mm3. The 
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specimens were solution treated in an argon atmosphere and quenched into cold water. 
The quenched specimens were aged at 673K orland 473K for various periods of time. For the 
ternary alloy, effect of two-step aging (first aging at 673K and second aging at 473K) on thc 
precipitation charactcristics was also studicd. Hardness tests were carried out using a micro 
Vickcrs hardness tester. Foils for transmission electron microscopy were prepared by the 
electrolytic jet polishing technique using a 20%HClO,ymethanol solution. Electron microscopes 
utilized arc JEM-200CX and JEM-2000FX operated at 200kV. Size of the precipitates at each 
aging condition were measured on dark field electron micrographs. 

Agc-hardening behavior 

Figure 1 and 2 show hardness change during aging at 473K and at 673K, respectively, for the 
ternary alloy and the binary alloys. At 473K, there are not much difference in age-hardening 
behavior between the Al-Li-Sc ternary alloy and the Al-Li binary alloy. No substantial 
hardening is observed in the binary Al-Sc alloy even after a prolonged aging. At 673K, the 
ternary alloy and thc binary Al-Sc alloy show age-hardening curves of similar shape, except 
that hardncss curve of the ternary alloy is shifted upward by a considerable amount. On the 
other hand, the Al-Li binary alloy shows no appreciable age-hardening. Figure 3 shows the 
hardness change by the two-step aging for the ternary alloy, together with the curves for 473K 
and 673K which arc ineluded in Fig. 1 and Fig.2. In the two-step aging, the specimens were 
aged at 673K for 3.2xl()3s or for l06s at first, and then aged at 473K. Hardness of the ternary 
alloy is considerably higher in two-step aging than in one-step aging at 473K or at 673K, 
regardless of aging time. It is also higher than those hardness of the binary alloys aged either at 
473K or 673K. 
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Fig. 1 Age-hardening curves for the binary 
alloys and ternary alloy. (473K) 
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Fig.2 Age-hardening curves for the binary 
alloys and ternary alloy. (673K) 



)f AhLi particles 

l shows I 10 dark fi e ld elec tron 
Iphs showing the preci pita tes in the 
Li -Sc ternary alloy and also in the AI
'y all oy . S pecime ns were aged at 
: lOSs (peakaged) or 106s(overaged). 
)recipitates seen in the micrographs 
dered to be AI3Li phase, since AI3Sc 
not expected to grow large enough to 
~c ted by conve nti o na l electron 
JPy in this aging conditio n. It is 
cognized that AI3Li particles in the 
l lloy is sma ller in size than in the 
A. I-Li a ll oy for the two ag ing 
ns. Grow th rate of AI3Li phase in 
Li-Sc ternary a ll oy is apparently 
by the presence o f Sc. In Fig. 5, 

)etween mean particle radius (R) and 
ne( t) is show n. 
'oximate linear rela tion between R3 and 
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Fig. 3 Age-hardening curves 
of the AI-Li -Sc alloy. 

l O ll 

.0 hold , impl ying that coarsening of o'-A13Li obeys the Ostwald ripening kine tics[6 ][7] 
d by the following equation. 

(I) 

is the mean particle radius and Ro is the radius a t t=O. K is constant including diffusion 
:n t, intcrfacial encrgy and etc. 
I from Fig.5 that the ratio of the slopes between the AI-Li -Se ternary alloy and the AI-Li 
lIoy is about lI30. Thi s ra ther large difference in the coarsening ra te is considered to be 
nl y to thc diffe rcnce in solute dillusivity in the two all oys. By the presence of Se, 
1 of Li atoms in the Al matrix is largely affected. 

Ition mi crostructure 

1S of the conventi onal T EM analysis of the present precipi tation microstructure, two 
L 12 ordered compounds are identifi ed, namely AI3Li and AI3SC, besides the fcc a-AI 

No other compounds were detected. Therefore, it was thought that possibilities of the 
m of te rnary or qua ternary compounds are negli gibl e in the present experimental 
n. 
, shows the microstruture of the ternary alloy aged at 673K for l ()6s (overaged) . These 
vere obtained using superlattice reOections. [n these dark field micrographs, it is diffi cult 
guish images by AI3Sc phase from those by o'-A13Li phase, because the la tter 
Ites finely and rapidly even during quenching and they tend to mask the images of the 
[n a bright field image, they can be better dis tinguished by takin g advantage o f the 
;e in coherency strai n. 
llowing, precipitation microstructure resulted from two-step aging will be shown. 
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Fig.4 Electron micrographs showing AI3Li precipitates for 473K aging .. 
a :AI-Li alloy, 105s, b:AI-Li alloy, l()6s, c:AI-Li -Sc alloy, lOSs, d:AI -Li -Se all 
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Figure 7 shows the microstrutural change for 
the 473 K aging after the first peak aging at 
673 K fo r 3.2x l03s. Two kinds o f 
precipitates with different size are dispersed in 
th e mat ri x. They seem to be scattered 
independently eac h o th er. The la rger 
precipita tes (20-30nm in radius) are AI3u 
phase, and the smaller (3-5nm in radius) arc 
AI3Sc phase. "" x 2 

A rather interes ting precipitate configuration 
was obsc rvcd, when th e specimens were 
overaged in both steps of aging, at 673K 
and at 473K. The result of such observation 
is shown in Fig. 8, where spherical composite 
precipitates with dark cores are seen wi thout 
any isolated small AI3Sc precipitates . 
The composite precipitates is considered to 
consis t of an inner Al3Se core and the outer 
A1}Li shell . From thc comparison between 
Fig. 7-c and Fig.8, it can be said that there is 
some cri ti cal s ize of AI3Se core for the 
formation o f the composite structure. 
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Fig. 5 Mean radius( R) of Al3Li pan 
in the ternary all oy as a funci 
of agi ng time. 
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Fig. 6 Electron micrographs showing Al3SC precipitates in the AI-Li-Sc alloy aged at 673K 
for 106s. a: dark rield image b: bright field image. 

Composite precipitates of thi s type have been reported to occur in other AI-Li alloys with the 
additi on of a small amount of transiti on element, such as Zr[8](9][ 10], Ti[ll] and Hf[l2]. 
By an elemental analysis , using an energy dispersive X- ray analyzer attached to TEM, of the 
composite particles, Sc was detected in the core, supporting the model that the inner core of the 
composite particles is related to Al3Sc phase. A close examination of Fig. 8 reveals that some 
particles appear wi th core, but some others do not. Tilting the crystal around the <1 12> axis 
by a fraction of a degree caused the core contrast to change. Dark core often appears in the 
preci pitates which had no core contras t before. 

Discussion 

A gc-hardening mechani sms 

Mechani sms of age-hardening in the present ternary AI-Li-Sc alloys will be di scussed on the 
basis of the observed age-hardening behav ior and TEM microstructures of the ternary alloy, as 
well as of those of the binary AI-Li and AI-Sc alloys. 
In aging at 673K, growth rate of AI3SC precipitates is hi gh enough and those precipitate 
particles will make mai n contribution to the hardness of the ternary alloy. while, Li is supposed 
to be mostl y in solution in this aging condition and contributes to alloy hardness through solution 
strengthening, because the temperature 673K is well above the solidus temperature. 
At 473K, Al1Sc phase does no t grow appreciably within the present aging time, whil e AI3u 
precipitates grow fas t and they make main contribution to the al loy hardness. Possible hardening 
caused by Li in solution may not be small , but hardening by the small amount of Sc in solution 
is negli gible. Thi s large difrerenee in the growth rates of AI3Sc and AI3Li particles can be 
allributcd basica ll y to the large difference in difTusivi ties of Sc and Li atoms in the matrix. 
T he acti vation energy for the diffusion of Sc in AI is 286kJmol- 1 [1 3], which is much larger than 
the corresponding value for Li( 126kJmol- l)[ 14J . 

165 



Fig. 7 Electron micrographs showing AI3Li and AI3Se particles in the two-step aged 
AI-Li-Se alloy. T he specimens were aged at 673K for 3.2x l03s and at 473K for, 
a:105s, b :3.2x I05s, c: J()6s 

Growth of AhLi particles 

T he experi mental resul ts shown in Fig.4 suggest that Se additi on retards the growth rate of 
AbLi ,especiall y when Se is in solution. Thi s im plies that slowly movi ng Se atoms trap ei ther 
vacancies or Li atoms, or both. Further detai ls on the mechanism are not studied in the present 
in vesti gati on. T hey should be cleared by further investigati on. 

Formation of the composite particles 

T he mechani sm of the fOllna tion of composite particles should be closely related to the nature of 
coherency of AI3Se and AI3Li phases with the matri x. From the lattice constants of AI, AI3Sc 
and AI3Li,l I5J-[ 17 1 the misfits a t AI3Sc/AI interface and at AI3Li/A I interface are estimated to be 
+ 1. 2% and -0.2%, respecti vely. Therefore, in the second aging, Al3Li phase tends to grow 
preferenti all y around the preexisting Al3Sc phase to red uce mi sfi t strain energy and possibl y 
interfacial energy. 
From the comparison between Fig. 7 with Fig. 8, it is understood that precipi tation of Al3Jj 
phase occurs only on the Al3Sc precipitates whose size is larger than the critical. T he cri tical 
radius fa lls on somewhere between 5 and IOnm. The growth of AI3Sc phase to the critical size 
seems to be necessary for the aeeomodation of the energy for the heterogeneous nucleation. 

Superposition of hardenin g mechani sms 

Factors contributing to the strength of the present ternary alloy are solu te atoms ( Se and Li) and 
precipitates(Al3SC and AI3Li). T here is no general rul e for the add itivi ty of different hardening 
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Fig.8 Electron mi crograph showing composite precipitates(AI3LilAI3SC) in the two-s tep aged 
AI-Li- Sc all oy. (at 673K for 106s and at 473K for lOGs ). 

mechani sms. I n the followings, yicld strength is considered in terms of obstacles for mov ing 
di slocations and additivity of contributions from different mechanisms is discussed . It has been 
understexxl that frictional obstacles are linearl y additi ve, and also tha t solution hardenin g and 
particl e hardening are also linearly additivelI61[17]. Whi le, the square addiiti vity will hold fo r 
particle hardening, since densities of particles arc additive,. Therefore, the strength of the alloy 
(0) Gill be expressed as: 

(2) 

Here ao is the s trength o f pure AI. a(SC) and a( Li ) arc the contributions from solutio n 
strengthening by Sc and Li, respectively. a" and On arc the contributi ons from AI3Sc a nd 
AI3Li precipitates, respecti vely. 
In the present ternary alloy, after two-step aged, yield strength of the a ll oy is mainly controlled 
by the precipitates, and can be approximately expressed as; 0 == (0,,2+ un 2)Jl2. 

Validity of the relation can be examined for the case of the two-step aged conditi o n show n in 
Fig. 7 -c, whcre the specimen was aged at 473K to the overaged condition after the preaging at 
673K to the peakaging cond iti on. Square of the conpressive proof strength measured for thi s 
aging condition is in fairly good agreement with the sum of squares of the respecti ve Orowan 
stresses, which were calcul ated on the basis of the observed di stributions of each particle. 
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Summary 

The results of the present investigation on the effect of Sc on the age-hardening and precipitation 
bchaviors in an AI-Li-Sc alloy are summarized as foll ows:. 
( I) Thc present ternary alloy is strengthened by the adoption of the two-step aging, prel-aging at 
673K and second aging at 473K, due to the co-precipita ti on of AI3Sc and AI3Li phases. 
(2) when simpl y aged at 473K, the growth mtc of AI3Sc particles is negli gibl y small and that of 
A13Li is apparentl y retarded by the presencc of Sc. 
(3) when aged at 473K ,after pre-aging at 673K to the overaged state, AI3Li phase tcnds to 
grow around the pre-existing spherical AI3Sc phase, thus formin g composite particles, with 
AI3Sc in the core surrounded by AI3Li. The formation of the composite particles seems to 
require a critical size for the AI3Sc core. 
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