ad

Janas Lendvai, Hans-Joachim Gudladt, Witried Wunderich, and Yokmar Gergpld

Room Temperature Precipitation in Dilute Al-Li Alloys

Janos Lendvai*, Hans=Joachim Gudladt, Wilfried Wunderich, and Valkmar Gerold
(Max-Planck-Institut fir Metaliforschung, Institul fir Werksioftwissenschaft, Stuttgart, und Institut fir Metallkunde der

Universitat Stuttgart, Seestrafe 32, 0-7000 Stuttgart 1)

Dedicated to Protessor O, Theodor Heumann on the occasion of his 75th birthday

In gk-Li alloys aged at 433 or 4TI K dor 10 o 48 h further precipitation was obsamead in cowse of 1eom larmperatura (RT)
slorage subsequent to the adifical ageing treaiment, This posi-ageing pheanormensn was invesiigalad by ekeciron
micrnscopy and by calorimainc measurements, The necleation and growth of new pardicles dunng tha RT mgeing laads
12 & bimodal distribution of pracipitates with strongly differing mean particke sipes. On the basis of thesa resuts conclu-
sipns could be drawn as 1o the characteristic features of the precipitation process at ar near AT, Tha question whatherin
Al-Li alioys on the basis of structural or compositional diferences GP renes have 10 be distingueshed from &' precipitales
will ba also discussed

Ausscheidungsvorginge bei Raumbemperatur In Al-LI Legierungen

in Al-Li-Legisrungen, die bei 433 oder 473E jeweils 10 bis 48 h ausgelagen worden sind, wurde walters S usschakiungs-
bildeng wahrend der Raumiemperaiurausiagermg becbachtad, dia nach dar Warmauslagerung statigefunden hatte
Das Phiinpmen dieses Teilche nwachsiums wishrend der Machauslagering konnie sowahl mit Hilfe slektronenmikrosko-
pischer als avch kalorimetrscher Meassungen baabachiet werdan. Die Bidung wnd das Wachsium der Teilchen withrend
der AT-Auslagereng filbrt 2u giner bimeodalen Vereileng mil slark difedarendam mittlaran Tallchendurchmessar. Aus
diesen Ergebnissen kibnnen Ribckschlisge aul dis Bildungaprozesss des Tadehan el Raumiamperalur gezogen werden,
Die Frage, inwieweail in Al-LidLegierungen die neugebildeten Tellchen autgrund der Strukiur und der Zusammensetzung

als GP-Zonen aufgefall werden kinnen, soll ebenfalis dekulien werden.

1 Introduction

The strengthening of Al-Li alloys is due to the highly
disperse precipilation of coherent, spherical, L1 crdered
& (AL} precipitales. The formatson and growih of &
particles has been the subject of many investigations, the
mioat imporiant results have been reviewesd several times
and summarized a.g.'})3). The inferactions belween dislo-
catons and & precipitatles and the fundamenial strength-
ening mechanisms in binary high purity elloys have bean
extensively studied in recent years with single cresials<®)
as wall az with polycrystals®)?).

Fatigue tests on single crystals oriented for single sip
revealed planar slip in the case of underaged as well as of
peak-aged specimens which has a strong influence on the
fatigue behaviour of this alloye). The planar slip is caused
by dislocation shearing of the ordered §' precipitates
which grow Typically 20 to 40 nm in diemeter during ‘tha
ageing treatment. 1t is well established thal planar slip
occurs also inother alloys containing L1; crdered particles,
especially in p-hardened Mi alloys®)o),

In addition to precipitation-hardensd alloys containing
ordered particles, planar slip has also been obsersad in
solid solution hardened alloys like Cu-Mn! ') or in NiFe'T)
having a high stacking fault energy (SFE). It was conclud-
@2y fhat in these and other cases mosily shorl range
orderng (SRO) leads to planar slip and, therefore, the in-
fluence of the 5FE on the planar slip should be less impor-
fan

The abservations descriped above are vary important for
the preseni caze because planar slip was also found in
Al-Li single crystals aged lor 5 days al room temperature
{RTyater homogenization followed by water-guanching. In
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these specimans the & pariicles which are formed during
ageing at 433 or 473 K were not observed. Therefore thers
must be other reasons for the occurrence of FI|H-'|‘IEIF shp.

Differential acanning calorimetric (D5C) Measuréments
revealed that the dissolution of the §' precipitates formad
ofn ageing between 433 and 493 K takes place in an ando-
thermal reaction with a peak temperature aboul B0 K
higher than the againg temperature'3) =15, In the present
work anather endothermal reaction has been detected in
the DSC curves of artificially aged Al-Li samples far below
tha temparature of the endotherm process corresponding
1o the dissolution of the & particles which hed been
formed during the artificial ageing treatment. It was
assumed that this low temperature endotherm rellects
gither the dissclution of precipitates or the disordering of
ghort range orderad clusters formed during the RT storage
subsequent to the arificial ageing treatment. This post-
ageing phenomenon wias investigated in the present work
by DSC and electron microscopy (TEM and HREM) investi-
gations. From the results conclusions can be drawn con-
ceming the precipitation processes in the temperature
range around AT, The question whether in Al-Li alloys GP
zones have o be distinguishad from §' precipitates on the
basis of structural or compositional differences will be alsa
discussed,

2 Experimentals

The investigations were caried out on high purty Binary
Al-Li single crystals preparad of BM purily Al and 4N punty
Li by the Bridgman technigue. The resulls described in this
paper wera oblteined pramanly on crystals containing 8.5 £
01 at % Li, but results of DSC measurements carmied oul on
specimens of other compositions are also included (see
Fig. 3 and Table 1). The composition of each specimen has
been determined by atomic absorption speclroscopic
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analysis and/or by density measurement afier the single
crystal praparation.

The samples warae solution heat treated in a salt bath at
B38 K for 30 min, water-quenched and naturally aged al AT
for about 4 days. The artificial ageing treatments were car-
rigscl aul in thermostated oil baths. Disk-shaped samplas of
006 and 0.2 mm thickness were spark-cut for the DSC and
TEM inwestigations, respectively.

O5C measuramenis have baen parformead by using a Per-
kir-Elmer DSC-2 calorimeter at BOK - min~' heating rate on
samples of about 20 mg. The DSC runs started al 270 K.
High purity aluminium of approximately the same mass as
Ihat of the sample was used as the refarance. All data were
stored by a personal compuler which was connected to
the DSC eguipment. Subsequently, a baselne was sub-
fracled from the data The baseline was oblained by
replacing the specimean in the celorimeter by high purity
aluminium of about The same mass and repeating the run
under exacily the same conditions. Precipitation or disso-
lution reaclions in the alloy samples give risa io heat evolu-
tiom or absorplon, the fme derivative of which is depicted
in the thermograms, nofmalized o the specimen mass,
The particular reactions appear as peaks in the thermo-
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gramsg, The area of the reaction peak s proporiional to the
reaction haat (reaction enthalpy).

For the electron microscopy investigations thin foils wers
prepared by the ordinary alectrofylic jet polishing tech-
nique with & mixture of methanol and HNO, (2:1) at 263K,
10V Using a JEOL 200 CX fransmission eleciron micro-
scope equipped with a lop entry specimen holder 1he
specimens could be obsersed with an ultra high resolution,
The spharical aberration coafficient of the objective lans,
'35- was 1 mm, By tilling (o a low index zone axis and care-
fully adjusting the astigmatism the lattice fringes of alu-
minium as wall as the Al;Li-particles could be imaged.

3 Hesgults

31 Calorimetric Investigations

The DGC thermograms of two specimens arificially aged
at 433 K foeA 10 h and at 473 K for 16 h, respectively, are
shown im Fig. 1. The samples were solution heat treated for
30 min at 838 K, watar-guenched and agaed at RT for aboul
100 b prior to aificial ageing, Both 1hermograms display
two endothermal peaks indicating dissolution processes in
the samples. The peak temperature of the significantly
larger main peaks are 515 and 552K afler the 433K and the
473 K ageing, respectively. In acoordance with the results
aof previous investigations¥) 12 1%) this endotherm reaction
is attributed to the dissolution of &' precipitates formed
during the artificial ageing. This peak is larger after the
433 K heat treatment where as a congseguence of the
higher supersaturation a larger amount of the 4' phase is
formed than at 473 K_The heat of dissolution of the &' pra-
cipitates was determined from the area of the peak and
was found to be19.J g~' for the 433 K ageing and 14.3.J g™
for the 473 K ageing.

The pre-peaks in the two tharmograma of Fig. 1 indicate a
reaction al temperatures Below the temperature of artifi-
cial ageing, Obviously the pre-peaks reflect the dissolution
of precipitates formed at AT during the rather long time
period between the adificial ageing treatment and 1he
calarimetre measurement. This assumption is confirmed
inFig. 2 by the DSC curves which were taken after different
times of natural ageing at BT subsequent to the 433 K and
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473 K artiticial ageing treatments. [t is clear that the pre-
paak increasas with increasing fime of RT post-ageing
whilg (e main peak reflacting the dissalution of &' precip-
itates formed during arificial againg ramains uncha nged. |1
shoukd be noticed that a very long incubation perod pre
cesds the appearance of the pre-peak the incubation
time runz up to more than 1 weak afier the 433 K and
between 1 and 7 days after the 473 K ageing. The peak
termperature of the pre-peak after long-term BT ageing is
at about 420 K independent of the artificial ageing temper-
ature, In Fig. 2b it can be seen that with increasing time at
HT boththe area and the peak temperature of The prepeak
are increasing. The reaction heat coresponding to the
pre-peak after the longest BT ageings investigated was
foumd tobe 28J g7 in the case of the 473 K and15J g7
after the 433 K ageing treatment. The determination of
bath reaction heats s of course mech more wncertain than
that of the main peaks since the pverapping with tha main
peak gwes nse 1o a large relative inaccuracy, especially in
the case of the 433 K ageing

We have delerminad the heat of dssolution aof the §° pre-
cipitates formed during different artificial ageing treat-
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Fig. 3 Haat of dissslulon of 6 precipitates formed in course af
difereni artificial ageing treatments v, woluma fraction af the
precipitates. (bee text and Table 1 for maore detalls.)
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Table 1. Thea wolume fraction, | as calculated from e mela-
Alable miscibly gap's) and the heat of dissohdion, A, of &' pre
cipitatas in different Al-Li alloys atter ditferent ageing freatmenls

g lan%) Heal trealmeant ¥ (vl S ARG
687 403 K6 to B0k 7.3 10.4
6.0 433 K6 to 40 R 3B 51
B.440 433 KBS0 R 14.1 19.0
.80 433 KD h 16.3 22
0,34 433 KD R 189.5 27

108 433 BINi h 23.8 a5

11.4 433 KES10 h 218 47
A4 ATAKNG R 1.7 14.3
3.6 477 KJ48 Rk 120 17.3

ments belween 402 and 473 K in a series of different com-
positon Al-Li alloys, In Table 1, the composition of the
alloys, the applied heat treatments, the heat of dissalution
([ AH) and the volume fraction of 4° precipitates, f are given
The latter was calculated by the equation
X - X
/ (1]
H_o= X

where A 15 the Li concentration in the alloy, X, and X, are
the Li concentrationg in metastable equilibrium atl the
ageing femperatura in the solid sclution matriz and In (e
precipitates, respectively, The wvalugs X, and X, were
taken from the metastable miscibdity gap determined by
Cocoo, Faghaerazzi and Schiffini'®). The differance in the
spaciic volume of the solid salution and the 4" phase =
vary small'”)'®) and was neglected in Eq. (13, The heat of
digsolution of the 4 phase iz plotted sgainst its volume
fraction in Fig, 3. It can be seen 1hatl within the experimen
t#l error bars the points are situated along a strasght line
fram the slope of which (1.35 £0.15) J g "ol % is obtained
tar the heat of dissoluton of §° precipilates. The fact that &
straight line wasz abtained (Fig. 3} confirms thal al the dif
ferent ageing times and lemperatures the metastabie
eguillibnwm had Been attamed.

3.2 Electron Microscopy

On the basis of the calorimetric results the samples were
expacied o contain two Sels of precipitates of different

spacimen stored for 3 months gt BT foiswing 48 h ageing
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thermal stabdity. Thisg assumption has been werified by
electron microscopy investigations, Fig. 4a shows a bright
fuzld micrograph af an Al-8. 6 a1 % Li specimean solution haat
treated, quanched into water, naturally aged Tor 100 h at
AT, aged at 473 K for 48 h and stored at AT for 3 months
thereatter. In this micrograph AlLi particles of abowt 40 nm
in diameter can be sean a8 dark spols. The micrograph in
Fig. 4b shows the same area faken with the (110) superat-
tice reflection of the & (Al,L) phase (dark field image).
Baside the larger (about 40 nm mean diameatern § particles
& very large numbaer of small spots can be seen arsing
from particles of & few nanometers in diameter.

In the HREM micrograph of the same speciman (Fig. 5) the
[171] lattice planes of the aluminium matrix are imaged by
tilting 1o a [110] zone axis. Boih the larger and the smaller
precipitates are clearly visible in the micrograph. Within
the precipitates the (00} and the (110D lallice planes can
b seaan as indicated in Fig. & showing the same area in
higher magnification. The change in contrast is caused by
the superstruciure reflexions (D00) and (190).

Fig. 5. HREM rmicragraph of the same spaciman as in Figura 4

Fig. 8. Lalice image showing the sama area of the specirmen as
Fig. 5 im higher magniication
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The average size of the larger particles s about 40 nm, that
of ihe smaller ones about 4 nm. The particla/matrix inter

tace of 1he larger &' parlicles is vary sharp and wall dafined
in contrast [o the inlerfaces of the srmall paricles which
saem to be less defined. It has to be mentioned, howeawer,
ikt the imaging conditions are not optimal for the small
parizles sincae the thickness of the fail is much larger than
the diametar of the small precipitates and, theretore, tha
scattenng of the electrons is alse strongly influenced by
ihe matrix, HNeverthaless, it can be established bayond any
doubt that the atomic arrangemeant within the small precip-
itates 15 very similar 1o the ordered L1, structure of tha
larger & particles

The zize distribution of the precipitates has been deler-
mined quantitatively by using an image analysing system
&1 -1 pm? area was selected from the micrograph in Fig.
4b, which contained 152 large and about 20000 small pra-
cipitates. The maximum value of the paricle radii in the
investigaled area was determined te be 35,0 nm. The inter-
val from O fo 35 nm was subdivided inlo 20 eguidistant
classes and the number of particles with radil falling in the
diffarent classes has been counied. In the case of the
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larger particles all the 152 precipitates have baen evaluat-
ed, while in the case of the small ones only 200 particles
were measured and the resulls of these counts were muli-
plied by 100 1o reéach the sum of 20000 in the investigated
arga. Thereafier, the volume of precipitates in each class
was determined as 4n niF)r 3, whera nir is the number af
particles in the corresponding class. This volume distribg-
tion is shown in Fig, Ta. The DSC curve of the same spec-
mmen can be seen in Fig, Tb, where the dissalution of bolh
the small and the larger particles is demonstrated by the
lower left-hand and the higher right-hand peak, respec-
fively,

From the wolume distribution in Fig. Ta it can be seen that
there is no overapping in the bimodal particle size distribu-
fion. The radii of the AT particles were found 1o fall ba-
tween 1.06 and 313 nm, while those of the larger & pracip-
itates between 7.6 and 25 nm, The mean radius of the small
paricles was 1.77 nm, that of the large anes 22.0 nm. The
total valume of small particles is more than 11 times smaller
than that of the large precipitates, their number density, an
the other hand is by at least 130 times higher than that of
the large ones.

4 Discussion

The decompaosition processes in dilute binary Al-Li (6-14
at.% Li} alloys have already been studied by many workers
and the sequence

supersalurated solid solution = S708LLIY - S(AILIY,

originally proposed by Silcock'™ s generally accept-
ed'} 43, The o phase is formed by homogeneous precip-
itaticn Tram the supersaturated solid solution and it is
generally believed that this phase precipilates already
during the quenching or after it, aven im the temperalure
range around RT'3) = 2%, There are a few investigations,
however, in which a second level of metastability whithin
the o + 4’ phase field is proposed and interpreted in terms
of GF zone formation &t lemperatures near RTi2)2e) w2
Except the theoretical work of Sigh and Sanchez basad on
the cluster variation method?®), all these investigations are
Based on calorimetric measurements which = similarly to
our DEC results - display an extra dissolution peak besides
the peak allributed to tha dissolution of the §° precipilates.
Crur TEM and HREM results, on the other hand, demaon-
sirale thatl at RT particles of the same ordered L1, struc-
ture ag that of the &' precipitates are formed. Their average
size, however, i5 considerably smaller and the particle/
matrix interface seems to be ol 50 wall defined than that
of 1he & particles formed in the temperalure range
between 433 and 473 K In consequence of this struciural
identity we will not postulate, ike some other authors, the
exislence of GP zones in the Al-Li alloys investigated here.
This protiem will be discussed later on in more detail.

The results of our DSC and electron microscopy investiga-
tions show that in A-Li alloys artificially aged at 433 or
473 K further nucleation of 4' particles takes place during
the RT storage following the artificial ageing treatment
After long-term AT post-ageing TEM and HREM micro-
graphs raveal a bimodal distribution of & precipitates in
ine samplgs with consicderably different mean particle
sizes. The reasen for this post-ageing phenomenan is The
sigruficantly different solubulity of Li in Al at 433 10 473 K
and at RT. respactively. According 10 the melastable misci-
bdity gap determined by Cocco et al.'®) the solute Li con-
cantralin in eguilibrium with the mefasiable ' phease is

£, Metallkde.

B.6 al% at 473 K, 6.1 al% at 433 K and 5.0 at% at RT,
respecively, This means that the concentration of solule
Li atoms is dacreased by §' precipitation to 6.1 al.% during
the: heat ireatment at 433 and 10 6.6 at% at 473 K. If the
sample is franslerred to AT thersafter, the solid solution
becomes supersaturated again and consequently further
precipitation ets in as confirmed by HREM, The faci that
1his precipitation takes place by the formation of new par-
ticles insiead of further growth of the already existing large
& particles indicates that no significant nucleation diffi-
culty is involved in the formation of the precipitates, This is
consistent with the small particlelmatnix interface energy
and misfit strain energy in the case of the fully coherent 4
precipitatass=).

The spacific intarface enargy, y, of the §° pafticles formed
at 473 K has bean determined by Baumann and Williamsa)
to be 14 mJ m™ on the basis of the capillarity (Gibbs-
Thompson) equation,

1- X
X o= X, - = -
r &xp [l:xp_x”:l [

23V
.rH'T

H (2

where X, and X. are the concentration of solute in (he
matrix at interfaces of particles with radius ¢ and mfinity
(=), respectively. The quantity X, represents the concen-
tration of sclule in the precipitate phase, V., is the molar
volume and AT is the thermal energy. The maximem value
of X, in Eq. (2) is of course the average concentration of the
matriz, defining thereby a minimum size of r, which is the
size of the critical nucleus, ry,. Taking the above value for ¢
and X = 5 al%, J'I'bp = 246 al.% for the miscibility gap at
RT'#) with V. = 107" m?, the critical nucleus size, r_, for the
RT particles, can easily be calculated from Eq. (2). After the
473 K ageing (solute concentration in the matrix 66 ai %)
e = 1.9 nm, while after the 433 K ageing {matrix concentra-
tien 81 at®%) r, = 2.7 nm ig oblained. These r,, values are
too large taking into account that the radius of the smallest
particles observed after long-term RT ageing is aboul 1 am
lollowing ageing at 473 K. Taking this velue as r, Eq. (2)
wiould Be valid if the solubility mit X, at BT would be
reduced from 5 o approximately 4 al%. Since this valee
wiuld be within the limits of accuracy the size of the critical
nucleus could be explained this way.

Anather possibility is a reduced spaecific interface enargy
of the AT parficles. Our HREM micrographs show very
sharp, well defined. interfaces in the case of the large 4
particles formed during the artificial ageing and rather dif-
fuse interfaces in the case of the pracipitates fosmed at RT.
The smaller specific interface energy of the RT particies
may be caused by their nearly stoichiometric composition
and a higher amount of siruciural defects in the particles,
On the basis of the HREM micrographs the critical nucleus
size af RT is certainly not larger than 1 nm after the 473 K
ageang, correspondingly the specific intedace energy of
the RT particles may not be larger than 10 md m™2

The DSC measurements indicale a rather long incubation
time at AT betore the appearance of the pre-peak (Fig. 2).
The solule concentration in the matrix decreases to
6.6 at% Li during the artificial ageing at 473 K. Ceresara et
al. %) have investigated by resistometric method the pre-
Cipitation processes among others in an AlLj alloy of prac-
tically the same concentration (Al-6.67 al% Li) and they
observed no detectable incubation period upon ageing at
or near AT alter quenching the alloy from 623 K, the forma-
tion of the ordered precipitates could be clearly detected
already within the first minute after quenching. The reason
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for this differanca is probably the highear vacancy concen-
tration after quenching from 623 K,

‘e hawve other indirect mdscations for Lhe important role of
the excess vacancies in the BT ageing process as well.
Takimg into account the fully coherant nature and tha
spharical shape of the particles it ¢can be expected that the
size of the AT precipitates increases according to bulk dif-
fusion conirolled kinetics. In this case the particle radius r
will increase parabolically with time I

Fo= 00" )

where 4 i5 a function of the supersaturation®?) and D tha
diffusion coefficient. For the caze of the RT post-ageing
using again the data from Cocco el al,'%) for the determina-
tion of the supersaturation the value of £ is 0.5 after the
473K ageing. Taking the average value of r on the basis of
the HREM investigations as 1.7 nm after 3 months of age-
ing we can estimate an effective ditfusion coefficient for
the RT ageing process asabout 1.7 - 107 m? 577, The value
of O extrapolated from thae high lemperalure measure-
ments of Costas®™) as well as the data from the kinetic
investigations of Jensrud and Byum3') near 473 K would
yield a diffusion coefficient of the order of 10728 m® 57" Tor
RT. This discrepancy of 4 orders of magaitude camonly be
explained by supposing that at RT vacancies frozen im from
the temparature of the arificial ageing treatment enbance
the diffusion process for a rather long perod of time, The
kinding eneigy betweean & vacancy and a Li atom has been
determimed by Ceresara et al*) to be 025 T0.03 &V On
the basis of this high vacancy — Li binding engrgy the
growth kingtics of the 4" particles at 473 K has also been
interpreied by Bavmann and ‘Willlams®) by supposing that
maost of the vacancies are bound fo Li atoms. Accepling
this assumption the factor 10° batween the diffusivity esti-
mated Iram our experimeants and that extrapolated from
the equilibrium measurements would be conzistant with a
061 eV effective formation enérgy of vacancies in the
alloy, This walue, although smaller than the 0.76 eV genar-
glly accepted for pure aluminium, is considerably larger
than the 0.51 &V formation energy reportad by Ceresan el
al 2, consequently the binding energy between Li atoms
and vacancies should be somewhat smallar, about 015 ¢V,

i the bagis of calorimetric measuremeants the haat of dis-
solution of 4" precipitales formed al diferent lemper-
alures between 403 and 473 K was calculated tobe 1.35 =
015 Jg~Vvol%. Accepling this value also for the precip-
itates formed at AT, from the reaction heal in the pre-peaks
in Fig. 2{2.8 Jig atter 473 K and 1.5 J/g atter 433 K againg)
the wolume fraction of the AT paricles after lomg-term RT
ageing should be about 2 and 1 wol% after the 473 and
433 K agging. respactively, in the Al-B.4 a1.% Li alloy, Simi-
larly Iram the thermogram in Fig. Tbthe walume frection of
the RT precipitates im the AlFS6 at.% Li alloy should be
aboui 1.5 %. It should ba noted that in this way the volume
fraction of the AT particles might be underestimated since
thelr heat of dissolution might be somewhat smaller than
that of the high temperature & precipitates n con-
sequence of the higher concentration of structural defects
in the small particles. From the volumea distribution in Fig

7a for the same alloy it was shown that the voluma fracton
of the RT precipilates is 11 times smaller than that of the
4TI K precipitates, So, accepting the 13 % volume fraction
value from Tabie 1 forthe 473 K 4" particles calculated from
ihe metastable mizcibility gap, a valume fraction of 1.2% is
abtained for the AT precipitates, whichis close to the value
abtained from the calonmetric measuremeant. It should be
menticned that the volume of the smaller precipitales

mightl be somewhat underestimated in the quantitative
TEM analysiz as well, since the TEM fails are by one ordear
of magnitude thicker than the average size of the small
particles, which probably causes overapping of small par-
ticles in tha micregraph

In ihe case of the small particles formed at BT it might be
possible that the coniribution of the particle/matrix inter-
face energy must be taken info consideration, For spher-
ical precipitates this coniribution can be easily calculatad:
g =22 ()
or
whare [ is the volume fracton, y the specific interface
anergy, F ihe average radius of the precipitates and g the
density of the alloy. Taking p = 2500 kg/m?®, r = 1.77 nm, an
interface contribution of anly 01 Jg~'fvol% is obtained.
This contribution is smaller than the experimental errorin
e determination of the heat of dissolution from the pra-
pexak in the thermograms and can be accordingly neglect-
ed, 5o it canbe established thal the valume fraction of the
pracipitates formed during the RT post-ageing is aboul 1.5
vid % in the BB at% Li alloy after 473 K artificial ageing
treatment.

The amaunt of the AT particles decreases with increasing
Li concentration in the alley and with decreasing artificial
ageing temperature, This can be seen if the volume frac-
tion of the AT paricles is calculated from the data of the
metastable miscibility gap:

Ky = X
':{In - ‘!':II

XX
Koy -

8 =1 (! ) (5l

Xy

where X, and X, are tha atomic concentrations of Li in
metlastable equidibriurm at the first (kigher) ageing tempear-
alure in The solid solution matrix and in the precipalales,
respectively. X, and X, are the same guaniilies for the
second ageing temperature (AT in this case), and X is the
bulk concentration in the alloy. Equation (5) takes inla
account that the precipitation at the second ageing
temperature fakes place only in that part of the whole
sample which has not been occupied by §° precipitales
during the first sgeing. Here, for the same réasons &5 inthe
case of Eq. (1), the differences in the specific volumes are
meglecied,

Using again the data of Cocco et al'®) (X,. = 6.6 resp.
61 al% X, = 22 resp. 23 at% for the 473 resp. 433 K age-
ing and X... = 5.0 and X;, = 24.6 al.% for the RT post-age-
ingl the volume fraction of the precipitates formed during
the AT ageing was calculated from Eq. (5) with X = B.5at%
o be 7.1 resp. 4.2 vol % following the 473 resp. 433 K age:-
ing. It can be seen thatl the calcutated valume fractions are
by at least a factor of 4 higher than the values oblained
from ihe experimental results. This large différence can ba
explained, howaver, if the small size of the RT particlas is
taken into account which increases the concentration of Li
atoms retained in solid solution from arownd 5 at% to
larger values of & at®% or even higher, For example, a
volume fraction f; = 14 % is eblained using the following
set of data in accordance withEg. (2) iy =10md m™% r =
1L77nm X =X = 6.3%, X, =66% X~ 22%and X,, =
24 6 %. This shows that the metastable equilibrium at AT is
not reached even atter several months of post-ageing.

MWow the question of the sxistence of GP zonas in Al-Li
allays can be discussed If by GP zones fully coherent
metastable precipitates are meant, then the 4 precip-
itates might altarnatively be called GP zones as well. as it
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Fig. B HREM micrograph of & cyclically deformed spacimen shawing super dislocations shearing a &' particle of about 30 nm

diameler

was done in the papers of Ceresara et al )35 and Cocco
el al'#). In these works, however, §' and GP zones denota
the same precipitates. Another example, where L1,
ordered parlicles of a well defined sioichiometry are
termed GP zones are tha Al;Mg parlicles in Al-base Al-Mg
alloysaddy. |t is more comman, howaver, (o use some other
denclation for precipitate phases wilh wall defined and
known struciure and composition, like &g, ¢ precipitates
in the Fe- and Mi-base superalloys. In this sense = although
it seems 1o be more adequale to term the coherent L1,
ordered AlLLI precipitates as 4 - it 15 only a question of
terminclogy

A problem which is of much more relevance would be
whether 10 postulate in Al-Li alloys the existence of GP
tones which are distinct fram &' precipitales, emphasizing
thereby the existence of another kind of precipilate which
is structurally andior compositionally different from the &
phase as it has been proposed an the basis of theoretical
model  calculations®") and of calgrimetric investiga-
tizns'3)=)), The present investigations cleary shaw that
there is o relevant structural difference between the pre-
cipatates formed at AT and those {ormed in the lempar-
ature range ol 403 to 473 K. The work of Cocco et al '#)
damonsirates that the avergoe composition of the AT
particles corresponds 1o the same AlLi sloichiomatry as
that of the 4" particles. The present DSC resulls in combi-
nation with electron mecroscopy, as discussed above,
show md significant difference in the heat of dissolutiond
vl % of the paricles tarmed ai BT and those lormed at
lermperatures between 130 and 473 K. The only differ-
ences are m the size and in the quality of the particle/
matrix interface and & prabably higher defect concentra-
tarvin the small particles. These diflérences, however, in
1he authors” apanion do not require the infroduction of a GP
fone phase wheoh would be physically differant tram the 6
ohasa

HREM investigations have been undertaken also on Al-8.6
at’% Li samples which were only naturally aged at RT for
about & weeks after quenching from 8032 K. The precip-
iates in this sample have the same characieristics as the
particles tormed during the RT ageing subsequent to artifi-
cial ageing treatment, Similar observations were also
rmade by HREM invastigations by Sato el al ). Therefars, it
is the authars' belief that the decomposition of the supear-
saturated solid solution in Al-Li alloys of compositions
betwean about 5 and 14 at% in the temperature range
from AT 1o 473 K takes place by the formation of meta-
stable &' precipitales and there is no physical reason to
postulate another level of metastability, i.e. the existence
of GP zones in this system.

The RT storage after the artificial ageing of Al-Li abloys is
leading i & bimodal distribution of &' precipitates with teo
significantly different mean sizes. Conseguantly, the dis-
solution of the precipitates takes place in different temper-
ature regions if the temperature is continously increased
as in the DSC measurements. The smaller and the larger
particles show different behaviour in the course of plastic
deformation as well) although even the larger &' particles
(up toeboul 50 am diameter) become shearad by disloca-
tizns as it is demonstirated by the HREM micrograph of a
cyclically daformed specimen in Fig. 8. 11 can be seen thal
inthe d partiche of about 30 nm diameter in the direction of
the (111} lattice planes the laltice image is disturbed by
super dislocations shearing the particle. The strength and
the deformation characleristics of artificially aged alloys
arg mainly determined by the ensemble of larger par-
ticles®] bul alzo solely the AT particles lead 1o = however
limited - strengthening and sfrain localization in samples
aged only at RT after quenching. More detailed investiga-
ong on the mechanical properties of the samples will be
published In & subsequent paper.
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5 Conclusions

1. During the AT storage of Al-Li alloys aged previously for
1 to 50 h at 433 to 473 K further precipitation takes place
oy the tormation of small new particles atter a rather long
incubation perod. This second ageing leads to a bemodal
diglribution of precipitates with sirongly differing mean
particle sizes,

2. The occurrence of the RT post-ageing phenomenon
would be explained on the basis of the ¢ +4° metastabla
migcibdily gap since with cooling to AT the depleted matnix
becomes supersalurated again. Because of the smallness
of the particles only a small volume fraction of the order of
112 2 vol % can precipitate which is much less than expect-
ed from the equilibrivm conditions of the metastable
miscibiity gap. This means that the matrix remaing super-
saturated according to the Gibbs-Thompson eguation.

3. The kinetics of the RT post-ageing indicates a diffusiv-
ity which is about 4 orders of magnitude higher than that
corresponding to the eguilibrium diffusion coeflicient, This
diffusivity is a consequence of the vacancies frozan in from
473 K. A strong vacenoy-Li Dinding hinders them from fast
annealing-oul, although the binding energy seems 1o be
somewhal smaller than the 0.25 eV value reported in the
literature.

4. The precipitates formed at RT contain probably a
higher amount of crysial defects, have a lower specific
interface energy bul have the same ordered L1, structure
and the same stoichiometry as the 4 precipitates formed
during arlificial ageing at temperatures between 433 and
4T3 K,

5 The precipitates formed at or near RT in dilute Al-Li
alloys are &' particles and there i no physical reason to
poslulate the axistence of a GP zone phase which is differ-
ent from the & phase as it has been proposed in some
cases in the literalure

The authors are grateful to Prof. W, Gust for a valuable dis-
cussion on interface energies and nucleation of precip-
ilates. One of the authors, J. L, gratefully ackaowledges
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Max-Planck-Ingtitul Tir Metallforschung, Stutigart
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