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Late stages of 5' precipitation in an Al-Li alloy by small-angle neutron scattering
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The late stage of phase separation in an Al —Li(3 wt. %) alloy aged at 463 K has been studied by

small-angle neutron scattering. The time dependence of the distribution of 5 particle sizes has been

obtained from an analysis of the cross-section curves measured in absolute units. The coarsening of
the 5 -A13Li precipitates obeys Ostwald ripening kinetics but diffusion interaction effects are needed

to account for the width and shape of the size distribution functions. The center-to-center interpar-

ticle distances have been estimated from an analysis of the interparticle structure factor describing

the interference effects due to the spatial correlation between the precipitates.

I. INTRODUCTION

Binary Al-Li alloys have been widely investigated in

the past because of their interest as a model for commer-
cial alloys used in many technological fields and especial-
ly in aeronautic applications. Isothermal aging below the
critical temperature of binary Al-Li alloys results in the
separation of a fcc e-A1-rich phase and a metastable 5'

phase of stoichiometric composition A13Li. ' In this

paper, we present the results obtained by small-angle neu-
tron scattering (SANS) on the late stage of 5' precipita-
tion in a high-purity Al—Li(3 wt. %) alloy aged at 463 K
for different times, ranging between 1 and 90 h. In par-
ticular, we report a detailed analysis of the time depen-
dence of the distribution of the 5 particle size obtained
from SANS cross section measured in absolute units. An
attempt has also been made to obtain a rough evaluation
of the spatial distribution of the 5' particles, as the pres-
ence of a diffuse interference peak in the scattering func-
tions revealed that spatial correlation between the precip-
itates does exist.

The Al, Li phase crystallizes in the Pm 3m space group
with a AuCu3 type of structure. The lattice parameter

0
(a =4.01 A at room temperature) is very close to that of
the Al matrix, so that small misfit strains are present and
spherical precipitates are obtained. A matter of contro-
versy concerns the question of whether the 6' phase is
formed by spinodal decomposition, by nucleation and
growth or by transformation of other metastable phases.
A recent SANS study of the very early stages of decom-
position in the binary Al-Li alloy supports the hypothesis
of a spinodal mechanism. The subsequent coarsening of
the 6' was found to obey Ostwald ripening kinetics, a
diffusion-controlled process driven by the free-energy
reduction achieved when the surface-to-volume ratio of
the precipitate phase decreases. This is obtained by a
transport of matter from the smaller to the larger precipi-
tates, leading to an increase of the average particle size,
and a reduction of the total number of particles, in order
to maintain their volume fraction constant. A prelimi-
nary report on our results on the same alloy has already
been published. "
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II. EXPERIMENTAL AND DATA
ANALYSIS PROCEDURE

The experiment was carried out on the 011 SANS
diffractometer of the Institut-Laue-Langevin (Grenoble,
France}, on samples of a high-purity Al—Li(3 wt%%uo} alloy
quenched from 833 K and thermally aged at 463 K for
different amounts of time ranging from 1 to 90 h. The
specimens were cut into small disks of 10 rnm diameter
by 3 mm thickness. A momentum-transfer Q ranging
from 1.2X10 up to 9.0X10 A ' was spanned using
an incident beam of wavelength A. = 10 A and two
sample-to-detector distances of 20 and 2.5 m, respective-
ly. Measured intensities were corrected for transmission
effects and background. Detector calibration was ob-
tained using a 1-mm-thick water sample in a quartz cell
as a standard scatterer. Cross sections in absolute units
were then calculated according to

of the momentum transfer. The increasing of the signal
compared with the as-quenched one has to be attributed
to the thermal treatment which produces a wide popula-
tion of 6' particles. The existence of a spatial correlation
between the precipitates is revealed by the presence of a
difFuse interference peak, whose position Q shifts to-
wards small Q values while its height I increases as the

aging time progresses. This strongly complicates the
problem of deducing the distribution of precipitate sizes
from the scattering data.

For a polydisperse system consisting of N groups of
spherical particles, each group containing n, particles of
radius 8, per unit sample volume, the SANS cross sec-
tion may be written as
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where Ap is the difference between the coherent scatter-
ing length density of the precipitates and of the matrix,
F, (Q) is the single-particle form factor which, for a
sphere of radius R; and volume V;, is given by
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where I„Ib, I,I, , I, and I are the intensities measured
for the sample, Cd background, sample holder, water
standard, and empty quartz cell, respectively, and
M„Mb, M,z, M, and M are the corresponding moni-
tor counts; T, and T are the transmission coefficients of
the sample and of the empty quartz cell, while T + and
T„arethe transmission coeScients of the filled quartz
cell and of the water, with the empty-cell contribution re-
moved, and t, is the sample thickness. The factor
f=0.96 is used to take into account deviations from isot-
ropy of the water scattering.

The results obtained are shown in Fig. 1 as a function

and the partial interparticle structure factor S, (Q) takes

the form
T

1 1S„(Q)=— g g exp[iQ (R —R, ))
p = 1 q = 1

where V is the sample volume, N, =n, V, R is the posi-
tion vector of the center of mass of the precipitate p, and
the brackets indicate an average over the possible
configurations. Chen et al. ' have shown that Eq. (2)
can be approximated as the product of an intraparticle
structure factor &P(Q)) and an average interparticle
structure factor S(Q):
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FIG. 1. SANS cross sections measured for Al —Li(3 wt. %)
samples aged at 463 K for various amounts of time. Spatial
correlation between the precipitates is revealed by the presence
of a diffuse interference peak.

X

&~(g}&= g., V,'(~p}'lF, (g)l' (6)

and
X

S(Q}=1+ g g F, (Q)F*(Q)n, n
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o r

X h, (r )4rrr dr, "(7)

where h,"(r ) is the total correlation function between the
ith and jth groups. The function S(g) describes the in-
terference part of the cross section and can be regarded
as the particle center-to-center correlation function.

In the analysis of the present data, we have supposed
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that the size distribution function n(R) of the 6 precipi-
tates can be obtained by fitting Eq. (6) to the experimental
data in the region Q & Q, where the interference func-
tion can be approximated to unity [n(R)b, R represents
the number of particles per unit sample volume with ra-
dius between R and R + b,R; hence n, =n (R, )AR, ]. In
our analysis of the 6' growth we neglect the reference ma-
terial contribution to the signal, being orders of magni-
tude smaller. Following the procedures described in
Refs. 11 and 12, the unknown size distribution function
n(R ) is approximated with a linear combination of cubic
spline functions pk.

Cklk(z )

Error bars on n (R ) are estimated by simulating different
scattering spectra by changing the value of each experi-
mental point with a random Gaussian variable, whose
standard deviation is equal to the experimental error.
This procedure is repeated (typically 50 times}, leading to
a set of diA'erent particle size distributions, which give an
estimate of the error band.

From the resulting n (R }, calculated in absolute units,
the intraparticle structure factor (P(Q) } is then evalu-
ated using Eq. (6) and the interference function S(Q) is
determined as a ratio between the measured cross section
d Xld 0 and (P(Q) }. The results obtained for the sam-

ple aged 24 h are shown, as an example, in Fig. 2.

where z = lnR and the N&+ 3 knots are equispaced in z be-
tween z,„andz,„.Numerical integration is used to
evaluate the functions

fk(Q)= f V (R)F(Q,R)pk(lnR)dR,

and the SANS cross section is written as

(9)

dII (Q} (~p) X Ckok(Q)
k=1

(10)

The coefficients C& are then determined by a least-square
fit of the experimental data, measured sufficiently above

Q where the cross section is equivalent to that of a sys-
tern of uncorrelated scattering centres. The values used
for the scattering contrast Ap take into account the
change of Li content in the matrix as the 5' particles pre-
cipitate. If C is the precipitate volume fraction, one ob-
tains for the present alloy

III. RESULTS

n, = f n(R)dR (12)

and 5 and C are the specific surface and the volume
fraction of the precipitated phase, obtained as

S = f 4mR n(R)dR,

C = f ', 7rR 'n(R)—dR

(13)

(14)

The distributions of 6' particles sizes obtained with the
procedure outlined above are shown in Fig. 3. An in-

crease of the average precipitate dimensions and a de-
crease of their number can be observed as the aging time
increases. The parameters characterizing the 5' particle
populations are shown in Table I, where R and s are the
average radius and the root-mean-square width of the dis-
tribution, respectively, n, is the total number of particles
per unit sample volume, given by
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FIG. 2. SANS cross sections (solid dots), intraparticle struc-
ture factor (solid line), and interparticle structure factor (empty
circles) determined, following the procedure described in the
text, for the sample aged at 463 K for 24 h.

FIG. 3. Distributions of 6' particle sizes in Al —Li(3 wt. %%uo)

samples aged at 463 K for different amounts of time; n(R )AR

represents the number of particles per unit volume with radius

between R and R +AR. The calculated errors are indicated by
bars. Note the change of scale on the y axis.
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TABLE I. Parameters characterizing the precipitation of the A13Li phase in an Al —Li(3 wt. %) alloy aged at 463 K for different
times t; Ap is the difference between the coherent scattering length density of the precipitate and the matrix, R and s are the average
radius and the root-mean-square width of the particle size distribution, n, is the total number of precipitates per unit sample volume,
S is the total interface area per unit volume, and C is the volume fraction of the precipitates. The values of S~ evaluated from
Porod's law are also reported.

t
(h)

1

5

10
24
48
90

(Qp)2
(A )

3.59X10 '-'

3.70 X 10- '-'

3.51 X 10
3.61X10 "
3.56 X 10
3.65 X 10- '-'

R
(A)

61
99

107
139
160
166

{A)

14
24
28
45
54
73

n

(cm ')

0.21X10"
0.52X 10"
0.37X 10"
0.16X 10"
0.99 X 10'
0.68 X 10'

S
(A ')

0.10X 10
0.67 X 10-'
0.57 X 10-'
0.42 X 10-'
0.36 X 10
0.28X10 '

S (Porod)
(A-')

0.11X10- '

0.73X10 '
0.63 X 10- '
0.43X10 '
0.37X10 '
0.30 X 10

C,,

(%)

24.0
25.1

23.3
24.3
23.8
24.6

S = lim Q
1 . 4dX

2ir(bp)' a-- (15)

As shown in Fig. 4, the Porod law is well satisfied in the
present case, at least for aging times longer than 5 h. The
corresponding values of S, also reported in Table I, are
in excellent agreement with the results obtained from Eq.
(13). An effective reduced pair correlation function has
then been evaluated from the interparticle structure fac-
tor S(Q) according to

g, (r ) = 1+ I [S(Q)—1]Q sin(Qr )dQ .
1

277' rn
(16)

The g, (r ) functions, obtained for the samples investigat-
ed in our experiment, are shown in Fig. 5. Due to the
small Q range explored, the r-space resolution is poor

An independent estimation of S may be obtained from
the Porod approximation of the asymptotic behavior of
the cross section. In fact, for a two-phase system with
defined interface and for sufficiently large Q values, the
product Q d 2/d 0 is a constant related to S by

r=n (17)

and to others obtained by assuming a simple model of
hard spheres packed as in a crystal lattice. In this case

4mr=
&3q

with q being the maximum of the interparticle structure
factor S(Q). These three different methods bring results
that are in satisfactory agreement with each other. An
attempt to fit the interparticle structure factor S(Q) in
the framework of the Perkus-Yevick (PY) theory for a
monodisperse system, as shown in Ref. 13, gave unsatis-
factory results. Moreover, the obtained experimental
structure factor S(Q) shows features which seem not in

agreement with a simple hard-sphere theory for a po-

(truncation Dr =2m. lQ,„-70A), but the first peaks of
g, (r ), corresponding to the nearest-neighbor distance, are
well visible. The position of the principal maximum of
the g, (r) is reported, for each aging time, in Table II.
The values are compared to those obtained by estimating
the interparticle distance r using the total number of pre-
cipitates per unit sample volume n„by
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FIG. 4. Porod's plot showing an asymptotic Q dependence
of the measured cross sections. The specific surface of the pre-
cipitates can be evaluated from the asymptotic value of
g dXldfl

FIG. 5. Effective reduced pair correlation functions g, (r) for
6' precipitates in the investigated alloy. The position of the
maximum gives the radius of the first coordination shell.
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of the unmixing process. Theoretical predictions' for
the Q, R value have been given as Q, R =-2, in good
agreement with our observations.

V. DISCUSSION AND CONCLUSIONS

As shown in Fig. 8, the cube of the average radius in-
creases linearly with the time, in agreement with the pre-
dictions of diffusion-controlled coarsening models. ' '

0
The observed growth rate K =22 A /s compares favor-
ably with the results of a previous transmission-electron-
microscopy study' on the dependence of the growth rate
of A13Li precipitates in Al-Li alloys as a function of lithi-
um content and aging temperature. A value of
I(.'=38 A /s was obtained' for a 3-wt. % composition at
an aging temperature of 473 K, and an empirical expres-
sion relating K to the temperature was also suggested,
leading to IC =23 A /s for 463 K. The observed growth
rate can be compared to the predictions of coarsening
models. In the Lifshitz-Slyosov-Wagner (LSW)
theory, ' ' where the effects of the precipitate volume
fraction on the diffusion equation are neglected, K is
defined as

8C, V ya
Lsw 9 RT (21)

where C, is the equilibrium solute content of the matrix,
V is the molar volume of the precipitate, y is the sur-
face energy, and D is the diffusion coeKcient. By using a
value ' y=0.014 J/m and D=1.84X10 ' m /s, one
obtains KLsw=5. 5 A /s and a ratio E/ELsw=4. This
discrepancy is to be attributed to the effect of the finite
volume fraction of precipitate. The LSW theory is in fact
strictly valid only for systems for which C tends to zero,
and modified theories must be used to describe the be-
havior of systems with C~ WO. The observed ratio
K/KLs=4 is in a better agreement with the modified
LSW model, which predicts values around 6 for C in
the order of 10—15%, while too small a value ( —1.3) is
given by the Lifshitz-Slyosov encounter modified (LSEM)
theory including the possibility of particle coalescence.

10
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R/R
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FIG. 9. Normalized particle size distributions n(R /R ) com-
pared to the theoretical LWS curve.

A more stringent test of the prediction of different coar-
sening models could be done by comparing the shape of
the size distribution function n (R /R ) normalized to uni-

ty. Coarsening theories predict that size distributions
stabilized, after a certain transient time, on a universal
curve independent from all material parameters. The
n(R/R ) curves obtained from the present experiment
are compared in Fig. 9 to the LSW function. Although
stationary for t & 10 h, the shape of the experimental dis-
tributions is different from that of the LSW curve, the ex-
perimental ones being more symmetrical. Their shape re-
calls that of the LSEM model, but this theory is not able
to predict the observed growth rate of the precipitates.
Moreover, the observed coeScient of variation, defined as
the ratio between the root-mean-square width s and the
average radius (s/R =0.23 —0.44) is larger than that of
the LSW function (0.215), but is in better agreement with
a prediction of a recent model, which, taking into ac-
count the effects of diffusive interactions on the Ostwald
ripening, leads to values of the order of 0.5 for C of
about 25%.

In conclusion, our SANS study shows that the A13Li
coarsening in an Al —Li(3 wt. %) binary alloy aged at 463
K for times ranging from 1 to 90 h obeys Ostwald ripen-
ing kinetics with an almost constant volume fraction of
about 24% and a t ' dependence of the average radius of
the precipitates. However, neither the width nor the
shape of the size distribution function can be interpreted
in the framework of a simple LSW model, and requires
the inclusions of diffusion interaction effects. An esti-
mate of the center-to-center interparticle distances has
been obtained from an approximated determination of
the interparticle structure factor, describing the interfer-
ence effects due to the spatial correlations between the
precipitates.
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FIG. 8. The cube of the average radius of the 5' precipitates
vs the aging time. A linear relation holds, in agreement with
the predictions of diffusion-controlled coarsening models. A

O

growth rate K=22 A'/s is found. The vertical bar represents
the root-mean-square width of the Ã(R ) distribution.
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