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a b s t r a c t

A quantitative description of the Mg-rare earth EV31 alloy during the first stages of the precipitation
sequence using in situ small-angle X-ray scattering (SAXS) is presented. In situ evolutions of the size,
volume fraction and number density of precipitates formed at 150 ◦C and 200 ◦C were obtained. A kinetic
mechanism suggests that the precursor nanoparticles are nucleated at the beginning of the artificial
ageing and, at 200 ◦C, these particles grow mainly by accretion of the solute from the matrix without
further nucleation. The particles grow within two regimes: (i) at the beginning of ageing, the growth is
associated with solute diffusion with an apparent activation energies of 0.78 eV (diffusion assisted by
vacancies); (ii) further growth is associated with solute diffusion with an apparent activation energies
of 1.16 eV (bare solute diffusion). After about 2 h at 200 ◦C, corresponding to the condition of maximum
Precipitation

Microstructure
Small-angle X-ray scattering (SAXS)

hardness for this alloy, the present results indicate a volume fraction of about 1.5% occupied by particles
with an average Guinier radius of 2 nm. The evolution of the volume fraction at 150 ◦C, studied for a
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. Introduction

The Mg-rare earth EV31 alloy (Elektron 21) has been recently
ntroduced into the aerospace industry because of its improved
orrosion resistance and reduced production costs [1]. This alloy,
hich has properties similar to WE43 alloy, was formally launched

n Europe and USA in 2003. An effective and exhaustive report on
he influence of alloying elements upon the properties of EV31 has
een made by Lyon et al. [2]. Recent studies performed on alloys
aving compositions similar to EV31 have evidenced the impor-
ance of small additions of Zn in the age-hardening response [3],
hile direct observations by 3-D atom probe made it possible to

haracterize the composition of nanoscale precipitates in a similar
lloy [4].

A previous microstructural characterization of EV31 at different
emperatures by means of hardness measurements, DSC, TEM and
ositron annihilation spectroscopy was performed in Ref. [5]. In the
resent work a quantitative description of the first stages of the

recipitation sequence using in situ small-angle X-ray scattering
SAXS) is presented. The new information suggests a precipitation

echanism for the nucleation and growth of the nanoparticles.
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r than the one found at 200 ◦C.
© 2009 Elsevier B.V. All rights reserved.

2. Experimental details

Extruded bars of nominal composition Mg, 2.8Nd, 1.4Gd, 0.3Zn, 0.5Zr (wt.%),
corresponding to Mg, 0.49Nd, 0.23Gd, 0.12Zn, 0.14Zr (at.%) were supplied by Teksid
Aluminum in the as-cast conditions. Small discs of about 5 mm in diameter and
about 0.1-mm thick were prepared for SAXS measurements. These samples were
solution treated for 8 h at 525 ◦C in a vertical furnace, then quenched in water at
room temperature.

SAXS experiments were performed at ESRF (beamline BM02) at the fixed
X-ray wavelength � = 1 Å, in the range of the scattering vector modulus
1.6 × 10−2 Å−1 < q < 0.6 Å−1 (q = 4� sin(�/2)/�, � being the scattering angle). The 2-
D spectrum was circularly averaged to obtain the 1-D spectrum I(q), which was
calibrated by comparison with the spectrum measured in the same conditions for a
reference sample. The data were corrected for a flat background and diffuse multiple
scattering from the matrix (Porod correction, see Ref. [6]).

The data treatment yields the Guinier radius, RG, and the integrated intensity

Q0 =
∫ ∞

0

q2I(q) dq = Q s.a. + Q meas. + Q w.a. (1)

Q0 is determined as the sum of three terms Q s.a. + Q meas. + Q w.a., where Qs.a. is the
contribution due to scattering at very small angles (below the minimum angle exper-
imentally reachable), Qw.a. the area at wide angles extended beyond the maximum
measured angle and Qmeas is the main part of the integral that can actually be mea-
sured (see Ref. [6]). The average Guinier radius, R , is obtained from the plot I(q)q2
G

vs. q, which, if the Guinier approximation holds, has a maximum at qG =
√

3/RG . In
the framework of the “two-phase model”, Q0 is related to the volume fraction fV
occupied by the scattering centres, according to the equation:

Q0 = 2�2|��|2fV(1 − fV) (2)

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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is proportional to the volume fraction of the new particles formed
during the evolution and the position of the maximum is inversely
proportional to their size. It is evident that the distribution at 150 ◦C
is much less developed than at 200 ◦C. Figs. 2 and 3 also show that
there is a q spread up to 0.5 Å−1 and 0.32 Å−1, corresponding to a
ig. 1. Plot of I(q) q2 vs. q SAXS profile measured after solution treatment and
uenching (I*(q) q2), 2 h at 150 ◦C and 3 h at 200 ◦C.

here �� is the average electron density difference between the scattering centres
nd the matrix. Neglecting the residual content of solute in the matrix, one can write

� = Z̄p

˝p
− Z̄m

˝m
≈ Z̄p − ZMg

˝
(3)

here Z̄p, Z̄m are the average atomic numbers respectively in the scattering centres
nd in the matrix, ˝p and ˝m the atomic volumes in the scattering centres and
n the matrix. ˝ = 23.2 Å3 is a rather accurate approximation for ˝p ≈ ˝m [7]. The
omposition of the precipitates was calculated under the hypothesis that particles
ith a DO19 structure (�′′ phase) are formed during the first stages of precipitation

n agreement with the results given in Ref. [5]. Under this hypothesis, it is then
ossible to follow the evolution of volume fraction fV with increasing ageing time, by
omparing their integrated intensity. An estimate of fV can be obtained by neglecting
econd-order terms in Eq. (2); this approximation gives

V = ˛Q0 (4)

The composition proposed for the �′′ phase is Mg3X, where X are rare earths (Nd,
d or a balance between these elements). In Eq. (4), the constant � was estimated in
.175 Å6 with a balance in the composition of the �′′ phase Nd/Gd = 1 (� = 0.161 Å6

f X = Gd and � = 0.189 Å6 if X = Nd). Therefore, Eq. (4) gives an estimation of the
olume fraction, since at present the exact composition and a possible variation of
his during ageing is not known. Assuming that spherical particles are formed at the
eginning of artificial ageing, the number density of the scattering centres can be
stimated by the relationship

= fV
4/3�R3

= fV

4/3�(5/3)3/2R3
G

∼= 1.95 × 10−2Å
Q0

R3
G

(5)

More details about the SAXS technique can be found in Refs. [8,9].

. Results and discussion

Fig. 1 shows the I(q)q2 vs. q distribution after solution treatment
nd quenching and at the interruption of the ageing treatments
2 h at 150 ◦C and 3 h at 200 ◦C). The distribution shows a bump
or high value of q with a maximum indicated by an arrow, which
eems to reveal the persistent presence of very fine objects within
he magnesium matrix. The average Guinier radius of these hypo-
hetical particles would be about 4.5 Å and their volume fraction
ould be around 1%. The comparison of the three curves in Fig. 1

ndicates that the right side of the bump associated with these par-
icles does not change significantly after artificial ageing for the
ntire duration of our experiment. The nature of these particles is
ot easily explainable in terms of the precipitation process stud-

ed in the present work. However, in accordance with the results
f atom probe tomography for Al–Cu–Mg alloys [10,11], it seems

easonable to attribute the initial distribution to solute clusters or
o-clusters (clusters with more than one atomic species) contain-
ng only a few solute atoms. For the temperatures and ageing times
xplored in the present experiment, this distribution does not seem
ubstantially depleted. If the solute clusters contribute as a reserve
Fig. 2. In situ SAXS distribution measured at 150 ◦C of alloy EV31.

of solute for the formation of new precipitates, only a few percent
of these clusters have been used. Particles formed with minor alloy
elements during solidification that are stable during artificial age-
ing could also be present (see peritectic Zr-rich particles in Ref.
[12]). In order to obtain information on the size and density of the
new particles formed during ageing, the contribution to the scat-
tered intensity of the small clusters already present immediately
after quenching needs to be subtracted. In our approximated anal-
ysis, we assume that this contribution remains unchanged during
ageing.

Figs. 2 and 3 show the in situ evolution of the SAXS distribution
(I − I*)q2 during the first hours obtained at 150 ◦C and 200 ◦C, where
I(q) is the scattering intensity measured at different ageing stages
and I*(q) the intensity measured for solution treated and quenched
samples (Fig. 1). The area under the curves (integrated intensity)
Fig. 3. In situ SAXS distribution measured at 200 ◦C of alloy EV31.
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Fig. 4. In situ evolution of the SAXS results during artificial ageing. (a) Guinier radius,
R
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G; (b) integrated intensity Q0 (left axis) and approximated volume fraction fV of
recipitates (right axis); (c) ratio (Q0 − Q ∗)/R3

G (left axis) and approximated number
ensity of precipitates (right axis). Typical error bars shown for one point only in
ach frame.

uinier radius of 3.5 Å and 5.4 Å, respectively. The different spread
n the scattering distributions is an approximated indication of the
emperature dependence of the lower size limit for the thermal
tability of the new particles.

Fig. 4 shows the evolution of the Guinier radius RG, the inte-
rated intensity Q0 and the ratio (Q0 − Q ∗)/R3

G at 150 ◦C and 200 ◦C.
he scales on the right show the volume fraction and the number
ensity of the scattering centres, evaluated according to Eqs. (4)
nd (5). The dashed lines through the experimental points are only
guide for the eye. Fig. 4a shows an initial Guinier radius value of
bout 8–9 Å of the new particles that are nucleated at both temper-
tures immediately after the beginning of the artificial ageing. After
h at 150 ◦C there is a small RG increase. On the contrary, at 200 ◦C

here is a substantial growth of the particles up to a non-saturated
aximum of about 22 Å at the interruption of the measurement.

his analysis was performed on the hypothesis that during the first
tages of precipitation three-dimensional particles are formed in
ood agreement with the TEM evaluation of Ref. [5]. The Porod
adius Rp (see Ref. [8]) when calculated with the whole I(q) dis-
ribution (Fig. 1) practically does not change during the evolution
between 3.3 Å and 4.4 Å). This Porod radius is highly influenced
y the initial distribution of small particles, which has no strong
volution during the ageing. Fig. 4b, which shows the evolution of
he integrated intensity Q0 (thus the volume fraction), includes the
ontribution of the small clusters. This contribution is subtracted
n Fig. 4c, showing the evolution of (Q0 − Q ∗)/R3

G, which is propor-
ional to the number density n of the new particles that are formed
uring artificial ageing. The variation of n is small at both tem-
eratures in comparison to number density of the small particles
resent at the beginning of the ageing (2 × 1018 particles/cm3). At

◦
50 C, n increases up to a non-saturated maximum at the interrup-
ion of the measurement. At 200 ◦C one observes a rapid increase,
ollowed by a smooth decrease with possible saturation at a value
hree times smaller than the maximum reached at 150 ◦C. The
ncrease of the number of particles is an indication of nucleation
Fig. 5. Variation of the cube of the average particle Guinier radius as a function of
ageing time. The evolution at 150 ◦C is included into the insert with different scales.

that takes place immediately after the beginning of artificial age-
ing; the behaviour at longer ageing times at 200 ◦C is symptomatic
of accretion of the solute aggregates without further nucleation.

The precipitation mechanism observed during the early stages
of ageing can be summarized as follows: (i) nucleation occurs at the
beginning of the thermal treatment at both temperatures (150 ◦C
and 200 ◦C); (ii) at 200 ◦C, continuing growth of particles by the
absorption of solute from the matrix appears to be energetically
favoured than the nucleation of new particles.

Fig. 5 shows that the volume of the new particles (R3
G) grows

in proportion to the ageing time within two regimes (the insert
depicts the evolution at 150 ◦C with a different scale). The more
rapid regime takes place below about 10 min at 150 ◦C and about
40 min at 200 ◦C. A linear R3

G -time law is reminiscent of a coars-
ening process described by the LSW (Lifshitz–Slyozov–Wagner)
model, which in this case seems to hold even in a stage where
nucleation is still taking place. This has been previously observed
in other cases (see an example in Ref. [13]). There is currently
a lack of data of diffusion rates of rare earths in magnesium in
the literature. We thus follow the procedure of Ref. [13] to esti-
mate the activation from temperature dependence of the slopes
of the lines in Fig. 5. For the rapid regime, the activation energy
can be evaluated at (0.78 ± 0.15) eV (75 kJ/mol). This energy must
be associated with solute migration (Gd and Nd). The atomic sizes
of both Gd and Nd (∼1.8 Å in radius [14]) are larger than that of
Mg (1.6 Å) and is most likely that their diffusion is assisted by
associated vacancies The presence of vacancies in association to
isolated solute atoms and to small solute aggregates formed at
the beginning of ageing can be expected to minimize the internal
energy. The estimated activation energy is in accordance with the
value obtained by Zhu and Nie [15] in a Mg–Y–Nd alloy by means
of serrated flow, which was associated with the diffusion of rare
earth atoms (Y and Nd) in Mg. For the slower growth regime, the
activation energy is estimated at (1.16 ± 0.12) eV (112 kJ/mol). This
value, which is slightly lower than the activation energy of Mg self-
diffusion (1.39 eV ≡ 134 kJ/mol) [16], is likely to be associated with
bare solute (Gd and/or Nd) diffusion in Mg.

The condition of maximum strength (hardness) for the EV31
alloy [5] was found in artificially aged samples for about 2 h at
200 ◦C. The results presented in the present work indicate that in

this condition particles of 2 nm with a volume fraction of about 1.5%
are found. TEM observations of Ref. [5] for a longer ageing exposi-
tion, i.e. after 1 day at 150 ◦C and 16 h at 200 ◦C, reveal the presence
of small platelets about 4 nm and 12 nm in diameter, respectively.
Such particles were associated with the formation of the chemically
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[
[
[13] Z. Du, T. Zhou, P. Liu, H. Li, B. Dong, C. Chen, J. Mater. Sci. Technol. 21 (2005)
R. Ferragut et al. / Journal of Alloy

rdered DO19 structure that doubles the hexagonal Mg base cell
a = 2aMg, c = cMg), i.e. the coherent �′′ phase that has a composition

g3X (X = rare earth).

. Conclusions

The present work contributes to the characterization of the new
g alloy EV31 by presenting a quantitative description of the first

tages of the precipitation sequence using in situ small-angle X-ray
cattering. The proposed main mechanism of precipitation kinetic
uggests that: (i) the coherent particles of the �′′ phase or precur-
ors of this phase are nucleated mainly during the first minutes of
geing; (ii) the particles reach an approximated critical diameter
arger than 7 Å and 11 Å, below which they are thermally unstable
t 150 ◦C and 200 ◦C, respectively; (iii) growth of the particles takes
lace by absorption of the solute from the matrix in two stages with
ifferent activation energies (0.78 ± 0.15) eV and (1.16 ± 0.12) eV
ssociated with the diffusion of solute with or without
acancies.

Artificial hardening at 200 ◦C was shown to be faster and more
fficient than for the suggested commercial T6 temper (16 h at
00 ◦C) [1]. The hardness maximum was previously found at about
h [5]. The present work points out that in these conditions there
s a distribution of solute aggregates with an average Guiner radius
f 2 nm and a volume fraction of 1.5%. It is reasonable to assume
hat the particles are precipitates of the �′′ phase, although to our
nowledge there is no available conventional electron microscopy
dentification of the precipitates in these early ageing conditions.
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