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Abstract

Three dimensional atom-probe (3DAP) has been applied in order to study the nucleation of small, spherical and coherent

Al3(Sc,Zr)-dispersoids. The results indicate that Al3(Sc,Zr) in the beginning of the nucleation process mainly consist of Al and Sc,

while Zr enters the dispersoids at a later stage, i.e. relatively Zr-rich shells seem to form around Sc-rich cores.

� 2004 Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
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1. Introduction

Both Zr and Sc form dispersoids, which effectively

inhibit recrystallisation and the corresponding strength
loss during heat exposure of aluminium alloys. Recrys-

tallisation involves the formation of strain-free nuclei/

subgrains and the subsequent growth of these into the

surrounding matrix. However, this will only occur if the

subgrains are able to grow larger than a certain size, RC,
given by the Gibbs–Thomson relationship

R > RC ¼ 4 � cGB
PD � PZ

ð1Þ

where RC is the critical radius for nucleation, cGB is the
specific grain boundary energy, PD is the stored defor-

mation energy and PZ is the retarding force (Zener drag)
that the dispersoids exert upon moving subgrain
boundaries. Eq. (1) shows that when PZ ! PD and RC !
1 the structure is stabilised, i.e. recrystallisation is

avoided. A widely used estimate for the Zener drag [1] is

PZ ¼ 3 � f � cGB
2 � r ð2Þ
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where r is the radius and f is the volume fraction of

dispersoids. Eq. (2) shows that a high Zener drag is

obtained when the (f =r)-ratio is large. It is also impor-
tant that the dispersoids precipitate quickly (in order to
be present in the structure before recrystallisation be-

gins), are thermally stable and are homogeneously dis-

tributed in order to maintain a high (f =r)-ratio
everywhere in the structure even at high temperatures.

As both precipitation and coarsening are strongly

linked to the diffusion rate of the dispersoid-forming

element, it is easy to understand that it would be difficult

to obtain both fast precipitation and high thermal sta-
bility by a single addition of for instance Sc. Sc diffuses

relatively fast in Al [2,3] and the addition of this element

leads to rapid and homogeneous nucleation of coherent

and stable Al3Sc-dispersoids (cubic L12-structure), but

the high diffusivity of Sc also implies that these disper-

soids may coarsen relatively fast. However, this has been

solved by adding Sc in combination with Zr. Combined

Sc/Zr-additions lead to the formation of Al3(Sc,Zr)-
dispersoids with very attractive properties, as they

nucleate rapidly at high number densities, are homoge-

neously distributed and coarsen quite slowly [3–5].

Taking the fast precipitation kinetics of Al3(Sc,Zr) and

the slow diffusion rate of Zr [3,6,7] into account, it seems

to be a reasonable assumption that these dispersoids

must be rich in Sc in the early stages of nucleation, i.e.
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Al3(Sc,Zr) may initially form as Al3Sc-phases. If this

hypothesis is correct Zr enters the dispersoids at a later

stage, possibly forming a more Zr-rich shell around the

Sc-rich core. This work aims to investigate if there really
is a relationship between the excellent properties of

Al3(Sc,Zr) and the distribution of Zr and Sc within the

dispersoid. AP-FIM (Atom Probe Field Ion Micros-

copy), which allows for the imaging of individual atoms

in direct lattice space with a sub-nanometric resolution,

has been applied for this task.
Fig. 1. Dark field TEM-micrograph showing the high density of

homogeneously distributed Al3(Sc,Zr)-dispersoids after precipitation

annealing for 15 h at 475 �C.
2. Alloy selection and preliminary experimental work

2.1. Casting

A ternary Al–Sc–Zr alloy was made by mixing
appropriate amounts of Vigeland metal (99.99% Al) and

master alloys of Al–10wt%Zr and Al–2wt%Sc, in order

to produce an Al–0.08wt%Zr–0.15wt%Sc bulk. The al-

loy was directionally solidified in order to reduce

porosity and solidification contraction at the top. A well

stirred melt was poured at 760 �C into a cylindrical fibre
tube mould (£ 40 · 150 mm) and cooled in the bottom
by a large copper cylinder. The actual temperature was
monitored by thermocouples during solidification, and

the cooling rate was found to vary between 5–10 �C/s.
No grain refiner was added during casting.

Precipitation annealing was carried out in a Heraeus

K750 forced air circulation furnace. The alloy was an-

nealed from room temperature to 475 �C by a 50 �C/h
ramp and held at that temperature for 15 h in order to

produce a dense distribution of dispersoids. The mate-
rial was water-quenched after annealing.

An investigation using a Jeol 2010 TEM operated at

200 kV was carried out in order to study the dispersoid

distribution after precipitation annealing. TEM-samples

were prepared by electrothinning at 13 V in a Struers

Tenupol. The electrolyte was a mixture of 75% methanol

and 25% nitric acid and thinning was performed at

)25 �C. Electron Energy Loss Spectroscopy (EELS) was
used in order to measure the thickness of the TEM-foils,

and the average dispersoid size, number density and

volume fraction were subsequently determined from

dark field images analysed by the computer programs

Adobe Photoshop and ImageTool. Approximately 700

dispersoids were measured. Energy Dispersive Spec-

trometry (EDS) was used in order to investigate the

chemical composition of the dispersoids. Several dis-
persoids, both in the proximity to and far away from

boundaries, were investigated in order to study if the Sc-

and Zr-content varied with position.

Three dimensional atom probe analyses were carried

out on an Energy Compensated Optical Tomographic

Atom Probe (ECOTAP [8]) developed in the University

of Rouen. Details on the technique can be found else-
where [9,10]. 0.3 · 0.3 · 20 mm3 blanks were cut from the

£ 40 mm tubes, and prepared into needles by standard

electropolishing in 2% perchloric acid (70%) in 2-but-

oxyethanol at 15 V at room temperature. Data analyses
were conducted using the software developed in the

University of Rouen.
3. Results and discussion

3.1. Precipitation annealing

TEM investigations indicate that the bulk material

after casting is free of any Sc- or Zr-bearing phases,

coarse or fine, and therefore can be considered as a

supersaturated solid solution. Precipitation annealing

(15 h annealing at 475 �C) resulted in a high density of
small, coherent and homogeneously distributed

Al3(Sc,Zr)-phases, as shown in Fig. 1. EDS-analysis

revealed that the dispersoids contained more Sc than Zr,
regardless of whether they were far away from or in the

proximity of boundaries, i.e. pure Al3Sc or Al3Zr-phases

were not detected despite the fact that Zr and Sc seg-

regate to grain/dendrite centres and grain boundaries

during casting, respectively [11,12]. This result is in

accordance with Riddle [13] and Costello [14], who have

shown by microanalysis that all the dispersoids in their

Sc/Zr-containing alloys were of the type Al3(Sc,Zr)
regardless of their position. Furthermore, modelling

predictions by Robson [15], on an alloy with a higher Zr/

Sc-ratio than the present one, revealed that all disper-

soids contained more Sc than Zr even in the dendrite

centres.



ig. 2. (a) Aluminium (green dots) atom distribution within the

atrix. The overall matrix volume represented is 4.5· 4.5 · 5.5 nm3.

b) Solute distribution within a dispersoid––red dots are Sc atoms and

lue dots Zr atoms. The overall represented volume is 6.6· 6.6 · 17
m3.
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Precipitation characteristics, as derived from TEM

micrographs, are as follows: the dispersoid mean radius

is 9.6 nm, their number density 2 · 1021 m�3 and the

volume fraction 0.6%.

3.2. 3DAP analysis of the matrix

In order to study solute distribution in Al3(Sc,Zr)-

dispersoids, three dimensional atom probe analyses were

conducted on the material annealed 15 h at 475 �C. The
first step in data processing is the identification of the

mass spectrum peaks to the chemical species according

to their mass over charge ratios, as shown in Table 1.

As seen in this table, and according to the existing

literature [9], there is a possible overlap between Sc and

Zr at 45 amu. In order to quantify this overlap, the

importance of each peak in the range 45–48.5 amu has

been compared to the natural abundance of Zr isotopes.
Results shown in Table 2 clearly indicate that the ratio

of the isotopes from 45 to 48.5 amu is consistent with

the natural abundance of the Zr isotopes, thus ruling out

the presence of Scþ at 45 amu. As a consequence, all

ions detected with a mass over charge ratio of 45 will be

considered as Zr.

3.3. Internal morphology of Al3(Sc,Zr)-dispersoids

A 3D atom probe analysis was conducted along a

Æ1 1 0æ axis in the aluminium, and several dispersoids

were intercepted. The analysed volume has been recon-

structed using the procedure described by Bas [16]. The

(1 1 0) type planes are visible in the matrix, as shown in
Fig. 2a. However, they do not appear in the dispersoids,

whereas they should, according to the cube on cube

orientation between the Al matrix and Al3(Sc,Zr)-dis-

persoids [3]. Furthermore, the dispersoids appear as

plate-like shaped disks, perpendicular to the analysis
Table 1

Definition of element intervals in the mass spectrum

Element Possible charge ðnÞ m=n ratio (amu)

Al 1+: 2+: 3+ 27:13.5:9

Sc 1+: 2+ 45:22.5

Zr 1+: 2+: 3+ 90–97:45–48.5:30–32.3

Table 2

Comparison between natural abundance and experimental proportions

of Zr isotopes

Zr isotope

(amu)

Natural abun-

dance

Measured Zr2þ Measured Zr3þ

90 51.45 47.5± 5 50.3± 8

91 11.22 9±2 9.5± 3

92 17.15 19± 3 18± 5

94 17.38 20± 3 21± 5

96 2.8 4.5 ± 1.5 1.2± 1.2
F
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Fig. 3. Concentration profile through a Al3(Sc,Zr) precipitate.
direction. This effect is a classical artifact of the recon-

struction procedure, which does not account for the

difference in evaporation fields between the matrix and

the dispersoids, which has been shown to be signifi-

cant in the case of Al matrix-Al3Zr dispersoids [17].
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Therefore, in order to get an accurate reconstruction of

the dispersoids, a more appropriate value of the dis-

persoid evaporation field must be used.

An estimate of the difference in the evaporation fields
between the matrix and the precipitates may be obtained

by comparison of the state charge of Al ions in both

phases [18]. When applied, this procedure leads to an

evaporation field about 30% larger in the dispersoids

(28–22 V/nm). With this correction applied, a new

reconstruction was obtained, as shown in Fig. 2b. The

Sc-rich (1 1 0) atomic planes in the centre of the disper-

soid appear flat. In this region, 14 atomic planes con-
taining Sc were counted, leading to an interplanar

spacing of 0.29 nm, consistent with d110Al3(Sc,Zr).
Therefore, the reconstruction and the depth scaling are

considered as satisfactory in the precipitate. It should be

kept in mind that this corrected value can only be ap-

plied to the dispersoids, and should not be used for the

matrix.

The limits of the precipitate itself have been deter-
mined by means of a cluster identification algorithm.

The principle is as follows: around each atom in the

analysed volume, the composition is measured in a

spherical shell (1 nm in diameter in this case). If the local

concentration is higher than a given threshold (set as

(%Sc+%Zr)>5at% in this case), the atom is considered

as belonging to the precipitate. The dispersoid’s mean

composition has been measured to 74± 0.5at%Al–
21.5 ± 1at%Sc–4.5 ± 1at%Zr. This concentration per-

fectly matches with the Al3(Sc,Zr) stoichiometry, and

with EDS analyses indicating that dispersoids are rich in

Sc. Nevertheless, it is clear from Fig. 2b that Zr atoms

are not homogeneously distributed within the disper-

soid. Indeed, one can easily notice that the centre of the

dispersoid looks Sc-rich whereas Zr ions are apparently

situated closer to the matrix/dispersoid interface. In
order to better show the local distribution of solute

elements in the dispersoid, a concentration profile has

been drawn across the precipitate (Fig. 3). This con-

centration profile clearly evidences that the dispersoid

has a duplex morphology, consisting in a 5 nm diameter

core, surrounded by a 8 nm thick shell. The core has an

average Al3Sc composition, whereas the shell incorpo-

rates most of the Zr atoms of the dispersoid. This result
is in excellent agreement with the internal structure of

Al3(Sc,Zr) proposed by Clouet [19] on the basis of

Monte Carlo simulations. Also evidenced on this con-

centration profile, the diameter of this dispersoid (about

20 nm) is in good agreement with TEM observations.

3.4. Early stages of Al3(Sc,Zr)-nucleation

The Sc-rich core strongly indicates that the dispersoid

in the early stages of formation probably has consisted

only of Al and Sc, i.e. due to the high diffusion rate of Sc

compared to Zr in aluminium [2,6,7], the dispersoids can
probably be regarded as Al3Sc-phases early in the

nucleation process. This observation most likely ex-

plains why Al3(Sc,Zr) and Al3Sc display the same rapid

precipitation kinetics.
3.5. The influence of Zr on the coarsening of Al3(Sc,Zr)-

dispersoids

The higher content of Zr in the outer layers of

Al3(Sc,Zr), may be the reason for the lower coarsening

rate of these dispersoids compared to Al3Sc. If coars-

ening is controlled by diffusion, it is important that the

rate controlling element diffuses as slowly as possible.

Vetrano and Henager [20] studied the chemical com-

position of Al3(Sc,Zr) precipitates in an Al–4.45at%Mg–
0.49at%Mn–0.18at%Sc–0.03at%Zr-alloy and detected

Zr at the a-Al/Al3(Sc,Zr)-interfaces. It was suggested
that Zr acted as a barrier to Sc-diffusion across the

interface, which in turn led to a reduction in the coars-

ening rate of Al3Sc precipitates. This observation is in

good accordance with the results obtained here. Fur-

thermore, the interfacial energy, c, should be minimised
in order to obtain thermal stability [21]. It has been
shown that the Al3(Sc,Zr)/matrix lattice mismatch is

smaller than the mismatch between Al3Sc and matrix

[22,23], and coherency can consequently be maintained

to higher diameters for the former dispersoid type. As

loss of coherency increases the interfacial energy, c, and
consequently also the rate of coarsening, this may also

explain why Al3(Sc,Zr)-dispersoids display a higher

thermal stability than Al3Sc.
4. Conclusions

The precipitation of Al3(Sc,Zr)-dispersoids has been

successfully studied by means of TEM and 3DAP.

Dispersoids formed after 15 h at 475 �C are shown to be
Sc-rich. Solute distribution in the dispersoids is hetero-

geneous, with a Sc-rich core and a Zr enriched outer

shell. This work confirms the hypothesis of an intense

initial precipitation of Al3Sc nuclei, favoured by the fast

Sc-diffusion rate in the initial solid solution, followed by
later Zr segregation, causing a lowering of the coarsen-

ing rate.
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