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Abstract

The article describes the effect of varying minor scan-
dium and zirconium quantities on the grain refinement
of the as-cast alloys Al-Sc, Al-Sc-Zr, and Al-5Mg-Sc-Zr, as
well as the distribution of either element in the phases
formed during the solidification, homogenisation an-
nealing, and ageing of these alloys. Scandium and zir-
conium in the Al-Sc-Zr and Al-5Mg-Sc-Zr alloys are
present in three metallographic formations: in the solid
solution of the aluminium matrix, as primary particles
Al (Sc, Zr), and as dispersive precipitates. The prima-
ry particles Al,(Sc, Zr), sized between 5 um and 10 um,
act as crystallisation nuclei during the solidification
of the alloys. As the EDS SEM analysis indicates, the
primary particles are not homogeneous: the scandium
and zirconium contents decrease from centre to edge.
Another manifestation of scandium and zirconium in
the Al-Sc-Zr and Al-5Mg-Sc-Zr alloys takes the form
of secondary precipitates. These precipitates exist in
the as-cast, homogenised, and aged alloys. Their sizes
range from 5 nm to 60 nm in the as-cast alloys, and
from 100 nm to 350 nm in the aged ones. The precip-
itate number density decreases with the annealing of
the alloys.

Key words: aluminium alloys, scandium, zirconium,
microstructure

Izvlecek

Clanek se osredinja na uéinek razli¢nih manjsih koli-
¢in skandija in cirkonija na udrobnenje zrn v osnovnih
zlitinah Al-Sc, Al-Sc-Zr in Al-5Mg-Sc-Zr in porazdelitev
obeh elementov v fazah, ki nastanejo med strjevanjem,
homogenizacijskim Zarjenjem in staranjem teh zlitin.
Skandjij in cirkonij v zlitinah Al-Sc-Zr in Al-5Mg-Sc-Zr
sta v treh metalografskih oblikah: v trdni raztopini alu-
minijeve matrice, kot primarni delci Al (Sc, Zr) in kot
dispergirani izloCki. Primarni delci Al (Sc, Zr) z veliko-
stjo od 5 um do 10 pm so kristalizacijske kali med strje-
vanjem zlitin. Kot je pokazala analiza EDS SEM, primar-
ni delci niso homogeni; vsebnosti skandija in cirkonija
se manjSata od sredine k robovom delcev. Drugi nacin
pojavljanja skandija in cirkonija je v obliki sekundarnih
izlockov. Izlocki se nahajajo v ulitih, homogeniziranih
in staranih zlitinah. Velikost izlo¢kov je 5-60 nm v uli-
tih in 100-350 nm v staranih stanjih zlitin. Gostota iz-
lo¢kov se manjsa z Zarjenjem zlitin.

Kljucne besede: aluminijeve zlitine, skandij, cirkonij,
mikrostruktura
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Introduction

Scandium (Sc) has a considerable influence on
the microstructure and properties of alumin-
ium (Al) and its alloys. There are three main
reasons for adding Sc to aluminium alloys
(Al-alloys): (i) grain refinement during cast-
ing, (ii) precipitation hardening, and (iii) grain
structure control [, It has been demonstrated
that a small Sc addition in Al and Al-alloys pro-
duces Al Sc precipitates, usually termed dis-
persoids ""*. AL Sc dispersoids efficiently im-
pede the movement of grain boundaries, which
leads to recrystallisation resistance and to the
thermal stability of the crystal grains at higher
temperatures 2%, Beside the binary Al-Sc al-
loys, the Sc-containing alloys studied most ex-
tensively were the Al-Mg-Sc type alloys 371,

The beneficial effects of Sc are enhanced when
Sc is added to Al-alloys in combination with
zirconium (Zr) ™ * 7 8, The presence of both
elements in the alloy improves its recrystal-
lisation resistance, the stability of its crystal
grains during high-temperature annealing, and
its mechanical properties ™ *®l, These improve-
ments are due to the formation of very fine and
uniformly distributed Al,(Sc, Zr) precipitates,
which pin the grain boundaries™ 7 &% 11, The
Al,(Sc, Zr) precipitates have a core/shell struc-
ture with an uneven distribution of Sc and
Zr: a Sc-rich core is surrounded by a Zr-rich
shell [-% 10121 The presence of Zr prompts the
grain refinement action at lower concentra-
tions of Sc, starting from the mass fraction of
Scw = 0.18 % ™. It is for this reason that Sc is
introduced into commercial Al-alloys together
with Zr ™. A further advantage of the joint ad-
dition of Sc and Zr concerns the superplastic
forming of Al-alloys, where a fine-grained and

stable microstructure is the basic prerequisite
for good superplasticity. Recent researches
have shown that the combined additions of Sc
and Zr to Al-Mg alloys improve their superplas-
ticity more efficiently than the separate addi-
tion of either element does 3-1¢1,

The aim of our experiment was to establish the
influence of varying minor Sc and Zr quanti-
ties on the cast grain structure and to investi-
gate the distribution of Sc and Zr in the phases
formed during the solidification, homogeni-
sation annealing, and ageing of Al and Al-5Mg
based alloys.

Materials and methods

The experiments were conducted with Al and
Al-5Mg alloys containing either a minor addi-
tion of Sc or a combination of Sc and Zr. The
designation and chemical composition of each
alloy is shown in Table 1. The alloys were pre-
pared by laboratory induction melting, using
Al99.99 (w/%), Mg99.8, and the master alloys
AlSc2.1, AlZr7.5, and AlTi5B1. Three kilograms
of Al were melted in a graphite crucible, while
the Mg and the master alloys were added to
the molten Al at a temperature of (705+5) °C.
The melts were repeatedly cast into a wedge-
shaped copper mould, where they cooled to
ambient temperature at a rate of ~ 20 K s™.
The shapes of the cut castings are shown in
Figure 1. The microstructures of the alloys
were examined in their as-cast, homogenised,
and aged states. The as-cast alloys without Mg
were homogenised for 24 h at 600 °C and those
containing Mg for 4 h at 440 °C, followed by 4 h
at 460 °C. After the homogenisation annealing,
the alloys were aged for 4 h and 24 h at 400 °C.

Table 1: The chemical composition of the alloys investigated (in mass fractions, w/%)

Mark Alloy Si Fe Mn Mg Ti Zr Sc Al
A Al-0.3Sc 0.006 0.002 0.001 0.00 0.002 0.000 0.24 Bal.
B Al-0.3Sc-0.15Zr 0.008 0.017 0.001 0.00 0.002 0.147 0.28 Bal.
C Al-5Mg-0.2Sc 0.022 0.048 0.004 514 0.016 0.004 0.21 Bal.
D Al-5Mg-0.2Sc-0.15Zr 0.007 0.013 0.002 516 0.011 0.156 0.18 Bal.
E Al-5Mg-0.35S¢c-0.15Zr ~ 0.007 0.016 0.002 472 0.012 0.168  0.35 Bal.
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The examination methods were light micros-
copy, scanning electron microscopy SEM (JEOL
JSM - 5610 with an EDS detector), and trans-
mission electron microscopy JEOL 3100 (ISIS
EDXS with an acceleration voltage of 200 kV).
The metallographic investigations were fo-
cused on the grain microstructure, the primary
phases with Sc and Zr, and the secondary pre-
cipitates. The grain microstructure was estab-
lished by using Baker’s reagent. The average
crystal grain size was examined with the linear
intercept technique. The Sc and Zr contents in
the primary phases were checked by SEM EDS,
and in the secondary precipitates by the TEM
EDXS analysis. The sizes of the secondary pre-
cipitates were measured manually, and their
density was assessed by a visual count within
a set area of bright field TEM (BF TEM) images.

Results and Discussion

Figure 1 shows the macro- and micro-images
of crystal grains in as-cast alloys with varying
contents of Sc and Zr. The average sizes of the
grains are given in Table 2.

An addition of less than w(Sc) = 0.3 % does not
drastically reduce the grain size of these alloys.
The size of the crystal grains is unevenly dis-
tributed over the cross-sections of the castings.
On the other hand, the simultaneous addition
of Sc and Zr refines the grain size of the alloys
Al-0.3Sc-0.15Zr, Al-5Mg-0.2Sc-0.15Zr, and Al-
5Mg-0.35Sc-0.15Zr to 54, 41.5 um and 33 pm
respectively. All these alloys have an equiaxed,
nondendritic grain structure, usually with a
uniform grain size within each casting. A minor
addition of Zr - about w = 0.15 % in the Al-Sc
and Al-5Mg-Sc alloys - has an intensive grain
refining effect on the as-cast structure in spite
of the low Sc content.

Figure 2 shows the backscattered electron im-
ages (BSE images) of a nearly 10 pm square
particle within a crystal grain of the as-cast al-
loy Al-0.3Sc-0.15Zr (a, b), and its composition
analysis at spot 1 (c). The particle is composed
of Al, Sc, and Zr with its uneven distribution.
Figure 4 presents the contents of Sc and Zr at
various points of the particle as established
by the EDS analysis. The concentration of both
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Figure 1: Macro- and microscopic images of crystal grains
in the as-cast A, B, C, D, and E alloys with varying Sc and Zr
contents.

Table 2: The average grain sizes of the alloys investigated

Alloy A B € D E
Grainsize o 5, 190 415 33
(hm)

elements decreases from centre to edge, but the
Zr content is higher at all analysed points. The
stoichiometric ratio of Al to (Sc + Zr), expressed
in average mass fraction (w), is about 3 : 1. The
ratio Zr : Sc in the particle varies from 1.5 to
approximately 1.9, with a mean value of 1.65.

Influence of Minor Scandium and Zirconium Additions on the Microstructure of Al and Al-5Mg Alloy
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Figure 2: BSE images of the particle in the as-cast alloy Al-0.35c-0.15Zr, with markings of the analysed spots 1-5 (a, b) and a

composition analysis of the particle at spot 1 (c).

NTF OMM LJ

Zr Zr Zr Sc
NTF OMM LJ Zr Zr Zr -

Figure 3: BSE images of the particle in the homogenised alloy Al-0.35c-0.15Zr, with markings of the analysed spots 1-5 (d, e) and

a composition analysis of the particle at spot 1 (f).

Figure 3 shows the BSE images (d, e) of the
particle with the composition (c), taken after
the homogenisation annealing of the Al-0.3Sc-
0.15Zr alloy at 600 °C for 24 h. The concentra-
tions of Sc and Zr are reduced in comparison
with the as-cast state of the alloy (Figure 4).
The contents of both elements are nearly equal
at all analysed spots, decreasing from centre to
edge. The decomposition of the particle chang-
es the stoichiometric ratio Al:(Sc+Zr). The
contour of the particle does not disappear de-
spite the long-continued homogenisation an-
nealing at a relatively high temperature.

When, on the other hand, Sc and Zr have been
added simultaneously, the Al-Sc-Zr and Al-
5Mg-Sc-Zr alloys in as-cast, homogenised, and
aged states contain not only large particles but
also nm-size precipitates. These precipitates,
shown in BF TEM and BSE SEM micrographs
(Figure 5), consist of Al, Sc and Zr. The average
quantitative composition of the precipitate, de-
termined by the EDS TEM analysis, is displayed
in Table 3. The average chemical composition
of the precipitates in the aged alloy is similar
in all states analysed and does not depend on
the ageing time. The distribution of Sc and Zr in
the precipitates is not evident from the BF TEM

RMZ - M&G | 2015 | Vol.62 | pp. 73-80
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Figure 4: The Sc and Zr contents in the particles presented in
Figures 2 and 3, belonging to the as-cast and homogenised
alloy Al-0.35¢-0.15Zr.

micrographs. The Al-matrix close to the pre-
cipitates does not contain Sc or Zr, and the av-
erage stoichiometric ratio Al : (Sc + Zr) in the
precipitates is nearly 3 : 1. In addition, the EDS
SEM analysis reveals that the bright points in
the BSE image (Figure 5h) contain more Sc and
Zr than the surrounding Al-matrix does. These
results are in agreement with the data found
in literature: it has been reported by a num-
ber of researchers that dispersive precipitates

Smolej, A, Markoli, B., Nagode, A., Klobcar, D.
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Figure 5: The BF TEM image of Al (Sc, Zr) precipitates in the as-cast alloy Al-0.35c-0.15Zr (g); BSE (h) and BF TEM (i) images of
AIS(Sc, Zr) precipitates in the Al-0.35¢-0.15 Zr alloy, aged for 4 h at 400 °C.

in alloys of the Al-Sc-Zr type consist of Al, Sc,
and Zr with random distribution. The chem-
ical formula of the composed precipitates can
be noted as Al,(Sc, Zr) or, more correctly, as
Al (Sc, , Zr ) [n810],

The size and distribution of the precipitates in
the as-cast and aged alloy Al-0.3Sc-0.15Zr were
measured with the help of BF TEM micrographs.
The results are shown in Table 4. The smallest
precipitates with the highest density are found
in the as-cast alloy. The aged alloy, by contrast,
contains larger precipitates with a much lower
density. While the duration of the ageing time
has no considerable influence on their density,
longer ageing does slightly increase their size.
The size and density of the precipitates in the
TEM images are comparable with those in the
BSE images.

The microstructures of the quaternary Al-Mg-
Sc-Zr (D and E) alloys were investigated in the

same way as the Mg-less B alloy. The micro-
structures of these alloys were found to be very
similar to the Al-0.3Sc-0.15Zr (B) alloy, with
relatively large primary particles composed of
Al, Sc, Zr, and dispersive Al,(Sc, Zr) precipitates.
Figure 6 shows the BSE images of primary par-
ticles in the as-cast (j, k) and homogenised (1)
Al-5Mg-0.35Sc-0.15Zr (E) alloy. In shape, size,
and composition, they equal the particles in
the Al-0.3Sc-0.15Zr (B) alloy. The secondary
Al,(Sc, Zr) precipitates are present in D and E
alloys - as-cast, homogenised, and aged - and
their characteristics are similar to the precip-
itates in the Mg-less Al-0.3Sc-0.15Zr (B) alloy.

The average grain sizes of the investigated as-
cast alloys Al-0.3Sc (A) and Al-5Mg-0.2Sc (C)
are 295 pum and 190 um respectively. Alloys with
less than w(Sc) = 0.3 % show no grain refine-
ment effect. According to the Al-Sc phase dia-
gram, the eutectic pointoccurs atapproximately

Table 3: The average composition of the precipitates and of the Al-matrix in the aged Al-0.35¢-0.15Zr alloy (in mass, w/%, and

amount fractions, x/%)

w/% x/%
Place State
Al Sc Zr Al Sc Zr
Precipitate 4h,400°C 76.72 14.26 9.02 87.23 9.73 3.03
Precipitate 24 h, 400 °C 73.76 15.01 11.23 85.68 10.46 3.86
Al-matrix 24 h, 400 °C 99.97 0.04 0.01 99.98 0.02 0.00

Table 4: The average size and density of the precipitates in the as-cast and aged alloy Al-0.35c-0.15Zr

State Precipitate size Precipitate density
As-cast 5-60 nm ~ 320 precipitates/1 um?
Aged 4 h, 400 °C 100-300 nm ~ 5-6 precipitates/1 pm?
Aged 24 h, 400 °C 150-350 nm x 6 precipitates/1 pm?

Influence of Minor Scandium and Zirconium Additions on the Microstructure of Al and Al-5Mg Alloy
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Figure 6: BSE images of the primary particles in the as-cast (j, k) and homogenised (1) alloy Al-5Mg-0.355¢-0.15Zr (the E alloy).

w(Sc) = 0.55 % and at a temperature of
659 °CL 46171 The maximum solubility of Sc in
Al in the solid state is w(Sc) = 0.35 %*. When
an aluminium melt with a hyper-eutectic con-
tent of Sc is slowly cooled, the first phase in the
melt will be Al.Sc 1248l The Al Sc phases, fcc
with a lattice parameter of 0.4105 um, act as
potential nucleation sites for aluminium crys-
tal grains®™ ¢ The investigated Al-0.3Sc and
Al-5Mg-0.25Sc alloys reveal no Al Sc particles:
this agrees with the data that it is only Sc ad-
ditions greater than the eutectic composition
(w(Sc) = 0.55 %) that act as grain refiners of al-
uminium castings, due to the formation of pri-
mary particles during solidification [ 68171,
The minimum Sc level required for grain refine-
ment can be reduced by the simultaneous addi-
tion of a minor Zr content to the alloys. In the
alloys investigated - Al-Sc-Zr and Al-5Mg-Sc-Zr
- Scand Zr are present in three forms: in a solid
solution of Al, as primary phases in the form of
square or rectangular particles sized between
5 pm and 10 um, and as fine dispersive precip-
itates.

NTF OMM L.J

The composition of the primary particles is
not homogeneous: the Sc and Zr contents de-
crease from centre to edge. The average ratio
Al : (Sc + Zr) is nearly 3 : 1, which is in accor-
dance with the chemical formula Al (Sc, Zr) ™ *.
The Al,(Sc, Zr) particles are the first to form
in the melt, thus serving as effective crystalli-
sation nuclei during the solidification of the
residual melt, which results in a fine-grained
microstructure. This is demonstrated by the
BSE images of the as-cast alloy Al-5Mg-0.35Sc-
0.15Zr, which reveal the presence of Al,(Sc, Zr)
particles within some crystal grains (Figure 7).
The reason why such particles are not evident
in all grains is the variety of their orientation
and of their cross-sections, resulting from the
preparation of the metallographic samples.

As indicated by the EDS SEM analysis, the Zr
content in the centre of the primary particles is
higher than the Sc content. On the basis of the
Al-Zr and Al-Sc phase diagrams® 18-201 35 refer-
ences for the Al-Sc-Zr type alloys, it is believed
that Al Zr precipitates first form from the melt

18knm

NTF 0OMM LJ

Figure 7: BSE images of the as-cast alloy Al-5Mg-0.355c-0.15Zr containing Al (Sc, Zr) particles.
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by peritectic reaction at about w(Zr) = 0.1 %.
This is followed by the precipitation of Al,Sc
on the AL Zr %21, The uneven distribution of
Sc and Zr in the particles is due to the further
diffusion of both elements during the cooling
of the alloy after solidification. In the new-
ly formed composed particles Al,(Sc, Zr), Zr
replaces a part of the Sc content required for
achieving the critical size of Al,Sc as a crystal-
lisation nucleus *#. Thus the addition of about
w(Sc) = 0.2 % and w(Zr) = 0.1 % significantly
refines the grain sizes of Al and Al-Mg type al-
loys at a much lower content of the costly Sc %,
and therefore Sc is introduced into commerecial
aluminium alloys together with Zr ™. However,
the mechanism by which the primary particles
containing Sc and Zr are formed in Al and Al-al-
loys is still not entirely explained.

Another manifestation of Sc and Zr in the
Al-Sc-Zr and Al-5Mg-Sc-Zr alloys takes the form
of fine secondary precipitates. According to the
literature on the subject, these dispersive pre-
cipitates have a core/shell structure where the
composition of the core differs from that of the
surrounding shell. These precipitates, desig-
nated as Al,(Sc, Zr), are coherent with the ma-
trix [810-12 They consist of a core containing Al
and Sc (AL,Sc) and surrounded by a Zr-rich shell
(Al,Zr) 'L The distribution of Sc, Zr and Al in
the secondary precipitates differs from that in
the primary Al,(Sc, Zr) particles, which is due to
the different diffusion rates of Sc and Zr during
solidification and in the solid solution " 21,
The precipitation in the secondary precipitates
starts with the nucleation of nearly pure Al,Sc,
whereas Zr precipitates on Al,Scnuclei atalater
stage [l The Al,(Sc, Zr) precipitates were found
in all three forms of the Al-Sc-Zr and Al-5Mg-
Sc-Zr alloys: homogenised, aged, and as-cast.
This can be explained with the short incubation
period (= 102 s) of the Al,Sc nuclei ® " ??, Evi-
dently, dispersive Al,(Sc, Zr) precipitates form
in the Al-solid solution even while the castings
are still cooling after solidification. These dis-
persive precipitates are effective in pinning the
dislocations and in impeding the movement of
high-angle boundaries, thus causing resistance
to recrystallisation and improving the thermal
stability of the fine-grained microstructure at
higher temperatures [7-8 11,
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Conclusions

The article describes the effect of varying mi-

nor scandium and zirconium quantities on the

microstructure of the alloys Al-Sc, Al-Sc-Zr,

Al-5Mg-Sc, and Al-5Mg-Sc-Zr. The findings of

the research include the following:

— Scandium and zirconium are present in the
investigated alloys Al-Sc-Zr and Al-5Mg-Sc-Zr
in three metallographic formations: (i)
in solid solution, (ii) as primary particles
AlL(Sc, Zr), and (iii) as dispersive precipi-
tates.

— There is no grain-refining effect in as-
cast alloys Al-Sc and Al-5Mg-Sc with less
than w(Sc) =0.3 %. The addition of about
w(Zr) = 0.15 % significantly refines the grain
sizes of the Al-0.3Sc and Al-5Mg-0.2Sc alloys.

— The primary particles Al,(Sc, Zr), sized be-
tween 5 pm and 10 pm, act as crystallisation
nuclei during the solidification of the alloys.
The composition of the primary particles is
not homogeneous: the Sc and Zr contents de-
crease from the centre to the border areas,
with the Zr content exceeding that of the Sc.
The presence of Mg in the alloys does not al-
ter the formation of primary particles.

— Another manifestation of Sc and Zr in the
Al-Sc-Zr and Al-5Mg-Sc-Zr alloys takes the
form of secondary precipitates. They are
found in as-cast, homogenised and aged al-
loys. The size of the precipitates ranges from
5 nm to 60 nm in as-cast alloys, and from
100 nm to 350 nm in aged alloys.
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