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Effects of Y addition on microstructure and properties of Al-Zr alloys
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Abstract: Microstructure and properties of Al-0.30Zr and Al-0.30Zr-0.08Y (mass fraction, %) alloys were investigated by
electrical conductivity measurements, microhardness tests, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Micron-sized primary Al;Y phases form within grains and at grain boundaries simultaneously as product of
eutectic reaction in as-cast Al-Zr—Y alloys. The addition of Y obviously accelerates the precipitation kinetics of Al;Zr (L1,) in
Al-Zr-Y alloys. The Al-Zr—Y alloys exhibit greater electrical conductivity during aging due to formation of increased volume
fractions of Al;(Zr,Y) precipitates. In ternary Al-Zr—Y alloys, spheroidal L1,-structured Al3(Zr,Y) precipitates with increased number
density and smaller mean radius were observed. The Al-0.30Zr—0.08Y alloys show improved recrystallization resistance compared

with Al-0.30Zr alloys
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1 Introduction

Addition of a small amount of Zr can improve the
recrystallization resistance of deformed aluminum alloys
due to formation of metastable Al;Zr precipitates with
L1, structure [1]. The Al;Zr dispersoids, precipitated
from supersaturated Al—Zr solid solution during aging,
are resistant to coarsening and can impede the evolution
of subgrain during the hot deformation and
homogenization [2]. The effectiveness of precipitates
will depend on their distribution, size and spacing [3].
However, Zr is readily to segregate at the dendrites
centers of aluminum alloys during solidification, which
leads to heterogencous distribution of AlZr. The
precipitates free region is prone to recrystallization. The
homogenization treatment could not improve the
distribution of precipitates and eliminate the precipitates
free region [4]. Moreover, the precipitation of Al;Zr (L1,)
is relatively slow due to slow diffusivity of Zr in a(Al).

Investigations have been carried out to accelerate
precipitation kinetics and improve distribution of

precipitates through multi-step annealing procedures [5]
and alloying additions, such as Er [6], Yb [7] and Sc
[8—10], among which the effect of Sc on precipitation
behavior in Al-Zr was investigated extensively. The
combined additions of Er and Zr improve the
precipitation hardening of aluminum alloys [6]. There is
a synergetic effect of Yb and Zr on the precipitation
evolution of Al-Zr-Yb alloys, which results in a
significant aging strengthening at elevated temperatures
[7]. Alloys containing both Sc and Zr show promising
strength and recrystallization resistance due to the
formation of Al;(Sci_.Zr,) precipitates [9,10]. However,
high cost of scandium limited its commercial use. Thus
cheaper yet more effective alternative elements are
expected to find widespread use in commercial alloys. Y
locates at the same main group as Sc, and the two
elements show similar chemical properties. However, in
published literatures, few researches were found to focus
on the precipitation evolution of Al-Zr=Y alloys. In the
present work, effect of yttrium on microstructure and
recrystallization of Al-Zr was investigated to explore
possibility of optimizing the properties of Al-Zr alloys.
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2 Experimental

The alloys under study were prepared through the
ingot metallurgy route in the laboratory. Al-0.30Zr and
Al-0.30Zr-0.08Y alloys were investigated (all
compositions are in mass fraction of % unless otherwise
noted). Alloys were melted in alumina crucibles at 800
°C in the open air, using 99.99 Al, Al-4.6Zr and/or
Al-10Y master alloy. After thoroughly stirring, the melt
was poured into a graphite mold. The ingots for
observation were then aged at 500 °C for 1-16 h and
water quenched after each aging treatment. The as-cast
samples for cold-rolled were aged at 500 °C for 12 h and
then cold-rolled to 82% reduction.

FEI NOVA NanoSEM 230 field-emission scanning
electron microscope (SEM) was employed to observe the
distribution of precipitates at 10 kV using backscattered
imaging mode. To calculate number density of
precipitates, the maximum depth below specimen surface
where precipitates can be detected was calculated to be
0.66 um by applying the Kanaya—Okayama equation in
Ref. [11]. Precipitates size and number density were
analyzed using Image pro software. At least 100
precipitates were measured for each mean radius of
precipitates and at least 6 random SEM images were
analyzed for each number density. The morphology and
structure of precipitates were investigated using JEM
2100F transmission electron microscope (TEM) operated
at 200 kV. TEM specimens were prepared through
mechanical grinding to less than 80 pm. The specimens
were thinned by twin-jet electro-polishing at 12 V in a
30% nitric acid and 70% methanol solution cooled to
=30 °C.

Electrical conductivity and Vickers microhardness
of the specimens were measured. Electrical conductivity
measurements were performed at ambient temperature
using an FD-102 eddy current conductivity tester. Five
measurements were recorded for each reading. Vickers
microhardness performed on
polished samples using a load of 1.96 N and a dwell time
of 10 s. At least 10 microhardness measurements were
taken as the experimental data.

measurements were

3 Results and discussion

3.1 As-cast microstructure

The micron-sized primary Al;Y phases formed
within grains and at grain boundaries as production of
eutectic reaction in as-cast Al—0.30Zr—0.08Y, as shown
in Fig. 1. The inset TEM micrograph of Al-0.30Zr—
0.08Y in Fig. 1 illustrates primary ALY at grain
boundary. Energy dispersive spectroscopy (EDS)
analysis shows that composition of the primary phases is
78.40% Al, 21.31% Y and 0.29% Zr in mole fraction,

which indicates the Al;Y stoichiometry and trace amount
of Zr in the primary phases. However, the formation of
primary phases indicates only a fraction of Y added to
the alloys is available in the solid solution for
precipitation. For the relatively low equilibrium partition
coefficient (ky=0.02) [12], supersaturated Y atoms were
expelled from the grain and accumulated at the
advancing solid—liquid interface. When the Y
concentration approaches the eutectic point, Al;Y will
form as divorced eutectic. A coupled eutectic reaction
was not observed because of the low volume fraction of
the ALY phases in the Al-AlY eutectic and the slow
growth kinetics of the intermetallic phase. Similar
phenomenon was observed in the Al-Sc [13] and Al-Er
[14] system.

Primary Al 3Y

A8

Fig. 1 SEM backscattered micrograph of as-cast Al-0.30Zr—
0.08Y showing primary Al;Y phases formed within grains and
at grain boundaries during solidification (the inset bright-field
TEM micrograph of as-cast Al-0.30Zr—0.08Y illustrates
primary Al;Y at the grain boundary)

3.2 Precipitation evolution during aging

Figure 2 illustrates precipitation behavior of
Al-0.30Zr and Al-0.30Zr—0.08Y during aging as
determined by electrical conductivity measurement.
Al-Zr—Y exhibits relatively high electrical conductivity
compared with Al-Zr during aging, indicating more
alloy elements precipitated in ternary alloys.
Investigations showed that influence of Zr in solid
solution on electrical conductivity of aluminum alloys is
approximately two orders of magnitude more than that in
precipitation (0.17x10° Q'm and 0.004x10°* Q'm per
0.1% Zr for solution elements and precipitation,
respectively) [15]. By contrast, the similarity of as-cast
electrical conductivities of Al-Zr and Al-Zr-Y alloys
suggests that the effect of Y on the electrical conductivity
is limited. Therefore, increase in conductivity during
aging should mainly correspond to an increase of Zr in
the form of precipitation and larger volume fraction of
precipitates.
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Fig. 2 Evolution of electrical conductivity during isothermal

aging at 500 °C for Al-0.30Zr and Al-0.30Zr—0.08Y

The precipitation of Al;Zr commences when the
aging time is more than 3 h, as indicated by the increase
in electrical conductivity in Al-Zr alloys, which suggests
the slow precipitation kinetics due to the slow diffusivity
for Zr in a(Al). The Al-0.30Zr alloy achieves a peak
conductivity value of 57 % (vs IACS) which corresponds
to a maximum volume fraction of Al;Zr precipitates
when aged for 12 h.

The rapid increase of electrical conductivity of

Al-0.30Zr-0.08Y reveals that the precipitation
commences when aging time is less than 1 h, indicating
much faster precipitation kinetics in Al-Zr—Y alloys
compared with Al-Zr. Coincided with Al-Zr alloys,
Al-0.30Zr—0.08Y achieves peak electrical conductivity
of 58.91% (vs IACS) when aged for 12 h. The change
between as-cast and peak value in electrical conductivity
of Al-0.30Zr—0.08Y alloys is 3.84% (vs IACS), which is
larger than that of AIl-0.30Zr (2.44% vs IACS),
indicating that larger volume fraction of precipitates is
generated in Al-Zr—Y. There is a decrease in electrical
conductivity and hardness when the aging time is more
than 12 h, which is due to coarsening and dissolution of
L1,-structured precipitates and their transformation to
DO0,; structure, as reported in previous studies [1,2].

3.3 Distribution and structure of precipitates

Figure 3(a) and (b) show SEM images of nanoscaled
precipitates in Al—0.30Zr and Al—0.30Zr—0.08Y aged at
500 °C for 12 h, respectively. It is apparent that
compared with binary Al-0.30Zr alloys, precipitates with
smaller radius and higher number density were obtained
in Al-Zr-Y alloys. TEM observation revealed that the
precipitates in both binary and ternary alloys kept
spherical after aging for 12 h, as shown in Fig. 4. The

Fig. 3 SEM images of Al;Zr and Al;(Zr,Y) precipitates in Al-0.30Zr (a) and Al-0.30Zr—0.08Y (b) aged at 500 °C for 12 h

20 nm

20 nm

Fig. 4 Bright/dark field TEM micrographs of Al;Zr and Al;(Zr,Y) precipitate in Al-0.30Zr (a) and Al-0.30Zr—0.08Y (b) aged at

500 °C for 12 h
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superlattice diffraction points in selected area diffraction
(SAD) in Figs. 4(a) and (b) indicate that the precipitates
in Al-0.30Zr and Al-0.30Zr—0.08Y are both of the L1,
structure. The composition of precipitates in Al-0.30Zr
is determined by EDS to be 15.4% Zr and 84.6% Al. In
contrast, the composition of precipitates in Al—0.30Zr—
0.08Y is determined by EDS to be 8.40% Zr, 1.55% Y
and 90.05% Al. Based on the results of SAD and EDS, it
could be deduced that the precipitates in Al—0.30Zr and
Al1—0.30Zr—0.08Y are binary Al;Zr and ternary Al;(Zr,Y)
with L1, structure, respectively. The EDS results in
Al—0.30Zr-0.08Y suggest that Zr is the dominant
precipitating species, with Y partitioning weakly to the
Al3(Zr,Y) precipitates.

The measured number density, average radius and
volume fraction of precipitates in AlI-Zr—(Y) alloys aged
at 500 °C for 12 h are shown in Table 1. The number
density of precipitates in Al-0.30Zr—0.08Y is nearly
seven times that in Al-0.30Zr. The primary Al;Y phases
in Al-Zr-Y alloys reduce Y in the solid solution, which
suggests that the effect of trace Y in a(Al) matrix on the
increase of nucleation rates of precipitates is distinct. The
smaller radius of precipitates in Al-Zr—Y alloys may
result from the competition for available Zr solute
between nucleation and growth [16]. At higher
nucleation rate, more precipitates form, each of which is
only able to grow to a smaller size before exhausting the
supersaturated Zr. Volume fraction of precipitates in
Al—=Zr-Y is larger than that in Al-Zr, which is consistent
with the electrical conductivity measurements.

Table 1 Average radius, r, number density, N, volume fraction,
f, and Zener-drag, Pz==(f/r) of precipitates in Al-Zr—(Y) alloys
aged at 500 °C for 12 h

7r)/

Alloy r/nm Nm? % (Zr) .
10° nm

Al-0.30Zr 53.9£11.0 1.16x10'® 0.076  1.41

Al-0.30Zr-0.08Y 37.210.9 7.78x10'® 0.168  4.52

3.4 Recrystallization resistance

In order to investigate the recrystallization
resistance of alloys, the cold-rolled samples were
annealed at 350 °C for 120 min. Figure 5 shows the
hardness—annealing time curves of the cold-rolled alloys
at 350 °C. The hardness of Al-0.30Zr—0.08Y decreases
more slowly than that of Al-0.30Zr. This indicates that
the addition of Y improves the recrystallization
resistance of cold-rolled Al-Zr alloys.

The Al;Zr or Al3(Zr,Y) precipitates can exert a drag
force (Zener-drag), Pz, on the mobile subgrain
boundaries, which prevents the subgrains from becoming

potential nuclei for recrystallization [17]. A widely used

relationship for the Zener-drag is Pz=3fygp/2r [18],
where ygp is the specific grain boundary energy, f is the
volume fraction and r is the radius of precipitates. The
equation illustrates that a higher (f/r)-ratio, i.e., a large
volume fraction of small precipitates, should favor to
attaining a large Zener-drag. The calculated f/r-ratios of
precipitates are shown in Table 1, suggesting that the
Zener-drag of Al;(Zr,Y) in Al-0.30Zr—0.08Y is three
times that of Al;Zr. Therefore, the Al;(Zr,Y) precipitates
exert a high retarding force upon dislocation and grain
boundaries, leading to improved recrystallization
resistance of Al-Zr—Y alloys.
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Fig. 5 Hardness as function of annealing time at 350 °C for
cold-rolled Al1-0.30Zr and A1—0.30Zr—0.08Y alloys

4 Conclusions

1) Micron-sized primary Al;Y phases form within
grains and at grain boundaries simultaneously as product
of eutectic reaction in as-cast Al-Zr—Y alloys.

2) Addition of Y obviously accelerates the
precipitation kinetics of precipitates in Al-Zr—Y alloys.
The electrical conductivity of Al-Zr—Y is higher than
that of Al-Zr during aging due to the precipitation of
nanoscale Al;(ZrY) (L1,) precipitates with larger
volume fraction.

3) Aly(Zr,Y) (L1,) precipitates with smaller radius
and higher number density are obtained in Al-Zr—Y
alloys.

4) The Al-0.30Zr—0.08Y alloys show improved
recrystallization resistance compared with Al—0.30Zr
alloys. It is consistent with the higher calculated Zener-
drag of precipitates in Al-Zr—Y.
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