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Abstract

Zirconium added to aluminium alloys may under suit-
able conditions form metastable cubic precipitates
Al3Zr, which pin moving grain boundaries and thus
shift recrystallization to higher temperatures. Twin-
roll cast AA3003 aluminium alloy cold-rolled to 5
and 1 mm was subjected to several annealing steps
in order to find ideal conditions for precipitation of
Al3Zr phase. Mechanical properties were monitored
by microhardness measurement and microstructure
was observed by light microscope and transmission
electron microscope. Annealing to 450 °C with slow
heating rate has been used to produce AlzZr precipi-
tates. This heat treatment also influenced presence
of other phases like cubic a-Al(Mn,Fe)Si. The main
mechanisms influencing microhardness were harden-
ing by AlyZr precipitates, softening by recovery and
recrystallization and depletion of the solid solution
from the major alloying elements.

Introduction

Aluminium alloys are widely used in a variety of app-
lications such as automobile, aircraft and food indus-
try. The final mechanical properties of a product
are influenced by all thermo-mechanical steps dur-
ing manufacturing such as casting, homogenization,
annealing, rolling and shaping. To meet require-
ments placed on the final product, manufacturing
steps should be carefully studied and understood.
Concerning technological applications of alu-
minium alloys, prevention of grain coarsening dur-
ing high temperature treatment is required [1]. This
can be achieved by appropriately chosen parameters
of processing of the alloy: suitable distribution of
second phase particles can provide desired proper-
ties. In this line of thoughts, small amount of zir-
conium added to aluminum alloys and appropriate
thermo-mechanical treatment can lead to the forma-
tion of metastable coherent AlsZr precipitates with
L1y structure with the diameter in the magnitude

of 10 nm and cell parameter a=0.408 nm [2]. They
pin moving grain boundaries, so they can increase re-
crystallization temperature and induce a fine grained
structure [?].

According to Nes and Slevolden [4], heating rate is
crucial for their formation; maximal value has been
reported as 5 K/min. If their diameter is in magni-
tude of 10 nm [5], they can retard recrystallization
or increase recrystallization temperature by exerting
Zener drag on moving grain boundaries and thus
lower the driving force for recrystallization [6]. Clus-
ters of Fe and Si atoms can serve as nucleation sites
for Zr particles and accelerate their precipitation ki-
netics [7]. However, due to microsegregation on the
scale of dendrite arms spacing and low diffusion rate
of Zr in aluminium, the AlsZr precipitates can be in-
homogeneously distributed [8] and locations with low
density of Al3Zr are more prone to recrystallization.

Besides AlsZr, the main second phase particles oc-
curring in Al-Mn-Fe-Si alloys are cubic or hexago-
nal a-Alj5(Mn,Fe)sSis and tetragonal Alg(Mn,Fe),
which precipitate in temperature range 300-500 °C
[9, 10]. Which one is predominant depends mainly
on the silicon content. Particles larger than 2 pm
can have opposite effect to small Al3Zr and they can
facilitate nucleation of recrystallization nuclei by par-
ticle simulated nucleation [5].

This paper is devoted to the search of ideal condi-
tions for AlsZr particles formation.

Experimental

Twin-roll cast aluminium alloy from AA3003 series
with nominal composition 1.0 wt.% Mn, 0.2 wt.%
Fe, 0.6 wt.% Si and 0.1 wt.% Cu was studied. It was
modified by 0.2 wt.% of Zr. This alloy was after-
wards cold-rolled to 5 and 1 mm. Materials were
heat treated either in an air furnace or in differential
scanning calorimeter (DSC). Mechanical properties
were tested by microhardness measurement with load
100 g and microstructure evolution was monitored by
light optical microscope after electrochemical polish-
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Figure 1: Heating scheme for two-step annealing at
250 °C and 450 °C in DSC.

ing by Barker solution and by transmission electron
microscope working at 200 kV.

Results

Two-step annealing

Several authors reported that the best results for
precipitation of coherent Al3Zr precipitates were
achieved after two-step annealing at 250 °C and
450 °C with slow heating rate (e.g. [11]). Thus
two-step annealing was chosen for the first part of
investigation.

For examination in TEM two-step annealing in
DSC was chosen. 3 mm discs were heated with heat-
ing rate 0.5 K/min to 250 °C, held at this tempera-
ture for 0 or 12 hours, subsequently heated to 450 °C
with the same heating rate, where they remained for
0, 1, 2, 4 or 8 hours. Afterwards they were cooled
with rate 0.5 K/min (Figure 1).

After casting materials contained primary parti-
cles of a-Al(Mn,Fe)Si in eutectic colonies and some
dislocations within the grains. Huge number of o-
phase precipitates formed during two step annealing,
some of them decorated subgrain boundaries, oth-
ers were observed in the bulk (Figure 2). They were
much smaller in size than primary particles. In more
detailed view, tiny precipitates of Al3Zr phase were
found after all annealing steps in as-cast materials.
However, their distribution was not uniform, places
without these precipitates were found within the ma-
terial (Figure 3).

After cold-rolling to 5 mm and two-step annealing
at 250 °C and 450 °C with heating rate 0.5 K/min,
the density of observed AlsZr particles was lower than
in the non-deformed sheets.

Figure 2: Microstructure of the TRC material after
two-step annealing at 12 h/250 °C and 8 h/450 °C
with heating rate 0.5 K/min: high number of preci-
pitates, some of them copy subgrain boundaries.

High density of AlsZr precipitates was also ob-
served in the step, where the holding at 250 °C was
0 hours. The distribution of Al3Zr particles was com-
parable regardless time at 250 °C (see Figure 4) and
so one-step annealing at only 450 °C was applied for
further study of microstructure and mechanical pro-
perties.

One-step annealing

In further step materials were subjected to anneal-
ing to 450 °C in an air furnace with heating rate
0.5 K/min and holding at 450 °C, followed by water
quenching. The mechanical properties and micro-
structure were studied with regard to the time of
holding at 450 °C — from 0 to 16 hours.

Mechanical properties

The evolution of Vickers microhardness during an-
nealing at 450 °C is displayed in Figure 5. Moreover,
the values of microhardness of the as-cast states and
cold-rolled state before annealing are plotted. Af-
ter heating to 450 °C, microhardness of the as-cast
material increased and during holding at 450 °C it
decreased moderately.

The microhardness drop in sheets cold-rolled to
5 mm was fluent, maintaining the same slope of the
decrease up to 16 hours of annealing.
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(a) AlsZr precipitates

(a) 12 h/250 °C and 8 h/450 °C

(b) Diffraction pattern

Figure 3: (a) Microstructure of TRC material af- (b) 8 h/450 °C
ter two-step annealing 12 h/250 °C and 0 h/450 °C
with heating rate 0.5 K/min; inhomogeneous distri-
bution of AlsZr in the central part of the micrograph.
(b) Corresponding diffraction pattern of L1, phase of
Al3Zr precipitates.

Figure 4: Microstructure of C471 material after an-
nealing at 8 h/450 °C with and without annealing
step at 250 °C.
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Figure 5: The evolution of Vickers microhardness
during annealing at 450 °C for as-cast and cold-rolled
materials.

Concerning sheets cold-rolled to 1 mm, microhard-
ness values decreased during annealing to 450 °C and
this trend continued also during holding at 450 °C.
Most of this drop was completed after 8 hours of hold-
ing at 450 °C.

Concerning the tensile tests at room temperature,
annealing for 8 hours at 450 °C caused reduction
in ductility by ~30 % and slight increase in yield
strength.

Microstructure

The evolution of grain structure was monitored by
light optical microscopy. Holding at 450 °C for
16 hours did not impact the grain size of the as-cast
sheets substantially.

Owing to cold-rolling, 1 mm thick sheets contained
narrow grains elongated in rolling direction. Thick-
ness of the grains was higher in the center of the
sheets. After heating to 450 °C, the structure re-
mained deformed(Figure 6a); partial recrystallization
was apparent after holding for 2 hours at 450 °C.
Recrystallization started probably near the surface,
as the deformed structure was observed only in the
central part of the sheet (Figure 6b). The recrys-
tallization was completed after 8 hours of annealing.
Though, the rolling direction was still apparent. The
structure was very inhomogeneous, ranging from sev-
eral tiny equiaxed grains with the size of 10 pm in
the bulk to the grains at the surface with length of
several mm.

High number of a-Al(Mn,Fe)Si particles formed
in the course of annealing. During holding at
450 °C their average diameter slightly increased,

volume fraction decreased and primary particles
spheroidized.

In cold-rolled materials the a-Al(Mn,Fe)Si precipi-
tates were homogeneously distributed inside the ma-
terial.

Regarding precipitation of AlsZr particles in TRC
alloy, first precipitates were observed in the alloy just
after heating up to 450 °C. However, their number
density was very low. It increased significantly during
holding for 2 hours at 450 °C (Figure 7). They were
identified as metastable coherent phase with cubic
L1, structure with diameter around of 5 nm. Their
distribution was not uniform within the material and
their size only slightly raised during further anneal-
ing.

No AlsZ precipitates were detected by TEM in the
material which was cold-rolled to 1 mm and subse-
quently annealed to 450 °C.

Discussion

All alloys were subjected to annealing at 250 °C and
450 °C in order to find out suitable conditions for
precipitation of Al3Zr particles. It was shown that
coherent precipitates of Al3Zr phase were present in
as-cast material even after 12 h/250 °C + 0 h/450 °C
or 0 h/250 °C 4+ 8 h/450 °C annealing steps. An-
nealing at 250 °C was thus shown unnecessary for
their formation and only annealing at 450 °C was
studied further. Volume fraction of AlsZr precipi-
tates increased with the annealing time. However,
their distribution remained inhomogeneous.

Distribution of both AlsZr and «-Al(Mn,Fe)Si pre-
cipitates was comparable regardless the way of an-
nealing — either in DSC with slow cooling rate or in
an air furnace with water quenching from 450 °C.

The addition of zirconium positively influenced
mechanical properties of the studied alloys. This was
monitored by the evolution of Vickers microhardness,
which was higher in comparison with material with-
out Zr addition [12].

In the as-cast state zirconium atoms were dissolved
in the solid solution of aluminium. After heat treat-
ment HV moderately raised due to the precipita-
tion hardening from «-phase precipitates. However,
thanks to the nucleation of Al3Z particles, which
strengthen the matrix, the increase was much higher
in the Zr-containing alloys [12]. During holding at
450 °C the slight decrease of HV was caused by de-
pletion of the solid solution from Mn and Si atoms.
This decrease was compensated by further formation
of AlsZ precipitates at short annealing times - up
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(a) Annealed to 450 °C

{(a) 2 hours

(b) 4 hours at 450 °C

Figure 6: Grain structure of material cold-rolled to
1 mm after annealing to 450 °C with heating rate
0.5 K/min and holding for 4 hours at this tempera-
ture.

(b) 8 hours

Figure 7: Dark field TEM image of Al3Zr precipitates
in TRC alloy after annealing to 450 °C with heating
rate 0.5 K/min and holding for 2 and 8 hours at this
temperature.
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to 4 hours at 450 °C. Owing to the high number of
Al3Z, the final value of HV after long-time exposure
to 450 °C remained higher than in the Zr-free alloy
[12].

Cold-rolling resulted in formation of elongated
grains in all materials and to deformation harden-
ing with significant increase of HV. The deformed
substructure recovered and new grains formed dur-
ing recrystallization; this process was considerably
affected by the presence of Zr. Materials cold-rolled
to 1 mm fully recrystallized after 8 hours of holding
at 450 °C. Which is considerably higher recrystalliza-
tion resistance than in alloys without Zr.

Such shift in recrystallization resistance could be
attributed to Zener pinning of Al3Z precipitates.
However, no such particles were detected by TEM in
the sheets cold-rolled to 1 mm. In foils of thickness
of 5 mm their number density was lower than in the
as-cast sheets. This is in contradiction with Nes and
Slevolden [4] who claim that deformation should fa-
cilitate nucleation of AlgZ as dislocations can serve as
nucleation sites and, in addition, accelerate diffusion.
It is therefore probable that the Al37Z precipitates in
the cold-rolled material were too small to be detected
by transmission electron microscopy.

The impact of other phases on microhardness in
the cold-rolled materials was compensated by recrys-
tallization.

Conclusion

High number of coherent AlsZr precipitates formed
both during one-step annealing at 450 °C and two-
step annealing at 250 °C + 450 °C. As the density
of Al3Zr was comparable for both annealing schemes,
heating step at 250 °C was shown to be unnecessary.

Cold-rolling to 5 and 1 mm suppressed formation
of AlsZr precipitates.
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