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This paper reports results of a study aimed at understanding the precipitation processes occurring during the
annealing of two AlScZr-based alloys with and without Mn prepared by powder metallurgy with subsequent
hot extrusion at 350 ◦C. Samples were isochronally annealed up to ≈ 570 ◦C. Precipitation behaviour was studied
by electrical resistometry and dierential scanning calorimetry. Mechanical properties were monitored by microhardness HV1 measurements. Transmission electron microscopy examinations and X-ray diraction of specimens
quenched from temperatures of signicant resistivity changes helped to identify the microstructural processes
responsible for these changes. Fine (sub)grain structure develops and ne coherent Al3 Sc and/or Al3 (Sc,Zr)
particles precipitate during extrusion in both alloys. The distinct changes in resistivity (at temperatures above
≈ 330 ◦C) of the AlMnScZr alloy are mainly caused by precipitation of Mn-containing particles. The easier
diusion of Mn atoms along the (sub)grain boundaries is responsible for the precipitation of the Al6 Mn and/or
Al6 (Mn,Fe) particles at relatively lower temperatures compared to the temperature range of precipitation of
these particles in the classical mould-cast AlMnScZr alloys The apparent activation energy for precipitation
of the Al3 Sc and Al6 Mn particles in the AlMnScZr alloy was determined as (106 ± 10) kJ mol−1 and
(152 ± 33) kJ mol−1 , respectively.
PACS: 81.20.Ev, 81.30.Mh
1. Introduction

Properties and microstructure of Al and its alloys are
signicantly inuenced by a small addition of scandium
(≈ 0.2 wt%) and zirconium (≈ 0.1 wt%) [18]. Positive eects on microhardness, recrystallization temperature, corrosion resistance and weldability attained due
to the coherent spherical nanosized Al3 (Sc,Zr) particles
with the cubic L12 structure are very pronounced [15, 8].
The decomposition sequence of the supersaturated solid
solution of the AlScZr-based system is known in the following form [5, 9, 10]: Sc-rich clusters → Al3 Sc phase →
layer rich in Zr → Al3 (Sc,Zr) phase.
Impact of Mn-containing particles introduced during
a heat treatment on recrystallization in the commercial
AlMn-based alloys has been studied extensively [1113].
The precipitation of Mn-containing particles in Al inuences the resistivity signicantly [8]. However, it has
a poor eect on microhardness [1, 14, 15]. It was also
recently observed that the ne-grained structure of the
Al-based alloys helps to accelerate the precipitation of
Mn-containing particles and the recrystallization process
[12, 14, 16].
Only few articles dealing with properties of dilute
AlMn-based and/or AlSc-based alloys prepared by
powder metallurgical (PM) procedure were published,
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e.g. AlSc alloys [17], AlScZr alloys [3, 7, 18] or AlMn-based alloys with Ni and Cr [19]. Powder metallurgical
production of Sc and Zr containing Al alloys can add
other improvements connected with substantial grain renement, e.g. increase of strength, ductility, corrosion
resistance, etc. [3, 18].
In the present study a comparison of two AlScZr-based alloys prepared by powder metallurgy with and
without Mn-content was done. The results of electrical resistivity measurements, microhardness, dierential
scanning calorimetry measurements and microstructure
development were combined.
2. Experimental procedure

Two AlScZrPM and AlMnScZrPM alloys were studied. The alloys were prepared by mould casting. Powder
from the alloys was produced by atomising in argon with
1% of oxygen and sieved to a maximum powder size of
≈ 30 µm. The powder was then consolidated by extrusion with reduction 70:18 at 350 ◦C. The compositions of
the alloys are listed in Table I.
The alloys were isochronally annealed in steps of
30 ◦C/30 min (the AlScZrPM alloy and the AlMnScZrPM
alloy up to 540 ◦C and up to 570 ◦C, respectively). The
isochronal annealing was performed in a stirred silicone
oil bath up to 240 ◦C followed by quenching into liquid
nitrogen. At higher temperatures, it was performed in an
air furnace (samples were wrapped in a steel foil) followed
by quenching into water at room temperature (RT).
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TABLE I

Chemical composition of the alloys studied (wt%).
Notation
AlScZrPM
AlMnScZrPM

Al
99.43
98.03

Mn
0.01
1.42

Sc
0.23
0.21

Zr
0.19
0.17

The electrical resistivity was measured at 78 K in liquid
N2 bath by means of the DC four-point method with a
dummy specimen in series within an accuracy of ≈ 10−4 .
The eect of a parasitic thermo-electromotive force was
suppressed by changing the polarity. The deformation of
electrical eld in the vicinity of contacts was estimated
yielding the total accuracy better than 3%.
The inuence of annealing on mechanical properties
was studied using the Vickers microhardness (HV1) measurements at RT.
Dierential scanning calorimetry (DSC) was performed at heating rates of 1, 2, 5, 10 and 20 K/min
in a Netzsch DSC 200 F3 apparatus. The specimen of
mass between 1015 mg was placed in Al2 O3 crucible in
a dynamic nitrogen atmosphere (40 ml/min).
X-ray diraction (XRD) was performed in the Bragg
Brentano geometry on a Bruker D8 Advance diractometer equipped with Cu X-ray tube and energetically dispersive detector for the AlMnScZrPM alloy surfaces in
as-prepared state and annealed state (up to 480 ◦C).
Transmission electron microscopy (TEM) and electron
diraction (ED) were carried out in a JEOL JEM 2000FX
electron microscope. Elemental analysis of the precipitated phases was carried out by energy-dispersive spectroscopy (EDX).

Si
0.03
0.02

Fe
0.04
0.10

Ti
0.04


Cu, Mg, Zn, Cr
< 0.03
< 0.05

Fig. 1. TEM dark-eld image of the as-prepared
AlMnScZrPM alloy. Notice the ne dispersion of the
Al3 Sc and/or Al3 (Sc,Zr) particles (inside subgrain) precipitated during hot extrusion at 350 ◦C.

3. Results and discussion

Fine (sub)grain structure (≈ 1 µm) was observed in the
AlMnScZrPM alloy (see Fig. 1). TEM also proved a ne
dispersion of the Al3 Sc and/or Al3 (Sc,Zr) particles with
the L12 -structure in the as-extruded state which precipitated in grain interiors during hot extrusion at 350 ◦C
 see Fig. 1. Microstructure observation reveals similar microstructure in the as-prepared state in both of
the AlScZrPM and AlMnScZrPM alloys. The particle
size d estimated from TEM images was (6 ± 2) nm and
(5 ± 2) nm for the AlMnScZrPM and AlScZrPM alloy,
respectively.
Figure 2 shows relative resistivity ∆ρ/ρ0 and microhardness HV1 isochronal annealing curves of the alloys.
The electrical resistivity decreases from about 240 ◦C to a
minimum at 420 ◦C for the AlScZrPM alloy and at 510 ◦C
for the AlMnScZrPM alloy. Higher microhardness values of the AlMnScZrPM alloy are probably due to the
addition of Mn. However, the microhardness annealing
response is similar for both alloys studied  the HV1
attains an indistinct maximum at ≈ 300 ◦C. Then microhardness of both alloys decreases.
Temperature ranges of the resistivity changes are better recognized in Fig. 3, where the negative numerical

Fig. 2. Relative resistivity changes ∆ρ/ρ0 (measured
at 78 K) and microhardness HV1 (measured at RT) during the isochronal annealing in steps of 30 ◦C/30 min.

derivatives (spectrum curves) of the curves from Fig. 2
are shown. The rst slight resistivity decrease in the
AlMnScZrPM alloy up to ≈ 300 ◦C (Fig. 2) as well as
in the AlScZrPM alloy in the temperature range 240
300 ◦C is characterized by resistivity stage (labelled as
the I-stage at ≈ 270 ◦C in Fig. 3). Derivative resistivity
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detected. Hence the decrease of the electrical resistivity between 300 ◦C and 420 ◦C (corresponding to the IIa-stage of the AlScZrPM alloy in Fig. 3) as well as the
decrease in microhardness (see Fig. 2) is caused by the
coarsening of the L12 -structured particles and by the decrease of their number density. The following resistivity increase at annealing temperatures above ≈ 420 ◦C
is probably caused by the dissolution of the Al3 (Sc,Zr)
particles.

Fig. 3. Negative numerical derivatives of the measured
resistivity annealing curves.

data compiled in the previous studies of the mould-cast
and cold-rolled AlScZr alloys [9] as well as the mould-cast AlMnScZr-based alloys [15] do not dier in the
temperature position of this stage from spectra in Fig. 3.
This stage was ascribed to the precipitation of the Al3 Sc
particles [9, 15]. Thus the observed undistinguished resistivity decrease and corresponding I-stage in the annealing
spectra in Fig. 3 can be ascribed to the precipitation of
the Al3 Sc particles, too. The precipitation of the L12 -structured Al3 Sc particles during the hot extrusion at
350 ◦C (Fig. 1) results in lower supersaturation of Sc in
the solid solution. Therefore, the decrease of electrical
resistivity and the increase of microhardness of the PM
alloys at temperatures of ≈ 300 ◦C are smaller compared
to the mould-cast and cold-rolled AlScZr alloys [9] and
the mould-cast AlMnScZr-based alloys [9, 16]. Similar slight HV increase during isochronal annealing between 240300 ◦C was observed in the AlSc-based alloys
prepared by powder metallurgy where Sc-containing particles also precipitated during hot extrusion [7].
The spectra of the studied AlScZrPM and
AlMnScZrPM alloys dier above ≈ 330 ◦C (see Fig. 3).
The pronounced resistivity stages are situated at
≈ 370 ◦C for the AlScZrPM alloy (labelled as the
IIa-stage) and at ≈ 410 ◦C for the AlMnScZrPM alloy
(labelled as IIb-stage).
The coarsening of the L12 -structured Al3 Sc particles
has been recently described in several publications (e.g.
in Refs. [9, 10, 15, 20]). First, Zr segregates at the heterophase interface of the Al3 Sc particles, afterwards the
development of these particles with the L12 structure
leads to the formation of the Al3 (Sc,Zr) phase. Direct
TEM observation of the AlScZrPM alloy annealed up to
420 ◦C proved a homogeneous distribution of the L12 -structured precipitates (see Fig. 4) with Sc and Zr content. The estimated size d of the observed particles was
(9 ± 1) nm. The diameter of the particles is higher compared to the as-extruded state. No recrystallization was

Fig. 4. TEM image of coarsened L12 -structured particles with Sc and Zr content in the AlScZrPM alloy
annealed up to 420 ◦C.

The diusivity D of Mn atoms is relatively low
(D400 ◦C = 6.24 × 10−19 m2 s−1 [13, 21]) at temperatures
below ≈ 400 ◦C. Therefore, Mn atoms can move only
on short distances. However, the calculation and experiments show that Mn-containing dispersoids can form during the heat treatment already at temperatures starting
from ≈ 320 ◦C, e.g. in the deformed AlMn-based alloys
[13, 14, 16, 22].
Now, we should note that the resistivity annealing
curves of the AlMnScZrPM alloy at temperatures above
≈ 330 ◦C exhibit a pronounced decrease of the electrical resistivity compared to the AlScZrPM alloy (see
Fig. 2). With respect to the solubility limits of Sc and
Zr at comparable temperatures [2325], it is obvious that
the resistivity development in the AlMnScZrPM alloy at
annealing temperatures above ≈ 330 ◦C (and the existence of the IIb-stage) must be mainly associated with
other solute than Sc and Zr  mainly Mn. Indeed, the
XRD analysis conrms existence of the Al6 Mn and/or
Al6 (Mn,Fe) particles in the AlMnScZrPM alloy annealed
up to 480 ◦C (Fig. 5). Although the diraction peaks are
relatively weak due to the small volume fraction. They
coincide fairly well with the positions of the Al6 (Mn,Fe)
phase [16, 22]. Taking into account the pronounced resistivity decrease (∆ρ ≈ 15 nΩ m) and the precipitation of AlScZr system (∆ρ ≈ 1 nΩ m), the possible
concentration diminution ∆c of Mn in the matrix of the
AlMnScZrPM alloy after annealing between 300 ◦C and

442

M. Vlach et al.

495 ◦C can be estimated. It was calculated to be equal
to ∆cMn = (0.5 ± 0.1) wt% Mn using the known resistivity contribution of unit Mn-concentration in Al (e.g.
[25, 26]).

2
ln(β/Tm
) = C − Q/RTm ,

(1)

where C is a constant, Q  the apparent activation
energy of the observed process and R  the gas constant (Fig. 6). Results obtained in the AlScZrPM alloy are marked as open symbols in Fig. 6. It can be
seen that these values are comparable with those of the
AlMnScZrPM alloy regardless of Mn-addition, but the
activation energy of the eect A was determined from
results obtained in the AlMnScZrPM alloy only.

Fig. 5. XRD pattern of the AlMnScZrPM alloy in the
as-prepared state and after annealing up to 480 ◦C.

The experiments in binary as-cast Al1.5 wt%Mn alloys [27] as well as in quaternary mould-cast AlMnScZr
alloys [15, 16] show that Mn-containing particles precipitate during isochronal annealing only at temperatures
above ≈ 450 ◦C. Nevertheless, the present results are
consistent with the results on deformed AlMn-based and
AlMnScZr alloys where a ne-grained structure and
deformation strain helped to shift the Al6 Mn-phase precipitation towards lower temperatures (e.g. [12, 14, 16,
22, 27]) compared to mould-cast AlMnScZr alloys.
Concerning DSC results, two exothermic eects
(A and B ) were observed in the quaternary AlMnScZrPM
alloy. The eect B was not visible at heating rate of
20 K/min. One exothermic eect (C ) was observed in
the ternary AlScZrPM alloy only at heating rates 1 and
10 K/min. The peak temperatures Tm of the eect A and
C summarised in Table II can be assigned to the I-stage
in resistivity spectrum curves (Fig. 3), that of the eect
B can be assigned to the IIb-stage in Fig. 3. The temperature position Tm of the heat eects shifts to higher
temperatures with increasing heating rate.
TABLE II
Characteristic temperatures Tm from DSC measurements
of the PM alloys.
Notation

Eect

AlMnScZrPM alloy
AlMnScZrPM alloy
AlScZrPM alloy

A
B
C

DSC peak temperature Tm [◦C ]
for dierent heating rates [K/min]
1
2
5
10
20
283
313
331
353
365
416
445
465
473

280


365


The Kissinger method [28] gives the following relation between the peak temperature, Tm and the heating
rate β :

Fig. 6. Kissinger plot for the eects A and B in the
AlMnScZrPM alloy from DSC measurements. Results
obtained in the AlScZrPM alloy (eect C ) are marked
as open symbols and arrows.

The apparent activation energy of the eect A corresponding to the I-stage was calculated as (106 ±
10) kJ mol−1 . This value is lower than the value for
the Al3 Sc phase precipitation determined by Jo and Fujikawa [29] in Al0.15 at.%Sc alloy (Q = 124 kJ mol−1 ).
However, it agrees within accuracy with the apparent activation energy Q for precipitation of the Al3 Sc
phase in the cold-rolled Al0.2Sc0.1Zr alloys (Q =
(120 ± 6) kJ mol−1 ) [9], in Al0.2 wt%Sc alloy (Q =
113 kJ mol−1 ) [30] and in the cold-rolled AlMnScZr alloy (Q = (106 ± 13) kJ mol−1 ) [16].
The apparent activation energy of the eect B was
calculated as Q = (152 ± 33) kJ mol−1 . Scatter is caused
by the uncertainty in the determination of Tm in DSC
curves but it is comparable to the activation energy Q =
140 kJ mol−1 for precipitation of the Al6 Mn particles
in the Al2.9 wt%Mn alloy [31] and Q = 149 kJ mol−1
for the Al6 (Mn,Fe) phase precipitation in the 3003 alloy
(AlMnFeSiCu-based alloys) [32]. Accordingly, the eect
of Mn-addition on the microstructural development can
be ascribed to the precipitation of Mn-containing phases.
4. Conclusions

The results of the electrical resistometry, microhardness, calorimetric measurements and microstructure investigation in the AlScZr-based alloys with and with-
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out Mn content prepared by powder metallurgy can be
summarized as follows:
1) Dense dispersion of very ne coherent spherical particles of the Al3 Sc and/or Al3 (Sc,Zr) phase precipitates
during hot extrusion at 350 ◦C.
2) The decomposition sequence of the supersaturated
solid solution of the studied AlScZr-based alloys prepared by powder metallurgy is compatible with the recently published decomposition sequence of the AlScZr
system and the formation of Mn, Fe-containing particles
(in case of the AlMnScZr alloy).
3) The apparent activation energy for precipitation of
the Al3 Sc particles in the AlMnScZrPM alloy was determined as (106 ± 10) kJ mol−1 .
4) The precipitation of the Al6 Mn and/or Al6 (Mn,Fe)
phase in the AlMnScZrPM alloy has a negligible eect
on hardness.
5) The apparent activation energy for precipitation of
the Al6 Mn particles in the AlMnScZrPM alloy was determined as (152 ± 33) kJ mol−1 .
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