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Abstract

The as-cast AA5754 and AA6082 alloys with Sc,Zr-addition were investigated during isochronal annealing
from room temperature up to 510 °C. Precipitation reactions were studied by electrical resistivity, hardness
measurements and differential scanning calorimetry. The measurements were compared to microstructure
development that was observed by transmission electron microscopy. Higher initial resistivity as well as
hardness values are probably caused by a higher content of the solutes in the AA5754-ScZr alloy in
comparison with the latter alloy. Both alloys contains spherical particles of the Als(Sc,Zr) phase in the as-cast
state. Moreover, the AA6082-ScZr alloy contains Mg,Si,Sc-containing phase at grain boundaries and
rods/needles of the Mn,(Fe)-containing phase. The transient Al-Mg-Si-phase (8" and/or ) particles formed
during isochronal annealing in the AA6082-ScZr alloy cause a poor age hardening. The additional Al3(Sc,Zr)
particles precipitation causes a pronounced hardening in the AA5754-ScZr alloy. The possible (weak)
additional precipitation of the Al3(Sc,Zr) particles in the AA6082-ScZr alloy has a lower effect on hardness than
the precipitation of #” and g’ phases or Sc and Zr solutes are probably bound in the Al3(Sc,Zr) particles and
do not influence precipitation hardening in the course of isochronal annealing in the AA6082 alloy. The
precipitation of the Als(Mn,Fe)-phase was observed in the alloys during the isochronal heat treatment. The
apparent activation energy values of precipitation of the transient 8” and/or 5’ phases, Als(Mn,Fe)-phase and
Al3(Sc,Zr) phase were determined.
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1. INTRODUCTION

Al-based alloys are very preferred for automotive manufacture to produce lightweight vehicles [1-3]. After
designing Al-Sc-Zr-based alloys, typically ~0.2 wt.% Sc, ~0.1 wt.% Zr, an effort was put into investigation of
the effect of Sc and Zr addition to commercial Al hardenable alloys [1, 4]. A simultaneous addition of Sc and
Zr is probably the most effective element combination having an antirecrystallization impact in Al due to
precipitation of the Als(Sc,Zr) phase with L12 structure [1, 4]. The Al-Mg-based alloys exhibit a reasonable solid
solution hardening, but only a poor age hardening [3, 4]. AI-Mg-Si-based alloys are widely used as structural
materials in automotive and aviation industry [5]. Mixture of Mn, Cr and Fe is the most widely used combination
of metals in commercial Al-based alloys [1, 5, 6]. Properties of the Al-based alloys (AA5XXX and 6XXX series)
logically depend on chemical composition, mainly on Mg and Si content and on the heat treatment of the
studied alloys [4-6]. Despite a number of investigations of Al-Mg-, Al-Mn-, Al-Mg-Si- as well as Al-Sc-Zr-based
alloys there are considerably less systematized data about the effect of Sc,Zr-addition on phase transformation
in the commercial Al-based alloys. An understanding of the complex interactions between concurrent
precipitation processes requires further investigation [5, 6, 8]. A tailoring of the material with required properties
is very difficult without the detailed knowledge of precipitation processes and the role of Sc and Zr in
microstructure development.
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2. MATERIALS AND METHODS

The as-cast Al-3.5 wt.% Mg-0.3 wt.% Mn-0.2 wt.% Si-0.2 wt.% Fe-0.1 wt.% Cu-0.1 wt.% Cr-0.25 wt.% Sc-0.12
wt.% Zr (AA5754-ScZr) and Al-0.8 wt.% Mg-0.7 wt.% Mn-0.9 wt.% Si-0.2 wt.% Fe-0.1 wt.% Cu-0.1 wt.% Cr-
0.20 wt.% Sc-0.11 wt.% Zr (AA6082-ScZr) alloys were studied. The temperature ranges of phase
transformations in the alloys were determined by electrical resistivity (measured at 77 K) and hardness (HV10)
measurements (measured at 295 K) from room temperature (RT) up to 510 °C. The annealing was carried out
in an oil bath (up to 240 °C) or in a furnace with protective atmosphere (at higher temperatures); each annealing
step was finished by a quenching. Samples of the alloys for resistivity and hardness measurements were
studied during the isochronal annealing procedure (steps of 30 K/ 30 min) which was performed exactly in the
same way as described in [6, 8].

The thermal behaviour of the alloys were studied using by differential scanning calorimetry (DSC) performed
at heating rates of 1, 2, 5, 10, 20 and 30 K-min-! in the Netzsch DSC 204 F1 Phoenix apparatus. A specimen
of mass between 10-20 mg was placed in Al2Os crucibles. Nitrogen flowed at the rate of 40 ml/min as a
protective atmosphere.

The measurements mentioned above were compared to microstructure development observed by
transmission electron microscopy (TEM) microscopy. TEM observations were carried out in JEOL JEM
2000FX microscope to determine the microstructure of the alloys. The analysis of precipitated phases was
complemented by energy-dispersive spectroscopy (EDS) performed by X-ray BRUKER microanalyser.

3. RESULTS AND DISCUSSION
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Figure 1 Isochronal annealing curves of relative resistivity changes (measured at 77 K) and hardness
AHV10 changes (measured at RT): a) AA5754-ScZr alloy, b) AA6082-ScZr alloy.

The response of the relative resistivity Ap/po and hardness AHV10 changes to step-by-step isochronal
annealing in the AA5754-ScZr and AA6082-ScZr alloys are shown in Figure 1. The initial values of absolute
resistivity values were calculated as ~ 41 nQ-m for the AA5754-ScZr alloy and ~ 29 nQ-m for the AA6082-
ScZr alloy, respectively. Higher initial resistivity value is probably caused by a higher content of the solutes in
the AA5754-ScZr alloy. The different initial values of hardness HV10 of the AA5754-ScZr alloy (HV10 = 85+4)
compared to the AA6082-ScZr alloy (HV10 = 71+4) probably reflect also an effect of solutes content.

The resistivity annealing curve of the AA5754-ScZr continuously decreases up to the end of the annealing. No
changes in hardness during the annealing up to ~240 °C were observed. HV10 increases in the temperature
range of 240-330 °C, after that the HV10 values of the alloy decrease significantly.

The electrical resistivity curve for the AA6082-ScZr alloy exhibits two distinct resistivity stages. Resistivity
decreases in the first stage in the temperature range 200-300 °C and it corresponds to a slight peak in
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hardness. The main decrease of electrical resistivity is realized in the temperature range 390-480 °C but this
process does not lead to a distinct precipitation hardening (see Figure 1).

Both as-cast alloys contain the Als(Sc,Zr) particles with the L12 structure [6, 8]. No other particles were
observed in the AA5754-ScZr alloy [8]. However, the sample of the AA6082-ScZr alloy also contains rods and
needles of the Mn(,Fe,Si)-containing phase with the size of ~ 500 nm. No weak diffraction spots enabling
identification of crystallographic structure of this phase were detected in electron diffraction (ED) patterns. This
is consistent to the results from Ref. [6]. An overview of the AA6082-ScZr alloy is shown in Figure 2 (notice
weak reflections of the L12 phase in ED pattern).

Figure 2 TEM image of the AA6082-ScZr alloy in the as-cast state. See small particles of the Als(Sc,Zr)
phase and rods and needles of the Mn(,Fe,Si)-containing phase.

The DSC measurements were done in the alloys in addition to electrical resistivity and hardness HV10
measurements. Two exothermal processes (labelled as I-effect and ll-effect) in both alloys were detected. The
maximum heat flow for heating rate 1 K/min was observed at characteristic temperatures Tr equal to ~292 °C,
~400 °C in the AA5754-ScZr alloy and ~237 °C, ~413 °C in the AA6082-ScZr alloy, respectively. With
increasing heating rates the temperature T is shifted to higher temperatures. The DSC exothermic peaks of
the l-effect correspond to the hardness increase in the AA5754-ScZr (~300 °C) and AA6082-ScZr alloy
(~ 240 °C), respectively. On the basis of the obtained results, the apparent activation energy for individual
processes was determined by the Kissinger method [9] (see Figure 3) in the coordinate system of [In(5/ T#);
1/ T, where Jis the heating rate with the result of Qi = 12016 kJ-mol~', Qi = 180+20 kJ-mol~" for the AA5754-
ScZr alloy and Qi = 12020 kdJ-mol-', Qu = 170£20 kJ-mol-' for the AA6082-ScZr alloy, respectively.

Precipitation of the needle-shaped fS” phase and/or rod-shaped f’ phase from the Al-Mg-Si system in the
AAB082-ScZr alloy was observed by TEM after isochronal annealing up to ~240 °C (see Figure 4). This is the
reason of the peak hardening at this temperature range. The peak hardening is very poor (~5 %) which was
also observed in a cast AIMgSiMn alloy of a similar composition (~12 %) [6]. However, there is also another
explanation, namely that Mg, Si and Sc are mainly incorporated in the Al(Mg,Si,Sc)-containing phase (see
Figure 4) which is formed after casting. Therefore Mg, Si and Sc are probably excluded from the possible
precipitation formation. These particles can also be large enough to get out of the TEM film during polishing.

The calculated apparent activation energy for the I-effect in the AA6082-ScZr alloy is comparable to the values
for the transient Mg-Si phase formation that were reported for the alloys without Sc,Zr-addition in literature (65-
128 kJ/mol) [6, 10]. It is good noticing that particles of the Als(Sc,Zr) phase persist unchanged during the
annealing in both alloys. No microstructural changes were observed in the AA5754-ScZr alloy annealed up to
240 °C.
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Figure 3 Kissinger plot in the coordinate system of [In(5/ T#?); 1/ T1 of the effects in the AA5457-ScZr and
AA6082-ScZr alloy
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Figure 4 a) SEM image of the AA6082-ScZr alloy in the as-cast state. See the areas with a high total
Mg,Si,Sc content. b) TEM image of the AA6082-ScZr alloy isochronally annealed up to 240 °C. See particles
of the Als(Sc,Zr) phase and needle-shaped #” phase and/or rod-shaped g’ phase from the Al-Mg-Si system.

Temperature position of the hardness increase in the AA5754-ScZr (~ 300 °C) does not differ from that
observed in the Al-Sc-Zr as well as Al-Mn-Sc-Zr alloys [1]. This hardening was found to be caused by an
additional precipitation of the Als(Sc,Zr) particles. Moreover, in our previous study (see Ref. [8]) an additional
precipitation of the L12-structured Als(Sc,Zr) particles in a very weak contrast was detected by TEM and ED in
the cold-rolled AA5754-ScZr alloy isochronally annealed up to 330 °C. This dispersion causes the observed a
slight increase of the conductivity and pronounced hardening in the cold-rolled alloy at this temperature range
(240-330 °C) [8]. No other precipitates were observed in the cold-rolled AA5754-ScZr alloy at 300 °C [8]. Thus
it is highly probable that the slight resistivity decrease and hardness increase can be ascribed to this process
in the as-cast AA5754-ScZr alloy, too. This conclusion also supports the fact that the calculated value of the
activation energy Q of the observed I-effect in the AA5754-ScZr alloy is comparable within experimental scatter
to the apparent activation energy Q for precipitation of the Als3(Sc,Zr) phase in the Al-Mn-Sc-Zr alloy 116+9
kJ-mol' as well as in the cold-rolled AA5754-ScZr alloy 113+8 kJ-mol-'[6, 8]. From these facts one can also
conclude that the possible (weak) additional precipitation of the Als(Sc,Zr) particles in the AA6082-ScZr alloy
has a lower effect on hardness than the precipitation of #”and g’ phases and/or Sc and Zr solutes are probably
(mainly) bound in the Als(Sc,Zr) particles and do not influence precipitation hardening in the course of
isochronal annealing in the AA6082 alloy.
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The main resistivity decrease in the AA6082-ScZr alloy starts at ~390 °C (see Figure 1b). With respect to the
solubility limits of Mg, Si, Fe, Sc and Zr at comparable temperatures [1], it is obvious that the resistivity
development in the AA6082-ScZr alloy at annealing temperatures above ~360 °C must be mainly associated
with the other solutes. Indeed, a dense precipitation of oval orthorhombic AlsMn phase (or its modifications
(Ali2MnsFes, Als(Mn,Fe) and Als(Mn,Fe,Si)) with the size of 10-100 nm was observed by TEM (see Figure 6a
in Ref. [6]). In our previous study (Ref. [6]) it was also observed that the precipitation of the Mn-containing
particles has a negligible effect on hardness contrary to particles of the 8” and 8’ phases from the Al-Mg-Si
system. The assumption of the AlsMn particle formation is confirmed by the calculated apparent activation
energy value Qu = 170£20 kd-mol' in the studied AA6082-ScZr alloy - the value corresponds very well to the
value for AlsMn-phase precipitation 162122 kJ-mol-! in the cold-rolled AIMnScZr alloy [6] and also to the value
166+16 kd-mol! reported for cold-rolled AA5754-ScZr alloy [8].

Now, we should note that the resistivity as well as hardness curves of the AA5754-ScZr alloy at temperatures
above ~ 330 °C exhibit a continuous decrease (see Figure 1a). It must be mentioned that in the 5754-typed
Al commercial alloys the precipitation sequence of the Al-Mg and/or Al-Mg-Si system can be observed [4, 6].
On the other hand the precipitation of the Mn,Fe,Cr-containing particles was observed in the AA6082-typed
commercial alloys [6]. In view of the fact that the precipitation of the Mn(,Fe,Cr)-containing as well as Mg-
containing (e.g. AlsMg2 phase) particles has no significant effect on hardness [6] the changes in resistivity and
hardness curves of the studied AA5754-ScZr alloy at temperatures above ~360 °C are probably connected
with precipitation of the particles containing Mg (from Al-Mg system) and Mn,Fe,Cr-containing particles with a
concurrent coarsening of the Als(Sc,Zr) particles. The value (as well as temperature range) of the apparent
activation energy of the ll-effect (see Figure 3) in the AA5754-ScZr alloy agrees with the activation energy for
precipitation of the Mn-contaning particles. It indicates that the Mn(,Fe,Cr,Si)-containing particle precipitation
prevails over the others, e.g. the apparent activation energies for the precipitation of metastable and/or stable
AlsMg2 and/or Mg2Si phase were observed lower during linear heating 70-140 kJ-mol-'. Unfortunately, the
activation energy must be identified with individual nucleation and growth steps in a transformation. Owing to
the possible overlapped effects, the exact positions of the beginning and ending of the for example thermal
peaks cannot be determined. Thus, the analysis of the activation energy of the ll-effect in the studied AA5754-
ScZr alloy above ~ 360 °C becomes uncertain. Due to the large number of admixtures, the character of
precipitation changes in the studied alloys cannot be described in detail only on the basis of resistivity, thermal
and hardness measurements. More (especially microstructural) research is needed to determine specific
phase transformations.

4, CONCLUSIONS

Results of characterization of the commercial AA5754 and AAG082 alloys with Sc,Zr-addition by electrical
resistometry, thermal analysis, hardness testing and electron microscopy, can be summarized in the following
points:

° Higher initial resistivity as well as hardness values are probably caused by a higher content of the solutes
in the AA5754-ScZr alloy in comparison with AA6082-ScZr alloy.
° The as-cast alloys contains spherical particles of the Al3(Sc,Zr) phase. Moreover, the as-cast state of

the AA6082-ScZr alloy contains rods and needles of the Mn,(Fe)-containing phase.

° The transient Al-Mg-Si-phase (8’ and/or ') particles formed during isochronal annealing in the AA6082-
ScZr alloy cause a poor age hardening. The additional Als(Sc,Zr) particles precipitation causes
pronounced age hardening in the AA5754-ScZr alloy. The possible (weak) additional precipitation of the
Al3(Sc,Zr) particles in the AA6082-ScZr alloy has a lower effect on hardness than the precipitation of 5~
and g’ phases. It is also possible that Sc and Zr solutes are probably bound in the Als(Sc,Zr) particles
and do not influence precipitation hardening in the course of isochronal annealing in the AA6082 alloy.
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The apparent activation energy value of precipitation of the transient 8~ and/or 8’ phase was determined
as 120420 kJ-mol~" in the AA6082-ScZr alloy.

The apparent activation energy value of precipitation of Alz(Sc,Zr) phase was determined as (120 + 6)
kJ-mol=' in the AA5754-ScZr alloy.

The pronounced precipitation of the Als(Mn,Fe)-phase was observed in the alloys during the isochronal
heat treatment. The apparent activation energy for the Als(Mn,Fe)-phase precipitation was determined
as ~175 kJ-mol~'. Nevertheless, the precipitation of these particles has a negligible effect on hardness.
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