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Precipitation strengthening behavior during aging of an Al-0.014Sc-0.008Er-0.08Zr-0.10Si (at.%) alloy was
investigated utilizing microhardness, electrical conductivity and scanning electron microscopy. This new
composition, with a Sc/Zr ratio (in at.%) smaller than 1/5 represents a significant reduction of the alloy's
cost, when compared to more usual Al-0.06Sc (at.%) based alloys with typical Sc/Zr ratios of 3. The
research presented herein focuses on identifying the optimal homogenization duration at 640 �C and
additionally the temperature range at which a single-step aging treatment will achieve the highest
possible microhardness in the shortest time. Due to a compromise between dissolution of Er-Si rich
primary precipitates, homogenization of the Zr distribution and precipitation of large Al3Zr precipitates,
8 h at 640 �C appears to be the optimal homogenization duration for this alloy, leading to an hardness of
571 ± 22 MPa after aging for 24 h at 400 �C. To study the precipitation behavior of this low-Sc concen-
tration alloy, isochronal aging to 575 �C with two different heating rates was performed. The small Sc
concentration, compensated by a high Zr concentration, permits the alloy to achieve a similar peak
microhardness during isochronal aging (587 ± 20 MPa) as the corresponding Sc-richer and Zr-leaner
alloys. The isochronal aging experiments permits us to identify the best aging temperature as be-
tween 350 and 425 �C.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The automotive industry has steadily reduced the environ-
mental footprint of vehicles by making more efficient use of fuel.
One way to achieve this goal is to decrease vehicle mass by an
increased use of low-density aluminum alloys [1]. Those light-
weight aluminum alloys are limited, however, to lower tempera-
tures (below ~220 �C) due to the dissolution or phase trans-
formation of their strengthening precipitates. To utilize aluminum
alloys for high-temperature applications in the automotive and
aerospace industries, one approach is to create coherent L12 pre-
cipitates containing slow-diffusing elements, which strengthen the
alloy by impeding dislocation motion and which are stable and
coarsen slowly by diffusion at the operating temperature [2].

Several slow-diffusing transition elements (M) form nanometric
diameter Al3M (L12) precipitates when precipitated from a
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supersaturated aluminum solid-solution [2]; the most widely
studied and least dense being Sc. Trace amounts of Sc increase
drastically the strength of an Al alloy due to the formation of a high
number density of nanometric Al3Sc (L12) precipitates coherent
with the aluminum matrix. For example, a base aluminum micro-
hardness of 200MPa can be increased to 800MPa by the addition of
0.18 at.% Sc [3,4]. Due to the relatively high diffusivity of Sc, only a
few hours at 300e350 �C are needed to achieve optimal precipi-
tation of coherent Al3Sc (L12) precipitates and reach peak micro-
hardness. The alloy's long term use cannot, however, exceed
~300 �C due to the coarsening of Al3Sc precipitates [3,4].

Due to the small diffusivity of Zr in aluminum [2], precipitation
strengthening of Al-Zr alloys is extremely sluggish, generally
needing more than 100 h of aging to reach peak microhardness
[5e10]. The metastable Al3Zr (L12) precipitates achieve relatively
small number densities, so the strengthening effect is smaller than
when using Sc, thus limiting usage of Al-Zr alloys. Al3Zr (L12) pre-
cipitates exhibit a higher coarsening resistance than Al3Sc (L12)
precipitates. Alternatively, Er has a larger diffusivity than Sc [2,11],
and thus Al3Er (L12) precipitates nucleate and grow at low

mailto:anthony.deluca@northwestern.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2016.08.018&domain=pdf
www.sciencedirect.com/science/journal/13596454
www.elsevier.com/locate/actamat
http://dx.doi.org/10.1016/j.actamat.2016.08.018
http://dx.doi.org/10.1016/j.actamat.2016.08.018
http://dx.doi.org/10.1016/j.actamat.2016.08.018


Table 1
Composition (at.%) of the investigated alloy, as measured by direct plasma emission
spectroscopy (DCPMS) and local-electrode atom-probe (LEAP) tomography.

Sc Er Zr Si

Nominal 0.02 0.0045 0.08 0.10
DCPMS 0.014 0.0075 0.075 0.094
LEAP 0.013 0.0057 0.068 0.086*

*Atomic concentration of 28Si2þ ions in LEAP.
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temperatures and therefore Al-Er alloys suffer from an early loss of
strength [12], preventing the use of Al-Er alloys for high-
temperature applications. Due to the high lattice parameter
mismatch between coherent Al3Er (L12) precipitates and the Al-
matrix, those precipitates provide high creep-resistance to Al-Er
alloys.

The addition of Sc and Zr or Sc and Er to aluminum results in the
improvement of both base alloys. In Al-Sc-Zr alloys, the coherent
Al3Sc (L12) precipitates that form during the early stage of aging
acts as heterogeneous sites for precipitation of Zr, resulting in the
formation of coherent core-shell Al3(Sc,Zr) (L12) precipitates, with
the core enriched in Sc and the shell enriched in Zr [13e18]. Due to
the formation of this Zr-rich shell, the precipitates' coarsening rate
is reduced. Al-Sc-Er alloys behave similarly [19,20]; Er atoms form
nuclei onto which the Sc atoms precipitate, forming an Er-rich core
surrounded by a Sc-rich shell. In this case, the Sc-shell behaves
similarly to the Zr-shell acted in the Al-Sc-Zr alloy, preventing fast
coarsening of coherent Al3(Sc,Er) (L12) at elevated temperatures.
The high number density of Al3Er nuclei are maintained during
aging, permitting the attainment of higher volume fractions and
thus increasing slightly the strength of the alloy at peak micro-
hardness. Most importantly, the Er-rich core increases the lattice
parametermismatch of the precipitates with the Al-matrix, thereby
increasing the creep resistance of the alloy [20].

The addition of Zr and Er to an Al-Sc alloy has the advantages of
both ternary Al-based alloys [21]; Er promotes early nucleation of a
high number density of precipitates with an increased lattice
parameter mismatch, improving creep strength, while Zr de-
celerates the coarsening rate, thereby inducing a high temperature
stability of the precipites. For example, a quaternary Al-0.05Sc-
0.01Er-0.06Zr (at.%) alloy takes 30 min at 400 �C to reach a
microhardness plateau of ~450 MPa, which is stable for at least 6
mon at this temperature [21]. The precipitates display a complex
core-double shell structure, with an Er-enriched core, a Sc-rich
inner shell and a Zr-rich outer shell. This core-double shell is a
result of the differences in the diffusivities of the elements Er, Sc
and Zr (DEr > DSc > DZr), which is why they precipitate sequentially.

The strength of the quaternary Al-Sc-Zr-Er alloy can further be
increased by a Si micro-addition [22e24]. Although Si doesn't form
intermetallic compounds with Al, it forms M-Si-V clusters (M is a
metal and V is a vacancy), which can diffuse faster than isolated M
atoms in the a-Al matrix, thus allowing faster growth of the pre-
cipitates [25]. These clusters also act as nuclei for heterogeneous
precipitation and increases the number density of precipitates and
their volume fraction. For example, addition of 0.05 at.% Si to an Al-
0.055Sc-0.005Er-0.02Zr (at.%) alloy increases the peak microhard-
ness by 50 MPa, while reducing the aging heat treatment to 15 min
[23]. Higher concentrations of Si further increase the alloy's
strength [24]. Due to the enhanced solute diffusivity induced by
silicon, the higher is the Si concentration the faster the precipitates
coarsen. Atom-probe tomography (APT) experiments demonstrates
that Si additions also modify the concentration profiles of the
precipitates. The precipitates exhibit a Sc/Er/Si enriched core, Si
being on the Al sub-lattice surrounded by a Zr-enriched shell
instead of the core-double shell observed in Si-free alloys [23,24].
The mechanism underlying this structure are presently unclear,
although it has been proposed to be due to either co-precipitation
of (Al,Si)3(Sc,Er) or due to the homogenization of the core-shell
structure during aging.

Attempts have been made to produce Sc-free Al-Er-Zr [26,27]
and Al-Er-Zr-Si [28] alloys by increasing strongly the Er concen-
tration (0.04 at.%) and the Zr concentration to 0.1 at.%. As shown by
Wen et al. [26,27], the addition of Zr to Al-Er alloys decelerates the
coarsening rate of the Al3Er precipitates due to the formation of a
Zr-enriched shell. The Al-0.04Er-0.08Zr alloy reaches a peak
microhardness of 540 MPa after 64 h of aging at 400 �C. Due,
however, to the sluggish diffusion of Zr in the Al-matrix, the Al3Er
precipitates experience early coarsening before the Zr-shell forms.
There isn't isothermal aging data on Al-Er-Zr alloys with Si addi-
tions; it is, however, expected that Si accelerates the precipitation
kinetics and causes stronger strengthening as observed for Al-Yb-
Zr-Si alloys [29].

Although Sc-free Al-Er-Zr alloys are strong and inexpensive, the
long aging times necessary to achieve peak microhardness is a
major drawback. The objective of the present research is to adjust
the concentrations of Sc, Zr and Si in Al-0.055Sc-0.005Er-0.02Zr-
0.XY Si (at.%) alloys studied previously by Vo et al. [23,24], to
minimize its Sc content, thereby lowering its price, while keeping
the processing time as short as possible and maintaining good
mechanical properties. We chose to use a small Sc concentration,
rather than eliminating it, to prevent the early coarsening of Al3Er
precipitates by either forming a Sc-enriched shell, or co-
precipitating with Er, thereby forming Al3(Sc,Er) (L12) pre-
cipitates. We then compensate for the low Sc content by increasing
the Zr concentration, while maintaining the Si content required to
accelerate Zr precipitation. As compared to the previous Al-
0.055Sc-0.005Er-0.02Zr-0.XY Si (at.%) alloys, the majority of the
expensive Sc has been replaced by the much cheaper Zr, reducing
the Sc content by a factor 4 (from 0.055 to 0.015 at.%), and
increasing concomitantly the Zr content by the same factor (from
0.02 to 0.08 at.%). To avoid the rapid coarsening of precipitates due
to the high Si concentration used previously [24], a relatively low Si
concentration of 0.10 at.% is chosen. The Er concentration
(0.005 at.%) remains unchanged. This article reports on the opti-
mization of the homogenization step and the following precipita-
tion strengthening behavior of the above noted low-Sc
concentration alloy during isochronal aging.

1.1. Experimental procedures

The alloy with a nominal composition of Al-0.02Sc-0.005Er-
0.08Zr-0.10Si at.% (Al-0.03Sc-0.03Er-0.27Zr-0.10Si wt.%), was mel-
ted in alumina crucibles in a resistively heated furnace by adding, to
molten 99.99 at.% pure Al, appropriate concentrations of Al-8.0 wt%
Zr, Al-2 wt.% Sc, Al-3.9 wt% Ermaster alloys preheated to 640 �C and
Al-12.6 wt% Si preheated at 450 �C. The melt was maintained in air
for 1 h at 800 �C to ensure full dissolution of the master alloys,
regularly stirred, and then cast into a graphite mold. The mold was
preheated to 200 �C and placed on an ice-cooled copper platen
immediately before casting to enhance directional solidification.
The chemical compositions of the as-cast alloy, sampled at the top
and bottom positions in two separate ingots, was measured by
direct current plasma mass spectroscopy (DCPMS) at ATI Wah
Chang (Albany, OR), and the average results are presented in
Table 1. No significant discrepancy was observed between the
different samples and the iron concentration was less than the
detection limit (<50 at ppm). APT was also utilized tomeasure alloy
chemical composition, using the average values of ten specimens
(cf. Table 1). The APT results are in reasonable agreement with the
DCPMS measurements. However, when compared to the nominal



Fig. 1. SEM micrograph of the low-Sc alloy (a) in as cast state, showing a high number
density of Er- and Si- rich primary precipitates, and (bed) after homogenization at
640 �C for 2, 8 and 24 h, respectively. (b) After 2 h of aging, primary Er- and Si- rich
precipitates are infrequently observed. (c) For longer aging durations, Al3Zr rod-like
precipitates form at grain boundaries (c). (d) Only samples aged for 24 h display a
high number density of Al3Zr rod- and platelet-like precipitates inside grains.
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composition, the Sc concentration is lower. In the reminder of this
article, we use the DCPMS composition of the alloy, Al-0.014Sc-
0.008Er-0.08Zr-0.10Si at.%, and we express all compositions in
atomic percent (at. %). For easier reading, and compared with other
alloys, this alloy is denoted herein the “low Sc alloy”.

To identify the best homogenization condition, the as-cast alloy
was homogenized in air at 640 �C for times ranging between 0 and
24 h, followed by water quenching. Isochronal aging heat experi-
ments was performed after homogenization, with steps of 25 �C for
1 or 3 h, starting at a temperature of 100 �C and through 575 �C. All
aging treatments were performed in air and terminated by water
quenching.

Vickers microhardness measurements were performed
employing a Duramin-5 microhardness tester (Struers) utilizing an
applied load of 200 g for 5 s on samples polished to at least a 1 mm
surface finish. A minimum of ten and up to twenty indentations, in
different grains, were made for each specimen. Electrical conduc-
tivity measurements were performed utilizing a Sigmatest 2.069
eddy current instrument (Foerster Instruments, Pittsburgh, PA) on
the same 2� 2 cm2 sample subjected to cumulative heat-treatment
steps. For each specimen, five measurements were performed at
each frequencies 120, 240, 480, and 960 kHz. The as-cast and as-
homogenized microstructures, on samples polished using a
0.06 mmcolloidal silica suspension, was investigated using a Hitachi
SU8030 scanning electron microscope (SEM), equipped with an
Oxford X-max 80 mm detector for energy-dispersive x-ray spec-
troscopy (EDS) measurements, allowing us to detect primary pre-
cipitates and to estimate qualitatively their compositions.
Following SEM observations, the samples where etched with Kel-
ler's reagent (95% water, 2.5% HNO3, 1.5% HCl, 1% HF by volume) to
reveal grain boundaries. The dendritic structure of the alloy was
further revealed using Weck's reagent (100 mL water, 4 g KMnO4
and 1 g NaOH).

2. Results

2.1. Minimization of homogenization time

Scanning electron microscope (SEM) observations of the as-cast
state (Fig. 1a) revealed the presence of 1e2 mm primary Er- and Si-
rich precipitates, with an areal density of ~200e500 mm�2 and an
estimated atomic composition ratio of Si:Er of 1.05 ± 0.15. The
formation of these primary precipitates has been reported for Al-
Sc-Er-Zr-Si alloys [23,24] and is due to the strong segregation of
Er and Si, which occurs during solidification of the ingot upon
casting [23,24]. No Zr-rich primary precipitates were observed.
However, due to the incomplete dissolution of the Al-Zr master
alloy in the melted alloy, a few Al3Zr flakes were detected (not
shown). Their number density being very low e they were
observed less than once across five 1 � 1 cm2 samples e their
impact on the measured properties of the alloy can therefore be
neglected.

The cast alloy was homogenized at 640 �C for durations ranging
from 1 to 24 h. The evolution of microhardness and electrical
conductivity as a function of homogenization time are plotted in
Fig. 4a and b, respectively. The alloy displays an as-cast micro-
hardness of 245 ± 7 MPa. During the homogenization annealing,
the microhardness increases to 266 ± 7 MPa after 4 h, before
decreasing to 250 ± 7 MPa after 24 h. This small increase in
microhardness implies that some precipitation may be occurring
during homogenization. The monitoring of electrical conductivity
confirms this hypothesis. The electrical conductivity data displays
increasing conductivity as the homogenization time increases, from
~30.10 MS m�1 in the as-cast state to ~31.05 MS m�1 after 24 h of
aging. This continuous increase of electrical conductivity indicates
that atoms are precipitating out of the supersaturated solid solution
as soon as the homogenization annealing commences.

Although not detectable from the electrical conductivity evo-
lution, the Er- and Si-rich precipitates visible in Fig. 1a are dis-
solving during the first hours, with only a few of them being
observed after 2 h of homogenization (Fig. 1b). For samples aged
longer than 2 h, no Er- and Si-rich precipitates were ever
observed; however, a low volume fraction of grain boundary Al3Zr
rod-like precipitates, with a length of ~3 mm, were identified
(Fig. 1c). In addition to these grain boundary precipitates, samples
aged for 24 h exhibit a high number density of intra-granular rod-
and platelet-like Al3Zr precipitates (Fig. 1d). The increase of



Fig. 3. (a) Optical micrograph of the low-Sc alloy in as cast state and (b) after ho-
mogenization at 640 �C for 2 h. The dendritic structure was revealed using Weck's
reagent.
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electrical conductivity during homogenization annealing can thus
be explained by the precipitation of Zr, which is undesirable, as it
leads to a loss of solute for strengthening during subsequent
aging. Post-SEM etching of the samples with Keller's etchant
(Fig. 2) revealed that the alloy has millimeter diameter grains,
which are retained during the homogenization annealing; large
grain diameters are preferred to obtain good creep resistance.
Further etching with Weck's reagent revealed a dendritic struc-
ture within the grains, Fig. 3, for post casting samples, and after
homogenization for 2 h. In the as-cast conditions, the etchant
revealed a well-defined cell structure, with a 20e30 mm core and
~4 mm wide inter-dendritic channels. After 1 h of aging at 640 �C,
the dendritic structure evolved to a larger cell diameters
(>35 mm) and ~15 mm widths and more diffuse channels.
Although homogenization annealing appears to have an effect on
the dendritic structure in the alloy, further modification did not
occur, preventing complete homogenization of solute even after
24 h, only leading to the previously mentioned intradendritic
Al3Zr precipitates.

To determine the best compromise between dissolution of the
Er/Si-rich primary precipitates and loss of solute due to Zr precip-
itation, samples were homogenized for durations up to 24 h and
then aged at 400 �C for 24 h, which is the time needed to reach peak
hardness at 400 �C for this low-Sc concentration alloy [30]. The
associated microhardness and electrical conductivity curves are
displayed in Fig. 4a and b, respectively. After this aging step, a
significant difference in microhardness can be observed between
samples without an homogenization treatment (455 ± 26MPa) and
with an optimal homogenization treatment of 8 h (571 ± 22 MPa).
For longer homogenization times of 16 or 24 h, the peak micro-
hardness is smaller (538 ± 20 MPa). This ~6% drop is most probably
due to the smaller concentration of Zr available for precipitation
hardening after too long an homogenization time, where Zr pre-
cipitates from solution in the form of micron-diameter precipitates,
which are too large to affect the microhardness. Although it is
possible that the increased microhardness, which was obtained for
the sample aged 8 h, could be due to some local composition in-
homogeneity; this higher microhardness was observed anew dur-
ing isochronal aging of samples homogenized for either 8 h or 24 h
(Fig. 5c).
Fig. 2. Optical micrograph of the low-Sc alloy in the as cast state, or homogenized at
640 �C between 1 and 24 h. The grain boundaries were revealed using Keller's reagent.
2.2. Isochronal aging

The temporal evolution of the Vickers microhardnesses and
electrical conductivities during isochronal aging, of our alloy
(denoted as low-Sc alloy), either homogenized for 8 h or 24 h, are
Fig. 4. Evolution of (a) Vickers microhardness and (b) electrical conductivity, during
homogenization annealing of the low-Sc alloy at 640 �C (empty diamonds) and after a
subsequent hardening aging step at 400 �C for 24 h (solid red dots). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)



Fig. 5. Evolution of Vickers microhardness and electrical conductivity during isochronal aging, with steps of 25 �C for 1 h (a, b) or 3 h (c, d), for Al-0.055Sc-0.005Er-0.02Zr-0.05Si at.%
(high-Sc alloy) [23] homogenized at 640 �C for 2 h (black squares), and Al-0.014Sc-0.008Er-0.08Zr-0.1Si at.% (low-Sc alloy) homogenized at 640 �C for 8 h (green circles) or 24 h (solid
red dots). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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displayed in Fig. 5. Data from the Al-0.055Sc-0.005Er-0.02Zr-0.05Si
alloy previously studied by Vo et al. [23] (denoted as high-Sc alloy),
homogenized 2 h and then aged isochronally with steps of 25 �C for
1 h, are presented for comparison in Fig. 5a and b.

In the high-Sc alloy, precipitation commenced in the temperature
range 225e275 �C, causing an increase of conductivity and micro-
hardness from 252 ± 8 MPa to 315 ± 8 MPa. This change in micro-
hardness is attributed to Er precipitating from solution and forming
Al3Er precipitates, Erhaving a largerdiffusivity than Sc andZr [23]. At
temperatures higher than 275 �C, Sc precipitates on the previously
formed Al3Er nuclei [23], which causes a significant increase of the
microhardness, peaking at 566±9MPa at 350 �C. Themicrohardness
then decreases with increasing temperature due to coarsening,
before peaking again at 425 �C at a value of 532 ± 18 MPa, the latter
peak is attributed to Zr precipitation [23]. Above 450 �C (~0.78 of the
absolute melting point of Al), both the electrical conductivity and
microhardness values decrease continuously, indicating that the
precipitates are both dissolving and coarsening.

Data from the 1 h step isochronal aging of the low-Sc alloy,
homogenized 24 h, are displayed in Fig. 5a and b. Although a small
increase of the electrical conductivity is noticeable at 225 �C, which
corresponds to the temperature where Er is anticipated to precip-
itate, the microhardness does not abruptly change, unlike the high-
Sc alloy, but increases progressively from 251 ± 7 MPa after ho-
mogenization, to 285 ± 6 MPa at 300 �C. Due to the small con-
centration of Sc in this alloy, it appears that precipitation of this
element only increases the microhardness by ~25 MPa between
samples aged isochronally to 300� and to 350 �C; this later tem-
perature corresponding to the peak temperature for the high-Sc
alloy. For the low-Sc alloy, at temperatures greater than 350 �C, the
diffusivity of Zr becomes sufficiently large to permit significant
diffusion and precipitation of this solute element on previously
formed Al3(Sc,Er) precipitates. The microhardness and electrical
conductivity increases continuously and peaks at 450 �C, with a
value of 538 ± 20 MPa. Taking into account the 6% higher micro-
hardness for samples homogenized for 8 h, the optimized peak
microhardness should be ~568 MPa, which is the same peak
microhardness that is achieved by the high-Sc alloy. At 475 �C,
although the electrical conductivity is the same as at 450 �C, the
microhardness is decreasing, which indicates precipitate coars-
ening. At higher temperatures the electrical conductivity decreases,
which indicates precipitate dissolution, thereby explaining the
rapid decrease of the microhardness.

Data from the 3 h step isochronal aging of the low-Sc alloy,
homogenized for 8 or 24 h, are displayed in Fig. 5c and d. For both
homogenization conditions, the evolution of microhardness and
electrical conductivity follow similar trends; the major differences
are the initial electrical conductivity and peak microhardness
values. At temperatures lower than 300 �C, the microhardness and
electrical conductivity values slowly but steadily increase with the
aging temperature. At 300 �C, a microhardness of 286 ± 6 MPa is
obtained for both homogenization conditions. The longer aging
time (3 h) permits Zr atoms to diffuse longer distances, when
compared with the 1 h isochronal aging step, Fig. 5a, the micro-
hardness and electrical conductivity increases associated with Zr
precipitation are shifted by 50 �C toward lower temperatures, and
thus happens at 325 rather than 375 �C. The microhardness, Fig. 5c,
then increases sharply and peaks at 400 �C. The peak microhard-
ness values for the low-Sc alloy homogenized 8 or 24 h at 640 �C are
587 ± 20 MPa and 566 ± 21 MPa, respectively. At higher



Fig. 6. (a) Evolution of electrical resistivity during isochronal aging with steps of 25 �C
for 1 h (solid red dots) or 3 h (green squares) for the low Sc alloy, homogenized at
640 �C for 24 h. (b) Negative numerical derivatives of the measured resistivity during
isochronal aging of the low Sc alloy divided by the initial resistivity, r0. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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temperatures the microhardness first decreases due to precipitate
coarsening, since no change in electrical conductivity is observed
up to 475 �C. At higher temperatures the electrical conductivity
decreases, which indicates again that precipitates are dissolving.
Based on these observations, the optimal aging temperatures for
the low-Sc alloy are anticipated to lie between 350 and 425 �C.

3. Discussion

3.1. Optimization of homogenization time

The main goal of the homogenization heat treatments is to
dissolve the primary precipitates that form during casting, and also
to reduce the concentration gradients resulting from dendritic so-
lidification. Although the sum of the Er, Sc and Zr concentrations in
this low-Sc alloy is high (0.0965%), no primary Al3Zr or Al3Sc pre-
cipitates were observed. A high number density of Er- and Si-rich
primary precipitates in the as-cast samples is, however, detected,
Fig. 1a. Because they sequester Er and Si atoms these primary
precipitates not only reduce the number of Er atoms available for
subsequent precipitation strengthening on aging, but they also
prevent Si atoms from enhancing the diffusion kinetics of other
solute atoms [25]. Aging of a non-homogenized alloy thus induces a
comparatively small strengthening increment, Fig. 4a. A heat
treatment of 2e4 h is necessary to dissolve the primary pre-
cipitates, Fig. 1b and c. As demonstrated in previous research on Al-
Sc-Er-Zr-Si alloys, the dissolution of Al3Er precipitates can be
monitored by measuring the electrical conductivity during ho-
mogenization [23,24]. Dissolution of precipitates releases solute
atoms into the matrix, thereby reducing its electrical conductivity
[23,24]. The electrical conductivity doesn't, however, decrease
during homogenization, Fig. 4b, but rather it increases continu-
ously, even after 24 h at 640 �C. SEM observations reveal precipi-
tation of Zr into Al3Zr precipitates during homogenization. Initially
absent, Al3Zr precipitates become easily observable at grain
boundaries after 4 h, Fig. 1c, and within grains after 24 h of ho-
mogenization, as large platelet- or rod-like precipitates, Fig. 1d. Due
to the peritectic solidification of Al-Zr alloys, the Zr atoms segregate
at the dendrite cores during solidification. The Zr concentration in
these regions thus exceeds the solid-solubility of 0.067 at.% at
640 �C [31], and therefore homogenization annealing induces
precipitation. It was previously demonstrated that homogenization
of Al-Zr alloys could be detrimental to further precipitation hard-
ening due to a major loss of solute [32]. For that reason, Zr-rich
alloys are usually not homogenized before precipitation aging
[6,7,17,18]. In the case of the low-Sc alloy, the achievable peak
microhardness after aging at 400 �C increases with longer ho-
mogenization times, Fig. 4a, peaking for 8 h of homogenization.

The increased microhardness for samples homogenized for up
to 4 h can be explained by the dissolution of Er atoms from the
primary precipitates, which effectively compensates for the loss of
Zr in solid-solution via precipitation of coarse Al3Zr precipitates.
The highest microhardness is achieved for 8 h of homogenization
and it decreases for longer aging times. This additional increase of
microhardness compared to 4 h cannot be accounted for by
dissolution of Al3Er precipitates as no primary precipitates were
detected in samples homogenized for 4 h. Silicon atoms may
enhance the diffusivities of Er, Sc or Zr in the a-Al matrix [25],
hence it is possible that the high concentration of Si in this alloy
permits some homogenization of the Zr dendritic microstructure.

In conclusion, homogenization of this alloy is necessary to
achieve higher microhardness values after a subsequent aging step.
The optimum aging duration has been identified, allowing an in-
crease in the achievable peak microhardness. Compared, however,
to the previous Al-Sc-Er-Zr-Si alloys with lower Zr and higher Sc
concentrations, the homogenization times have been increased
from 0.5 to 2 h [23,24] to 8 h at 640 �C. This longer homogenization
time is considered acceptable within an industrial environment.

3.2. Effective activation energy for precipitation

The electrical conductivity of a material is affected by strong
scattering of electrons by point defects in the matrix, and to a
smaller extent by the presence of precipitates. Thus following the
change in electrical conductivity or inversely its electrical re-
sistivity, r, Fig. 6a, thereby monitoring the change in the matrix's
composition and the precipitation process. At a low defect con-
centration, the increase in resistivity is proportional to the con-
centration of impurities. For example, in the case of Sc in aluminum,
the electrical resistivity r increases by 34 nU-m per atomic % [33].
Due to the presence of four impurity species in our alloy e Sc, Er, Zr
and Si d each displaying a different electron scattering, it is not
possible to monitor precisely the change in matrix composition
from electrical conductivity curves and obtain solubility limits.
Analyzing such curves can, however, permit to extract the apparent
activation energy for precipitation [34].

In our case, due to the close spacing between the annealing
temperatures, we can approximate the isochronal aging curves as
annealing curves with a constant heating rate. By performing two
annealing experiments, utilizing two different heating rates, a1 and
a2, one can obtain an apparent activation energy using the
following equation [34]:

ln
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a1T22
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�
1
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� 1
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�
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where T1 and T2 are the temperatures at which identical values of r
are achieved for the heating rates a1 and a2, respectively, where kB
is Boltzmann's constant and T is the temperature in Kelvin. The
apparent activation energy, Q, is obtained from Equation (1). Using
the resistivity curves, Fig. 6a, an apparent activation energy of
0.70 ± 0.09 eV is obtained in the region where r increases linearly
with T, between 3 and 3.1 mU-cm. The calculated apparent activa-
tion energy is small compared to the activation energies for diffu-
sion of Sc or Zr in Al, 1.79 and 2.51 eV, respectively [2].

Another approach for determining the activation energy from
isochronal aging experiments is to plot the negative numerical
derivatives of the resistivity [35], Fig. 6b. This permits identifying
the specific temperatures at which the rate of change of resistivity
is the fastest for a given heating rate, permitting one to measure an
activation energy using Equation (1), but also allowing one to
identify more readily the temperature range for which an
isothermal aging experiment will be optimal, in terms of duration
and achievable microhardness. For the low-Sc alloy, the optimal
aging temperature is between 350 and 425 �C. The apparent acti-
vation energy estimated using this method is 0.74 ± 0.11 eV.

Prior research on a binary Al-0.15Sc [33] and ternary Al-0.14Sc-
0.04Zr alloys [35] reported small apparent activation energies for
precipitation, in comparison to the activation energies for Sc
diffusion in these alloys, 1.29 and 1.24 eV. The apparent activation
energy we obtain is about one-half those values. No research has
been reported on the effects of Er and Si on the apparent activation
energy for precipitation. Since Er and Si increase the number
density of nuclei [9,36], and Si enhances the diffusivities of Sc and Zr
in the matrix by forming and diffusing as a Si-V-Zr trimer, with a
smaller activation energy [25].

4. Conclusions

The properties of a low-Sc, high-Zr aluminum alloy, Al-0.015Sc-
0.0045Er-0.08Zr-0.10Si at.%, designed to minimize the concentra-
tion of the most expensive element, Sc, while maintaining the
desirable strengthening provided by precipitation of coherent L12
tri-aluminide precipitates, were investigated utilizing microhard-
ness, electrical conductivity measurements, and observations by
SEM. Based on the experimental results obtained, we conclude that
reducing the cost of Al-Sc-Er-Zr-Si alloys can be achieved by
replacing the expensive element Sc by the much less expensive
element Zr, maintaining only one-quarter of the original Sc concen-
tration, and compensating for this change by increasing the Zr
concentration by a factor of four. Specifically, the following con-
clusions are deduced from the experimental results:

1. Primary Er- and Si-rich precipitates form during solidification of
our newest Al alloy. At least 2 h of homogenization at 640 �C is
necessary to dissolve precipitates and increase the Er super-
saturation in the Al-matrix. No primary Al3Zr (L12) precipitates
are observed after solidification. However, mm long rod- and
platelet-like Al3Zr precipitates appear upon homogenization
beyond 4 h. Homogenizing for 8 h permits the alloy to reach its
highest peak microhardness upon subsequent aging. This opti-
mum homogenization treatment reflects a compromise be-
tween homogenization of Er, Si and Zr solute elements, and
early precipitation of Al3Zr in the dendrite cores.

2. During an isochronal aging with 1 h steps, the new alloy ach-
ieves a similar peak microhardness as the more expensive Sc-
rich alloy, but with an upwards shift of 50 �C toward higher
temperatures, indicating a slower precipitation kinetics.

3. Based on electrical conductivity measurements during
isochronal aging experiments, the precipitates are anticipated to
be stable for temperatures up to 475 �C, which represent an
increase of 25 �C compared to our previous Sc-rich Al-Sc-Er-Zr-
Si alloys.

4. Based on isochronal aging experiments, the optimal aging
temperature that would permit achieving a high microhardness
in the least amount of time is anticipated to be in the range
350e425 �C range.

5. An apparent activation energy for precipitation was determined
utilizing two different heating rates during isochronal aging
experiments. A value of 0.70 ± 0.09 eV/atom was calculated,
which is smaller than the activation energies for diffusion of Sc
or Zr in Al.

6. The formation and diffusion of Si-V-M trimers, with M being Sc,
Er or Zr, is expected to be the underlying mechanism behind the
calculated low activation energy
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