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Abstract: The microstructure, electrical properties and microhardness of as-cast and cold rolled AlYb
and AlMnYbZr alloys were investigated. The addition of Mn, Yb and Zr has a positive influence
on grain size. A deformed structure of the grains with no changes of their size was observed after
cold rolling. The Al3Yb particles coherent with the matrix were observed in the AlYb alloys. The
size of the particles was about 20 nm in the initial state; after isochronal treatment up to 540 ◦C the
particles coarsen, and their number density was lower. The deformation has a massive effect on
the microhardness behavior until treatment at 390 ◦C, after which the difference in microhardness
changes between as-cast and cold rolled alloys disappeared. Relative resistivity changes show a large
decrease in the temperature interval of 330–540 ◦C which is probably caused by a combination of
recovery of dislocations and precipitation of the Al3(Yb,Zr) particles. Precipitation hardening was
observed between 100 and 450 ◦C in the AlYb alloy after ageing at 625 ◦C/24 h and between 330 and
570 ◦C in the AlMnYbZr alloy after ageing at 625 ◦C/24 h.

Keywords: Al-based alloys; ytterbium; electrical resistometry; microhardness; Al3(Yb,Zr) particles

1. Introduction

Four of the heaviest rare earth elements (RE = Er, Lu, Tm and Yb) can, similarly to
Sc, exhibit an Al3RE phase with a stable L12 structure [1–4]. RE elements are attractive
additions to Al-based alloys for many reasons: (a) RE form Al3(Sc1−xREx) precipitates with
the L12 structure, thereby replacing the expensive Sc; (b) diffusivity of RE in Al, which
is bigger than of Zr or Ti [1,5]; (c) RE increase the lattice parameter mismatch between
α-Al and Al3(Sc1−xREx) precipitates [6,7]. On the other hand, these elements have low
solubilities in Al, even at eutectic temperatures [6,8–10]. Additives of Yb in binary Al alloys
lead to the formation of L12 structured Al3Yb precipitates, which increase hardness and
strengthening massively [1,2,11,12]. Tang et al. [3] showed that heat treatment resulted
in coherent Al3Yb precipitates with a mean radius less than ~11 nm, while those with a
mean radius larger than 11 nm were semi-coherent. Several studies (e.g., [12–18]) observed
yield strength increases at ambient temperature in Al alloys due to the addition of Yb
and/or Er or an improvement of the creep resistance in the alloys. Moreover, the combined
addition of Zr and Yb in Al alloys forms the unique core/shell structured Al3(Yb,Zr) which
improves recrystallization resistance [4,19]. Compared to Al3Zr precipitates, Al3(Yb,Zr)
precipitates have a higher density and a more homogeneous distribution [4].

The research of the Al–based alloys, with a little addition of Yb, Er and Sc, shows
that Yb diffuses faster than Er and Sc in the α-Al matrix [1]. The microhardness results
show the highest hardening effect in the Al–0.03 at.% Yb at 200 ◦C, in the Al–0.03 at.%
Er at 250 ◦C and in the Al–0.12 at.% Sc at 350 ◦C after isochronal ageing for 2 h time
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intervals with temperature steps of 50 ◦C [1]. In comparison to the RE, Zr addition has a
very low diffusivity in Al which results decreased rate of Yb precipitation in Al–Yb–Sc(–Zr)
alloys [2,20]. Barkov et al. showed that the maximum precipitation hardening effect in Al–
Yb–Sc–Zr alloy (during ageing at 300 ◦C) was mainly caused by Al3(Sc,Yb,Zr) dispersoids
in a size range of 4–8 nm [21].

Despite several studies on cast Al–Yb(–Zr) alloys (e.g., [1–4,11,21,22]) there is a lack
of a complex characterization of the Al–Yb(–Zr) system, a lack of knowledge on the
influence of high temperature treatment and especially of the influence of deformation
on precipitation behavior of Al-based alloys with Yb and Zr addition. In this study, we
describe the evolution of mechanical and electrical properties of as-cast and cold rolled
Al–Yb and Al–Mn–Yb–Zr alloys during isochronal treatment as well as the effect of Mn
and Zr addition. In addition, the influence of isothermal ageing at 625 ◦C for 24 h on the
microhardness and microstructure of the alloys was discussed.

2. Materials and Methods

Two as-cast alloys (AC) with a chemical composition Al–0.6Yb in wt.% (AlYb) and
Al–0.11Mn–0.92Yb–0.12Zr in wt.% (AlMnYbZr) were cold rolled with a reduction thickness
of 40% (CR40) and 70% (CR70). The alloys were cast from Al and Mn of commercial purity
and master alloys Al–10Yb and Al–9Zr (both in wt.%) melted and stirred in a furnace at
850 ◦C. The melt was cast into an iron mold in size 110 × 56 × 26 mm3. Cold rolling was
performed at room temperature (RT). Both alloys were studied in detail up to 600 ◦C in
different types of treatment: (a) isochronal ageing with steps of 30 ◦C/30 min and/or 60
◦C/120 min and (b) isothermal ageing at 625 ◦C for 24 h (HT). Treatment up to 240 ◦C
was carried out in a stirred silicon oil bath and each step was followed by quenching into
liquid nitrogen. Treatment at higher temperatures was performed in an air furnace with Ar
protective atmosphere, and this was followed by quenching into water at RT.

The relative electrical resistivity changes ∆ρ/ρ0 (where ρ0 is the electrical resistivity
value in the initial state) were measured in liquid nitrogen (78 K) using the DC four-point
method. The accuracy of absolute resistivity values is limited mainly by the accuracy of
the specimen dimensions and was estimated to be better than ~2%. The effect of parasitic
thermoelectromotive force was restricted by current reversal. Vickers microhardness
(HV0.1) was determined at RT on polished specimens using the Wolpert Wilson Micro
Vickers 401MVD (Wilson Instruments, Canton, MA, USA). The samples were stored in
liquid nitrogen to protect the development of the microstructure during storage.

The development of microstructure of the alloys was studied using transmission
electron microscopy (TEM) and electron diffraction (ED), scanning electron microscopy
(SEM) and electron back-scattered diffraction (EBSD). The microscopic observations were
carried out on JEOL JSM 7600F (JEOL, Tokyo, Japan), JEOL JEM 2000FX (JEOL, Tokyo,
Japan), FEI Quanta 200FEG and MIRA I Schottky FE-SEMH microscopes (TESCAN ORSAY
HOLDING, Brno-Kohoutovice, Czech Republic). Energy-dispersive spectroscopy (EDS)
was carried out using X-ray BRUKER microanalyser (Bruker AXS, Karlsruhe, Germany).

3. Results and Discussion
3.1. Initial State of the As-Cast and Cold Rolled Alloys

The EBSD observation in different locations across the sample shows that the addition
of manganese (Mn) and zirconium (Zr) to the AlYb alloy together with higher addition of
Yb causes a grain refinement. The grain size of the alloys was in the units of the millimeter
range for the AlYb alloy, and approximately tens and/or lower hundreds of µm for the
AlMnYbZr alloy (see Figure 1). In the cold rolled materials, the deformation structure was
noticed, but without a significant change in the grain size—compare Figure 1a–d.
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Figure 1. EBSD images of the structure of grains (a) AlYb AC, (b) AlMnYbZr AC, (c) AlYb CR40, (d) AlMnYbZr CR70. 
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Figure 2. SEM images of the (a) AlYb AC and (b) AlMnYbZr AC alloys in the initial state. See eu-

tectic phase at the (sub)grains boundary in insets. 

TEM of the initial state of the AlYb AC alloy proved particles with dimension ~20 

nm—see Figure 3. They are coherent with the Al matrix. Regarding the composition of the 

AlYb alloy studied and other studies of AlYb alloys (e.g., [1,3,22]), these particles are prob-

ably secondary Al3Yb particles with the L12 structure. Figure 4 shows the TEM image of 

the AlMnYbZr AC alloy, where secondary Al3(Yb,Zr) particles were observed in the coffee 

bean contrast. ED proved the L12 structure of these secondary particles. Peng et al. [4] 

show that the combined addition of Yb and Zr in Al leds to a formation of the coherent 

Al3(Yb,Zr) secondary phase particles with the cubic L12 structure, which provides Al–Zr–
Yb alloys with an improved recrystallization resistance. Compared to Al3Yb particles ob-

served in the initial state of AlYb alloys, the Al3(Yb,Zr) particles (observed in the initial 

Figure 1. EBSD images of the structure of grains (a) AlYb AC, (b) AlMnYbZr AC, (c) AlYb CR40, (d) AlMnYbZr CR70.

SEM images of the AlYb and AlMnYbZr alloys can be seen in Figure 2—the eutectic
phase at the (sub)grains boundary was observed in both alloys studied in the initial state.
EDS analysis of the eutectic phase was done at several different places across the AlYb
and AlMnYbZr samples. Results of AlYb alloy showed that eutectic phase mainly consist
of Yb and additionally of Fe. The content of Yb was in range of 0.65–1.20 at.% and the
content of Fe was ~0.10 at.% (involving results of measurements of various locations of
the eutectic phase). Primary Yb, Fe-rich particles with dimension ~10 µm were observed
inside the grains of the AlYb alloy, too (see Figure 2a). EDS analysis of these Yb, Fe-rich
particles showed that the content of Yb is in range of 1.14–7.66 at.% and the content of
Fe ~0.12 at.%. Results of AlMnYbZr alloys showed that eutectic phase mainly consists of
Yb (0.55–3.24 at.%), Mn (0.10–0.22 at.%), Zr (0.18–0.76 at.%) and additionally of Fe ~0.10
at.% and Cu ~0.05 at.%—involving results of measurements of various locations of the
eutectic phase.
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Figure 2. SEM images of the (a) AlYb AC and (b) AlMnYbZr AC alloys in the initial state. See eutectic
phase at the (sub)grains boundary in insets.

TEM of the initial state of the AlYb AC alloy proved particles with dimension ~20 nm—
see Figure 3. They are coherent with the Al matrix. Regarding the composition of the AlYb
alloy studied and other studies of AlYb alloys (e.g., [1,3,22]), these particles are probably
secondary Al3Yb particles with the L12 structure. Figure 4 shows the TEM image of the
AlMnYbZr AC alloy, where secondary Al3(Yb,Zr) particles were observed in the coffee
bean contrast. ED proved the L12 structure of these secondary particles. Peng et al. [4] show
that the combined addition of Yb and Zr in Al leds to a formation of the coherent Al3(Yb,Zr)
secondary phase particles with the cubic L12 structure, which provides Al–Zr–Yb alloys
with an improved recrystallization resistance. Compared to Al3Yb particles observed in
the initial state of AlYb alloys, the Al3(Yb,Zr) particles (observed in the initial state of the
AlMnYbZr alloy) are one order of magnitude smaller and their volume fraction is higher.
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Figure 4. TEM image of the AlMnYbZr AC alloy in the initial state—see secondary Al3(Yb,Zr)
particles in coffee bean contrast.

The microhardness values HV0.1 in the initial state of the AlYb and AlMnYbZr alloys
are given in Table 1. The difference between the initial microhardness values of AlYb and
AlMnYbZr alloys is probably caused by a combination of many factors: the different grain
size of the alloys and/or admixture hardening and/or the presence/volume fraction of
Al3(Yb) and Al3(Yb,Zr) secondary particles. The positive influence of cold rolling and/or
the addition of Mn and Zr was observed in both studied materials, too. There is no
difference (within the accuracy of measurement) in the initial microhardness values of both
studied cold rolled alloys with reduction of 40% and 70%.

Table 1. Initial values of microhardness HV0.1 for the AlYb and AlMnYbZr as-cast (AC) and cold
rolled alloys with reduction of 40% (CR40) and 70% (CR70).

Alloy HV 0.1

AlYb AC 26 ± 1
AlYb CR40 40 ± 3
AlYb CR70 37 ± 2

AlMnYbZr AC 33 ± 1
AlMnYbZr CR40 42 ± 1
AlMnYbZr CR70 43 ± 1

3.2. Isochronal Treatment of the Alloys

The microhardness HV0.1 and the relative resistivity changes of the as-cast and cold
rolled AlYb alloys after isochronal treatment are shown in Figure 5. There are only very
slight changes in the microhardness behavior after treatment of the AlYb AC alloy. The
results showed almost no difference in HV0.1 between cold rolled alloys in different
degrees (40% and 70%) after all steps of treatment. The positive influence of cold rolling on
microhardness values is obvious until treatment up to 390 ◦C; the hardening effect is about
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40% here. In the temperature interval 390–450 ◦C microhardness HV0.1 values of the cold
rolled alloys decreases and after treatment higher than 450 ◦C the microhardness values
are almost identical for as-cast and cold rolled state of the AlYb alloys (in the accuracy of
measurement). After ageing at 350 ◦C for 144 h EBSD observation of AlYb alloy proved
recrystallization of grains—see Figure 6. The decrease in microhardness in cold rolled
AlYb alloys in the 390–450 ◦C range is probably caused by combination of the recovery of
dislocations and/or recrystallization. In the temperature interval 330–420 ◦C, resistivity
of the cold rolled AlYb alloy decreases (labelled as I-stage in Figure 5b) and afterward
increases sharply (II-stage). Only the II-stage was observed in the relative resistivity
changes curve of the AlYb AC alloy. Relative resistivity changes are more pronounced in
cold rolled material. The end of I-stage of relative resistivity decrease is connected to the
decrease of microhardness changes in the AlYb alloys studied (Figure 5).
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Figure 5. Isochronal ageing curves of the (a) microhardness HV0.1 changes and (b) relative resistivity changes in AlYb AC 
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Figure 6. EBSD image of the recrystallized grains in the AlYb AC alloy after ageing at 350 ◦C for 144 h.

The detailed microstructure analysis of the cold rolled AlYb alloy treated up to 360 ◦C
and up to 540 ◦C proved the presence of secondary Al3Yb particles; see Figure 7 where
TEM images of the AlYb CR70 alloys are shown. Compared to the alloy after treatment
up to 360 ◦C, in the alloy after treatment up to 540 ◦C, particles coarsened and their
number density lowered. The I-stage in the relative resistivity changes of AlYb CR70 alloy
is probably caused by the combination of additional precipitation of secondary Al3Yb
particles and/or recovery of dislocation and/or recrystallization. More significant changes
in relative resistivity curve in the cold rolled AlYb alloy indicate a positive influence of
rolling on the precipitation of the Al3Yb particles. These conclusions are consistent with the
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investigations of Al alloys with other RE additions [23,24]. II-stage in the relative resistivity
changes of the AlYb alloys is connected to the dissolution of particles of the Al–Yb system.
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Figure 8. Isochronal ageing curves of the (a) microhardness HV0.1 changes and (b) relative resistivity changes of the AlMnYbZr 

AC and CR alloys. 

Figure 7. TEM image of the AlYb CR70 alloys after isochronal treatment (a) up to 360 ◦C—see
secondary Al3Yb particles inside (sub)grains; (b) up to 540 ◦C—see secondary Al3Yb particles.

Microhardness HV0.1 and relative resistivity changes of the as-cast and cold rolled
AlMnYbZr alloys after isochronal treatment are presented in Figure 8. Insignificant changes
were observed in the as-cast AlMnYbZr alloy due to the isochronal treatment. The micro-
hardness values of the cold rolled state with reduction of 40% and 70% are comparable (in
the accuracy of measurement). The positive effect of cold rolling on microhardness changes
was observed until treatment at 390 ◦C (hardening is approximately 30%), after that in the
temperature interval 390–450 ◦C microhardness values slowly decrease and reach the same
values (in measurement accuracy) as in the AlMnYbZr AC alloy up to the end of the ageing.
The trend of the isochronal ageing curves of microhardness and hardening effect caused by
cold rolling until 390 ◦C (∆HV0.1 ≈ 10) are the same for the AlYb and AlMnYbZr alloys.

Other results [4,23] showed that the addition of Zr to Al alloys forms secondary
particles, which strongly inhibit recrystallization. Therefore, we assume that, in contrast to
the AlYb alloy, the decrease in microhardness in the cold rolled AlMnYbZr alloys in the
temperature interval 390–450 ◦ C is probably caused only by the recovery of dislocations
and/or the recovery of the dislocation structure. This assumption was also verified by
EBSD in the as-cast AlMnYbZr alloy, where no change in grain size was observed even
after 144 h of ageing at 350 ◦C in contrast to the AlYb AC alloy after the same ageing
procedure—see Figures 1, 6 and 9. In the relative resistivity curves of AlMnYbZr alloys, a
decrease of resistivity was observed in the temperature interval 330–540 ◦C (labelled as
I-stage) followed by an increase of resistivity (II-stage). More significant changes and even
a double decrease in relative resistivity changes (Ia and Ib-stages) were observed in cold
rolled AlMnYbZr alloys.
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Figure 8. Isochronal ageing curves of the (a) microhardness HV0.1 changes and (b) relative resistivity changes of the
AlMnYbZr AC and CR alloys.
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Figure 9. EBSD image after isothermal ageing at 350 ◦C for 144 h of the AlMnYbZr AC alloy.

Figure 10 shows the TEM image of the as-cast AlMnYbZr after treatment up to
540 ◦C. The presence of secondary particles with the L12 structure was proved by ED.
With regards to the chemical composition of the alloy, it is very likely to be Al3(YbZr)
particles. These particles were significantly smaller than in the initial state of the alloy,
so isochronal treatment up to 540 ◦C probably led to their additional precipitation. The
resistivity decrease (I-stage) is probably related to the precipitation of these secondary
Al3(Yb,Zr). According to the literature [1,5,22,23] RE (especially Sc, Zr, Er, Yb) in Al alloys
form L12-structured Al3(RE) particles coherent with Al matrix with a unique core/shell
structure. TEM analysis [4,22,25,26] of these secondary particles showed that two types of
particles, corresponding to two different sizes and Zr/Yb ratios, can precipitate in AlZrYb
alloys: (a) small dispersoids with low number density and high Zr/Yb ratio and (b) large
dispersoids with high number density and low Zr/Yb ratio. Regarding the diffusivities of
Yb and Zr in Al alloys [1,5], it was shown that the core/shell structured particles mainly
consist of the Al3Yb core and the Zr-rich shell [22,26]. It can be seen that cold rolling has
a positive influence on the precipitation of Al3(Yb,Zr) particles (I-stage) as compared to
curves of relative resistivity changes (Figure 8). Moreover, the Ia-stage in cold rolled alloys
could be caused by precipitation of Al3Yb and the Ib-stage in cold rolled alloys could be
caused by wrapping the Yb-rich core by Zr. Treatment above 540 ◦C probably leads to a
dissolution of the Al–(Mn)–Yb–Zr system particles, which corresponds to the increase in
the relative resistivity changes (II-stage) and a slight hardening decrease. SEM and EDX
analysis show that the Mn in AlMnYbZr alloy probably dissolved in the matrix and thus
probably has no influence on ongoing phase transformations.
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Figure 10. TEM image of the AlMnYbZr AC alloy after isochronal treatment up to 540 ◦C—see
(a) secondary Al3(YbZr) particles and (b) selected area diffraction near [011]Al pole which shows the
presence of diffraction spots of the structure L12.

3.3. High Temperature Treatment of the Alloys

The initial microhardness values of the as-cast and high temperature treated AlYb and
AlMnYbZr alloys are collected in the Table 2. Isothermal ageing at 625 ◦C/24 h (labelled
as HT) has two effects on microhardness values of the alloys: firstly, this ageing led to the
lower values of microhardness in comparison to as-cast AlMnYbZr alloy and, secondly, the
difference of microhardness values between AlYb and AlMnYbZr alloys disappeared.

Table 2. Initial values of microhardness HV0.1 for the AlYb and AlMnYbZr alloys in the as-cast state
(AC) and after high temperature ageing at 625 ◦C for 24 h (HT).

Alloy HV 0.1

AlYb AC 26 ± 1
AlYb HT 25 ± 1

AlMnYbZr AC 33 ± 1
AlMnYbZr HT 26 ± 1

Figure 11 shows the TEM (and ED) image of the AlMnYbZr alloys after high tempera-
ture isothermal ageing at 625 ◦C/24 h. Particles about units of µm large were observed only
in the grain boundaries in the AlMnYbZr HT alloy—see Figure 11c. EDS analysis proved that
these particles are rich mainly in Fe, Yb, and Cu, see EDS map in Figure 11d. No particles
and/or phases were observed neither by TEM nor by ED in the AlYb alloy. Comparing TEM
images and results in the initial states of as-cast alloys (Figures 3 and 4—where Al3Yb(Zr)
particles are seen) and high temperature treated alloys (Figure 11) one can conclude, that
this ageing led to the dissolution of Al3Yb(Zr) particles. The difference in microhardness
values of as-cast AlMnYbZr and high temperature treated alloys is probably caused by the
presence of secondary Al3(YbZr) particles in the as-cast state.

The microhardness changes HV0.1 of the high temperature treated AlYb and AlMnY-
bZr alloys during isochronal treatment in steps 60 ◦C/120 min are presented in Figure 12.
The highest hardening effect was observed in the temperature range 100–450 ◦C in the AlYb
alloys. Except for this region, the microhardness values are almost similar (in the accuracy
of measurement) to the microhardness values of the as-cast alloy. It seems that the harden-
ing effect in the AlYb HT alloy has a double peak with maxima at ~150 ◦C (∆HV0.1 ≈ 8)
and ~270 ◦C (∆HV0.1 ≈ 13). The situation in the AlMnYbZr alloys is different—the micro-
hardness values after high temperature ageing are lower than those of the AlMnYbZr AC
alloy after all steps of isochronal treatment. The fine hardening effect in the temperature
range of 330–570 ◦C with a maximum at 510 ◦C was observed for the high temperature
treated AlMnYbZr alloy.
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Figure 11. TEM image of the AlMnYbZr HT alloy—see (a) dislocations, (b) selected area diffraction
near [011]Al pole, (c) particles in grain boundary and (d) EDS map of the particle.

Detailed TEM and ED analysis of the high temperature treated AlYb alloy after
isochronal treatment up to 330 ◦C proved presence of fine secondary Al3Yb particles with
the L12 structure, some of them precipitated along dislocations—see Figure 13, where
particles precipitated along dislocations are marked in blue ovals. TEM analysis showed
that these secondary Al3Yb particles coarsened and the number density decreases after
treatment up to 510 ◦C (see Figure 14). The double hardening peak observed in the
microhardness curves of the AlYb HT alloy in the temperature interval of 100–450 ◦C is
probably caused by massive precipitation of secondary Al3Yb particles. These results agree
with studies of Van Dalen et al. and Zhang et al. [1,26]. They showed that microhardness
of an Al0.03Yb alloy (in at.%) aged at 625 ◦C for 72 h increased in a double peak after
isochronal ageing in the temperature range of ~50–350 ◦C. The investigation proved that
this hardening is caused by homogenous and heterogeneous precipitations of secondary
Al3Yb particles; some of them precipitate (heterogeneously) along dislocations [1]. Low
temperature ageing promotes homogeneous nucleation and/or homogeneous distribution
of the Al3RE precipitates, furthermore, at higher ageing temperatures heterogeneous
nucleation dominates [27]. According to Van Dalen at al. heterogeneous precipitates (in
Al0.03 at.% Yb alloy) have a mean radius ≈10 nm, which is larger than those that are
homogeneously distributed (≈3.8 nm) [1]. On the base of literature (e.g., [1,2,11]) and TEM
observation we assume, that the first hardening peak (with maximum at ~150 ◦C) observed
in AlYb HT alloy studied in this work is connected with homogeneous precipitation of the
Al3Yb particles and the other (with maximum at ~270 ◦C) is connected with heterogeneous
nucleation of the Al3Yb.
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Figure 12. Isochronal ageing curves of microhardnes changes HV0.1 for the (a) AlYb AC and HT alloys and (b) AlMnYbZr 

AC and HT alloys. Isochronnal treatment of AC alloys was done in steps of 30 °C/30 min and of HT alloys in steps of 60 

°C/120 min. 
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ary Al3Yb particles, some of them precipitated along dislocations and (b) selected area diffraction 

near [011]Al pole with spots from the L12 structure. 

  
(a) (b) 

Figure 14. TEM image of the AlYb HT alloy after isochronal treatment up to 510 °C—see (a) second-
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Figure 13. TEM image of the AlYb HT alloy after isochronal treatment up to 330 ◦C—see (a) secondary
Al3Yb particles, some of them precipitated along dislocations and (b) selected area diffraction near
[011]Al pole with spots from the L12 structure.

Materials 2021, 14, x FOR PEER REVIEW 11 of 14 
 

 
Materials 2021, 14, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/materials 

  
(a) (b) 

Figure 13. TEM image of the AlYb HT alloy after isochronal treatment up to 330 °C—see (a) second-

ary Al3Yb particles, some of them precipitated along dislocations and (b) selected area diffraction 

near [011]Al pole with spots from the L12 structure. 

  
(a) (b) 

Figure 14. TEM image of the AlYb HT alloy after isochronal treatment up to 510 °C—see (a) second-

ary Al3Yb particles with different sizes and (b) selected area diffraction near [100]Al pole with spots 

from the L12 structure. 

In the high temperature treated AlMnYbZr alloy after isochronal treatment up to 510 

°C (state with the highest hardening effect) TEM and ED revealed presence of secondary 

Al3(Yb,Zr) particles—see Figure 15. Moreover, Fe, Yb and Cu-rich grain boundary phases 

(observed in the initial state of the HT alloy) were dissolved after isochronal treatment up 

to 510 °C. It seems that the volume fraction of the secondary Al3(Yb,Zr) is lower for 

AlMnYbZr HT alloy after isochronal treatment up to 510 °C than for the initial state of the 

AlMnYbZr AC alloy, compare Figures 4 and 15. Lower microhardness value in the 

AlMnYbZr HT alloy after treatment up to 510 °C than in the initial state of the as-cast alloy 

is probably connected to the lower volume fraction of these secondary Al3(Yb,Zr) parti-

cles. 

Figure 14. TEM image of the AlYb HT alloy after isochronal treatment up to 510 ◦C—see (a) secondary
Al3Yb particles with different sizes and (b) selected area diffraction near [100]Al pole with spots from
the L12 structure.



Materials 2021, 14, 7122 11 of 13

In the high temperature treated AlMnYbZr alloy after isochronal treatment up to
510 ◦C (state with the highest hardening effect) TEM and ED revealed presence of secondary
Al3(Yb,Zr) particles—see Figure 15. Moreover, Fe, Yb and Cu-rich grain boundary phases
(observed in the initial state of the HT alloy) were dissolved after isochronal treatment
up to 510 ◦C. It seems that the volume fraction of the secondary Al3(Yb,Zr) is lower for
AlMnYbZr HT alloy after isochronal treatment up to 510 ◦C than for the initial state of
the AlMnYbZr AC alloy, compare Figures 4 and 15. Lower microhardness value in the
AlMnYbZr HT alloy after treatment up to 510 ◦C than in the initial state of the as-cast alloy
is probably connected to the lower volume fraction of these secondary Al3(Yb,Zr) particles.
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4. Conclusions

The results of the as-cast, cold rolled and high temperature treated AlYb and AlMnY-
bZr alloys obtained by electrical resistometry, microhardness and microstructure observa-
tions follow these key results:

(a) The addition of manganese (Mn) and zirconium (Zr) to the AlYb alloy together with
higher addition of Yb cause a grain refinement. The grain size of the alloys was
approximately units of mm for the AlYb alloy and about tens of µm for the AlMnYbZr
alloy. In the cold rolled materials, the deformation texture was noticed, but without a
significant change in the grain size.

(b) The eutectic phase at (sub)grains boundaries was observed in both studied alloys in
the initial as-cast state. This phase mainly consists of Yb and Fe in the AlYb alloy and
mainly of Yb, Mn, Zr and additionally of Cu and Fe in the AlMnYbZr alloy.

(c) TEM in the initial state of the AlYb AC and AlMnYbZr AC alloy proved secondary
Al3Yb and Al3(Yb,Zr) phase particles with the L12 structure. Massive precipitation
and/or coarsening of these secondary particles were observed in the alloys after
treatment up to 330 ◦C and 540 ◦C.

(d) The difference between the initial values of microhardness in AlYb and AlMnYbZr
alloys is probably caused by a combination of the different grain size in the alloys
and/or admixture hardening and/or the presence/volume fraction of Al3Yb and
Al3(Yb,Zr) secondary particles. The positive influence of cold rolling was observed
in both studied materials up to treatment at 390 ◦C. The decrease of microhardness
in the cold rolled alloys in the range 390–450 ◦C is probably caused by recovery of
dislocations and/or recrystallization in the AlYb alloy and by recovery of dislocations
in the AlMnYbZr alloy. Almost no difference in microhardness values between
cold rolled materials in different degrees (40% and 70%) after all steps of treatment
was observed.

(e) The decrease of relative resistivity (up to 420 ◦C in the as-cast AlYb alloy and up to
510 ◦C in the as-cast AlMnYbZr alloy) followed by an increase in resistivity were
observed. More significant changes and even a double decrease in relative resistivity
changes were observed in the cold rolled AlMnYbZr alloys. The decrease in the rela-
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tive resistivity changes is likely caused by a combination of additional precipitation
of secondary Al3Yb particles and/or recrystallization in the AlYb alloy. A double
decrease in the cold rolled AlMnYbZr alloy is caused by precipitation of Al3Yb and
by wrapping the Yb-rich core by Zr. The increase in the relative resistivity changes
of the AlYb and AlMnYbZr alloys is connected to the dissolution of particles of the
Al–Yb and Al–Yb–Zr system. Small addition of Mn (0.11 wt.%) has no influence of
phase transformation.

(f) No particles were observed in the AlYb alloy in contrast to AlMnYbZr alloy, where
Fe, Yb and Cu-rich particles in size of µm were observed in grains boundaries after
high temperature ageing at 625 ◦C/24 h.

(g) The hardening effect with a double peak was observed in the temperature range
100–450 ◦C in the AlYb alloy after the high temperature ageing 625 ◦C/24 h. The
first hardening peak (with maximum at ~150 ◦C) is connected to homogeneous
precipitation of Al3Yb particles and the other (with maximum at ~270 ◦C) is con-
nected to heterogeneous nucleation of the Al3Yb. A slight hardening effect in the
temperature range of 330–570 ◦C with a maximum at 510 ◦C was observed after the
high temperature ageing of the AlMnYbZr alloy, connected to the precipitation of
Al3(Yb,Zr) particles.

Author Contributions: Conceptualization, V.K. and M.V.; methodology, V.K. and M.V.; formal
analysis, V.K.; investigation, V.K., M.L., H.K., L.B., J.M., V.M., M.C. and S.Z.; writing—original draft
preparation, V.K.; writing—review and editing, M.V., M.L., M.C. and V.M.; supervision, V.K. and
M.V.; project administration, V.K.; funding acquisition, M.V. and M.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the Charles University, grant numbers SVV-260582 and
SVV-260577/2020.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Acknowledgments: Authors are also grateful to Ivana Stulíková and Bohumil Smola for their help.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Van Dalen, M.E.; Karnesky, R.A.; Cabotaje, J.R.; Dunand, D.C.; Seidman, D.N. Erbium and ytterbium solubilities and diffusivities

in aluminum as determined by nanoscale characterization of precipitates. Acta Mater. 2009, 57, 4081–4089. [CrossRef]
2. Van Dalen, M.E.; Gyger, T.; Dunand, D.C.; Seidman, D.N. Effects of Yb and Zr microalloying additions on the microstructure and

mechanical properties of dilute Al–Sc alloys. Acta Mater. 2011, 59, 7615–7626. [CrossRef]
3. Tang, C.L.; Zhou, D.J. Precipitation hardening behavior of dilute binary Al−Yb alloy. Trans. Nonferrous Met. Soc. China 2014, 24,

2326–2330. [CrossRef]
4. Peng, G.; Chen, K.; Fang, H.; Chen, S. A study of nanoscale Al3(Zr,Yb) dispersoids structure and thermal stability in Al–Zr–Yb

alloy. Mater. Sci. Eng. A 2012, 535, 311–315. [CrossRef]
5. Mondolfo, L.F. Aluminum Alloys: Structure and Properties; Butterworth and Co Ltd.: London, UK, 1976.
6. Zalutskaya, O.I.; Kontseyoy, V.G.; Karamishev, N.I.; Ryabov, V.R. Zalutskii II Dopovidi Akademii Nauk Ukrains’koi RSR, Seriya A:

Fiziko-Tekhnichni ta Matematichni Nauki; Ukraine; 1970; pp. 751–753.
7. Palenzona, A.J. The ytterbium-aluminum system. J. Less. Common Met. 1972, 29, 289. [CrossRef]
8. Kononenko, V.I.; Golubev, S.V. Al-M (M = La, Ce, Pr, Nd, Sm, Eu, Yb, Sc, Y) Phase Diagrams. Russ. Metall. 1990, 2, 197.
9. Massalski, T.B. Binary Alloy Phase Diagrams; ASM International: Materials Park, OH, USA, 1990.
10. Meng, F.G.; Zhang, L.G.; Liu, H.S.; Liu, L.B.; Jin, Z.P. Thermodynamic optimization of the Al–Yb binary system. J. Alloys Compds.

2008, 452, 279. [CrossRef]

http://doi.org/10.1016/j.actamat.2009.05.007
http://doi.org/10.1016/j.actamat.2011.09.019
http://doi.org/10.1016/S1003-6326(14)63352-5
http://doi.org/10.1016/j.msea.2011.12.094
http://doi.org/10.1016/0022-5088(72)90116-6
http://doi.org/10.1016/j.jallcom.2006.11.023


Materials 2021, 14, 7122 13 of 13

11. Barkov, R.Y.; Yakovtseva, O.A.; Mamzurina, O.I.; Loginova, I.S.; Medvedeva, S.V.; Proviryakov, A.S.; Mikhaylovskaya, A.V.;
Pozdniakov, A.V. Effect of Yb on the Structure and Properties of an Electroconductive Al–Y–Sc Alloy. Phys. Met. 2020, 121,
604–609. [CrossRef]

12. Karnesky, R.A.; Van Dalen, M.E.; Dunand, D.C.; Seidman, D.N. Effects of substituting rare-earth elements for scandium in a
precipitation-strengthened Al–0.08 at. %Sc alloy. Scr. Mater. 2006, 55, 437. [CrossRef]

13. Nie, Z.; Jin, T.; Fu, J.; Xu, G.; Yang, J.; Zhou, J.; Zuo, T. Research on Rare Earth in Aluminum. Mater. Sci. Forum 2002, 1731, 396–402.
[CrossRef]

14. Fang, H.; Chen, K.; Zhang, Z.; Zhu, C. Effect of Yb additions on microstructures and properties of 7A60 aluminum alloy. Trans.
Nonferrous Met. Soc. China 2008, 18, 28–32. [CrossRef]

15. Zhang, Z.; Chen, K.; Fang, H.; Qi, X.; Liu, G. Effect of Yb Addition on Strength and Fracture Toughness of Al-Zn-Mg-Cu-Zr
Aluminum Alloy. Trans. Nonferrous Met. Soc. China 2008, 18, 1037–1042. [CrossRef]

16. Song, M.; Wu, Z.; He, Y. Effects of Yb on the mechanical properties and microstructures of an Al–Mg alloy. Mater. Sci. Eng. A
2008, 497, 519–523. [CrossRef]

17. Marquis, E.A.; Dunand, D.C. Model for creep threshold stress in precipitation-strengthened alloys with coherent particles. Scr.
Mater. 2002, 47, 503–508. [CrossRef]

18. Karnesky, R.A.; Seidman, D.N.; Dunand, D.C. Creep of Al-Sc Microalloys with Rare-Earth Element Additions. Mater. Sci. Forum
2006, 519–521, 1035–1040. [CrossRef]

19. Knipling, K.E.; Dunand, D.C.; Seidman, D.N. Precipitation evolution in Al-Zr and Al-Zr-Ti alloys during aging at 450–600 ◦C.
Acta Mater. 2008, 56, 1182–1195. [CrossRef]

20. Fujikawa, S.I. Impurity Diffusion of Scandium in Aluminium. Defect Dif. Forum 1997, 115, 143–147. [CrossRef]
21. Barkov, R.Y.; Mikhaylovskaya, A.V.; Yakovtseva, O.A.; Loginova, I.S.; Prosviryakov, A.S.; Pozdniakov, A.V. Effects of thermome-

chanical treatment on the microstructure, precipitation strengthening, internal friction, and thermal stability of Al-Er-Yb-Sc alloys
with good electrical conductivity. J. Alloys Compd. 2021, 855. [CrossRef]

22. Gao, Z.; Li, H.; Liu, J.; Lu, X.; Ou, Y. Effects of Ytterbium and Zirconium on precipitation evolution and coarsening resistance in
aluminum during isothermal aging. J. Alloys Compd. 2014, 592, 100–104. [CrossRef]

23. Kodetová, V.; Vlach, M.; Kudrnová, H.; Leibner, M.; Málek, J.; Cieslar, M.; Bajtošová, L.; Harcuba, P.; Neubert, V. Annealing effects
in commercial aluminium hot-rolled 7075(-Sc-Zr) alloys. J. Therm. Anal. Calorim. 2020, 142, 1613–1623. [CrossRef]
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