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Abstract. The effects of addition of lanthanides and zir-
conium on mechanical properties and recovery behavior of
AA 2618 aluminum alloy have been studied. The apparent
activation energies of recovery process of the alloys, ob-
tained from the change in micro-hardness were in the range
31.34 to 46.15 kJ mol�1. Lanthanides have caused the de-
crease in recovery rate and the increase in creep resistance
of examined alloys.
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1 Introduction

The most successful commercial high temperature metals
are known to be complicated alloys because they have bet-
ter over-all properties for the use at elevated temperatures
than do pure metals. The RR 58 (AA 2618) alloy faces the
challenges of modern development of the aerospace indus-
try. This alloy used for the Concorde supersonic air plane
at temperatures up to 448 K was originally an early engine
material for compressor blades and impellers.

Most of well-known hardening methods are applicable to
creep-resistant alloys. These include solid-solution harden-
ing, precipitation hardening and hardening by cold working.
However, these hardening mechanisms are unstable relative
to a rise in temperature. Their application for the purpose
of increasing the creep resistance is therefore limited to the
temperature ranges that alloys are fully stable [1].

In order to develop higher creep-resistant alloys it is nec-
essary to increase the resistance of both the grains and the
grain boundaries to flow, while the recovery of softening
effects should be minimized. Many investigators have re-
ported that the addition of transition metals with relatively
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low solid solubility (manganese, chromium, zirconium) as
well as lanthanides to the 2618 alloy causes the precipi-
tation of fine dispersed particles [2–6]. The designing of
complex chemical composition could be used for improv-
ing mechanical properties by making recovery and recrys-
tallization inhibition of the alloy better. The purpose of this
work focuses on the effects of addition of lanthanides and
zirconium on mechanical properties, particularly creep re-
sistance, of aluminum 2618 alloy after cold deformation,
quenching and aging treatments.

2 Experimental

Aluminum alloys with nominal composition given in Ta-
ble 1 were prepared by melting AA 2618 (RR 58) alloy, Al-
Zr5 pre-alloy and lanthanides in the form of so called misch
metal (50 % Ce and 50% other elements) in a resistance-
heated furnace with the graphite crucible. The resulting in-
gots were subjected to the homogenizing heat treatment at
783 to 788 K for 22 hours and furnace cooled. The homog-
enized ingots were then hot forged and cold rolled resulting
in a final thickness of 0.5–0.6 mm. The specimens cut from
the final plate were solution treated at 798 K for 12 h and
then quenched in water at 305 to 308 K. The quenching pro-
cedure was followed by aging at 473 K for 12 h.

In order to study the recovery process that may appear
during annealing of the alloy specimes, the cold rolled spec-
imens at temperatures from 423 to 623 K for times up to 320
min. Deformed, quenched and aged specimens were sub-
jected to tensile testing at room temperature using the 1195
Instron machine. As-cast micro-structure was examined
by energy dispersive spectroscopy of X-rays. The micro-
hardness values of samples deformed and annealed at tem-
peratures from 423 to 623 K for times up to 320 min were
measured using a 20 g load on a MT 3 system in an optical
microscope.

Alloy Cu Fe Ni Mg Si Zr Lanthanides

Alloy 1 2.10 0.96 1.21 1.28 0.30 – –

Alloy 2 2.12 0.94 1.21 1.24 0.29 – 0.15

Alloy 3 2.13 0.93 1.19 1.26 0.27 – 0.25

Alloy 4 2.10 0.90 1.20 1.23 0.28 0.14 0.15

Table 1. Chemical composition of alloys (in mass %).
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3 Results and Discussion

Microstructural analysis of cast alloys revealed heteroge-
neous phase distribution. Dark phase containing silicon,
magnesium and aluminum is observed in all specimens
presently examined. Since aluminum could arise from ma-
trix, the observed phase is believed to be Mg2Si. Beside
dark phase, two phases are observed in alloy 1 (Figure 1(a)).
Fe-Ni based phase that is almost white is present in regular
form (Al9FeNi), while extended Ni-Cu phase is found light
grey (Al6Cu3Ni). The redistribution of solute atoms within
solid solution lattice is obvious. The degree in supersat-
uration decreases because of the copper enrichment in the
phases. In alloy 3 containing lanthanides (Figure 1(b)), in
addition to Mg-Si (dark phase) and Fe-Ni, arrangement of
the phases containing lanthanides is observed. Skeleton mi-
crostructure was formed. However, the observed phases are
found to contain nickel, copper and lanthanides. The mor-
phology of Fe-Ni based phase is similar to that of the Fe-Ni
based phase revealed in alloy 1.

Mechanical properties of the alloys after cold deforma-
tion, quenching and aging are presented in Figure 2. The
results show that the addition of lanthanides contributes to
the hardening by cold work. The additions of 0.15 % and
0.25 % of lanthanides to AA 2618 alloy clearly indicate the
increase in yield strength Rp0:2 about 9.78 % and 11.38 %,
respectively. The increase in Rp0:2 about 10.58 % is found
when adding 0.15% of lanthanides and 0.14 % of zirco-
nium. It may be worthy of note that our previous inves-
tigation [7] shows the increase in zirconium content up to
0.24 % in AA 2618 alloy due to the increase in Rp0:2 about
11.32 %.

Quenching procedure has caused the significant differ-
ence in ultimate strength Rm and Rp0:2 values in all exam-
ined alloys (Figure 2). In solid-solution hardening, the tem-
perature rise increases the diffusion rates of solute atoms in
the dislocation atmosphere and at the same time this process
tends to disperse solute atoms of the atmosphere. Both ef-
fects make the movement of dislocation easier. Small non-
coherent particles of secondary phases in aluminum matrix
caused the decreasing of Rm=Rp0:2 ratio.

The effect of precipitation on mechanical properties is
greatly accelerated by reheating the quenched specimens
to 473 K. The structural changes occurring at the elevated
temperatures are reflected in the characteristics in mechan-
ical properties. The increase in yield strength is more pro-
nounced than the increase in tensile strength (Figure 2). The
addition of lanthanides to AA 2618 alloy increases the re-
sponse of alloys to artificial aging. The zirconium and lan-
thanides addition also improves the effect of precipitation
hardening.

In the recovery stage of annealing, the physical and me-
chanical properties that suffered changes as a result of cold
working tend to recover their original values. Very complex
quantitative determining the time and temperature depen-

dence of recovery rate could be simplified by monitoring
some physical or mechanical properties during annealing
of cold deformed alloy. In this work the change in micro-
hardness of specimens was examined in order to monitor the
recovery process (Figure 3). The change in micro-hardness
of specimens in the recovery process during the isother-
mal annealing from 423 to 623 K decreases with increas-

(a)

(b)

Figure 1. EDS spectra of phases in alloy 1 (a) and
alloy 3 (b).
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Activation energy [kJ mol�1]
Alloy 1 Alloy 2 Alloy 3 Alloy 4
31.34 32.67 33.65 46.15

Table 2. Activation energies obtained from micro-hardness measurements.

Figure 2. Ultimate strength (Rm) and Rp0:2 (yield strength)
of cold rolled, quenched and aged specimens of the alloys.

ing time. It changes rapidly in a short period less that 20
min and rather gradual change is detected in a longer time.
Recovery was very slow in specimens annealed at 423 K.
The recovery rate increases with the increase in tempera-
ture. The rate of recovery is much faster at 523 K than it is
at 473 K. The fastest recovery process is occurred at 623 K.
During annealing the fastest recovery process was observed
in matrix alloy. The change in micro-hardness during an-
nealing decreases with increasing lanthanides content. Re-
covery and recrystallization can completely remove the ef-
fects of cold working and thereby increase the creep rate at
a given stress and temperature. Since the addition of zir-
conium and lanthanides contributes to a raise in recrystal-
ization temperature of the matrix, these elements cause the
decrease in the recovery rate and the increase in creep resis-
tance of the alloys presently examined.

The apparent activation energies of recovery process
were determined on the base of isothermal-anneal curves.
Modern software tools for tabular and graphical presenta-
tion of experimental and computing data were used as a
program package for the statistical analysis. The exponen-
tial form of dependence of microhardness on annealing time
has been recognized. In order to achieve the higher qual-
ity of the data processing each of the experimental curves
was interpolated. EViews3 program package, for data pro-
cessing, statistical analysis, graphic representation, estima-
tion, prediction and simulation, was used for interpolation
of the data through the average squared error minimization.
This procedure has been described in detail in our previous

Figure 3. Diagram showing the influence of annealing time
and temperature on the microhardness of the alloy 4.

investigation of 2618 alloy contained different amounts of
zirconium [8]. The obtained activation energies of recovery
process are presented in Table 2. Lanthanides slightly in-
crease the apparent activation energy of recovery process.
The highest activation energy value was obtained for al-
loy 4 containing zirconium and lanthanides, but it is lower
than those (47.43 to 75.72 kJ mol�1/ reported for recov-
ery process in 2618 alloy in which zirconium was added
in its amount up to 0.25% [8]. However, our previous paper
[9] shows that 2618 alloy containing lanthanides exhibits
higher recovery resistance at temperature annealed between
573 and 623 K when comparing with the alloy containing
zirconium, but lower recovery resistance during annealing
at 423–523 K. While at low annealing temperatures this
may be associated with elimination of vacancies, at higher
temperatures the climb of dislocations is considered dom-
inant process. Hence, the dislocation climb was strongly
obstructed by lanthanides. This implies that the addition of
lanthanides caused the increasing in recovery resistance and
creep resistance at high temperatures.

4 Conclusions

1. Secondary phase containing magnesium, silicon, iron
and nickel as well as phase containing lanthanides and
zirconium were observed in as cast alloys.

2. Addition of lanthanides contributed to the hardening
by cold work. The increase in Rp0:2 about 11.38 % is
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caused by addition of 0.25% of lanthanides, while the
increase about 10.58 % was observed in alloy contain-
ing 0.15 % of lanthanides and 0.14 % of zirconium.

3. Quenching procedure has caused the significant dif-
ference in Rm and Rp0:2 values in all examined al-
loys. The addition of lanthanides to AA 2618 alloy
increased the response of the alloys to artificial aging.
The zirconium and lanthanides addition improved the
effects of precipitation hardening too.

4. The apparent activation energies for recovery process
of the alloys, obtained from the change in micro-
hardness were in the range 31.34 to 46.15 kJ mol�1.

5. The addition of lanthanides caused the increasing in
recovery resistance and creep resistance at high tem-
peratures.
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