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Abstract—The effect of iron and silicon impurities on the phase composition and properties of the Al—
4.3Cu—2.2YDb quasi-binary alloy has been determined. In the microstructure of the cast alloy, in addition to
the aluminum solid solution and dispersed eutectic ((Al) + AlgCu,Yb), in which about 1% of iron is dissolved,
the Al;Yb/(Al,Cu);Yb, and Alg YbsCugSig phases are identified, which are not found in an alloy of a similar
composition without impurities. After homogenization annealing at a temperature of 590°C for 3 h, the
structure is represented by compact fragmented and coagulated intermetallic compounds 1—2 pm in size and
a solid solution (Al) with a maximum copper content of 2.1%. The hardness of the deformed sheets signifi-
cantly decreases after 0.5 h and changes slightly up to 6 h of annealing at temperatures of 150—210°C. After
annealing at 180°C for 3 h, a substructure with a subgrain size of 200—400 nm is formed in the alloy structure.
The softening after annealing of the rolled sheets at temperatures up to 250°C occurs owing to the recovery
and polygonization processes and above 300°C owing to recrystallization. After annealing for 1 h at 300°C,
the recrystallized grain size is 7 um. The grain size increases to 16 um after annealing for 1 h at 550°C. The
Al—4.3Cu—2.2Yb alloy with impurities has a conditional yield strength of 205—273 MPa, a tensile strength of
215—302 MPa, and a relative elongation of 2.3—5.6% in the rolled alloy after annealing. Iron and silicon
impurities do not lead to the formation of coarse lamellar intermetallic phases and do not reduce the ductility

of the investigated alloy.

Keywords: aluminum alloys, ytterbium, impurities, microstructure, phase composition, hardness

DOI: 10.3103/S1067821222040034

INTRODUCTION

The effect of iron and silicon impurities on the
phase composition of aluminum alloys, their micro-
structure, and their properties must be estimated in
the development of new materials. Depending on the
content of impurities and their ratio in Al alloys, the
phase morphology can change significantly, affecting
both the final mechanical characteristics and techno-
logical effectiveness under pressure processing [1, 2].

It is necessary to study the effect of impurities
during the production of new alloys. The alloys doped
with rare earth metals (REM) have been extensively
developed in recent years. Small additives of REM are
only used for alloying, but they are applied as the main
doping components for cast and wrought alloys. The
alloys of quasi-binary sections of ternary systems Al—
Ce—Cu [3, 4], AI-Cu-Y [5—10], AI-Cu—Er [6, 9—14],
Al—Cu—Yb, and Al-Cu—Gd [15] are shown to be

promising for the development of new high-tech and
heat-resistant cast and wrought alloys [9, 10]. Alloys in
ternary systems have a narrow crystallization range;
eutectic phases have a high resistance to coagulation
[3—6, 11, 15]. Alloying with zirconium, manganese,
titanium, and especially magnesium significantly
improves the strength characteristics of alloys [7—10,
12—14]. The presence of 0.15% iron and silicon impu-
rities in AlI-Cu—Y, Al—Cu—Er, and Al-Cu—Gd ter-
nary alloys results in the crystallization of silicon-
containing phases Al,;Cu,Y,Si,, ALEr,Si,, and
AlgyGdsCu,gSis, respectively [16—18]. Iron dissolves in
other crystalline phases without the formation of
coarse lamellar phases. In dilute alloys, silicon causes
the acceleration of dispersion strengthening during the
annealing of ingots in the presence of REM [19—21].
In an Al-Y—Sc alloy containing iron and silicon
impurities, the AIYFeSi phase is formed during crys-
tallization, and scandium is completely dissolved in
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the aluminum solid solution [22]. The reinforcement
of the AI-Y—Er—Zr—Sc alloy is reduced because of
the particular binding of zirconium, erbium, and
yttrium into the crystalline phases containing iron and
silicon AlSiFeEr(Zr)) and (AISiErY(Zr) [23]. Alloys
doped with ytterbium together with other REM
demonstrate good properties owing to the dispersoids
formed during ingot annealing [24—34]. Small addi-
tives of ytterbium in aluminum alloys increase corro-
sion resistance [31, 32] and can be an adequate
replacement for expensive scandium in magnaliums.

Quasi-binary alloys with a large amount of the
eutectic phase are an alternative for alloying with
eutectic-forming elements in the development of new
cast aluminum alloys [35—42]. In particular, the Al—
Cu—Yb alloy [15] having a Cu/Yb atomic ratio of 4/1
is located in a quasi-binary section [43] and is charac-
terized by a narrow crystallization range and good
mechanical properties owing to the presence of the
AlgCu,Yb and Al;Yb phases. To expand the field of
application of these alloys, the effect of iron and sili-
con impurities on their properties should be studied.

The work studies the structure and properties of
rolled ternary quasi-binary alloy Al—4.3Cu—2.2Yb
containing 0.3% Fe and Si impurities.

EXPERIMENTAL

The alloy was melted in a resistance furnace using
aluminum (99.7%), copper (99.9%), and Al—-10Yb
master alloy. The melt was poured into a water-cooled
copper mold with an internal cavity of 20 X 40 X 100 mm
at a heating rate of 15 K/s. Heat treatment was carried
out in furnaces with fan control produced by
Nabertherm (Germany) and AB UMEGA (Lithua-
nia). The accuracy of maintaining the temperature in
the furnaces was 1°C.

Cross sections were prepared using a Labopol-5
(Struers, Denmark) grinding and polishing system.
Microstructural study and phase identification were
conducted using a Zeiss (Germany) light microscope
(LM) and a Vega 3LMH (Tescan, Czech Republic)
scanning electron microscope (SEM) equipped with
an X-Max 80 (Oxford Instruments, United Kingdom)
energy-dispersive detector. Calorimetric analysis was
performed using a differential scanning calorimeter
(DSC) produced by Labsys Setaram (France). The
X-ray diffraction study was conducted using a D8
Advance (Brucker, USA) diffractometer.

After heat treatment (homogenization at 590°C for
3 h), the ingot was rolled to a thickness of 10 mm at
440°C and a thickness of 1 mm at room temperature.
Then, annealing was carried out at r = 100—550°C for
various times. The hardness was measured by the
Vickers method. Tensile tests were conducted using an
AllroundLine Z250 (Zwick Roell AG, Germany)
machine with an automatic longitudinal strain sensor.
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RESULTS AND DISCUSSION

Figure 1a presents the microstructure of an ingot of
the studied alloy which consists of aluminum solid
solution (Al), dispersed eutectic, and individual light
and gray inclusions. According to EDX results, the Cu
content in (Al) is 1.6%, and the concentration of ytter-
bium and silicon does not exceed 0.2% for each ele-
ment. The disperse eutectic contains Al and a phase
enriched in Cu and Yb that also contains Fe (up to 1%)
and Si (up to 0.7%). Areas with an increased concen-
tration of silicon and iron corresponding to sections of
the structure with separate light inclusions are
depicted on element distribution maps (Fig. 1a). Gray
particles (upper left corner of the distribution maps)
are enriched only in copper.

According to the DSC results, the alloy solidus
temperature is 602°C. Therefore, the ingot was
homogenized at 590°C for 3 h. The homogenization
mode is similar to that for an alloy of close composi-
tion without impurities [15].

Dissolution of a nonequilibrium excess of crystal-
line phases, fragmentation, and spheroidization of
equilibrium intermetallic compounds occur during
homogenization. After annealing for 3 h (Fig. 1b), the
microstructure stabilizes; the particle size of excess
phases is 1—2 um, and the copper content in the solid
solution reaches a maximum of 2.1%. Individual par-
ticles enriched in Cu, Yb, and Si with a size of 1.0—
I.5um are formed in the microstructure during
homogenization. EDX analysis demonstrates the
presence of 20—30% Yb, 10—15% Cu, and 5—6% Si,
which corresponds to the Alg,YbsCu¢Siz phase when
converted to atomic fractions. With regard to the fea-
tures of the EDX analysis, the content of the main ele-
ments in the phase is underestimated because the
analysis covers the matrix (Al) surrounding the parti-
cle. This fact has a negligible influence on a certain
Yb/Cu/Si ratio in the Alg,YbsCu,Sig phase.

As for the alloy without impurities, AlgCu,Yb is the
main eutectic phase [15]. However, iron is dissolved in
the particles of this phase without significant changes
in the crystalline lattice parameters. The main peaks of
this phase are revealed at 6 = 32°-32.5°, 35.5°, 40°—
41°, and 46° (XRD pattern of AICuYbFeSi alloy). The
same peaks are depicted in the XRD pattern of
AlCuYb alloy without impurities (Fig. 2). Lighter
inclusions in the microstructure can be attributed to
the Al;Yb/(Al,Cu);Yb, phase by the peak at 6 = 37°.
The peaks at 6 = 31°, 33.5°, 37°, 46°, and 47.5°, which
are absent in the XRD pattern of pure alloy, presum-
ably are attributed to a phase with silicon admixture
(AlYbCuSi) identified as AlgYbsCusSigz. The
Alg,Gd;CugSis phase of close composition is found in
the Al-Cu—Gd—Fe—Si alloy, and unidentified peaks
are present in the XRD pattern of this alloy at similar
angles [18].
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Fig. 1. Microstructure of as-cast alloy (a) and alloy after homogenization at 590°C for 3 h (b). The distribution of alloying ele-
ments between phases in the framed sections is shown.
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Fig. 2. XRD patterns of the studied AICuYbFeSi alloy (gray line) and pure AICuYb alloy (black line [15]).
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Fig. 3. Microstructure in cold-wrought state and distribution of alloying elements between phases in the framed section.

After homogenization at 590°C for 3 h, the alloy
ingot was rolled into a sheet with a thickness of 1 mm.
It is seen in Fig. 3 that excess phases are uniformly dis-
tributed in the microstructure during rolling, lining up
toward deformation.

Figure 4 presents the dependences of hardness on
annealing time at temperatures 150, 180, and 210°C
and on annealing temperature for 1 h. After rolling,
the hardness value is 101 = 2 HV. During annealing at
temperatures below 250°C, softening occurs owing to
the processes of recovery and polygonization. The
hardness decreases significantly after 0.5 h of anneal-
ing and then changes insignificantlyuptot=6hat¢ =
150—210°C (Fig. 4a).

As is seen in the inset in Fig. 4a, a substructure is
formed in the alloy structure after annealing at 180°C
for 3 h; the subgrain size is 200—400 nm. After anneal-
ing at temperatures up to 250°C, the grain structure in
the alloy remains non-recrystallized (insets of struc-
tures in Fig. 4b). The recrystallization completely van-
ishes after annealing at 300°C for 1 h; the grain size is

7 um (inset of microstructure in Fig. 4b). With
increase in the annealing temperature of the deformed
sheet to 550°C, the size of the recrystallized grain
increases to 16 um. The hardness of the alloy with
impurities is higher than that of the pure alloy with
close composition [15]. A similar effect of Fe and Si
impurities on the properties was observed for Al—Cu—
Y [16] and Al—-Cu—Er [17] alloys.

Table 1 shows the values of the conditional yield
strength (0,,), ultimate tensile strength (c,), and
elongation at fracture (9) after uniaxial tensile tests in
deformed and annealed states. The studied alloy
demonstrates a high level of mechanical properties.
The results on the yield strength are in good agreement
with the hardness (Fig. 4). The yield strength in the
deformed state is 290 MPa at the elongation of 2%. As
the annealing temperature is increased from 100 to
180°C, the yield strength decreases from 273 to
227 MPa, and the relative elongation grows from 3.6 to
5.6%. The relative elongation of pure alloy remains the
same: 3.1-5.6% [15].

Table 1. Characteristics of mechanical properties of the studied alloy after uniaxial tensile tests in deformed and annealed

states

Annealing temperature

forgl h OPC Gy MPa 6,, MPa S, %

No annealing (pure alloy) 3032 3272 3.2+0.8
No annealing 2905 320+ 6 20£0.2
100 273 £2 302+ 4 3,604
150 238 £ 1 262 + 1 421+04
180 227 + 1 243+ 3 5.6%+0.8
210 205£5 215+3 4.0+2.0
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Fig. 4. Dependences of hardness of the rolled sheet on time after annealing at different temperatures (a) and on the annealing
temperature for 1 h (b). Inset: (a) substructure by TEM, (b) grain structure by SEM.

Impurities of Fe and Si do not cause the formation
of coarse lamellar intermetallic compounds and do
not reduce the ductility of the alloy.

CONCLUSIONS

The effect of iron and silicon impurities (up to
0.15 wt %) on the phase composition and properties of
Al—4.3Cu—2.2Yb quasi-binary alloy was studied. In
addition to an aluminum solid solution and dispersed
eutectic ((Al) + AlgCu,Yb) in which about 1% Fe is
dissolved, Al;Yb/(ALCu),;Yb, and (AlYbCuSi) phases
with the approximate composition of Alg,YbsCugSig
were found. After homogenization at 590°C for 3 h,

RUSSIAN JOURNAL OF NON-FERROUS METALS

the structure consists of compact fragmented and
coagulated intermetallic compounds with a size of 1—
2 um and (Al) solid solution with the maximum cop-
per content of 2.1%. Disordering in the rolled sheets
during annealing at temperatures below 250°C is con-
nected with recovery and polygonization processes;
recrystallization occurs at ¢ > 300°C. After annealing
at 300°C for 1 h, the size of the recrystallized grain is
7 um, and it grows to 16 um at the annealing tempera-
ture of 550°C (t=1h). The conditional strength of the
alloy with impurities is 205—273 MPa, and the tensile
strength is 215—302 MPa at an elongation of 2.3—5.6%
after annealing the rolled sheet. Fe and Si impurities
do not cause the formation of coarse lamellar interme-
Vol. 63
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tallic compounds and do not reduce the ductility of
the alloy.
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