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Abstract: Al-Cu-Mg-Ag alloys with different Yb contents were prepared by ingot metallurgy and thermomechanical treatment. The
effect of Yb addition on the precipitation and microstructure of the alloys was investigated using mechanical properties testing,
optical microscopy, differential scanning calorimetry(DSC), scanning electron microscopy(SEM) and transmission electron
microscopy(TEM). The results show that adding 0.10%—0.35% Yb accelerates the aging hardening process, increases the maximum
hardness and the tensile strength of the extruded alloys from room temperature to 300 ‘C. Trace Yb element addition refines the
grains of the casting alloys from 85 pum to 30 pm, decreases the precipitation temperature of £ phase. Moreover, the addition of Yb
into Al-Cu-Mg-Ag alloy decreases the precipitates size, and improves the density and the thermal stability of £ phase between 200

‘C and 300 C.
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1 Introduction

Current understanding of structure—properties
relationship in age hardenable Al alloys suggests that
optimization of grain structure and the presence of a fine
and uniform distribution of both shearable and
nonshearable precipitates in the matrix are important in
obtaining a balanced set of mechanical properties[1-2].

The addition of Ag has proved to have a more
remarked effect than Fe and Ni on the high-temperature
strength of Al-Cu-Mg alloys with high Cu-to-Mg molar
ratios (e.g. 10:1)[3—4]. The addition of Ag not only
enhances the hardening response but also totally changes
the precipitation processes. In particular, it promotes the
formation of a fine and uniform dispersion of
hexagonal-shaped plate-like precipitates on {111} planes
of the matrix, but at the expense of the precipitation of
6'(Al,Cu) usually observed in the Al-Cu-Mg alloys[3—7].
It is the fine and uniform distribution of the new
precipitate (designated as Q) and its good thermal
stability that lead to superior strength of the alloys at
temperatures up to 250 ‘C[8—10].

The structure of 2 phase has been a subject of some
studies. At first, it was proposed to be a #-Al,Cu phase,
with a monoclinic unit cell[11]. Later, it was described as
being hexagonal[3], or orthorhombic[12]. More recently,
it was suggested that the structure of Q phase is
tetragonal with ¢=b=0.606 6 nm and ¢=0.496 nm based
on convergent beam electron diffraction results[13]. It
should be mentioned that although several models were
proposed for the structure of @ phase, the differences
among them are not significant[ 14].

Rare earth elements in conventional casting
aluminum alloys have shown beneficial effects on
melting and solidification. These elements reduce the
contents of gases and some impurities, and the spacing
between secondary dendrite arms. It was reported that
the Ce content affected the grain size and the mechanical
properties of Al-Cu-Mg-Mn-Ag alloys[15]. The Yb
addition improved the mechanical properties of
Al-Zn-Mg-Cu-Zr alloys. It was also reported that the Yb
addition affected the precipitation and mechanical
properties of Al-0.06% (molar fraction) Sc alloys[16].

Compared with that for transition metals, there is
little information available for the effect of rare earth Yb
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addition on the microstructure and properties of
Al-Cu-Mg-Ag alloys. The present research was thus
designed to examine such an effect with a view of
establishing the potential for enhancing the mechanical
properties of these alloys.

2 Experimental

Table 1 lists the normal compositions of the present
alloys with Yb additions of 0.0%, 0.10% and 0.35%
(mass fraction). The alloys were melted by induction
heating. The temperature of alloy melt was kept between
720 C and 750 °C. The melt was degassed by adding
C,Clg for 10—15 min, and then cast into iron moulds to
produce billets of 200 mm in length and 60 mm in
diameter. The billets were homogenized at 490 C for
48 h, followed by air cooling to room temperature, and
then hot extruded to bars of 15 mm in diameter at 380
‘C. Subsequently, the bars were solution treated at 525
‘C for 10 h, water quenched, and finally aged for
different periods of time between room temperature and
180 C.

Table 1 Nominal compositions of present alloys (mass fraction,
%0)
Alloy No. Cu Mg Ag Zr Yb Al

1 5.0 1.0 0.5 0.2 0 Bal.
2 5.0 1.0 0.5 0.2 0.10 Bal.
3 5.0 1.0 0.5 0.2 0.35 Bal.

Tensile tests were performed at 25 ‘C and 300 C
at a strain rate of about 10* s' on a Shimadzu
AG-100KN machine. The specimens used were those
peak-aged and had a gauge diameter of 5 mm and a
gauge length of 25 mm. In the tests at high temperatures,
the specimens were held at these temperatures for about
20 min before loading to achieving thermal equilibration
in the furnace. The mechanical results reported in this
study are the mean values of at least two specimens.

Optical microscopy studies were carried out in a
LEICA MEF4A/M type microscope. Transmission
electron microscopy(TEM) was applied to characterize
the microstructure of the alloys after peak aging. TEM
samples were electro-polished, in a 70% ethanol and
30% nitric acid solution at —30 °C, by using twin-jet
equipment operated at 20 V.

3 Results

Fig.1 shows the grain structures of the present
alloys in the as-cast state. The average grain sizes of
alloys 1, 2 and 3 are about 85, 35 and 30 pm,
respectively. Adding 0.10%Yb or 0.35%Yb obviously
refines the grain size of the casting alloy. Furthermore,

Fig.1 Grain structures of as-cast alloys: (a) Alloy 1; (b) Alloy 2;
(c) Alloy 3

there is grain boundary segregation in the alloys with Yb.
Energy dispersive X-ray(EDX) analysis (Fig.2) shows
that the segregated phase is rich in Yb. These
microstructural features, including the grain boundary
segregates and grain size, do not show significant
modification after solution treatment at 525 °C and
subsequent aging at 180 C.

Fig.3 shows the variation of hardness with aging
time at 180 ‘C for present alloys containing Yb. Different
behavior is observed because of the effect of Yb addition
on the aging response when compared with the Yb-free
alloy. The hardening response of the alloy is enhanced by
the addition of Yb. In particular, the maximum hardness
increases from about HV161 for the Yb-free alloy to
HV181 for that containing 0.10%Yb. However, the
maximum hardness is reduced to about HV176 when the
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(b) Al

Element  w/% _ x/%
Al 71.55 85.74
Yb 0.68 0.13
Cu 27.77 14.13
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Energy/keV

Fig.2 SEM image (a) and EDX pattern (b) of as-cast alloy 3
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Fig.3 Hardness curves of present alloys after aging at 185 ‘C

Yb content is further increased to 0.35% (Fig.3).
Meanwhile, the peak-aging time for the Yb-free alloy is
about 18 h, but that for Yb containing alloys is about 12
h. Furthermore, alloy 1 shows two aging stages before
reaching the maximum hardness, but with Yb addition,
there is only one hardening stage.

Fig.4 represents differential scanning calorimetry
(DSC) traces for alloys 1 and 2 after solution treatment.
It can be seen that Yb addition shifts the trace (peak P)
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Fig.4 DSC traces for alloys 1 and 2 (heating rate 10 °C/min)

position due to the face that the exotherm associated with
precipitation of £ phase occurs at different temperatures
for different alloys. When the Yb addition is increased
from 0 to 0.10%, the peak P shifts to a lower temperature.
This suggests that adding Yb might promote the
precipitation reaction.

Tensile testing was made at temperatures up to 300
‘C. The results are shown in Fig.5. At room temperature,
the tensile strength is increased from 506 MPa to 545
MPa when the Yb content is increased up to 0.10%.
However, it is increased only slightly when the Yb
content is increased from 0.10% to 0.35%. The changing
tendency of tensile strength with Yb content at high
temperatures up to 300 C is similar to that at room
temperature. At 300 ‘C, the tensile strength of alloys 2
and 3 is over 230 MPa, but that for alloy 1 is only 192
MPa.
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Fig.5 Mechanical properties of present alloys after peak aging
at 180 C

Meanwhile, with increasing Yb content in the
present alloys, the elongation is decreased. The
elongation of alloys 2 and 3 is generally lower than that
of alloy 1. In the testing range between room temperature
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and 300 °C, the elongation of alloy 1 is increased from
10.2% to 16.3%, that for alloy 2 is increased from 9.1%
to 14%, and that of alloy 3 from 8.3% to 13.4%. Since
these data are the mean values of at least two speciments,
and the error associated with the measurement is
generally low, it could be concluded that increasing Yb
content increases the elevated temperature strength but
slightly decreases the elongation of Al-Cu-Mg-Ag alloys.

The microstructures of the present alloys under
different conditions were investigated by TEM. Fig.6
shows the TEM images of alloys 1 and 3 after peak aging
at 180 C. It is confirmed that the lath- or needle-shaped
Q phase that forms on the {111}, planes is the dominant
precipitate in the present alloys. Meanwhile, a certain
amount of @' phase as platelets on the {001}, plane is
also observed. Nevertheless, the densities of £ and &
phases in alloys 3 are higher than those in alloy 1. The Q
precipitate in alloy 3 is about 3—7 nm thick with aspect
ratios up to 100, but is about 7—25 nm thick with aspect
ratios up to 200 in alloy 1.

To further understand the difference in intrinsic
feature of the  phase at high temperatures, alloys 1 and
3 were thermally exposed at 300 ‘C for 100 h. TEM
results (Fig.6) show that in alloy 3, the Q and &'
precipitates are coarsened. However, the ©Q precipitates
in alloy 1 are all transformed to the 6 phase. This
observation indicates that the thermal stability of the Q
phase in alloys with Yb addition is better than that
without YD.

B

Fig.6 TEM images of alloys 1(a, ¢) and 3 (b, d) exposed at room temperature (a, b) and 300 “C for 100 h (c, d)

4 Discussion

The present work shows that the addition of Yb
affects the
Al-Cu-Mg-Ag alloy in various ways. Firstly, with the
addition of Yb, the size and density of the predominant
hardening phases of Q and &' are changed in the present

microstructure  development in the

alloys after peak-aging at 180 C. According to Fig.6,
the density of these phases is higher and the size is
smaller in alloy 3 with Yb than in alloy 1 without Yb.
Secondly, with the addition of Yb, the hardening process
is somehow altered. This is shown by the existence of a
short period during which the hardness remains almost
unchanged before reaching the peak for the Yb-free alloy.
But such a period is not observed for the Yb-containing
alloy (Fig.3). This may be due to the fact that Yb
addition tends to retard the GP zone stage, and enhances
Q formation. Thirdly, the Yb addition affects the thermal
stability of Q phase (Fig.6). This is verified by the
observation that after exposure at 300 °C, there are Q, 6’
phases in alloy 3, but there is only & phase in alloy 1.

The present work also shows that the addition of Yb
affects the mechanical behavior of the Al-Cu-Mg-Ag
alloy. For example, both the hardness and tensile strength
are increased with Yb addition (Figs.3 and 5). This may
be a result of the enhanced precipitate strengthening of
the finer and denser Q and 6’ phases with Yb addition.
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Additionally, the higher strength at high temperatures
may further be related to higher thermal stability of Q
phase with the addition of Yb (Fig.6).

The dominant strengthening phases of the present
alloys are Q and the small amount of ' phases (Fig.6),
and their composition is Al,Cu[4]. The 2 phase shows
thermal stability at temperatures up to 200 “C[8].
However, this phase coarsens, and its thermal stability
decreases due to the redistribution of Ag and Mg and the
diffusion of Cu over 200 ‘C[17]. With the Yb addition in
the Al-Cu-Mg-Ag alloy, the diffusion of Cu may be
decreased, the coarsening rate of the £ phase may be
reduced, and the elevated temperature strength may thus
be increased at high temperature (e.g. 300 C).

With the addition of Yb, the tensile strength is
apparently increased for the present Al-Cu-Mg-Ag alloy.
Although it has not been tested, with such addition, the
creep resistance of the alloy could also be improved. This
is because there is indication for the increase of thermal
stability of © phase in the presence of Yb. Thus, the
present alloys containing Yb may be used at higher
temperatures than conventional Ce-free Al-Cu-Mg-Ag
alloys.

5 Conclusions

1) Addition of Yb up to 0.35% to an Al-Cu-Mg-Ag
alloy refines the grain structure, induces the precipitation
of finer and denser Q2 and #' phases when compared with
the Yb-free case.

2) The addition of Yb improves the thermal stability
of © phase in Al-Cu-Mg-Ag alloy. This may promote the
service temperature of the conventional Al-Cu-Mg-Ag
base alloys.

3) Yb addition accelerates the aging hardening
process, increases the maximum hardness and the tensile
strength of the extruded alloys from room temperature to
300 C.
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