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Abstract: In order to investigate the effects of solid solution atoms, precipitated particles and cold deformation on the
microstructures and properties of Al-Sc—Zr alloys, the Al-Sc—Zr alloys prepared by continuous rheo-extrusion were treated by
thermomechanical treatment, analyzed for conductivity and mechanical properties by tensile and microhardness testing, and
characterized using optical microscope, TEM and STEM. A mathematical model was established to quantitatively characterize the
contribution of solid solution atoms, precipitates and cold deformation to the conductivity of the alloy. The results show that the
strength of Al alloy can be significantly improved by solid solution, aging and cold deformation, and the quantitative impacts of
solution atoms, precipitates and cold deformation on the conductivity of Al alloy are 10.5% (IACS), 2.3% (IACS) and 0.5% (IACS),
respectively. Aging and cold deformation treatments are the keys to obtain high-strength and high-conductivity aluminum alloy

wires.
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1 Introduction

Sc and Zr elements are distinguished precipitation
strengthening elements due to nano Al;Sc and AlZr
particles formed in aluminum (Al) matrix [1-3]. These
particles can also pin grain boundaries and inhibit grain
coarsening, which improves high-temperature stability of
the Al alloys [4—6]. Al-Sc—Zr alloys have thus been
extensively explored in recent years for their attractive
properties, including good mechanical property,
conductivity and high-temperature stability [7].
Al=Sc—Zr alloys are one of the most promising classes
of lightweight materials as an alternative to high density
iron-based alloys in automobile industry and aerospace
field [8,9].

Processing technology and microstructures are the
key factors that influence the properties of alloys [10,11].
COSTA et al [12] reported that the hardness of the
solid-solution-treated Al-0.5Sc (wt.%) alloy was
decreased considerably compared with that of the
directly aged alloy. The reason is that the decreased
density of the vacancies induced by solid solution atoms
contributed to a lower diffusion rate and thus hindered a
finer dispersion of Al;Sc particles. DU [13] reported that
the hardness of Al-0.1Zr (wt.%) alloy after aging at
250 °C for 60 h increased from HV 35 to HV 90, and
creep resistance increased significantly. The reason was
that the nano-scale Al;Sc precipitated in grain or at grain
boundary and dispersed uniformly in the alloy matrix.
KEITH et al [14] found that precipitation hardening
commenced at 325 °C in Al—0.1Sc—0.1Zr (at.%) alloy,
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and the alloy achieved peak micro-hardness at 400 °C. In
this temperature range, the strength and the conductivity
of Al-0.1Sc—0.1Zr (at.%) alloy increased with increasing
mean radius (R<2 nm) and volume fractions of the
precipitates. VLACH et al [15] noted that cold
deformation could improve the hardness of the Al-Sc—Zr
alloys and have no substantial effect on the size and
distribution of Al;(Sc,Zr) precipitates. ZHOU [16]
reported that both strength and conductivity of
Al-0.2S5¢—0.04Zr (wt.%) alloy were improved by cold
deformation and aging treatment, and the increase of
strength should be associated with the formation of finer
Al;(Sc,Zr) precipitates while the improvement of
conductivity should be resulted from the closure of
microvoids.

Up to now, the quantitative and systematic
investigations of the effects of solid solution atoms and
precipitated particles as well as cold deformation on the
microstructures and properties of Al-Sc—Zr alloys are
rare. Therefore, the objective of this study was to
determine and systematically quantify the specific
contribution of each factor to the mechanical property
and conductivity of Al-Sc—Zr alloys.

2 Experimental

2.1 Materials preparation

The raw materials for experiment were pure
aluminum, Al-Sc master alloy (scandium content:
2.12 wt.%) and Al—Zr master alloy (zirconium content:
4.6 wt.%). The KGPS50-2 type medium frequency
induction heating equipment was used for smelting.
Al=xSc—0.2Zr (wt.%) alloys with different Sc contents
were prepared (x=0.1, 0.25, 0.3, 0.35, 0.4, respectively).
All the raw materials of pure aluminum, Al-Sc master
alloy and Al-Zr master alloy were preheated in a
RJ2-75-6 type resistance furnace at 200 °C for 30 min
for desiccation. Then, the pure aluminum was melted to
720 °C in the medium frequency induction heating
equipment. Subsequently, Al-Sc master alloy and Al-Zr
master alloy with a proper proportion were added into
the melt. The alloys were heated to 720 °C again and
kept for 10 min. After drossing, the alloy melt was
poured into DZJ—300 continuous rheo-extrusion machine
for wire preparation. The Al-xSc—0.2Zr (wt.%) alloys
with the diameter of 10 mm were prepared.

Solid solution and aging experiments were
performed in a DFH—13—4 type aging furnace with a
temperature control accuracy of +2 °C. The solid
solution temperature was set at 630 °C and solid solution
time was controlled from 6 to 72 h. All the alloys were
immediately water quenched into room temperature, and
then aged at 380 °C for different time from 1 to 120 h.

After thermal treatment, the alloys were drawn at room
temperature at a Y112M—4 5 m chain type drawbench,
and the drawing velocity was set at 0.05 m/s. The alloys
were drawn from 10 to 3.0 mm.

2.2 Microstructures and properties characterization

Metallographic observation was performed on an
Olympus DSx500 optical digital microscope. The
samples of the alloys were ground by sandpaper and
polished, and then etched by the solid solution of 4.0%
HF + 96% H,0. Subsequently, microstructures of
samples were observed and metallographic photographs
were taken. JEM—2010 (UHR) transmission electron
microscope (TEM) was used to observe the size,
morphology and distribution of precipitates in the inner
and grain boundaries of the alloys, and the crystal
structure of the precipitated phase was determined. The
alloy samples were ground to a thickness of 60—70 pm
and stamped into a wafer of 3 mm in diameter. Then,
they were thinned in an electro polisher. Finally, TEM
images were taken on a JEM—2010 (UHR) TEM.

The tensile test at room temperature was carried out
on the CMT5105 microcomputer controlled electronic
universal testing machine with a tensile speed of
5 mm/min. The hardness test was performed on the
HXD—-1000TM/LCD Vickers hardness tester. The load
was 49 N (5 kg) and the holding time was 15 s. A PC36C
type low resistance ohm measuring instrument was used
to measure the resistance. The working current of the
instrument was from 100 pA to 10 A, and the error range
was £0.01 pQ. The conductivity K of the alloy at 20 °C
was calculated by following equation:

S

Pao = Ry I3 (1
Ky = 0017241 0% ©)
P20

where Ky is conductivity (% IACS), pj is resistivity
(Q-mm?m), S is the cross-section area of the conductor
(mm?), L is the length of the conductor (m), and Ry is
the resistance (Q).

2.3 Mathematical modeling

The conductivity &; of Al—0.35S¢c—0.2Zr (wt.%)
alloy after solid solution at a certain temperature was
detected. The quantitative contribution of solid solution
atoms to the conductivity of the alloy is |Aky|=|ki—Fq|,
where ky is the conductivity of pure Al In the aging
process, the precipitation of particles and the dissolution
of solid solution atoms was a dynamic process. In order
to obtain the quantitative contribution of precipitates to
the conductivity of the alloy aged at a certain
temperature, the equilibrium state that the precipitation
of particles was equal to the dissolution of solid solution
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atoms was investigated. Then, the critical solid solubility
(only saturated solid solution atoms and no precipitates
exist in the matrix of the Al-Sc—Zr alloys) under the
equilibrium state was determined. In this situation, the
relative conductivity k.; was detected. The precipitates
contribution to the conductivity of the alloy is
|Aky|=lky—keo|, where k, is the conductivity of
Al—0.35Sc—0.2Zr (wt.%) alloy after solid solution at a
certain temperature and aging at a certain temperature.
After cold deformation, the conductivity k3 of
Al-0.35Sc-0.2Zr (wt.%) alloy was detected. The
quantitative contribution of cold deformation to the
conductivity of the alloy is |Ak |=|ks—k,|.

3 Results and discussion

3.1 Effects of thermal treatment on microstructures

and properties of Al-Sc—Zr alloys

Figure 1 shows microstructures at longitudinal
section of rheo-extruded Al-0.35Sc—0.2Zr (wt.%) alloy
before and after solid solution. The longitudinal
microstructures of Al-0.35Sc—0.2Zr (wt.%) alloy were
composed of equiaxed grains. The average grain size of
the alloy was 80 pm. The grain size of the alloy
increased with solid solution time prolonging. When the
solid solution time increased to 72 h, the average grain
size reached 890 pm. The main driving force of grain
growth is the difference of interfacial energy between
grains before and after growth. The grain boundary
atoms gradually migrated from the convex side to the
concave side of grain boundaries, and some grains were
gradually swallowed.

Figure 2 shows the longitudinal TEM micro-
structures of Al—0.35Sc—0.2Zr (wt.%) alloy with
different solid solution time. As shown in Fig. 2(a), there
were some precipitates in the alloy before solid solution,
and the distribution of precipitates in aluminum matrix
was uneven. There were also many dislocations in
the Al-0.35Sc—0.2Zr (wt.%) alloy, and the dislocations

: YRS N &

Fig. 1 Microstructures of Al—0.35Sc—0.2Zr (wt.%) alloy at
longitudinal section with different solid solution time: (a) 0 h;
(b) 72 h

Fig. 2 TEM images of Al1-0.35Sc—0.2Zr (wt.%) alloy with different solid solution time: (a) 0 h; (b) 12 h; (¢) 36 h; (d) 72 h
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tangled to form high dislocation density region near the
particles. When the solid solution time was 12 h, the
dislocations migration occurred. The original vacancies
in the alloy also moved (because the activation energy of
the vacancy is less than that of the dislocation). The
dislocations and original vacancies annihilated in the
interface, and the amount of dislocations decreased in the
alloy. Due to the redissolution of precipitates (Fig. 2(b)),
new vacancies were produced and retained during
subsequent quenching. When the solid solution time was
further extended, the dislocation density decreased
greatly, and the precipitates dissolved into the Al matrix
further, as shown in Figs. 2(c) and (d).

Figure 3 shows the change of conductivity and
tensile strength of Al-0.35Sc—0.2Zr (wt.%) alloy with
solid solution time. As can be seen, with the increase of
solid solution time, the conductivity of alloy increased
from 52.6% (IACS) to 53.5% (IACS). The tensile
strength of alloy decreased from 107.4 to 76.3 MPa
correspondingly. In the solid solution process, on one
hand, precipitates containing Sc and Zr atoms dissolved
into aluminum matrix, thus inducing the lattice
distortion [17], which improved scattering effect of the
electron wave. On the other hand, solid solution led to a
decrease in dislocation density, which reduced scattering
effect of the electron wave. The dislocations were more
influential on the conductivity than solid solution atoms.
Therefore, with the solid solution time prolonging, the
dislocation density reduced, and the conductivity of
Al=Sc—Zr alloys gradually increased. As for tensile
strength, on one hand, with the increase of solid solution
time, the Sc and Zr atoms were gradually dissolved into
the aluminum matrix (Fig. 2), resulting in the increase of
tensile strength. On the other hand, the dislocation
density in the alloy decreased, the precipitates
disappeared, and the grain size increased. All these
changes led to the reduction of tensile strength of the
alloy. The second factor was the dominant one.
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Fig. 3 Effect of solid solution time on conductivity and tensile

strength of Al—0.35Sc—0.2Zr (wt.%) alloy (Solid solution

temperature: 630 °C)

The conductivity of pure Al (ko) is 64% (IACS), and
the conductivity (k) of Al-0.35Sc—0.2Zr (wt.%) alloy
after solid solution at 630 °C for 72 h was 53.5% (IACS).
So, the quantitative contribution of solid solution atoms
to the conductivity of the alloy is |Ak|=10.5% (IACS).

Figure 4 shows the longitudinal microstructures of
Al-0.35Sc—0.2Zr (wt.%) alloy after solid solution at
630 °C for 72 h and aging at 380 °C for different time.
As can be seen, the aging time has no obvious effect on
grain size and morphology. Figure 5 shows the STEM
photographs and diffraction pattern as well as EDS result
of alloy with different aging time. The precipitates
mainly contain Al, Sc and Zr (Fig. 5(e)). Figure 5(f)
shows a diffraction pattern produced by the overlapping
of the phase in the corresponding position of Fig. 5(e)
and the surrounding a(Al) matrix. The diffraction spot
diameters of spherical precipitates are R11=68.975 and
R12=68.835, respectively, and the intersection angle
between R11 and R12 is 90°. The diffraction spots can be
calibrated according to [100]; axis of Al;(Sc,Zr) phase.
So, it can be determined that the precipitates are
Al3(Sc,Zr) whose structure is similar to L1, type [18].
Al;(Sc,Zr) and a(Al) matrix are coherent structures.
The phase relationship is crystal band axis
(10014}, (se,zr /[100]4, and lattice plane (010)4), (sczr) //
(020)a;. The solubility of Zr and Sc atoms in the Al
matrix changes as a function of temperature [19]. During
aging process, the Sc and Zr atoms in the Al matrix were

ﬁ, W O
Fig. 4 Microstructures of Al—0.35Sc—0.2Zr (wt.%) alloy at
longitudinal section with different aging time: (a) 0 h; (b) 48 h
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Fig. 5 STEM photographs, diffraction pattern and EDS result of Al-0.35Sc—0.2Zr (wt.%) alloy with different aging time: (a) 1 h;

(b) 12 h; (c) 48 h; (d) 96 h; (e) EDS analysis; (f) Diffraction pattern

gradually precipitated. Because the diffusion rate of Sc
atom in the Al matrix is larger than that of Zr atom,
Al;Sc phase first form. Then, Zr atoms enrich around
Al;Sc phase and replace a part of Sc atoms, and hence
Al;3(Sc,Zr) phases form [20—22]. Al;(Sc,Zr) precipitates
have core of Al;Sc surrounded by Zr-rich shell. L1,
superlattice is clearly observed in this shell [23,24]. The
growth and dissolution of the precipitate are slow
because of low diffusion rate of Zr [25]. So, the size of
Al;(Sc,Zr) precipitates remains stable during the aging as
the precipitate has a higher thermal stability.

Figure 6 shows the hardness and conductivity
variation of Al-0.35Sc—0.2Zr (wt.%) alloy with aging
time after solid solution at 630 °C for 72 h. With the
increase of aging time, the hardness and the conductivity

of Al-0.35Sc—0.2Zr (wt.%) alloy increased. The
hardness of Al-0.35Sc—0.2Zr (wt.%) alloy reached the
maximum value of HV 55.8 after aging for 24 h. Then,
the hardness of Al—0.35Sc—0.2Zr (wt.%) alloy decreased
slightly due to over-aging accompanied by the coarsing
of precipitated particles and the decrease of particle
dispersity. But, the Al;(Sc,Zr) precipitates remained
coherent and homogeneous, and their size did not change
obviously (Fig. 5). The hardness of the alloy remained at
the high value with the prolonging of aging time. The
conductivity curve can be divided into three stages,
namely, 0—1 h, 1-48 h and after 48 h. The trend of the
conductivity curve of Al—0.35S5¢c—0.2Zr (wt.%) alloy in
early two stages of precipitation process is consistent
with that of MARTIN et al [26]. It can be seen that the
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electrical conductivity increases linearly in the first stage
as the formation of Sc-rich clusters and Al;Sc (L1,). The
second stage is segregation of Zr atoms to Al;Sc/a(Al)
matrix interfaces and formation of Zr-enriched shell of
these dispersoids. The conductivity of Al alloy
containing Al;Sc is higher than that of Al alloy
containing Al;Zr [27]. Therefore, the increasing rate of
the first stage of the alloy conductivity curve is higher
than that of the second stage. The conductivity of
Al—0.35Sc—0.2Zr (wt.%) alloy achieved peak value of
60.6% (IACS) after aging for 48 h. After that, the
electrical conductivity of Al-0.35Sc—0.2Zr (wt.%) alloy
was almost stable with the further increase of aging time.
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Fig. 6 Effect of aging time on hardness and conductivity of
A1-0.35Sc—0.2Zr (wt.%) alloy aged at 380 °C

In order to obtain the quantitative contribution of
precipitates to the conductivity of the alloy aged at
380 °C, according to the mathematical model, a series of
Al=Sc—Zr alloys was investigated.

Figure 7 shows the effect of aging time on the
conductivities of Al-Sc—Zr alloys aged at 380 °C. The
trend of the conductivity with aging time of the
Al-Sc—Zr alloys with different compositions was
basically the same. The lower the content of Sc is, the
higher the initial conductivity of the alloy is. There may
be two reasons for the difference of initial conductivity.
As electrical resistivity has its origin in the scattering of
free electrons by phonons and lattice defects, one is that
with the increase of Sc content, the concentration of solid
solution atoms increases and the conductivity decreases.
The other is significantly enhanced concentration of
Sc in the vicinity of defects for Al-Sc—Zr alloy before
aging [26], so the Al-Sc—Zr alloy containing more Sc
content has lower conductivity. The conductivities
increase with the increase of aging time. After aging for
48 h, the peak conductivity of Al-0.35Sc—0.2Zr (wt.%)
alloy was achieved. When the aging time was further
prolonged, the conductivity of alloy tended to be stable.

Figure 8 shows the aging time-dependent variations
of volume fraction and diameter of precipitates in
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Fig. 7 Effect of aging time on conductivities of Al-Sc—Zr
alloys aged at 380 °C
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Fig. 8 Effect of aging time on volume fraction and average
diameter of precipitates in Al—-0.35S¢—0.2Zr (wt.%) alloy aged
at 380 °C

Al-0.35S8¢-0.2Zr (wt.%) alloy aged at 380 °C. The
average diameter and volume fraction of the Al;(Sc,Zr)
phase increase with the increase of aging time. After
aging for 48 h, the average diameter and volume fraction
of Al3(Sc, Zr) phase in the alloy did not change any more.
This indicates that the precipitation and dissolution of the
solid solution atoms reached a dynamic equilibrium after
aging at 380 °C for 48 h. So, for the Al-Sc—Zr alloys
aged at 380 °C, the dynamic equilibrium time between
precipitation and dissolution of the solid solution atoms
was 48 h.

By comparing Fig. 7 and Fig. 9, it can be found that
the electrical conductivity curve of Al-0.05Sc—0.05Zr
(wt.%) alloy with the aging time in Fig. 9 is different
from those of other Al-Sc—Zr alloys in Fig. 7. For
Al-0.05Sc—0.05Zr  (wt.%) alloy, the electrical
conductivity does not change significantly with aging
time which is equal to the conductivity of
Al—0.05Sc—0.05Zr (wt.%) alloy after solid solution, and
this indicates that Aly(Sc,Zr) phase does not precipitate
during aging. This suggests that the content of Sc and Zr
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atoms at 380 °C is close to 0.05 wt.%, which can be
referred to as critical solid solubility. In this case, only
saturated solid solution atoms exist and no precipitates
form in the matrix of the Al-Sc—Zr alloys. The
corresponding conductivity is 62.9% (IACS), so it can be
regarded as k., which is the conductivity of Al-Sc—Zr
alloys at critical solid solubility. The corresponding
conductivity reduction induced by precipitates is
calculated as follows:

Ak, = k—k, 3)

where kis tested conductivity.

The |Ak,| values induced by precipitates of
Al=Sc—Zr alloys aged at 380 °C for 48 h are given in
Table 1.

Figure 10 shows the STEM photographs of
Al—Sc—Zr alloys after aging at 380 °C for 48 h. Table 2
gives the volume fractions and diameters of the
precipitates after aging at 380 °C for 48 h. The average
diameter and volume fraction of the Al;(Sc,Zr) in
Al—0.25S¢—0.2Zr (wt.%) alloy after aging at 380 °C for
48 h are 12 nm and 0.84x10°, respectively. The average
diameter and volume fraction of the Al;(Sc,Zr) in
Al-0.3S¢—0.2Zr (wt.%) alloy after aging at 380 °C for
48 h are 16 nm and 1.5x10°°, respectively. The average
diameter and volume fraction of the Al;(Sc,Zr) in
Al—0.35Sc—0.2Zr (wt.%) alloy after aging at 380 °C for
48 h are 21 nm and 3.2x107°, respectively. The average

@
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diameter and volume fraction of the Aly(Sc,Zr) in
Al-0.4S¢—0.2Zr (wt.%) alloy after aging at 380 °C for
48 hare 28 nm and 7.1x10°, respectively.
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Fig. 9 Effect of aging time on conductivity of Al-Sc—Zr alloys
aged at 380 °C

Table 1 |Ak,| values of Al-Sc—Zr alloys aged at 380 °C for 48 h

Alloy K%(IACS)  ke/%(IACS)  |Aky|%(IACS)
Al-0.25S¢-02Zr  62.1 62.9 0.8
Al-0.3S¢-02Zr 614 62.9 1.5
Al-0.358¢-02Zr  60.6 62.9 23
Al-04Sc-02Zr 595 62.9 34

Fig. 10 STEM photographs of Al-Sc—Zr alloys after aging at 380 °C for 48 h: (a) Al-0.4Sc—0.2Zr; (b) Al—0.35Sc—0.2Zr;

(c) Al-0.3S¢c—0.2Zr; (d) Al-0.25S8¢—0.2Zr
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Table 2 Volume fraction and average diameter of Al;(Sc,Zr)
precipitates after aging at 380 °C for 48 h

Volume fraction, Average diameter,

Alloy F, d/nm
Al-0.4Sc—0.2Zr 7.1x10°° 28
A1-0.35S¢—0.2Zr 3.2x10°° 21
Al-0.3S¢c—0.2Zr 1.5x107° 16

Al-0.25-0.2Zr 0.84x107° 12

Figure 11 shows the relationship between F,/d of
precipitates and |Ak,| of Al-Sc—Zr alloys aged at 380 °C
for 48 h. As can be seen from Fig. 11, the |Ak,| gradually
increases with the increase of the F,/d. The Ak, increases
from 0.8% (IACS) to 3.4% (IACS), as F,/d of the
Aly(Sc,Zr) precipitates increases from 0.7x107* to
2.4x10 *nm .

4

|Ak, /% (IACS)
[\S}

0 1 1 1
0.8 1.6 2.4

(F,/d)/10™*nm™!
Fig. 11 Relationship between F,/d of precipitates and |Ak,| of
Al-Sc—Zr alloys aged at 380 °C for 48 h

3.2 Effect of cold deformation on microstructures and
properties of Al-Sc—Zr alloys

Figure 12 shows the microstructures of Al-0.35Sc—
0.2Zr (wt.%) alloy after thermal treatment and cold
deformation. When the area reduction ratio induced by
cold deformation is 33%, the length and width of grains
are 1170 um and 630 pm, respectively. When the area
reduction ratio is 60%, the length and width of grain are

2650 pm and 510 pum, respectively. When the area
reduction is ratio 80%, the length and width of grain are
7500 and 550 pm, respectively.

Figure 13 shows the TEM photographs of
Al-0.35S¢c—0.2Zr (wt.%) alloy at longitudinal section
with different area reduction ratios after cold
deformation. When the area reduction ratio reached 33%,
the opposite sign edge dislocations interacted in the
parallel slip plane of the alloy, and the deformation band
along the deformation direction was irregular due to
uneven deformation, as shown in Fig. 13(a). With the
increase of area reduction ratio, the sub-grains were
elongated along the direction of deformation, the
dislocations and the precipitates tangled, and thus the
deformation resistance increased, as shown in Figs. 13(b)
and (c).

Figure 14 shows TEM photographs of Al-0.35Sc—
0.2Zr (wt.%) alloy with different area reduction ratios
after cold deformation. It can be observed that many fine
second phases distributed homogeneously in Al matrix.
These second phases effectively pined dislocations, and
the dislocation density gradually increased.

Figure 15(a) shows the relationship between tensile
strength and area reduction ratio of Al-0.35Sc—0.2Zr
(wt.%) alloy after cold deformation. With the increase of
area reduction ratio, the tensile strength of Al—0.35Sc—
0.2Zr (wt.%) alloy increases. When the area reduction
ratio of the alloy is greater than 40%, the tensile
strengths of Al-0.35Sc—0.2Zr (wt.%) alloy aged for 48
and 60 h are obviously higher than those of the alloy
aged for 24 and 36 h. When the area reduction ratio of
the alloy reaches 90%, the tensile strength of
Al-0.35Sc—0.2Zr (wt.%) alloy reaches the peak value of
210.6 MPa. Figure 15(b) shows the relationship between
elongation and area reduction ratio of Al-0.35Sc—0.2Zr
(wt.%) alloy after cold deformation. With the increase of
area reduction ratio, the elongation gradually decreases.
Figure 15(c) shows the relationship between area
reduction ratio and the conductivity of Al-0.35Sc—0.2Zr
(wt.%) alloy aged for different time. With the increase of
area reduction ratio, the conductivity of the alloy shows a

Fig. 12 Microstructures of Al-0.35Sc—0.2Zr (wt.%) alloy at longitudinal section after thermal treatment and cold deformation:

(a) 33% area reduction ratio; (b) 60% area reduction ratio; (c) 80% area reduction ratio
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Fig. 13 TEM photographs of Al-0.35Sc—0.2Zr (wt.%) alloy at longitudinal section after cold deformation: (a) 33% area reduction

ratio; (b) 60% area reduction ratio; (c) 80% area reduction ratio

Fig. 14 TEM photographs of Al—0.35S¢c—0.2Zr (wt.%) alloy with different area reductions after cold deformation: (a) 33% area
reduction ratio; (b) 60% area reduction ratio; (c) 80% area reduction ratio; (d) 90% area reduction ratio

gradual downward trend. When the area reduction ratio
reaches 90%, the conductivity k3 of Al—0.35Sc—0.2Zr
(Wt.%) alloy aged at 380 °C for 48 h is 60.1% (IACS).
The quantitative contribution of cold deformation to the
conductivity of the alloy is |Ak[|=0.5% (IACS). The
conductivity reduction of the alloys induced by cold
deformation was small. This is possibly caused by
microvoids closure during cold deformation [16], which
offsets the partial increase in resistivity induced by
dislocations. At the same time, the Al;(Sc,Zr) particles
with a complex core—shell structure is almost unaffected
by dislocations, and it is very stable [28]. So, the
Al;3(Sc,Zr) particles can intensively pin the dislocation. It

is concluded that cold deformation can significantly
improve the strength of Al-Sc—Zr alloys with a small
conductivity reduction.

Al-0.35Sc—0.2Zr (wt.%) alloy after solid solution
at 630 °C for 72 h, aging at 380 °C for 48 h and
cold deformation with area reduction ratio of 90%
exhibits optimal comprehensive properties. The
corresponding conductivity is 60.1% (IACS), the tensile
strength is 210.6 MPa and the elongation is 7.6%. The
properties of Al-0.35Sc—0.2Zr (wt.%) alloy are better
than the standard of AT1, AT3 and AT4 heat-resisting
aluminum alloy wires in IEC 62004-2007 (Standard of
Aluminum Alloy Wires for Overhead Conductors).
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Fig. 15 Relationships between properties and area reduction

ratio of Al—0.35Sc—0.2Zr (wt.%) alloy after cold deformation:

(a) Tensile strength; (b) Elongation; (c) Conductivity

3.3 Comparison of effects of solid solution atoms,
precipitates and deformation on conductivity
According to the results, the solution atom

contribution to conductivity reduction is |AkJ|=10.5%

(IACS). The precipitate contribution to conductivity

reduction is |Aky[=2.3% (IACS). The cold deformation

contribution to conductivity reduction is |Ak]=0.5%

(IACS). The comparison of the effects of solid solution

atoms, precipitates and cold deformation on conductivity

reduction is shown in Fig. 16. This implies that the
conductivity reduction induced by area reduction is slight

but the conductivity reduction induced by solid solution
atoms and precipitates is remarkable. So, cold working is
an effective strengthening method with little effect on the
conductivity.

12
[ Solution atoms
| [ Precipitates
10 = Cold deformation
@ 8T
&
=
3
il 4 -
2 b
0 [ ]

Influencing factor

Fig. 16 Conductivity reduction |Ak| induced by solid solution
atoms, precipitates and cold deformation of AlI-Sc—Zr alloys

4 Conclusions

(1) The dynamic equilibrium time of the Al-Sc—Zr
alloys aged at 380 °C was 48 h, and the critical solid
solubility of the Al-Sc—Zr alloys aged at 380 °C was
close to 0.05 wt.%.

(2) Solid solution for Al-0.35S¢c—0.2Zr (wt.%) alloy
could cause grain growth from 80 to 890 um, tensile
strength reduction from 1074 to 76.3 MPa and
conductivity increasing from 52.6% (IACS) to 53.5%
(IACS). Aging could cause tensile strength and
conductivity increasing, and the conductivity reduction
changed as a function of the ratio of the volume fraction
(F,) to the diameter (d) of the Al;(Sc,Zr) precipitates
(F,/d). Cold deformation caused significant increasing of
the tensile strength due to hard working, but its influence
on conductivity was very little.

(3) The quantitative contribution of solution atoms
to conductivity is 10.5% (IACS). The quantitative
contribution of precipitates formed in aging to
conductivity is 2.3% (IACS). The quantitative
contribution of cold deformation to the conductivity of
the alloys is 0.5% (IACS). So, cold working is an
effective strengthening method with little influence on
the conductivity, while the existing state of Sc and Zr
atoms has a significant effect on the conductivity of the
alloy.
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