Effect of Fe on microstructure and properties of 8xxx aluminum conductor alloys
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Abstract

The effect of Fe contents (0.3—0.7 wt.%) on the microstructure, electrical conductivity, mechanical
and creep properties of 8xxx aluminum conductor alloys was investigated. Results revealed that the
as-cast microstructure of 8xxx alloys was consisted of equiaxed a-Al grains and secondary Fe-rich
intermetallics distributed in the interdendritic region. The extruded microstructure showed partially
recrystallized structure for 0.3% Fe alloy but only dynamically recovered structures for 0.5% and 0.7%
Fe alloys. With increasing Fe contents, the ultimate tensile strength and yield strength were remarkably
improved while the electrical conductivity was slightly decreased. Moreover, the creep resistance was
greatly improved, which is attributed to the larger volume fraction of fine intermetallic particles and
smaller subgrain size in the higher Fe-containing alloys. The creep threshold stress was found to
increase from 24.6 to 33.9 MPa with increasing Fe contents from 0.3% to 0.7%, respectively. The true

stress exponent values were close to 3 for all three experimental alloys, indicating that the creep



mechanism of 8xxx alloys was controlled by dislocation glide.
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1. Introduction

Due to the low density and high conductivity to weight ratio, aluminum conductor alloys become
an attractive candidate for replacing copper electric conductors in power building wiring (Ref 1-3).
Among those, 8xxx aluminum alloys are one of the most widely used aluminum conductor alloys,
which were firstly developed to replace AA1350 conductor alloys for the overhead electrical
transmission (Ref 4). For conductor alloys, it is necessary to satisfy the requirements for electrical
conductivity (EC), strength and creep resistance (Ref 5, 6). Fe is added in this alloy as the main
alloying element to improve microstructural stability and mechanical properties (Ref 7, 8). Because of
the low solubility of Fe in Al (Ref 9), most of Fe combines with both aluminum and silicon to form
secondary intermetallic particles during casting, such as AlsFe, AlmFe, Al¢Fe, and a-AlFeSi (Ref 10-
12). In the fabrication processes of aluminum electric conductors, the supply rods (9.53 mm in diameter)
prior to wire drawing were either conventionally cast and hot-rolled or produced by continuous
cast-rolling operation (Propezi process). During hot deformation the Fe-rich intermetallic particles were
broken up into segments and distributed as fine dispersoids in aluminum matrix (Ref 13, 14). Addition

of Fe is reported to play an important role in the hot deformation behavior (Ref 14, 15). However, little



investigations have been conducted on the effect of Fe on the microstructure evolution and their
consequent inference on materials properties of aluminum conductor alloys.

The creep resistance is one of the most important properties in aluminum conductor alloys (Ref
16-18). To ensure high reliability in any further application of aluminum conductors, it is necessary to
understand the effect of Fe on the creep behavior of aluminum conductor alloys. However, there have
been controversial observations about effect of Fe on creep properties. Westerlund (Ref 16) found that
addition of 0.65 wt.% Fe to Al-Fe alloy resulted in a significant reduction of the creep resistance. But,
McQueen et al. (Ref 7) investigated the effect of Fe-rich intermetallic particles on the aluminum
conductors and showed that addition of Fe could greatly improve the creep resistance for Al-Fe alloys
(0.5-0.65 wt.% Fe). Up to day, limited data are available on the effect of Fe contents on the creep
properties in 8xxx alloys at the common operating temperatures (up to ~100°C) in the open literature,
which is an important concern for their applications in the electric conductor industry.

The present work, therefore, aimed to investigate the effect of Fe contents on the evolution of
microstructure, electrical conductivity, and mechanical and creep properties in 8xxx aluminum
conductor alloys. The conventionally extruded 8xxx aluminum alloy conductors with different Fe
contents were subjected to the compression creep test at 100°C. The creep mechanism based on the
creep threshold stress and true stress exponent is also explored to better understand the creep resistance

in 8xxx aluminum conductor alloys.



2. Experimental

The experiments were conducted on 8xxx Al alloys with different Fe contents ranging from 0.3%
to 0.7% (all alloy compositions in this work are in wt.% unless otherwise indicated). The chemical
compositions of experimental alloys analyzed with an optical emission spectrometer are listed in Table
1. All the samples (equivalent to the industrial 9.53 mm supply rods for drawn wire) were produced by
the hot extrusion from DC cast billets.

The electrical conductivity measurement was directly carried out on the samples of 9.53 mm in
diameter and 200 mm in length using Megger DLRO10HD resistance ohmmeter. Tensile tests were
conducted on cylindrical samples of 9.53 mm in diameter and 250 mm long according to ASTM B557
standard at room temperature. The compressive creep tests were performed at 100°C using cylindrical
specimens (9.5 mm in diameter and 19 mm in length) under a constant stress that varied between 35
and 69 MPa. After the creep test, the samples were water quenched to the room temperature to examine
the microstructure evolution.

The as-cast and extruded samples were polished and etched by the Keller’s solution for 10 s, and
then observed using optical microscope (OM), scanning electron microscope (SEM) and electron
backscattered diffraction (EBSD) technique. All the extruded samples were sectioned parallel to the
extrusion direction along the centerline and followed by the standard metallographic preparation. The
automated EBSD maps were conducted with 1.0 um step size for as-cast grain structure and with a
scanning step size of 0.2 um for the extruded structure. The subgain sizes of the extruded samples were

measured using linear intercept method (Ref 19). In addition, the samples after creep tests at 69 MPa



and 100°C were selected to investigate the microstructure evolution using transmission electron
microscope (TEM), which was operated at 200 kV. TEM samples with a thickness of 35—60 pm were
prepared by mechanically grounding and electropolishing in a solution of 30% nitric acid and 70%

methanol at 15 V and —20°C.

3. Results and discussion

3.1 Microstructures of as-cast and extruded materials

Figure 1 shows the optical micrographs of as-cast 8xxx aluminum alloys prior to hot extrusion with
different Fe contents (0.3%, 0.5% and 0.7%). All the alloys had similar microstructure that is consisted
of equiaxed a-Al grains and secondary Fe-rich intermetallics distributed in the interdendritic region
(Fig. 1). It can be seen that the amount of the intermetallic phase increases with increasing Fe contents.
As shown in Fig. 2, the appearance of the intermetallic phase (arrows in Fig. 1) is feathery-like Al-Fe
phase, confirmed by SEM-EDS (Fig. 2b). Those intermetallics are identified as
body-centered-tetragonal AlmFe phase by EBSD results (Fig. 2c and 2d) with lattice parameters
a=0.884 nm and ¢=2.160 nm (Ref. DOI: 10.1007/s11661-011-1004-5). In previous study (Ref 14, 16),
these intermetallics were identified as AlsFe or AlsFe phase, which was only based on SEM-EDS
qualitative results. The as-cast grain structure is refined due to the restriction effect of intermetallic
particles. The average gain sizes measured by EBSD are 86, 77 and 71 um for the alloys containing
0.3%, 0.5% and 0.7% Fe, respectively.

Figure 3 shows the optical images of the extruded samples. The hot extrusion fragmented and



broke down intermetallic networks into fine particles which distributed along the extrusion direction in
the aluminum matrix. For all the alloys, the Fe-rich intermetallic particles in extruded samples were
small and fairly uniformly distributed throughout the matrix. The average size of intermetallic particles
was measured to be a similar value of ~0.38 pum for all three alloy samples. However, the volume
fraction of intermetallic particles is increased from 1.9% in Al3 alloy to 3.2% in AlS alloy and further
to 4.4% in Al7 alloy, respectively.

Figure 4 shows the EBSD orientation maps of extruded samples of Al3, AlS and Al7 alloys. In the
orientation imaging maps, the boundaries of grains and subgrains are defined as follows: white lines:
1-5°, blue lines: 5—15°, thin black lines: 15—30° and thick black lines: (> 30°). When the DC cast
billets were extruded to the rods, the original grains of three alloys were severely torn and broke into
the irregular deformation bands along the elongated grains. A large amount of low-angle boundaries
with misorientation angles between of 1°and 5° were created, indicating a high number density of
subgrain structure. Meanwhile, the substructures were well organized and fine subgrains were formed
with neatly arranged boundaries of 1-15°, which suggests the dynamic recovery occurred, involving
the annihilation and rearrangement of dislocations (Ref 20). For Al3 alloy as indicated by arrows in Fig.
4a, small equiaxed grains with high-angle boundaries (> 15°) that contained substructures were
observed along the elongated grain boundaries, indicating partially dynamic recrystallization occurred
during extrusion. However, only dynamically recovery was observed in the alloys containing 0.5% and
0.7% Fe (Fig. 4b and c), which was resulted from the inhabitation effect of high volume fraction of
Fe-rich intermetallic particles on dynamic recrystallization. As measured from EBSD orientation maps

(Fig. 4), the average subgrain sizes decreased from 3.9, 3.2 to 2.8 um as the Fe content increased from
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0.3% to 0.5% and further to 0.7%, respectively. The increased volume fraction of Fe-rich intermetallic
particles in alloys containing high Fe generated a stronger pinning effect on substructures and led to a

decrease in subgrain size (Ref 15).

3.2 Effect of Fe on mechanical and electrical properties

Figure 5 shows the evolution of ultimate tensile strength (UTS), yield strength (YS), elongation
and electrical conductivity (EC) with different Fe contents. It can be found that both UTS and YS
increase while the elongation barely changes with increasing Fe contents from 0.3% to 0.7% (Fig. 5a).
The UTS and YS of Al3 alloy are 108 MPa and 91 MPa, respectively. As the Fe contents increase to 0.5%
and 0.7%, the UTS and YS increase approximately by 8% and 10% for Al5 alloy and 25% and 28% for
Al7 alloy, respectively. Meanwhile, the EC of samples moderately decreases with an increase of Fe
content (Fig. 5b). The EC of Al3 alloy is 61.1 % IACS and it decreases to 60.5% for Al5 alloy and 59.7%
for Al7 alloy, respectively.

In the extruded samples, there were a large number of Fe-rich intermetallic particles with an
average size of 0.38 um present (Fig. 3). With increase of Fe contents, the volume fraction of Fe-rich
intermetallic particles increases and those particles can act as obstacles to the movement of dislocation
and block of the migration of grain boundaries, leading to the improvement of both UTS and YS.
Besides the intermetallic particles, with increase of Fe contents the recrystallization grains disappeared
and the subgrains became smaller (Fig. 4), which provided more obstacles for dislocation motion and

thus improved tensile properties. On the other hand, the intermetallic particles present in aluminum



matrix created a number of defects in the crystal structure. Those intermetallic particles and its related
crystal defects hindered the free movement of electrons, resulting in a decrease in the electrical
conductivity with an increase of Fe contents.

In the industrial practice, the annealing after wire drawing is often used to improve the electrical
conductivity of conductor products. Figure 6 shows the mechanical properties and EC after annealing
treatment at 350 °C for 4 h for three different Fe contained alloys. It is noted the EC increases more
than 1% for all three alloys compared to that before annealing and their values are 62.0 % IACS for Al3
alloy, 61.7% for AlS alloy and 61.1% for Al7 alloy, respectively. For some critical applications where
EC is the primary concern, even with higher Fe contents, both Al5 and Al7 alloys can fulfill the
minimum requirement (EC > 61.0 % IACS). However, The UTS and YS considerably decrease after
annealing for all three alloys. There is a trade-off between the strength and EC when the annealing

process is applied.

3.3 Effect of Fe on creep properties

Figure 7 shows typical creep curves of extruded Al3, Al5 and Al7 samples tested at 100 °C under a
constant stress of 69 MPa, which is close to the compressive YS at 100°C (73 MPa of Al3 alloy). It can
be clearly seen from Fig. 7a that the total stain after 200 h test decreases from the low Fe alloy (Al3) to
the high Fe alloy (Al7). In compressive creep tests, the creep strain increases rapidly at the beginning
of the creep deformation, which can be defined as the primary creep stage where the creep rate
dramatically decreased with creep time. The creep stain then rises more slowly with increasing time

and the primary creep stage gradually transits to a stage where the creep rate becomes more and less
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constant (quasi-steady stage). As indicated in Fig. 7b, the minimum creep rate, &g, is calculated as the
average creep rate in the quasi-steady stage, and the results demonstrate that with increasing Fe content
from 0.3% to 0.7%, the minimum creep rate significantly decreases from 7.5 x 108s™! (Al3 alloy) to
1.8 x 107857 (AI5 alloy) and furtherto 5.6 x 107 s™! (Al7 alloy), respectively, indicating a strong
benefit of Fe on improving the creep resistance.

To further understand the creep behavior of 8xxx conductor alloys, various loads in the range of
3569 MPa were applied for the creep tests at the same temperature (100°C). Figure 8 shows the
minimum creep rate, &, as a function of the applied stress for three alloys. It is apparent that at any
given stress, the minimum creep rate remarkably decreased from Al3 alloy to Al7 alloy. In other words,
the creep resistance of 8xxx conductor alloys clearly increases with increasing Fe contents. By
extrapolating the linear fitted curves to the creep rate value of 1071° 57!, the threshold stress, o, below
which creep is not experimentally measurable, can be determined for each alloy. The values of
threshold stresses are calculated to be 24.6 MPa (Al3 alloy), 30.1 MPa (AlS alloy) and 33.9 MPa (Al7
alloy), respectively (Fig. 8). It is evident that the creep threshold stress increases with increasing Fe
contents. The origin of the threshold stress in dispersion strengthened alloys is assumed to be the
interaction between the dislocations and dispersion particles. The common explanation for owm is the
presence of an additional stress to bow the dislocation between the particles, corresponding Orowan
stress (Ref 21). Arzt et al. (Ref 22, 23) considered that the threshold stress was the stress required to
detach a dislocation from an obstacle or the additional stress required for climbing over an obstacle.

After determining the threshold stress, the creep behavior of dispersion strengthened materials can

be generally described by a modified power law equation as follows (Ref 24):
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b = 10(522) " exp (- 2 0
where &, is the minimum creep rate, Ao is a dimensionless constant, G is the shear modulus; #: is the
true stress exponent, Q is the activation energy, R is the universal gas constant and 7 is the absolute
temperature, o is the applied stress and o is the threshold stress. Figure 9 shows the double logarithmic
plot of the minimum creep rate, &, over the effective stress, o—om, and the slope of plots gives the true
stress exponent z:. It can be found that the values of n: are in a range of 2.5—3.3 for three alloys with
different Fe contents, which can be used to assess the mechanisms governing creep deformation. The
creep behavior of aluminum alloys related to three relevant deformation mechanisms are the
dislocation glide (nt = 3), dislocation climb (n: = 5) and invariant substructure model (n: = 8) (Ref
25-27). In the present study, the values of the true stress exponent, nt, are close to 3, indicating that the
creep process is controlled by dislocation glide, which is also confirmed by Jaffe and Dorn that
dislocation glide mechanism was responsible for room temperature creep in pure aluminum (Ref 28,
29).

Though the creep properties vary with Fe contents, as shown in Figs. 7 and 8, however, the creep
behaviours are confirmed to be controlled by the dislocation glide for all experimental Al3, AlS and Al7
alloys with a similar n: in Fig. 9. Therefore, the factors that can have effect on the movement of
dislocations during creep are expected to influence the creep properties, which principally are the fine
intermetallic particles and subgrains in the present work. It is observed that dislocations are piled-up at
intermetallic particles, as shown in Fig. 10a, confirming the inhibiting effect of intermetallic particles
on dislocations and their influence on creep properties. Besides, the threshold stress originates from the

dislocation looping over the particles (Orowan stress, gor) can be evaluated from Eq. 2 (Ref 21, 24):

10



Gor = 0.84M%b(\/:1f — 2)1 )

where M is Taylor factor with the value of 3.06 (Ref. 24), G is the Gibbs free energy, which is 24.4
GPa at 100°C (Ref. 24) d is average particle diameter and it is calculated to be about 0.368 um for all
Fe contents studied in the present work, and f'is the particle volume fraction. In the present work, the
particle volume fractions f; are 1.9% in Al3 alloy, 3.2% in Al5 alloy and 4.4% in Al7 alloy, respectively
(Fig. 3). Hence, the Orowan stress gor has been calculated to be 10.7 MPa in Al3, 16.0 MPa in AlS, and
21.2 MPa in Al7 alloys, respectively. It is apparent that the increased volume fraction of intermetallic
particles (f) results in the rising oor due to the increment in the interaction between fine particles and
dislocations.

However, the calculated values, gor, are smaller than the experimentally determined values, o,
(Fig. 8). This could be likely attributed to the synergy effect of other minor and trace elements (such as
Cu, Si) in aluminum matrix, which can also contribute to the part of om (Ref 30, 31). In addition, the
effect of solute atoms should be same due to a similar solution level of solute atoms in all three
experimental alloys, which can be confirmed by the liner fit between ot and oor in Fig. 11. Therefore,
with increasing Fe contents, the volume fraction of intermetallic particles rises, which leads to
increasing the Orowan stress, gor and experimental stress o, resulting in a significant improvement of
the creep resistance.

In addition, as shown in Fig. 10b, entangled dislocations interacted with subgrain boundaries and
became immobilized, suggesting the beneficial effect of subgrains on the creep resistance. At relatively
high temperature (> 0.5 Tm), subgrain boundaries are generally considered to be harmful to the creep

properties due to their unstable and easily-sliding features during creep. However, the creep test
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temperature is relatively low (=< 0.4 Tm) in the present study and the dislocation glide controls the
creep deformation (Fig. 9), indicating an absence of subgrain boundaries sliding (Ref 32), which is
further confirmed by the TEM observation. Fig. 10b illustrates that the subgrain boundary can also act
as barriers for dislocation motion during creep deformation and Fig. 10c shows that a large part of the
intermetallic particles distribute on the subgrain boundaries, which increases the pining effect on
subgrain boundaries and hence enhances the subgrain stability. Thus, the presence of fine subgrains
results in a positive strengthening effect on creep properties. As demonstrated in Fig. 4, the subgrain
size decreased with increasing Fe contents, which reduces the mean free path for dislocation movement

and generates an additional contribution to a better creep resistance.

4. Conclusions

The effects of Fe contents on microstructure and properties of 8xxx aluminum conductor alloys were

investigated. The following conclusions can be drawn:

1. The as-cast microstructure of 8xxx alloys was consisted of equiaxed a-Al grains and secondary
Fe-rich intermetallics distributed in the interdendritic region. The deformed microstructure showed
partially recrystallized structure for 0.3% Fe alloy but only dynamically recovered structures for 0.5%
and 0.7% Fe alloys. The volume fraction of fine intermetallic particles increased and the subgrain
size decreased after hot deformation with increasing Fe contents.

2. As the amount of Fe increased from 0.3% to 0.7%, UTS and YS increased by 25% and 28% while

EC decreased by 2.3%, respectively. After annealing at 350°C for 4 h, EC increased more than 1%
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for all three alloys compared to that before annealing alloy in the trade-off with reduced tensile
strength.

3. Addition of Fe to 8xxx alloys greatly improved the creep resistance. With increase of Fe content
from 0.3% to 0.5% and 0.7%, the minimum creep rate significantly decreased from 7.5 x 1085 to
1.8 x 10®s™! and further to 5.6 x 107 s, respectively, for creep tests at 100°C with a constant
stress of 69 MPa.

4. With increasing Fe contents from 0.3% to 0.5% and 0.7%, the creep threshold stress greatly
increased from 24.6 to 30.1 and 33.9 MPa, respectively.

5. The introduction of the threshold stress in the analysis resulted in that the true stress exponent values
were close to 3 for all three experimental alloys, indicating that the creep mechanism of 8xxx alloys
is controlled by dislocation glide. The presence of larger volume fraction of fine intermatllic
particles and smaller subgrain size in the higher Fe-containing alloys are responsible for the better

creep resistance.
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Table
Table 1 Chemical composition of experimental alloys studied (wt.%)

Alloy Fe Cu Mg Si Mn Al
Al3 (0.3Fe) 0.3 0.18 0.001 0.023 0.0003 Bal.
Al5 (0.5Fe) 0.5 0.17 0.001 0.027 0.0004 Bal.
Al7 (0.7Fe) 0.7 0.19 0.001 0.042 0.0006 Bal.
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Fig. 2 Typical characteristics of Fe—ric intermetallics in Flg I: (a) SEM mi rogréph; (b) EDS
spectrum; (c¢) EBSD pattern; (d) simulated solution of EBSD pattern, identifying AlmFe phase with a
lower mean angular deviation of 0.315
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Fig. 3 Optical micrographs of the extruded samples: (a) Al3; (b) AlS; (c¢) Al7, showing fine Fe-rich
intermetallic particles distributed along the extrusion direction (ED)
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Fig. 4 Orientation imaging maps of the extruded samples with different Fe contents: (a) Al3; (b) AlS; (c)
Al7; (d) Inversed pole figure (IPF) and extrusion direction (ED)
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Fig. 6 Mechanical properties (a) and EC (b) of the samples after annealing at 350 °C for 4 h
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Fig. 7 Typical creep strain (¢) (a) and instantaneous creep rate () (b) curves of the samples with
different Fe contents, tested at 100°C and 69 MPa
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Fig. 8 Double logarithmic plot of the minimum creep rate &, against applied stress o for Al3, AlS, and
Al7 alloys
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Fig. 9 Double logarithmic plot of minimum creep rate &, vs effective stress ¢ — am for Al3, Al5 and
Al7 alloys

PAlsFe -

interietalli PN
particle

interaction between dislocations and dispersion particles: (a) dislocation pile-up at AlmFe intermetallic
particles, (b) subgrain boundary blocking the dislocation motion, and (c) intermetallic particles
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distributed on subgrain boundaries
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Fig. 11 Relation between the threshold stress, o and Orowan stress, gor
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