Materials Science & Engineering A 813 (2021) 141174

Contents lists available at ScienceDirect

MATERIALS
SCIENCE &
G

Materials Science & Engineering A

journal homepage: http://www.elsevier.com/locate/msea

ELSEVIER

Check for

Thermally stable Al conductor prepared from Al powder with a low et
oxygen content

Cunguang Chen ™", Feng Li“, Weihao Han ?, Tianxing Lu?, Pei Li?, Qianyue Cui?, Yanli Sui”,

Zhimeng Guo ¢, Alex A. Volinsky ©

& Institute for Advanced Materials and Technology, University of Science and Technology Beijing, Beijing, 100083, PR China

b State Key Laboratory for Advanced Metals and Materials, University of Science and Technology Beijing, Beijing, 100083, PR China

¢ Innovation Group of Marine Engineering Materials and Corrosion Control, Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai, 519000,
PR China

d Guangxi Beibu Gulf New Materials Co. Ltd., Beihai, 536000, PR China

¢ Department of Mechanical Engineering, University of South Florida, 4202 E. Fowler Ave., ENG 030, Tampa, FL, 33620, USA

ARTICLE INFO ABSTRACT

Keywords:

Al conductor

Powder metallurgy
Thermal stability
Mechanical properties
Electrical conductivity

The high thermal stability of pure Al conductors is an urgent requirement for their applications in power
transmission lines. Powder metallurgy (PM) Al conductor was produced in this work from Al powder with a low
oxygen content (~0.1 wt%), followed by cold isostatic pressing, sintering, hot extrusion, and cold drawing. The
microstructure evolution, mechanical properties and electrical conductivity of hot-extruded rods and cold-drawn
wires before and after annealing at 300 °C and 500 °C were investigated. The y-AloOs nanoparticles located
primarily at high angle grain boundaries promote the stabilization of Al grains, resulting in enhanced annealing
strength (89 MPa), almost twice higher than commercial pure Al (45 MPa). Fine grains and texture play a sig-
nificant role in the overall strength (160 MPa) of PM Al conductors. One interesting finding is that the electrical
conductivity of cold-drawn wires (60.2% IACS) is higher than the hot-extruded rods (58.7% IACS) due to the
beneficial evolution of initial Al;O3 film and grain boundaries. The compatibility of documented strength-
structure Hall-Petch relation was discussed. Optimal properties (172 MPa ultimate tensile strength and 60.2%
IACS electrical conductivity) were obtained through cold drawing. These results push forward the potential
application of PM Al in heat resistant conductors.

1. Introduction one hand, the strength can be greatly improved by adding alloy elements

to produce the precipitation strengthening effect. Alloying with a low

Due to the low density, relatively high intrinsic conductivity,
excellent corrosion resistance, and lower cost of aluminum (Al) [1,2],
pure Al and Al alloys are used, including one or more layers of the
1350-H19 Al in the outer areas of aluminum conductor steel reinforce-
ment (ACSR) used in the overhead conductor lines [3]. Electrical con-
ductivity and strength are the most significant properties of metallic
conductors, since good electrical conductivity can reduce electrical loss
and improve transmission efficiency, and the high strength can help
withstand the dead weight, wind, and ice loads. Unfortunately, the
electrical conductivity and strength are usually mutually exclusive in
metallic conductors [4,5].

Various approaches to enhance the mechanical performance of
aluminum have been put forward to extend its application range. On the

fraction of Mg and Si is a common method to manufacture wires in
electrical engineering, resulting in an improved ultimate tensile strength
in the 250-330 MPa range. However, since Mg and Si solute atoms could
cause lattice distortions which markedly scatters electrons, the
Al-Mg-Si conductive materials have lower electrical conductivity in the
57-52% IACS (International Annealed Copper Standard) range [1,6,7].
On the other hand, to further increase the strength of Al and Al alloys
without dramatically degrading electrical conductivity, many reports
have recently proposed severe plastic deformation (SPD) techniques, for
instance, accumulated roll bonding (ARB), equal channel angular
pressing (ECAP), high-pressure torsion (HPT) and cold drawing. In
particular, for the pure Al without precipitates, SPD processes are the
effective strategies to break the trade-off relation between the strength
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and the electrical conductivity through the strengthening mechanisms of
grain-boundary strengthening, dislocation strengthening, and texture
strengthening [5,8-11].

Currently, the demand for a higher transmission capacity of elec-
tricity has elevated the operating temperature of the overhead
conductor wires. Consequently, it is apt to cause the recovery and
recrystallization, decrease of the dislocation density, and coarsening of
grains and precipitates in the Al-based overhead transmission lines
subjected to SPD, resulting in the decrease of the mechanical strength
[7]. To increase the service temperature, the addition of Sc, Zr, Ce, La,
Er, and other alloying elements are investigated to generate
thermal-resistant precipitates to stabilize the microstructure [12-16].
For example, adding Sc and Zr forms Al3(Sc, Zr) precipitates, increasing
the highest working temperature of the Al-0.2Sc-0.04Zr alloy to 345 °C
[14]. However, the preparation process of these Al-RE (RE stands for
rare earth) alloys is complicated, and the Al and RE elements are prone
to segregation because of the huge difference in their melting point and
density. Furthermore, for industrial applications, the overall production
costs increase progressively with alloying, especially for these Al-RE
materials including precious elements.

Li et al. proposed a sustainable ‘plain’ approach to obtain advanced
metallic materials with a bespoke performance by engineering defects
while reducing the materials’ compositional complexity [17,18]. Pow-
der metallurgy (PM) Al may be taken as the ‘plain’ material because it is
generally consolidated by gas atomized pure Al powder without alloying
[19]. It is confirmed that PM Al shows superior mechanical properties
and creep performance at elevated temperatures, which benefit from the
homogeneously nanoscale y-Al,O3 dispersoids originated from the
native amorphous Aly,03 (am-Aly03) films [20]. Also, flake powder
metallurgy has been developed to fabricate biomimetic Al;O3/Al com-
posites [21-23] with an excellent tensile strength of 262 MPa and 22.9%
plasticity. However, the relevant electrical conductivity was not re-
ported. These reports of PM Al are in stark contrast to the above Al and
Al alloys such as Al-Mg-Si and Al-RE that are hardened by precipitates,
solid solutions, or grain boundaries.

So far, the mechanical properties and electrical conductivity of the
PM Al conductors have been rarely reported on. In the present research,
PM Al conductors were prepared by cold isostatic pressing and sintering,
followed by hot extrusion and cold drawing. In order to evaluate the
thermal stability of PM Al expected to be applied at elevated tempera-
tures, the tensile tests and electron backscatter diffraction (EBSD), and
transmission electron microscopy (TEM) observations were carried out
before and after annealing at ultra-high temperatures, i.e. 300 °C and
500 °C. The related strengthening mechanisms were also discussed.
Finally, microstructure control through processing of PM Al results in a
good combination of enhanced mechanical strength, extremely high
thermal stability, and sufficient electrical conductivity.
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2. Materials and methods
2.1. Materials

Nitrogen gas-atomized Al powders supplied by the Angang Group
Aluminum Powder (AGAP) Co., Ltd., China were the starting materials
in this study. Fig. 1 displays the powder morphology with the particle
size distribution. The raw powder particles have a nearly spherical shape
and 20 pm median particle diameter, which was determined using a
laser diffraction system (BT-9300S) by wet dispersion. The inductively
coupled plasma-atomic emission spectrometry (ICP-AES) was used to
analyze the chemical composition of the Al powder, which is A1 99.83 wt
%, Fe 0.086 wt%, Si 0.039 wt%, and Cu 0.001 wt%. The Al powder
particles were passivated by exposure to air to obtain a thin oxide layer,
the thickness of which is 2-4 nm, as demonstrated in previous work [20,
24]. The nominal oxygen content in the Al powder was 0.1 wt% (data
supplied by AGAP Co., Ltd.).

2.2. Samples preparation

The powders were pre-pressed into green bodies (90 mm in diameter,
300 mm in height) by cold isostatic pressing (CIP) at 180 MPa and then
subjected to vacuum sintering at 610 °C for 180 min. After that the
sintered cylindrical ingots were hot extruded at 380 °C into Al bars with
a diameter of 12 mm. Since commercial pure Al conductors (CPACs) are
often made by a standard cold-drawing route, the investigation of the
mechanical properties and the microstructure evolution of cold-drawn
Al wires is significantly important referring to previous research [5,25,
26]. The cold-drawing experiment on the hot-extruded PM Al rods was
conducted using a bull block drawing machine. The hot extrusion and
cold drawing were performed in the air. The PM Al wire with a diameter
of 3 mm was manufactured by cold drawing for 11 passes from the
original Al rod, which was hot extruded. The total area reduction was
about 93.7%. While strength degradation is a natural phenomenon
commonly occurring at the increased operating temperature during the
service of traditional Al conductors, it is important to investigate the
strength degradation of the annealed PM Al materials. Therefore, to
study the thermal stability of the extruded PM Al rods, air annealing at
300 °C and 500 °C for 24 h was applied, i.e., below and above extrusion
temperature, respectively. The cold-drawn PM Al wire of 3 mm in
diameter was annealed in air at 300 °C for 24 h. The schematic diagram
of the preparation process of the investigated samples is shown in Fig. 2.

2.3. Characterization

The uniaxial tensile tests of the hot-extruded and cold-drawn PM Al
before and after annealing were carried out using the WDW-200D
testing machine according to the ASTM-E08 standard. A wire-cut elec-
tric discharge machine was used to prepare standard dog-bone tensile
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Fig. 1. (a) SEM image of Al powder and (b) the particle size distribution.
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Fig. 2. Schematic diagram of the preparation process of investigated samples.

samples for hot-extruded PM Al with a gauge diameter of 5 mm and a
gauge length of 25 mm. The tensile samples for cold-drawn PM Al were
cut with a gauge length of 150 mm. All the tensile specimens were tested
at room temperature and a constant strain rate of 10”3 s~} with the
tensile axis parallel to the extrusion and drawing direction. Five tests
were performed for each sample, and average values were taken.

The electrical conductivity of the specimens with the 2 mm x 2 mm
x 40 mm dimensions was measured using the four-probe method with
the TH2513A DC low resistance tester. In order to ensure the accuracy of
the results, the room temperature was adjusted to about 20 °C by the air
conditioner during the measurement process. At least five measure-
ments were made, and the average values and standard deviation were
calculated.

Al pieces with a thickness of 1 mm cut from the radial section and the
axial section of the hot-extruded, cold-drawn, and annealed PM Al
specimens were made into samples for EBSD observations. Sample
preparation for EBSD was done by grinding with SiC paper up to 2000
grit and then electrolytically polished using an etching solution con-
taining 10 vol% perchloric acid and 90 vol% alcohol at —20 °C for 8 s.
The grain orientation distribution and the texture evolution were
measured by the EBSD technique integrated into a field emission scan-
ning electron microscope (FESEM, ZEISS SUPRA™ 55). TEM samples
were cut from the cross-section of cold-drawn Al wires, ground to a
thickness of 0.05 mm, and then twin-jet electropolished using a solution
of 20 vol% perchloric acid and 80 vol% methanol. TEM foils were
examined by the FEI Tecnai G2 F30 microscope operating at 200 kV. The
three-dimensional atomic probe (3DAP, LEAP 5000XR) was used to
analyze the spatial distribution of oxygen and aluminum elements. The
samples were wire-cut to the 0.5 mm x 0.5 mm x 1.5 mm size, and the
needle tip of less than 100 nm was micro-polished by 2 vol% perchloric
acid and 98 vol% ethylene glycol monobutyl ether.

3. Results and discussion
3.1. Microstructure of consolidated Al bulk
The SEM microstructure and EDS results of PM Al cylindrical ingots

sintered in a vacuum are shown in Fig. 3. Fig. 3a presents residual pores
as the black regions with white margins in the sintered Al bulk. Because

of these defects not being compact, the Al sintered bulk only achieves
97.5% of the Al theoretical density measured according to the Archi-
medes principle, which is consistent with prior findings adopting the
nitrogen sintering [19]. Moreover, the morphology of the initial Al
powder particles surrounded by chain-typed y-AlyO3 dispersoids is
visible. In line with the previous reports [20,24], the transformation
from am-Al,O3 platelets to y-Al,O3 dispersoids occurred after sintering
at 610 °C. Also, the white margins as part of the prior particle bound-
aries (PPBs) in the sintered SEM microstructure can be regarded as
oxygen-rich area via the EDS analysis in Fig. 3b and c. On the one hand,
because of the sintered bulk large size, the sintering process is completed
before all the air retained in the green compact is fully expelled by
pulling a vacuum, more oxides will be formed around the pores coupled
with the low surface energy. On the other hand, some oxides may be
generated from the chemical reaction between the etching solution
containing perchloric acid and Al matrix during the electrolytic polish-
ing in the preparation of SEM samples.

To characterize the microstructure in terms of the grain size, texture,
and stress distribution of sintered Al bulk after CIP, the EBSD observa-
tions in Fig. 4 were carried out. As revealed in the orientation image map
(OIM) of the grains in Fig. 4a, the structure shows no obvious preferred
grain orientation. It can be also found in the inverse pole figures (IPFs) in
Fig. 4e that there is a little difference between the maximum value
(2.07) and the minimum value (0.26) of the pole density. During the
process of CIP, spherical Al powders first go through the particle rear-
rangement and then are subjected to plastic deformation under the
isostatic pressure of 180 MPa because the metals such as Al with the
face-centered cubic (FCC) crystal structure are easy to deform. However,
the recrystallization takes place as the sintering process goes on, leading
to the formation of Al grain structure containing the majority of
completely developed crystal grains bound by high angle grain bound-
aries (HAGBs) higher than 15° marked by red color (Fig. 4b). There are
only a couple of sub-grains confined to low angle grain boundaries
(LAGBs) marked by white color (2-15°), which are concentrated on
PPBs in Fig. 4c. The emergence of LAGBs indicates that a few sub-
structures are produced despite undergoing the stage of high tempera-
ture (610 °C) sintering for PM pure Al. Corresponding to the map of
kernel average misorientation (KAM) in Fig. 4d, the location of LAGBs
exhibits the high density of geometrically necessary dislocations (GNDs)

Fig. 3. (a) SEM microstructure and (b, ¢) EDS results of as-sintered PM Al in a vacuum. The EDS results in (b, c) represent oxygen and aluminum elements dis-

tribution, respectively.
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Fig. 4. EBSD microstructure with grains, texture, and stress distribution of vacuum sintered Al: (a) the orientation image map of grains, (b) the map of high angle
grain boundaries, (c) the map of low angle grain boundaries, (d) the map of kernel average misorientation, and (e) the inverse pole figures.

in green color, representing the area of intense deformation. The stress terms of the Al;O3 component including am-Al,Og3 platelets and y-Al,O3
level at the boundary is higher than inside the particle. These phe- dispersoids, the sintering is severely hampered, leading to the formation
nomena should be attributed to as-formed y-Al;03 dispersoids as strong of pores illustrated in Fig. 3a.

obstacles to the dislocation motion around the PPBs. Nevertheless, in
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Fig. 5. (a—c) Grain orientation image maps and (d-f) grain size distribution of PM Al rods in the radial direction (a) after hot extrusion, (b) annealed at 300 °C and (c)
500 °C for 24 h. The bar graphs (d—f) correspond to (a—c), respectively.
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3.2. Microstructure of hot extruded and annealed PM Al

Since the grain is an important factor that influences various prop-
erties, the changes of the grains in the radial direction are characterized
by EBSD. Fig. 5 shows grain OIMs and grain size distribution of the hot-
extruded Al rods before and after annealing at 300 °C and 500 °C for 24
h, respectively, determined by EBSD and analyzed by the Channel 5
software integrated into the ZEISS SUPRA™ 55 SEM. The overall grain
size observed from the radial section in Fig. 5a—c is relatively uniform,
and no abnormally large grains are found, even for the microstructure
annealed at 500 °C in Fig. 5c. The average grain size of the hot-extruded
Al rods annealed at 300 °C for 24 h (1.81 pm in Fig. 5e) is almost equal to
the hot-extruded Al rods (1.77 pm in Fig. 5d). However, with the in-
crease of annealing temperature, the average grain size gradually in-
creases to 2.91 pm (Fig. 5f) for the HE Al rods annealed at 500 °C for 24
h. As calculated, the grain size after annealing at 500 °C for 24 h is 60%
higher than after annealing at 300 °C for 24 h, and 64% higher than that
before annealing. Nevertheless, the grains annealed at 500 °C still keep
an even and small appearance compared to the previous reports on the
cast Al ingot followed by deformation [5].

Now that the grain size has changed after annealing at the evaluated
temperature, the factors such as recovery and recrystallization that
cause the change of grain characteristics should be taken into account.
Fig. 6 demonstrates the microstructure evolution of hot-extruded and
annealed Al rods in the axial direction by the EBSD technique. Among
the EBSD maps, the blue, yellow, and red regions represent the recrys-
tallization microstructure, substructure, and deformation microstruc-
ture, respectively. The statistical results related to the volume fraction of
these three kinds of microstructure is given in Table 1. Each measure-
ment was performed three times and the average values are reported
with the relative error not exceeding 5%. As for the hot-extruded Al
rods, it is seen in Fig. 6a that the red zone covers most of the viewed area,
while the blue one occupies a very small proportion, that is, most of the
grains accounting for 62.9% are still deformed along with 11.8%
recrystallization microstructure and 25.3% substructure. It is widely
reported that Al has relatively high stacking fault energy and the dis-
locations tend to dynamically recover due to the dominating wavy slip
mode in the hot working above the recrystallization temperature of Al
(380 °Cin this study) [27,28]. The dislocation density in substructures is
low, and the stored residual energy is insufficient to cause dynamic
recrystallization. Therefore, in the hot extrusion process of this study,
the proportion of recrystallization that occurred is relatively low
(11.8%). However, after subsequent annealing at 300 °C below the
extrusion temperature for a long time (24 h), the proportion of recrys-
tallization increased to 44.9%, whereas the deformed region dropped
sharply to 3.5%, as seen in Fig. 6b. After raising the annealing temper-
ature to 500 °C for Al, as seen in Fig. 6¢, more than half of the investi-
gated microstructure (53.8%) has completed recrystallization, and the
deformed microstructure almost disappeared, only leaving 1.6% ac-
cording to the statistical results. Besides, unlike the dramatic change of
the recrystallization and deformed microstructure, the substructure only
takes 51.6% and 44.6% even after undergoing prolonged annealing at
300 °C and 500 °C, respectively. The microstructure of hot-extruded PM

Materials Science & Engineering A 813 (2021) 141174

Table 1
Statistical results of recrystallization, substructure, and deformation areas.

Material Recrystallization area  Substructure area  Deformation area
Hot-extruded 11.8% 25.3% 62.9%

300 °C annealed 44.9% 51.6% 3.5%

500 °C annealed  53.8% 44.6% 1.6%

Al presented herewith is described corresponding to the TEM charac-
terization of the as-processed PM Al and after annealing at the same
conditions reported previously [19].

The texture produced by plastic deformation can be considered as
one of the strengthening factors in metallic materials [5,25,29]. In this
study, the extrusion ratio, calculated as the reduction of the sample
diameter from 90 mm to 12 mm exceeds 56%. The texture evolution and
the corresponding volume fraction of the <111> texture in the
hot-extruded and annealed PM Al rods are given in Fig. 7. The orien-
tation distribution maps of the PM Al rods observed from the radial
section in Fig. 7a—c show that the rods have a weaker <001> fiber
texture together with a stronger <111> fiber texture, which are typical
textures in the FCC metals with large deformation. The volume fraction
of the <111> texture demonstrated in Fig. 7d-f is calculated as:

S<ii> = S<in1> /1 So (@)

Here, f-111> is the volume fraction of the <111> texture, S-111~ is
the area of the subgrains with <111> orientation and Sy is the measured
total area. After annealing at 300 °C for 24 h, there is a slight change in
the <111> texture with the volume fraction decrease from 67.2% to
68.1%. However, an increasing amount of subgrains with the <001>
orientation and a decreasing amount of subgrains with the <111>
orientation can be found in the PM Al rods annealed at 500 °C for 24 h,
indicating the occurrence of texture evolution from the <111> texture
to the <001 > texture. It can be estimated that the volume fraction of the
<111> texture in the 500 °C annealed rods drops to 53%, smaller than
the hot-extruded rods.

As for the evolution of the <001> recrystallization texture in axi-
symmetrically deformed FCC metals, such as aluminum in this work, it is
typically described in terms of the two models. On the one hand, Inoue
et al. [30] showed that it could be explained by the strain-induced grain
boundary migration (SIGM) model. It is claimed that the <001> region
is adjacent to the <111> oriented region and that subgrains in the
<001 > region recover faster, i.e., the subgrain coalescence or the sub-
grain growth occurs at the very early stage of the recrystallization pro-
cess. Since the <001> subgrains are larger than the <111> subgrains,
the <001> subgrains are assumed to be the nuclei for recrystallization
which could grow into the <111> region through the migration of the
high-angle grain boundaries between the <111> and <001> regions.
Despite the SIGM model being usually observed in lightly deformed
metals, the process of hot extrusion followed by sintering (Fig. 4) in this
study is very different from drawing with large deformation by Inoue
et al. [30]. This may explain the slight increase in the volume fraction of
the <111> texture after 300 °C annealing, as previously mentioned in
Fig. 7e. On the other hand, according to the calculations of the SERM

Fig. 6. EBSD microstructure evolution of PM Al rods in the axial direction (a) after hot extrusion, (b) annealed at 300 °C and (c) 500 °C. In the EBSD maps, the blue,
yellow, and red regions are denoted as the recrystallization microstructure, substructure, and deformation microstructure, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. (a—c) Texture evolution and (d-f) the corresponding volume fraction of the <111> texture (blue regions) in the PM Al rods in the radial direction after (a, d)
hot extrusion, (b, e) annealing at 300 °C, and (c, f) annealing at 500 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

model proposed by Lee [31], the <111> and <001> components in the
deformation texture are going to transform into the <001> component
after recrystallization. For the <111> oriented crystal, three m<110>
directions and the planes made by the slip directions are calculated to be
active slip systems. The absolute maximum principal stress direction
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will become the minimum elastic modulus direction of recrystallized
grains to minimize the strain energy of the system. The minimum elastic
modulus directions of aluminum are the <001> directions. Therefore,
the deformed <111> grains will be replaced by the recrystallized
<001> grains. Also, the <001> oriented grains might retain their
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Fig. 8. (a, b) Grain orientation image maps and (c, d) grain size distribution of PM Al wires as (a, ¢) cold-drawn and (b, d) subsequently annealed at 300 °C.
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deformation texture during annealing by continuous recrystallization by
recovery-controlled processes without long-range high-angle boundary
migration, leading to the growth of the <001> grains at the expense of
their neighboring <111> grains, which tend to assume the <001>
orientation. Consequently, it is understandable that the volume fraction
of the <111> texture obtained in Fig. 7f after prolonged annealing at
high temperature (500 °C) is declined.

3.3. Microstructure of cold drawn and annealed PM Al

Fig. 8 shows the grain OIMs and grain size distributions of the PM Al
wire with a diameter of 3 mm cold drawn and annealed at 300 °C for 24
h. Asillustrated in Fig. 8, the average grain size of the cold-drawn PM Al
wire in the radial direction is 1.01 pm (Fig. 8c), whereas the grains grow
up to 1.79 pm (Fig. 8d) after annealing. Even if the increase of grain size
reaches 77.2%, the average size of annealed grains remains at a rela-
tively fine level above the recrystallization temperature. As reported in
Ref. [25], the commercially pure Al conductor (CPAC) of 2.98 mm in
diameter was prepared by cold-drawing via 9 passes from the original Al
rod with a diameter of 9.5 mm, and the total area reduction was 90.2%,
very close to 93.7% in this study. Subject to annealing at 300 °C for 20
min, it was observed that the subgrains gradually grew from 0.4 ym of
the cold-drawn CPAC to 1.9 pm after annealing at 300 °C for 20 min,
with the sharp increase of 325%.

Asreported in Ref. [18], the naturally formed nanoscale Al,O3 on the
surface of the Al powder is thermodynamically stable even at 500 °C.
Compared with the commercial pure Al, the most striking difference for
the studied PM Al is the y-Al,O3 dispersoids solidly located in the HAGBs

=7

Z
—
///,/
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per TEM observations (Fig. 9), so that PM Al can still maintain a rela-
tively fine and uniform structure at a higher temperature. For one, the
Al,O3 particles with the size of 50-100 nm (Fig. 9a) are distributed on
the subgrain boundaries, and the spacing between them is measured to
be 200 nm. The 30 nm Al,Os particle is captured in Fig. 9b. At the same
time, as seen from the high-resolution image (Fig. 9c), the strongly tight
interface is observed at the boundary between the y-Al;03 particle and
the Al matrix. By measuring the radius of multiple diffraction rings from
the selected area electron diffraction (SAED) in Fig. 9d, it is determined
that the nearly spherical and white particles in Fig. 9a and b are y-Al,O3
with the hexagonal crystal structure, comparing the data of the standard
PDF card (#2310-0173) and previous studies.

Most importantly, the characteristics of y-Al;03 in three-dimensional
space are first confirmed by the 3DAP measurements demonstrated in
Fig. 10. In terms of the element distribution analysis in the spatial scale
of $60 nm x 100 nm, it is found that a red surface encompassing region
is superimposed on the point cloud, revealing the presence of an oxygen-
rich cluster within the data. The oxygen element is clumped together
into a flat shape and possess the 3D size of 15 nm x 20 nm x 30 nm with
the comprehensive analysis of Fig. 10a—c. It can be considered that ox-
ygen has no solid solubility in Al at experimental temperature. Thus, the
oxygen-rich cluster can be seen as a y-Al,O3 area rather than random
fluctuations in the solid solution. Understandably, the size of y-AloO3
observed by 3DAP is not quite identical with the TEM results, because
y-Al;03 particles observed by TEM and 3DAP are usually in different
zones. However, the size of y-Al;O3 particles obtained by 3DAP is
consistent with the TEM results of Fig. Ob and the previous research
(28.2 nm) [20]. Clusters of AlO are discovered in Fig. 10d, which is the

Fig. 9. TEM images of y-Al,03 dispersoids: (a) 50-100 nm y-Al,O3 (white particles), (b) 30 nm y-Al,O3 (white particle), (c) lattice fringe image of y-Al,O3 in high-
resolution mode, indicating tight interface between y-Al,O3 and Al matrix, and (d) the selected area electron diffraction.
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Fig. 10. Spatial element distribution of: (a) Al, side view; (b) Al, top view; (c) oxygen and (d) AlO obtained by the 3DAP technique.
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Fig. 11. Ultimate tensile strength (UTS), yield strength (YS), elongation (EL), and electrical conductivity (EC) of PM Al at different conditions: hot extrusion (Sample
1) and annealed at 300 °C (Sample 2) and 500 °C (Sample 3), cold drawn (Sample 4) and annealed at 300 °C (Sample 5).
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subject of further investigation. Such findings are of particular interest
and are not reported yet.

3.4. Mechanical properties and electrical conductivity

The ultimate tensile strength (UTS), YS, elongation, and electrical
conductivity (EC) of PM Al at different conditions are shown in Fig. 11.
Compared to the hot-extruded PM Al, the UTS of hot-extruded PM Al
after annealing at 300 °C is almost unchanged and decreases by 13%
after 500 °C annealing. The reduction in YS after annealing at 300 °C
and 500 °C is about 9% and 37%, respectively. After annealing at 300 °C,
the elongation shows no obvious change but increases slightly after
annealing at 500 °C. In the case of cold-drawn PM Al wires with a
diameter of 3 mm, a significant increase occurs in both UTS and YS. To
be specific, the UTS is up to 172 MPa, which is a 40% increase compared
with the extrusion state. The 52% YS increase is obtained. The increase
of the YS is higher than UTS. When annealed at 300 °C, the UTS was 102
MPa, while the YS was 89 MPa. It can be calculated that the YS degra-
dation (44%) is a little higher than UTS (41%).

With respect to the high-temperature stability of the microstructure
and properties of Al conductors, the previous research [25] has
demonstrated that the grain size of CPAC increased from 0.4 pm to 1.9
pm, or 375% after 20 min annealing at 300 °C, and the corresponding YS
decreased to 70 MPa as listed in Table 2. Also, the YS of CPAC sharply
decreased to 45 MPa when the holding time was prolonged to 12 h. In
stark contrast, despite annealing for 24 h at 300 °C, the grain size of
cold-drawn PM Al changed from 1.01 pm to 1.79 pm, increasing by 77%.
The sample YS of 89 MPa after annealing is twice as high as CPAC, and
the annealing holding time of PM Al is double that of CPAC. It can be
concluded that the stability at the evaluated temperature PM Al is much
higher than CPAC. It is worth noting that the reported CPAC contains
0.4% impurities, Si 0.11%, Fe 0.25%, Cu 0.01% and Mn < 0.03%, which
could bring about stronger solution strengthening than PM Al in this
study with 99.83% Al. Thus, it follows that the dominant factor stabi-
lizing the microstructure and properties of PM Al should be the pinning
of y-Al,O3 particles at grain boundaries.

This viewpoint has been confirmed by numerous studies [20,24,
32-35], including our previous results by rotary swaging on PM Al [19].
However, Balog et al. [35] and Schneibel et al. [36] have pointed out
that the y-AlyO3 particles located at HAGBs did not contribute dramat-
ically to the room-temperature strengthening of the Al + y-Al;03 ma-
terials with the grain size ranging from 0.57 pm to 2.99 pm, within
which the size of studied grains falls precisely, whereas grain boundaries
played a significant role in the overall strength. In addition, the oxygen
content of 0.1 wt% in PM Al stands for a small quantity of y-Al,O3
particles, not enough to activate notable Orowan strengthening. Moti-
vated by the above discussion, more conclusive strengthening mecha-
nisms will be further identified.

The electrical conductivity of PM Al rods and wires is presented with
square symbols in Fig. 11. The electrical conductivity of PM Al wires by a
cold drawing (60.2% IACS) is higher than PM Al rods made by hot
extrusion (58.7% IACS). This is an interesting phenomenon. Generally,
the volume fraction of grain boundaries, the number of point defects,

Table 2
Grain size (d) and mechanical properties of PM Al in the study and CPAC [26].
Material CPAC PM Al
Cold Cold drawn Cold drawn Cold Cold drawn
drawn +300 °C/20 +300 °C/12 drawn +300 °C/24
min annealed h annealed h annealed
d (pm) 0.4 1.9 — 1.01 + 1.79 + 0.10
0.08
UTS 210 + ~90 + 4 ~85+3 172 + 102 + 3
(MPa) 2 3
YS 198 + ~70 + 4 ~45+7 160 + 89 +2
(MPa) 2 4
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and the dislocation density increase during the cold drawing, which
would enhance the electron scattering and increase electrical resistivity.
However, for PM Al, the continuous Al,O3 film coated on the surface of
Al powder is gradually drawn into long strips and eventually into par-
ticles, as seen in Fig. 9a during the process from hot extrusion to cold
drawing. It is known that Al,Og3 is an insulator. Thus, it is only when
Al,0s films become very small particles that the scattering of electrons is
reduced, that is, the electrical conductivity will increase. Furthermore,
the interactions between the electrons and the grain boundaries could
lead to a decrease in electrical conductivity. Previous studies [25,29]
have shown that the electrical resistivity caused by the grain boundaries
nearly perpendicular to the axial direction should be much greater than
that caused by ones parallel to the axial direction. As the degree of
deformation increases, the grains will be stretched out longer. This
means an increase of the grain boundaries parallel to the axial direction,
resulting in the advancement of electrical conductivity. It is logical for
the cold-drawn PM Al wires to have higher electrical conductivity,
compared with hot-extruded PM Al rods. In addition, after annealing,
the electrical conductivity of samples in both states (hot extrusion and
cold drawing) is improved. Contributions to the resistivity added by
dislocations and grain boundaries should gradually decrease with
annealing temperature due to reduction of dislocation density and grain
growth, respectively, thus leading to an increase of the electrical
conductivity.

3.5. Strengthening mechanisms

Multiple studies have found that the YS of pure metals with strong
texture can be estimated assuming that different strengthening mecha-
nisms are independent of each other:

Gys = G + Onp -+ Od -+ Orex (2

Here, o o is the Peierls-Nabarro stress, oyp is the grain boundary or
Hall-Petch (H-P) strengthening, o4 is the dislocation strengthening and
Otex 1S the texture strengthening. It should be noted that the dislocation
strengthening can be thought of as an insignificant effect in this study, as
the density of dislocations in the hot-extruded PM Al rods is at a rela-
tively low level. Furthermore, dislocations tend to recover during the
plastic deformation process due to the considerably high stacking fault
energy in Al. As a result, the strengthening factors in this study can be
expressed as:

OYS = OHP + otex- 3

It is reported that the yield strength of a single crystal is mainly
determined by the critical resolved shear stress (7) and the Schmid factor
(£2). In the Al materials, the €2 of the <001> orientation is 0.408, while
the Q2 of the <111> orientation is 0.272. Correspondingly, the <001>
and <111> orientations are defined as ‘soft’ and ‘hard’ orientations,
respectively. Given that each grain in PM Al is an ideal single crystal, the
YS of the <111> orientated grains must be always higher than the grains
with <001> orientation due to the relatively lower 2 of the <111>
orientation compared with the <001> orientation. Accordingly, the
grains with nearly all the <111> orientations should play an important
role in the texture strengthening of PM Al, which will be discussed
below. It has been reported that the YS of CP Al wire induced by texture
strengthening can be calculated as [5,25,29]:

Gtex = Oys — OHp = Oys * (1 — My / My) ©)]
M = foins 1 Qcins + f<oo1> / Q<001> %)

Here, M is the orientation factor of CP Al wire, and My = 3.06 is the
mean orientation factor for polycrystalline Al with random orientation.
In addition to a handful of y-Al,O3 particles, PM Al is essentially alike to
CP Al, so Egs. (4) and (5) are appropriate for PM Al. The YSs of PM Al
induced by the texture strengthening and the Hall-Petch effect were
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Table 3

The average grain size, the volume fraction of the <111> texture (f-111-) and
the <001> texture (f-o1-), the orientation factor (Mj), the yield strength (ys),
the Hall-Petch effect (opp) and the texture strengthening effect (oex) of the hot
extruded (HE) and annealed at 300 °C (HE-300) and 500 °C (HE-500) rods, cold
drawn (CD) and annealed at 300 °C (CD-300) wires.

Sample HE HE-300 HE-500 CD CD-300
d (pm) 1.77 + 1.81 + 291 + 1.01 + 1.79 +
0.10 0.13 0.16 0.08 0.10
oo 0.672 0.681 0.53 0.784 0.713
f<001> 0.328 0.319 0.47 0.216 0.287
M; 3.275 3.286 3.10 3.411 3.324
oys (MPa) 105+ 3 95+ 2 77 £ 2 160 + 4 89 +2
oup 98.1 88.5 76 143.5 82
(MPa)
Otex 6.9 6.5 1 16.5 7
(MPa)

calculated, and the results are listed in Table 3.

It should be noted that only when the value of the orientation factor
(M) is greater than the mean orientation factor (M = 3.06), the texture
can produce a significant reinforcement effect. It is demonstrated that
the greatest strengthening increment (16.5 MPa) from the hard <111>
texture of cold-drawn PM Al wire with the highest volume fraction of
78.4% is close to 10% of the corresponding YS (160 MPa). Additionally,
the electrical conductivity of cold-drawn PM Al wires is higher than the
hot-extruded PM Al rods, as seen in Fig. 11. This suggests that the change
of texture component from <001> to <111> could not compromise the
electrical conductivity for being unable to carse additional crystal de-
fects during the rotation of crystallographic orientation. Therefore, as
mentioned earlier [5], cold drawing can be considered as an efficient
way for breaking the trade-off relation of strength and electrical con-
ductivity for preparing the Al conductor.

It is well established that a decrease in grain size leads to an increase
in strength for metals as long as the grain size is greater than a few tens
of nanometers [37]. Grain refinement can effectively improve the me-
chanical properties of metals according to the classic Hall-Petch
relationship:

d—1/2

©

OHp = O + k

Here, oyp is the yield stress, oy is the friction stress when dislocations
move on the slip plane, d is the average grain size and k is the stress
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Fig. 12. Linear fitting based on the Hall-Petch equation. The YS is affected by
the fine-grain strengthening (oyp) and the grain size (d) according to the Hall-
Petch equation.
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concentration factor. The experimental data of the YS for the HE and
cold-drawn PM Al before and after annealing is plotted against d~/? in
Fig. 12. Typical H-P behavior is exhibited with the slope per Eq. (6). As
unanticipated, the values of the friction stress (¢¢) and the H-P slope (k)
are —35 MPa and 173 MPa pm'/2, respectively. Based on a compilation
of 69 and k values from the previous work [5], it is revealed that both
parameters are in the 69 = 10-61 MPa and k = 40-148 MPa pm'/? ranges
for the deformed CP Al In addition, according to the H-P relationship
obtained by Hayes et al. [38], the values of 6( and k for the cryomilled
CP Al extrusions are 250 MPa and 90 MPa ym'/?, respectively. The o, of
cryomilled Al is much higher than the results summarized in Ref. [5]. All
in all, the intersect values, o, representing the intrinsic flow stress, are
positive. However, the value of o in this study is negative, along with an
increased slope. Hence, the strength-structure relationship in this
investigation cannot be rationalized based on the H-P relationship.
Variations in ¢ and k may be attributed to other strengthening mech-
anisms that contribute to the flow stress.

Based on data interpolation by Balog et al. [35], 6¢ and k are —44.8
MPa and 251.6 MPa pm'/2, respectively. The value of oy is also negative
and the parameter k is significantly higher compared to the data for
conventional CP Al when the mechanical tests are carried out at room
temperature. Our findings are similar to these results, despite the me-
dian particle diameter of gas atomized Al powders adopted by Balog
et al. being below 10 pm, finer than our raw material. Coincidentally,
the average grain size in both studies falls in the 1-3 pm range, which is
regarded as critical grain size (1-10 pm) to bring about a change in
strengthening mechanism dominated by HAGBs [39]. The enhanced
strength at critical grain size may result from the lack of mobile dislo-
cations or easy-to-operate dislocation sources, consequently raising the
flow stress independent of the grain size, and therefore leading to the
increased slope (k = 173 MPa pml/ 2 [40], as seen in Fig. 12,

4. Conclusions

A novel Al conductor stabilized with a low volume fraction of
y-Al;03 nanoparticles was fabricated via powder metallurgy followed by
hot extrusion and cold drawing. The effects of high temperature (300 °C
and 500 °C) annealing for a long time (24 h) on microstructure evolu-
tion, mechanical properties, and electrical conductivity were investi-
gated. The following conclusions can be drawn.

@ The recrystallization and grain growth of hot-extruded and cold-
drawn PM Al conductors is strongly inhibited by 30-100 nm
v-AlyO3 dispersoids located primarily at HAGBs after annealing at
300 °C and 500 °C, thereby resulting in remarkable stabilization of
the Al grain structure.

@ Despite unapparent dispersion strengthening derived from the large-
sized and low volume fraction y-Al;O3 particles, the major contri-
butions to the strength of PM Al conductors are due to grain
refinement and texture strengthening. As the value of the friction
stress (op) is negative, the strength-structure relationship cannot be
interpreted by the established Hall-Petch law.

@ The optimal properties of PM Al wires obtained by cold drawing are
the ultimate tensile strength of 172 MPa and electrical conductivity
of 60.2% IACS. After annealing at 300 °C, the electrical conductivity
increases to 60.8% IACS, and despite the prolonged annealing time,
the yield strength of PM Al is twice as high as the CPAC.
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