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Al wires with different deformation were obtained by cold-drawing and annealing treatment. The microstructure, 

mechanical, and electrical properties of the wires annealed at different temperatures and times were studied using SEM, 

universal testing machine, and DC resistance tester. The results indicate that as the annealing temperature and time 

increase, the UTS of Al decreases, while the EL and EC increase simultaneously. During the annealing procedure, 

recrystallization is observed to begin at 300 ℃ and complete at 350 ℃. Compared with the beginning of recrystallization, 

the recrystallized grain diameter increases from 11.34 μm to 20.59 μm, while the UTS decreases by 24.1 %, the EL 

increases by 74 %, and the EC increases by 3 %. When annealed at 315 ℃ for 1h, the recrystallization begins in the 

samples with 90 % deformation, and completes when the annealing time is increased to 4.5 h, the grain diameter increases 

from 7.67 μm to 20.71 μm; though the tensile decreases by 24.3 %, the EL and EC increase by 97.5 % and 2.8 %, 

respectively. 
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1. INTRODUCTION 

Cables play an essential role in the electrical system, 

facilitating power transmission [1 – 4]. The cable is 

composed of a metal core and an outer insulating material, 

and it could be said that the performance of the metal core 

largely determines the quality of the cable [5, 6]. In the early 

days of long-distance power transmission, copper was the 

material of choice for the metal wire core due to its excellent 

EC and mechanical properties [7 – 9]. However, the high 

density of copper does present a challenge in terms of span 

spacing, which can be a limiting factor in the cost-

effectiveness of long-distance power transmission. This 

could potentially impact the sustainability of the cable 

industry. While Al has a lower EC than copper, it is worth 

noting that its ratio of EC to weight is twice that of copper. 

In addition, the specific strength of Al is 30 % higher than 

that of copper, and the flexibility and corrosion resistance 

are also better than that of copper [10 – 14]. Therefore, the 

wide application of Al wire in the power industry can 

greatly reduce the cost of power transmission. "replacing 

copper with aluminum" has become a new development 

trend, which is an inevitable requirement to promote the 

high-quality development of the cable industry [15]. 

To date, a large number of scholars have carried out 

research on Al wires, including studies on their EC, EL, 

UTS, YS, fatigue strength, friction properties, etc. It has 

been shown that elastic and microplastic deformation 

features are characteristic of the wire as a whole, and that 

they are very sensitive to changes in microstructure and 

correlate with the results of diffraction methods, showing 
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complex structural changes [16]. A new experimental test 

bench intended to perform fretting fatigue tests on 

individual strands of overhead conductors is used to study 

the wire-to-clamp and the wire-to-wire contact 

configurations [17]. The variety of the material’s hardened 

states significantly affected its fatigue strength [18]. 

Moreover, Pan et al. concluded that the ultimate tensile and 

yield strength increases significantly with increasing Fe 

content, while the conductivity decreases slightly. In 

addition, in high Fe-containing alloys, the volume fraction 

of fine intermetallic particles is larger and the subgrain size 

is smaller, resulting in a much higher creep resistance. As 

the Fe content increases from 0.3 to 0.7 %, the creep 

threshold stress increases from 24.6 MPa to 33.9 MPa, 

respectively. The true stress exponent values of the three 

experimental alloys are close to 3, indicating that the creep 

mechanisms of the 8xxx alloys are all dislocation-controlled 

[19]. Hou et al. artificially aged 6201RE Al alloy conductors 

to obtain a large number of dispersed nanoscale precipitated 

phases. The precipitation of alloying elements in the form 

of nano-precipitated phases plays a strengthening role, 

reduces the concentration of alloying elements in the matrix, 

and reduces the lattice distortion, resulting in the 6201RE 

Al alloy obtaining both high strength (352.3 MPa) and high 

EC (56.0 % IACS). Likewise, nanoscale precipitates in Al 

alloys can improve the strength and EC of Al alloys [20]. 

Luo et al. explored and found that the cold-drawing process 

greatly increases the YS of commercially pure Al wire while 

maintaining resistivity. The increase in strength of cold-

drawn Al wire is mainly due to GB and dislocation 
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strengthening. Texture reinforcement works at higher 

strains.GB and dislocation scattering are the main reasons 

for the decrease in conductivity [21]. Some scholars have 

also studied the effect of annealing treatment on the 

microstructure and properties of pure aluminum wire, and 

the results showed that the texture evolution, the dislocation 

recovery and the subgrain growth during the 

recrystallization should be responsible for the strength 

degradation of commercially pure Al wires annealed at 

different temperature and time [22]. During the ultrafast 

annealing process, the grain diameters of pure aluminum 

increase from 2.05 μm to 17.10 μm with the increase of 

annealing temperature from 410 ℃ to 520 ℃, the UTS 

decreases from 116.48 MPa to 53.43 MPa, and the uniform 

EL increases from 1.20 % to 39.78 % [23]. Table 1 shows 

the summarized comparisons of the above studies on Al 

conductors. 

The above studies have indicated that the multipass 

drawing process during the production of Al wires may 

potentially result in the formation of a significant number of 

piling dislocations within the microstructure. This could 

lead to an enhancement in the UTS of Al wires, while 

simultaneously reducing the EC and EL. It would seem 

necessary, therefore, to subject the deformed Al wires to an 

annealing treatment, to alleviate the severe work hardening 

[24, 25]. Annealing parameters play a key role in the 

microstructure and mechanical properties of pure Al 

materials. However, there is still a lack of studies focusing 

on the effect of the microstructure during the annealing 

process on the mechanical and electrical properties of 

deformed pure Al wires. In this paper, we aim to shed light 

on the relationship between annealing treatment parameters 

(temperature and time), the corresponding microstructure 

and comprehensive properties of deformed pure Al wire. 

Our findings could potentially serve as a theoretical and 

experimental foundation for the production of Al wires with 

enhanced comprehensive properties, thereby expanding 

their applications in the power industry. 

2. MATERIALS AND METHODS 

The experimental raw materials were A6 Al rods with a 

diameter of 9.5 mm, and the chemical composition is shown 

in Table 2. 

The samples with different deformation (50 % and 

90 %) were obtained by multi-pass cold-drawing of 

Φ 9.5 mm Al wires by wire drawing machine and annealed 

by box-type resistance furnace. Annealing parameters are 

shown in Table 3. 

Table 2. Chemical composition of A6 Al wires (wt.%) 

Fe Si Cu Cr V Cr Al 

0.18 0.058 0.0047 0.01 0.00033 0.0001 balance 

The metallographic samples were polished using 

800 ~ 7000# SiC sandpaper and then electrolytic polished 

by electrolytic polishing etch meter (EP-06X) for 30 s at 

0 ℃. The etching solution contained perchloric acid 

(10 V.%) and alcohol (90 V.%), and the etching voltage was 

25 V. Subsequently, the samples were anodic coated in 

fluoroboric acid solution at the voltage of 20 V for 45 s 

[26, 27]. The microstructure of samples was observed by a 

polarizing microscope (OLYMPUS GX 71) and scanning 

electron microscope (ZEISS SUPRA 40), respectively. 

EBSD technique was used to analyze the percentage of 

LAGB and the local orientation difference of the samples, 

etc. Image-Pro Plu s6.0 software was used to measure the 

recrystallization grain size of the sample and calculate the 

area occupied. The degree of recrystallisation is calculated 

in accordance with the Eq. 1: 

𝐷𝑅 =
𝑆𝑅

𝑆𝐴
 , (1) 

where DR is the degree of recrystallization; SA is all the areas 

measured, m; SR is the area of the region occupied by the 

recrystallized grains. 

The universal testing machine (MTS810) was used to 

test the UTS and EL of Al wires at different annealing 

temperatures, and the tensile axis was parallel to the axial 

direction of the Al wires. Each tensile test value was the 

average value of 3 samples. The PC36C DC resistance tester 

was applied to test the electrical resistance of the samples 

(200 mm in length) in different annealing processes. In 

order to ensure the accuracy of the results, the room 

temperature was adjusted to about 18 ℃ by the air 

conditioner during the measuring process. 

Table 1. Summarized comparisons of the studies on Al wires 

Material Technology Testing properties Reference 

Al wires (without a steel core)  –  Elastic and microplastic [16] 

Overhead line Al conductors  –  Friction properties [17] 

Al wires used for ACSR cables Drawing Fatigue strength [18] 

8xxx Al alloys Fe element addition UTS, YS, EC and creep [19] 

6201RE Al alloy conductor Solid-solution strengthening UTS and EC [20] 

Pure Al rods Cold drawing YS, EL and EC [21] 

Commercially pure Al conductor Annealing treatment UTS and YS [22] 

Commercial pure Al Ultra-fast annealing UTS and EL [23] 

Al wires (A6) Annealing UTS, EL and EC This study 

Table 3. Annealing parameters of samples with different deformation 

50 % deformation (1 h) 
Temperature, ℃ 

300 315 335 350 400 

90 % deformation 

(315 ℃) 

Time, h 

1 1.5 2 2.5 3 3.5 4 4.5 5 
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The EC of the samples was calculated by the Eq. 2: 

𝑊 =
𝐿

𝑅×𝑆×5.8×107 × 100%, (2) 

where W is the EC %IACS; L is the measured length, 

m; R is the electrical resistance, Ω; S is the radial section 

area of the wires, m2 [28]. 

3. RESULTS AND DISCUSSION 

3.1. Influence of annealing temperature on the 

microstructure and properties of Al wires  

Fig. 1 shows the metallographic microstructure of Al 

wires with 50% deformation annealed at different 

temperature for 1 h. It can be observed from Fig. 1 a that the 

microstructure of cold-drawn samples is typically fibrous, 

and with the increase of annealing temperature, the fibrous 

structure gradually changes into the equiaxed recrystallized 

grains. When the annealing temperature is 300 ℃ (Fig. 1 b), 

the sample begins to recrystallize, and the diameter of the 

recrystallization grain is 11.34 μm (Table 4). However, the 

degree of recrystallization at this stage was very low, and 

the equiaxed grains are accounted for only about 3 % (in 

volume). When the temperature is 315 ℃, the 

recrystallization grains with an average diameter of 

11.86 μm increase significantly (Fig. 1 c), and the 

recrystallization degree reaches about 40 %. At an annealing 

temperature 335 ℃, the microstructure is dominated by 

equiaxed grains of 11.93 μm (Fig. 1 d and the 

recrystallization degree reaches 75 %. When it can be 

clearly seen that the fibrous structure in the sample annealed 

at 350 ℃ completely disappears (Fig. 1 e), and the 

recrystallization is completed, with the average grain 

diameter of 20.59 μm. The recrystallized grains grow up to 

28.62 μm at 400 ℃ (Fig. 1 f), and the grain diameter 

increases by 39 %, compared with that when 

recrystallization is just completed (Fig. 1 e). Moreover, the 

GB becomes flatter and the microstructure uniformity is 

improved [29 – 31]. 

Table 4. Recrystallization data of Al wires at different annealing 

temperatures 

Temperature, ℃ DR, %  Grain diameter, μm 

0 0 – 

300 3 11.34 

315 40 11.86 

335 75 11.93 

350 100 20.59 

400 100 28.62 

In order to further analyze the recrystallized 

microstructure of deformed Al wires annealed at different 

temperatures, the samples annealed at 315 ℃, 350 ℃ and 

400 ℃ were selected for EBSD characterization, and the 

results are presented in Fig. 2. Fig. 2 a – c) show the IPF of 

the annealed samples, which are consistent with those in 

Fig. 1. When the annealing temperature is 315 ℃, 

recrystallization is not completed, and a large number of 

fibrous grains exist in the sample. At 350 ℃, the fibrous 

grains completely disappear, and the recrystallization is 

completed., and the recrystallized grains further grow up at 

400 ℃. Fig. 2 d – f) show the corresponding GB of the 

samples, and the green and red lines denote the LAGB 

(misorientation angle in the range of 2° – 15°) and the 

HAGB (misorientation angle exceeding 15°), respectively. 

The corresponding GB distribution values are shown in 

Fig. 2 g – i), in which the percentage of LAGB is calculated 

according to the Eq. 3: 

𝑉𝐿𝐴𝐺𝐵 =
𝑁𝐿𝐴𝐺𝐵

𝑁𝐻𝐴𝐺𝐵+𝑁𝐿𝐴𝐺𝐵
, (3) 

where VLAGB is the percentage of LAGB; NLAGB is the sum 

of LAGB number, NHAGB is the sum of HAGB number. The 

formation and aggregation of LAGB are mainly caused by grain 

deformation and dislocation movement. With the increase of 

deformation, the newly generated dislocations move to the 

GB and accumulate into dislocation clusters at the GB due 

to the blocking effect, increasing the dislocation density 

near the GB. 

 

   

a b c 

   

d e f 

Fig. 1. Metallographic microstructure of Al wires at different annealing temperatures: a – 0 ℃; b – 300 ℃; c – 315 ℃; d – 335 ℃; 

e – 350 ℃; f – 400 ℃ 
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Fig. 2. EBSD characterization of annealed samples: a – 315 ℃; b – 350 ℃; c – 400 ℃; d, e, f – GB images; g, h, i – corresponding GB 

number distribution 

 

When the dislocation density at the GB continues to 

increase to a certain extent, dislocation cells will form, and 

eventually develop into LAGB. In addition, the formation 

of dislocation groups near the GB and the increase of 

dislocation density will hinder the further movement of the 

dislocations and prevent the further plastic deformation of 

the grains, resulting in the macroscopic work hardening 

phenomenon [32]. It can be seen from Fig. 2 g – i that with 

the increase of annealing temperature, the percentage of 

LAGB decreases from 56.4 % to 19.9 %, indicating that the 

dislocation density gradually decreases, the stored distortion 

energy decreases, and the scattering ability of electrons 

decreases, which will lead to the increasing EL and EC and 

the decreasing UTS [33]. 

Fig. 3 a – c show the KAM distribution of the selected 

samples, which represents the local orientation difference 

induced by geometric necessary dislocation. The surface 

stress level of the samples can be reflected through the color 

contrast, and the local strain is weakened with the color 

changing from green to blue. It can be found that as the 

annealing temperature increases, the green areas decrease, 

and the KAM value decreases from 0.56° to 0.42° (Fig. 3 

d – f). The GND density can be calculated by Eq. 4: 

𝜌𝐺𝑁𝐷 =
2𝐾𝐴𝑀

𝜇𝑏
, (4) 

where μ is the chosen step size for the EBSD experiment 

and b is the length of the Burger’s vector [34, 35]. It can be 

calculated that GND density decreases from 3.44 × 1014/m2 

to 2.56 × 1014/m2, as the annealing temperature increase 

from 315 ℃ to 400 ℃. This indicates that the local strain of 

the deformed samples after the recrystallization and the 

dislocations near GB decrease during the annealing of 

increasing temperature. 

Fig. 4 shows the SF distribution of the samples. The 

plastic deformation of the materials is mainly accomplished 

by sliding. The higher the value of SF is, the higher the 

probability of sliding systems being activated, and the 

stronger the plastic deformation ability is. The redder the 

color of the figures is, the closer the Schmidt factor is to the 

maximum value of 0.5, and the better the plasticity of the 

material is [18]. It can be seen in Fig. 4 a and d that the red 

area is small and not continuous for the sample annealed at 

315 ℃, and the SF values are mainly distributed between 

0.3 and 0.35. In the case of 350 ℃ (Fig. 4 b and e), the red 

areas increases and the SF value of more areas is above 0.45. 

the red region area increases significantly when the 

temperature reaches 400 ℃ (Fig. 4 c and f), the red region 

is more continuously distributed, and SF values of many 

regions are close to 0.5, nearly without SF values below 

0.35. This further indicates that the annealed sample at 

400 ℃ has the minimum local strain, and the increase of 

annealing temperature can reduce the local stress and strain, 

and improve the plasticity of the deformed samples 

[36 – 38]. 

Fig. 5 a presents the UTS and EL of the samples at 

different annealing temperatures. It can be observed that the 

UTS gradually decreases with the increase of annealing 

temperature. When recrystallization is completed at 350 ℃, 

the UTS of the drawn sample changes from 136.47 MPa to 

77.7 MPa and decreases by 43 %. 
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Fig. 3. KAM of annealed samples: a – 315 ℃; b – 350 ℃; c – 400 ℃; d, e, f – corresponding KAM value distribution 
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continued on next page 
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c f 

Fig. 4. SF distribution of annealed samples: a – 315 ℃; b – 350 ℃; c – 400 ℃; d, e, f – corresponding SF value distribution 

 

 

a 

 

b 

Fig. 5. a – UTS, EL; b – EL of the samples at different annealing 

temperature 

When the grain growth occurs at 400 ℃, the UTS 

further decreases by 49 % to 69.93 MPa, compared with the 

drawn sample. The variation trend of EL is opposite to the 

UTS. The EL of the drawn samples and the recrystallized 

sample is 9.4 % and 28.7 % (350 ℃), respectively (increase 

by 2 times). After annealing at 400 ℃, the EL of the sample 

reaches 32.5 % and is 3.5 times that of drawn sample. 

During the cold-drawing process, the slip occurs inside the 

grain. With the increase of deform degree, the grain 

elongates along the deformation direction and the fibrous 

structure forms (Fig. 1 a), which is unstable due to grain 

breakage and a large increase in vacancies and dislocations 

[39]. With the annealing temperature increase from 315 ℃ 

to 350 ℃, the fibrous structure is gradually replaced by the 

equiaxed recrystallization structure, and the fibrous 

structure completely disappears at 350 ℃ (Fig. 1 c), with 

the percentage of LAGB varied from 56.4 % to 20.5 % and 

KAM value from 0.56° to 0.5°. When the annealing 

temperature rises to 400 ℃, the percentage of LAGB and 

KAM value decreases to 19.9 % (Fig. 2) and 0.42° (Fig. 3), 

respectively, indicating that the increasing annealing 

temperature reduces the internal stress, the crystal defects 

and the storage energy generated during the drawing 

process. The unstable structure transforms into a stable 

structure, and the degree of work hardening relieves, finally 

leading to the decrease of UTS and the increase of EL. 

Fig. 5 b shows the EC of the samples at different 

annealing temperature. As the annealing temperature 

increase, the EC of the samples gradually increases. 

Compared with that (62.03 % IACS) of the drawn sample, 

the EC of the completely recrystallized sample at 350 ℃ 

(64.46 % IACS) and 400 ℃ (64.78 % IACS) increases by 

3.9 % and 4.4 %, respectively. According to the Matthiessen 

rule, the total resistivity of a metal material can be expressed 

as: 𝜌 = 𝜌𝑇 + 𝜌𝑅, wherein 𝜌𝑇 is the temperature-dependent 

resistivity and 𝜌𝑅 is the resistivity closely related to defect, 

such as vacancies and dislocations, etc. In the cold-drawing 

process of Al wires, the defects will be produced, resulting 

in the scattering of propagating electron waves and reducing 

the EC [40]. With the increase of annealing temperature, the 

percentage of LAGB and KAM value decrease from 56.4 % 

to 19.9 % (Fig. 2) and from 0.56° to 0.42° (Fig. 3), 

respectively, indicating that the internal stress and the 

crystal defects are gradually reduced. Therefore, the 

electron scattering decreases and the EC of the samples is 

enhanced. 

Fig. 6 displays the fracture morphologies of the samples 

with different annealing temperatures. Ductile dimples exist 

in a large number of areas on the tensile fracture of the 

samples before and after annealing, indicating that the 

fracture mode is a plastic fracture. The size and depth of the 

dimple are attributed to the plastic deformation ability of the 

matrix and the number and distribution of the second phase. 

The stronger the plastic deformation ability of the matrix, 

the smaller and the more evenly distributed the secondary 

phase is, the larger and deeper the dimples on the fracture 

are. On the contrary, the higher the degree of work 

hardening is, the shallower the dimples are. The fracture 

dimples of the drawn sample (Fig. 6 a) are small and 

shallow, and the size is obviously smaller than that of the 

annealed ones (Fig. 6 b – f)). With the increase of annealing 

temperature, the dimples’ size and depth increase, further 

manifesting the enhancement of the plasticity of the samples 

[14, 41]. 
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Fig. 6. Fracture morphologies of the samples annealed at different temperatures: a – 0 ℃; b – 300 ℃; c – 315 ℃; d – 335 ℃; e – 350 ℃; 

f – 400 ℃ 
 

3.2. Influence of annealing time on microstructure 

and properties of deformed Al wires 

Fig. 7 shows the metallographic microstructure of Al 

wires with 90 % deformation annealed at 315 ℃ for 

different times. It can be observed that the fibrous structure 

gradually changes into the equiaxed recrystallized grains 

with the increase of annealing time. When the annealing 

time is 1 h (Fig. 7 a), though the sample begins to 

recrystallize, the microstructure is dominated by fibrous 

grains, and the equiaxed grains in diameter 7.67 μm 

(Table 5) are accounted for only about 5 % (in volume). 

When the fibrous structure in the sample annealed at 4.5 h 

completely disappears (Fig. 7 h), the recrystallization is 

basically completed, with an average grain diameter of 

20.71 μm. At an annealing time 5 h (Fig. 7 i), the 

recrystallized grains grow up to 24.7 μm, and the grain 

diameter increases by 19 % compared with the sample 

annealed at 4.5 h. 

Table 5. Recrystallization data of the samples at different 

annealing times 

Time, h DR, % Grain diameter, μm 

1 5 7.67 

1.5 35 10.25 

2 53 13.8 

2.5 60 14.57 

3 75 16.17 

3.5 85 16.67 

4 92 20.26 

4.5 100 20.71 

5 100 24.7 

The samples annealed for 1 h, 3 h and 5 h were selected 

for EBSD characterization, and the results are shown in 

Fig. 8. Fig. 8 a – c) show the IPF images of the annealed 

sample, which is consistent with the results in Fig. 7. When 

the annealing time is 1h, the sample begins to recrystallize. 

After annealing for 3 h, a large number of equiaxed grains 

are produced in the sample. The recrystallization is 

completed when the annealing time reaches 5 h. Fig. 8 d – f 

and Fig. 8 g – i) show the corresponding GB distribution and 

their number percentages, respectively. According to the 

calculation by Eq. 1, with the increase of annealing time, the 

percentage of LAGB decreases from 66.5 % to 52.3 %, 

indicating that the dislocation density and the stored 

distortion energy gradually decreases, leading to the 

decreasing degree of electrons scattering. 

Fig. 9 a – c and d – f present the KAM and its value 

distribution of the samples, respectively. As the annealing 

time increase from 1 h to 5 h, the KAM value decreases 

from 0.83° to 0.47°. According to Eq. 2, when the annealing 

time is 1 h, 3 h and 5 h, the GND density of the samples is 

respectively 5.05 × 1014/m2, 3.57 × 1014/m2 and 

2.87 × 1014/m2, indicating that increasing the annealing 

time can also reduce the dislocation near the GB after 

recrystallization and the local strain of the samples. 

Fig. 10 shows the SF distribution of the samples, and it 

can be observed that when the annealing time is 1h, there 

are fewer red areas, and the SF value is mainly distributed 

between 0.35 and 0.4 (Fig. 10 a and d). When the annealing 

time is 3 h, the red region area increases significantly 

(Fig. 10 b and e). The red area in (Fig. 10 c and f) for the 

sample annealed for 5 h increases and the distribution is 

uniform, and most of the SF values are above 0.4. Therefore, 

increasing the annealing time can further reduce the local 

stress and strain of the deformed samples, thus improving 

the plasticity of the material. 

Fig. 11 a displays the mechanical properties of 

deformed samples annealed at different time. It can be 

observed that the UTS gradually decreases and the EL 

increases with the increase of annealing time. From the 

beginning of recrystallization (1 h) to be completed (5 h), 

the UTS of the sample changes from 108.69 MPa to 

82.23 MPa and decreases by 24.3 %. 
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Fig. 7. Metallographic microstructure of the samples at different annealing time: a – 1 h; b – 1.5 h; c – 2 h; d – 2.5 h; e – 3 h; f – 3.5 h; 

g – 4 h; h – 4.5 h; i – 5 h 
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Fig. 8. EBSD characterization of annealed samples: a – 1 h; b – 3 h; c – 5 h; d, e, f – GB maps; g, h, i – corresponding GB value distribution 

 

The EL of the sample increases by 1 time from 14.16 % 

to 28.24 %, respectively. With the annealing time increase 

from 1 h to 5 h, the percentage of LAGB varies from 66.5 % 

to 52.3 % (Fig. 8) and KAM value from 0.83° to 0.47° 

(Fig. 9), indicating that the increasing annealing time 

reduces the internal stress, the crystal defects and the storage 

energy generated during the drawing process. 
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Fig. 9. KAM distribution of annealed samples: a – 1 h; b – 3 h; c – 5 h; d, e, f – corresponding KAM value distribution 
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continued on next page 
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Fig. 10. SF distribution of annealed samples: a – 1 h; b – 3 h; c – 5 h; d, e, f – corresponding SF value distribution 

 

 

a 

 

b 

Fig. 11. a – mechanical properties; b – EC of the samples annealed 

for different times 

The unstable structure transforms into a stable structure, 

and the degree of work hardening relieves, finally leading to 

the decrease of UTS and the increase of EL. 

Fig. 11 b shows the EC of the samples annealed at 

different times. As the annealing time increases, the EC of 

the samples gradually increases. Compared with that 

(63.06 % IACS) of the initial recrystallization sample (1 h), 

the EC of the completely recrystallized sample at 5 h 

(65.01 % IACS) increases by 3 %. The reason is that the 

annealing time increase from 1 h to 5 h, and the percentage 

of LAGB and KAM value decreases from 66.5 % to 52.3 % 

(Fig. 8) and from 0.83° to 0.47° (Fig. 9), respectively, 

indicating that the internal stress and the crystal defects are 

gradually reduced. Therefore, the electron scattering 

decreases and the EC of the samples is enhanced.  

Fig. 12 exhibits the fracture morphologies of the 

samples annealed at different times, and it can be observed 

that the fracture dimple of the tensile samples increases 

gradually with the increase of annealing time, which further 

indicates that the plasticity of the material can be improved 

by the increase of annealing time. 

Abbreviations 

The following abbreviations and nomenclature are used 

in this manuscript: 
Al Aluminum 

SEM Scanning electron microscope 

DC Direct current 

UTS Ultimate tensile strength 

EC Electrical conductivity 

EL Elongation 

YS Yield strength 

RE Rare earths 

EBSD Electron backscattering diffraction 

LAGB Low-angle grain boundaries  

IACS International annealed copper standard 

IACS International annealed copper standard 

GB Grain boundaries 

IPF Inverse pole figure  

HAGB High-angle grain boundaries  

KAM Kernel average misorientation  

GND Geometric necessary dislocation  

SF Schimid factor  

4. CONCLUSIONS 

This paper presents an investigation into the effect of 

annealing temperature and time on the microstructure and 

properties of deformed Al wires. The principal conclusions 

are presented below. 

1. As the annealing temperature is increased, the 

recrystallisation grain size and the SF value increase, 

while the percentage of LAGB and the KAM value 

decrease. Consequently, the internal stress and the 

crystal defects are reduced, resulting in the UTS being 

slightly decreased and the EL and EC increased. The 

samples with 50 % deformation begin to recrystallize 

annealed at 300 ℃ for 1h, and the recrystallization is 

completed after being annealed at 350 ℃. The UTS 

decreases from 102.4 MPa to 77.7 MPa (decrease by 

24 %), the EL increases by 74 % from 16.5 % to 

28.7 %, and the EC increases by 3 % from 

62.57 % IACS to 64.46 % IACS. 
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Fig. 12. Fracture morphologies of the samples annealed for different times: a – 1 h; b – 1.5 h; c – 2 h; d – 2.5 h; e – 3 h; f – 3.5 h; 

g – 4 h; h – 4.5 h; i – 5 h 

 

2. Increasing the annealing time also increases the SF 

value of the sample, decreases the LAGB percentage 

and KAM value, and reduces the UTS is slightly 

decreased and the EL and EC are increased. When 

annealed for 1h at 315 ℃, the samples with 90 % 

deformation begin to recrystallize. After being 

annealed for 4.5 h, the recrystallization is completed. 

The UTS decreases from 108.69 MPa to 82.23 MPa 

(decrease by 24.3 %), the EL increases by 98 % from 

14.16 % to 27.97 %, and the EC increases by 2.8 % 

from 63.06 % IACS to 64.82 % IACS. 
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