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ON ROUGH SET THEORY ON ACHIEVING HIGH QUALITY
CABLE MATERIAL PRODUCTION BY GREEN LOW CARBON
TECHNOLOGY

Abstract: As the second largest machinery industry, theggrietensive cable industry not only creates aofot
economic value but also consumes a lot of enetgg. dn inevitable requirement to promote the tetbgical
development of the industry in the new era to imprdahe quality and efficiency and realise industria
energy-saving and consumption reduction. In ordeoktain good strength and conductivity, the metds of
cable are usually heat-treated for several houmven several days after the rods are extrudesl,ighe major
energy consuming process in traditional producti@ased on the background, this study adopted the
energy-saving equal-channel angular pressing (EGAEHnology to replace the traditional heating ttresnt
process, and converted the simple heat conductitinthlermo-mechanical energy transfer, so as tbseetghe
good strength and conductivity matching of the eabiminum alloy material. In this study, energyisg ECAP
technology is used to replace the traditional lrestment process, and heat-mechanical energydraasised to
replace the simple heat conduction, so as to aelgewd strength and conductivity matching of cahleminum
alloy material. The results show that the suitaBleAP process routes can improve the microstructire
aluminum alloy with higher strength and conductitttan the traditional heating process. The redeasults can
be used for technology upgrading and low carbordyrtion in cable industrglue to the significantly time
reduction of the energy-consuming heat treatmethtla@ high-efficient obtainment of high-quality drection.

Keywords: low carbon production, energy-saving, ECAP, alumiralloy, high quality cable

I ntroduction

Due to its good strength, ductility, corrosion st@hce and electrical conductivity,
aluminum alloys have been extensively used in theep transmission industries, which is
the second largest machinery industry in China][IlHbwever, some of these properties
seem contradictory and cannot achieve the higH levéhe same time. For example, the
high strength is usually achieved with the sacgifid ductility [7, 8]. Also, the increase of
the strength often leads to the decrease of thdrield conductivity, because the solid
solute atoms, precipitates, dislocations and doawndaries that support the high strength
are also the main sources of electron scatterind1]9 In order to balance these
contradictions and achieve the good match of stherand electrical conductivity,
researchers usually adopt the heating treatmemeiith the better comprehensive properties
of materials, such as artificial aging [12, 13]nealing [14-16]. However, the several
hours’ or even several days’ heating treatmentgssiag not only restricts the production
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efficiency but also consumes a lot of energy, wiides against the modern concept of
efficient and green low carbon [12-16]. Therefdrestead of the traditional high energy

consumption long-time heating treatment, the ideaesv technology adapting to the low

carbon and energy-saving is gradually taking shape.

In the past decades, researchers [8-11] have gmebline severe plastic deformation
(SPD) processes, including equal channel angular prgg&CAP), high pressure torsion
(HPT), which obtain the ultra-fined grains in alloysdais an efficient and low carbon
technology. Under the action of external force, thaterial through the special die can
achieve significant grain refinement, which caninefthe internal structure of the material
to submicron or even nanometer size [8-14]. Thegasg ofSPD methods is improving the
material properties, such as strength, wear registacorrosion resistance and electrical
conductivity by the microstructure refinements fid]: Valiev et al. [14] have proposed
a new strategy to design the well-combined streragtd conductivity in the AA6201
(Al-Mg-Si) alloys based on the intelligent manipida by grain refinement duringPT at
room temperature and subsequent precipitates dudiRg at elevated temperatures.
The higher ultimate tensile strengtdTS) of 365 MPa and conductivity of 58.4 % were
obtained through the optimum thermo-mechanical gssing routes. Nevertheless, HieT
technique is only suitable for small size sampkeagech and is difficult to be produced in
industrial scale. Also, there are rarely publistpegbers focus on ECAP in the different
aluminum alloys, which is the most potent#8D method to implement the large-scale
industrial production [17-20].

Based on this background, Al-Fe alloy used as tbadgctor for the power
transmission cable were investigated. The purpo$dhkis study are firstly aimed at the
production of Al-Fe alloy processed by low carbo@AP technology, and secondly
explored an optimum ECAP route to achieve the ganmglous improvement of the strength
and conductivity in this alloy.

Methods

Commercial semi-manufactured AA8176 aluminium allogds with chemical
compositions, in wt. %, of Al-0.47Fe-0.096Si-0.1&mrre used in this study. As shown in
Figure 1, the as-received alloy rods subjected @AE at room temperaturéR{) and
elevated temperatur&T, 423 K), respectively. ECAP die is composed of wt@nnels
with the same shape and the same section intergesdich other according to a considerate
angle. When it works, the billet passes from onenciel to another under the pressure of
the plunger. A large amount of pure shear defownats introduced into the material
during this process to achieve grain refinement. étevated temperature processing, the
rods were firstly kept warm in the temperaturedfiptovided by the furnace for 10 min to
ensure the uniform temperature in centre and serffiche sample. Rougc in which the
sample is rotated by 90° in the sense between pask was used. The ECAP was
conducted using a pressing speed of 25 minaisd a splite die with an internal channel
angle of 90°and an outer arc of curvature of 90thst an equivalent strain of near 1 was
imposed on the sample in each separate pass [R@I\ the sample of 1, 2, 4, 6, and
8 passes of ECAP &T and ET was successfully achieved. Compared to the toadditi
heat treatment process, which requires 24 houfsrofce heating, the ECAP method can
produce the final rods product within 1.5 hourse Thermo-mechanical energy processing
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is obviously more efficient and energy-saving du¢hie significantly time reduction of the
energy-consuming heat treatment.
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Fig. 1. Schematic illustration of the ECAP procegsand the geometry of the used die

Following ECAP, the dog-bone shape specimens withaage length of 10 mm
prepared for tensile testing were cutting by witeckical discharge machining as the
extrusion direction. The testing conducted on IN®NR3365 universal testing machine at
a speed of 0.001sto examine the mechanical properties. The 0.2 &l strength Y9),
ultimate strength YTS) and elongation of fractures were derived from the results.
The specimens were sectioned on the Z plane peqeadto the normal axes and then
meshed and carefully polished to a mirror-like dmifor the electrical conductivity
(% IACS, International Annealed Copper Standard) deteatsing eddy current electrical
conductivity tester (FIRST FD-102). The device watibrated before each measurement
with reference samples providing an accuracy 08£6.on the measured conductivity.

Microstructures of the sample before ECAP was alsgerved in the Z plane through
the Transmission electron microscope (TEM), JEM&1The examination operated
at 200 kV to obtain the microstructure of specimsusjected to 8 passes ECAP. Thin foils
for TEM were meshed down to about 10 thick by mechanical grinding using grit
papers ranging from 600 to 2000 mesh. Subsequeh#yjon beam thinner was used to
achieve the final electron transparency by theraigao.

Results

Mechanical propertiesand electrical conductivity after the ener gy-saving technology

Figure 2 presented the tensile results and Figzmeand ¢ were the stress-strain curves
of the AA8176 alloy subjected to different ECAP g&s at room temperature and elevated
temperature, respectively. Evolution of yield sg#m ultimate tensile strength, and
elongation to fracture derived from the correspogdstress-strain curves were shown in
Figures 2b and d.
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It can be noticed from the curves of specimensgsesed by ECAP &T in Figure 2a,
stress flow reached the maximum after a short mmifaleformation stage, following
entered a post-uniform deformation stage accomgahie working softening and then
presented a rapidly fall and fracture. The evohutif UTS in Figure 2b showed the
significant increase in 1 pass ECAP and the slaerding in 2 passes. Subsequent passes
represented a nearly stable tendency which indidiie saturation dff TS. Meanwhile, the
saturation of elongation also achieved after 2 gm$SCAP as a decrease in 1 pass and
a slight recovery in 2 passes. Stress-strain cunfepecimens subjected to 1 and 2 pass
ECAP atET (Fig. 2c) were similar to that iRT ECAP. But the gradually distinct yield
points were displayed in curves of 4, 6, and 8 gmdsegether with the increase WTS
Corresponding to the continuously increased stfemgFigure 2d with the sacrifice of the
elongation.
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Fig. 2. The stress-strain curves and variation ethmnical properties of the Al-Fe alloy processgd b
different passes ECAP at: a), b) room temperatudecy d) elevated temperature

Electrical conductivity is significantly importafdr the power conductor material, and
it is inversely proportional to electrical resistan Figure 3 was the electrical conductivity
evolution of this investigated alloy processed liffecent passes of ECAP &T andET,
respectively. It can be seen the value goes thraugtocess of gradual decrease to 59.58 %
in 6 passes followed by partial recovery to 59.95n98 passes during the ECAP Rit.
However, the electrical conductivity evolution BT ECAP contains an additional ascent
stage in the early period with the subsequent fastduction to 59.45 % at 6 passes.
The recovery of electrical conductivity also wassetved in 8 passes ECAP B&T.
However, the electrical conductivities measure® ipasses of both the two temperatures
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are lower than that of the before-ECAP, which desgrto take measures to further
improve.

1 ]
1 1
=) | |
1§ Ty 11 | 11
3 | |
e OlF | . —
= ! ECAPat £T |
2 + ” |
= L] !
S 60F - 1
L] = x
= 1
2 ! I
= | \ i
2 9 ] < '
El ' ECAPatRT |
m 1 I
1 1
58 P . 1 .
0 2 4 6 8

Passes of ECAP

Fig. 3. The electrical conductivity evolutions of the Al-Fe alloy subjected to different passes ECAP at
room and elevated temperature

The effect of ther mo-mechanical energy processing on microstructure

Figure 4 was the TEM images of Al-Fe before ECAH aubjected to 8 passes ECAP
at the two temperatures. It can be seen in Figweth&t the elongated subgrain
microstructure with the micron precipitates, whitiive been demonstrated as thgFAl
and AkFe in our previous work [18], is observed in befe@AP specimens. Besides,
some nano-precipitates and dislocation are fourdl indicated by the black arrows in
Figure 4b. After 8 passes ECAP at room temperatignificant grain refinement has
reached to average subgrain size of less tham.IThe micron precipitates fragment, a lot
of nano-particles and dislocations were examined imlicated the strong interaction
between the precipitates, dislocations and graimndaries. Similar microstructure
characteristics were also observe®inECAP, in contrast, the finer and well-defined grai
size was noticed in Figure 3e.
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Fig. 4. TEM images of Al-Fe alloy: a), b) before ECAP; c), d) subjected to 8 passes ECAP at room
temperature and e), f) subjected to 8 passes ECAP at elevated temperature

Discussion
Evolution of strength and electrical conductivity

It has been demonstrated in our previous study, fh&fe are four procedures in this
investigated alloy during the ECAP: dislocation getion and annihilation, grain
refinement, micro precipitates redissolution, andanaparticles precipitation.
The distinctions lie in the fact that the dissadatis more intense under the ECAPEAY
leads to the changes in microstructure evolution.

During the early period of ECAP &, the significantly increased dislocation density
and grain refinement contribute to the remarkabiprovement of both the yield strength
and ultimate tensile strength in 1 pass. With tiloWing passes, the gradual saturation of
dislocation density and grain refinement causeds#taration oftUTS. During the ECAP at
ET, whereas the limited increase in strength of lspassociated with the elevated
processing temperature, an obvious work harderatfier than the room temperature was
observed in subsequent passes, bringing in a emmtiincrease in strength to the same
level in 8 passes as th&. This is related to the segregation of solute ataaused by
precipitates redissolution, which leads to an im@etal dislocation density.

The electrical property variations have been shawnFigure 3. The electrical
resistance is caused by the scattering betweefnethelectrons and the lattice atoms. There
is a significantly important relationship betweelne tcrystal microstructure and the
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resistance, that can be described by the well-knidatthiessen rule [9], which is presented
as:

Ptotal = P + Pss + Pp + Pais T Pgb 1)
wherep;,:q; IS the total electrical resistangejs the electrical resistivity of the lattice,
is the resistivity due to solute atoms dissolvedhia matrix,p,, is the resistivity added by
the precipitatesyy;, is resistivity due to dislocations present in thierostructure, angg,,
is the resistivity due to grain boundary.

It can be indicated that all the four strengthenimgchanisms mentioned above lead to
an increase in electrical resistivity. It is acegpthat the scattering of solution atoms is the
most influential factor in the degradation of etext! conductivity while the dislocation has
less effect. The electrical conductivity valuestfiy decreased to the minimum at 6 passes
ECAP atRT due to the increased scattering of grain bounsgadislocation, and especially
redissolved solute atoms. Then, the grain refinénaam dislocation density reached
saturation. The enhanced coordination effect of finains could release the strain around
micron precipitates during the deformation, whictakes it difficult to accumulate
high-density dislocation near the micron precigisatind inhibits the particle fragmentation
and redissolution process. So, the recovery of dheetrical conductivity caused by
precipitation of nano-particles became rather ththe reduction arisen from the
redissolution, resulting in the partial recoveryvafue in 8 passes. In addition, there were
two points worthy of nothing in ECAP &T. The first was the increase of electrical
conductivity in 1 pass associated with the preatgh of nano-particles under the
combined effect of the elevated temperature andugimodislocation, which provide
sufficient diffusion energy and paths. Another @ more rapid reduction during the 2 to
6 passes related to the strong redissolutidliiE CAP, we have mentioned above.

Simultaneously improvethe strength and electrical conductivity through
the ener gy-saving technology

In this section, the modification of conventionaCA&AP routes by changing the
temperature during the processing will be stud@dimultaneously improve the strength
and electrical conductivity of the investigatec@l AA6021 alloy processed BYPT atRT
with followed HPT at 130 °C has been researched by Valiev et al. 14].
The simultaneous increases of tbd@S to 412 MPa and the electrical conductivity to
55.6 % IACS have achieved by contrast to thE'S of ~330 MPa and the electrical
conductivity of ~53.6 %dACS in the coarse grains alloy. Some additional sasplere
processed by different modified ECAP to verify tlleeory we proposed above.
For convenience, the sample nomenclatures are stisamiain Table 1 with the
corresponding processing parameters. Tensile teksekectrical conductivity test was also
conducted to acquire the strength and electricatiactivity of these samples and listed in
Table 1.

Firstly, followed the routes of Valiev, samples jaabed to condition 1 were obtained,
condition 2 was also used as a comparison. JusthiéRT andET, the increase in strength
was also achieved, but the conductivity was stilér than the before-ECAP. These results
are different from the AA6201 alloy due to the dbittes of redissolution and precipitate
between the two alloys. So, the suitable modifiedhod should base on the characteristics
of the microstructure evolution of this Al-Fe alldyis clear from Figures 2 and 3, the main
restriction condition for the simultaneous increaise the deficiency of electrical
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conductivity. Therefore, the next discussion shdoltus on the improvement of electrical
conductivity.

A more detail analyst on the variety of electricahductivity has been conducted.
The curves were divided into three parts as inditah Figure 4. In part |, the electrical
conductivity rose to 60.50 %ACS in ET was observed due to the help of elevated
temperature and high-density dislocation. In pgrtHe ECAP atRT exhibited a slower
reduction to the minimum. And in the part Ill, thart recovery displayed in both the two
temperatures. However, it can be noted part IETralso own the elevated temperature and
the high dislocation density but hasn’'t shown th&tdr recovery rate as the part I. This can
be explained based on the segregation of redissolsblute atoms during the ECAP.
The more significant segregation during ElEECAP, due to the strong redissolution, were
observed in this investigated alloy [18-20]. Theited available dislocation in the vicinity
of the segregation decreased the average diffymtims to precipitate, and hence inhibited
the precipitation and recovery process in part Tl verify this point, samples with
condition 3 were prepared for it provided a microsture with less segregation in 6 passes.
The higher electrical conductivity of 60.07 I9%CS than theRT demonstrated that there is
more significant precipitation in subsequé&it ECAP. This result is a piece of persuasive
evidence to support our point. Besides, it wasceadtithat condition 3 exhibited higher
electrical conductivity compared to condition 1.nfdes with condition 4 were
manufactured to identify if the more pas$&€s ECAP is more helpful to the subsequent
precipitate inET ECAP. The higher conductivity value of 60.18 €S suggested this idea
due to the less dissolution in only a single EC/ABaET.
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Fig. 5. The electrical conductivity versus ultimatnsile strength for the Al-Fe alloy subjected to
different ECAP conditions

Consequently, a suitable route design of condifiomas proposed as combined with
the advantages &T andET in the three parts. The first single pasg®&icontributed to the
high electrical conductivity and partial the incgean strength. Then, an additional 6 passes
at RT restricted the reduction in electrical conductivind provided another part of
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strength increase and the preparation of microstredor the next pass. The final single
pass aET offset the performance degradation caused in theiqus processing process.
The result shown in Table 1 exhibited a simultase@mprovement of strength and
electrical conductivity was successfully achievedder condition 5. The electrical
conductivity versus ultimate tensile strength igu¥e 5 summarised all the discussed
ECAP conditions of this alloy, it is clearly preses the increased mechanical strength as
well as electrical conductivity in conditio 5 compd to the other conditions.
It demonstrates a modification of conventional EG#&guence can be more widely used to
simultaneously enhance the strength and the elatttonductivity and strength to get the
high quality Al alloy used in cable. Also it savesergy in the production, which follows
the sense of improve the quality and efficiency asalises industrial energy-saving and
consumption reduction [21-29].

Table 1
Sample designation, processing parameters, anespamding mechanical property and electrical cotityc
of the Al-Fe alloy

i s uTs Electrical conductivity
Sample Processing condition [MPal [% IACS]
BeforeeECAP Without ECAP processing 124.9 +3/8 60.15 +0.16
RT ECAP for 8 passes at room temperature 188.8 4.7 .9559).10
ET ECAP for 8 passes at 423 K 188.4 0.3 59.67 +0.11
o ECAP for 4 passes at room temperature
Condition 1 followed 4 passes at 423 K 180.1 +3.9 59.80 +0.10
- ECAP for 4 passes at 423 K + followed
Condition 2 4 passes at room temperature 176.3 +1.0 59.47 +0.11
. ECAP for 6 passes at 423 K + followed
Condition 3 2 passes at room temperature 184.6 x2.3 60.07 +0.09
. ECAP for 7 passes at 423 K + followed
Condition 4 1 pass at room temperature 182.3 1.7 60.18 +0.09
ECAP for 1 pass at 423 K + followed
Condition 5 6 passes at room temperature 181.2+1.8 60.83 £0.10
and then another 1 pass at 423 K

Conclusion

The energy-saving ECAP technology was used to cepthe traditional heating
treatment process to successfully produce the cablee alloy. The evolutions of
mechanical properties and electrical conductivitgrev studied and a suitable ECAP
sequence was proposed to achieve the simultaneguevement of strength and electrical
conductivity based on the modification of convenibECAP sequence. In this processing,
the simple heating conduction was converted tontbemechanical energy transfer, so as to
realise the good strength and conductivity matclihthe cable aluminum alloy material.
At the same time, it saves tens of heating treatiile, reduces energy consumption and
improves production efficiency. The research rescétn be used for technology upgrading
and low carbon production in cable industry du¢hi® significantly time reduction of the
energy-consuming heat treatment, which is expeittéchprove the quality and efficiency
and realise industrial energy-saving and consumpgtduction.
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