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Abstract

Equal channel angular rolling (ECAR) process is ohthe methods that have been used to make
ultra-fine materials by imposing severe plasticod@fation. After repeating the process several
times, a large effective strain is applied to theple that can cause decreasing the grain size and
improving the mechanical and physical propertiethefmetal. In this study, thermal conductivity
of the samples that were produced by ECARwas igasd experimentally. Accordingly, the
strips of aluminum alloy 3003 were ECARed up topE®ses through route-A and route-C. The
effect of number of ECAR pass and routes of ECARcess (A and C) were investigated.
Furthermore, tensile behavior and micro-hardnesE@ARed samples werestudied.According to
the results,the thermal conductivity of samplesraased up to definite pass and raised to its
maximum value, then had an oscillatory trend upetdh pass. Although this improvement of the
thermal conductivitywasn't significantly, but theaprovement of yield and ultimate strength and
micro-hardness of the samples in passes assoeuiedhe maximum thermal conductivity, were
meaningfully and so,this ECARed alloys can be usddrder situation.
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1. Introduction

Severe plastic deformation (SPD) methods are nfetahing process that have been used to
produce ultra-fine grain (UFG) materials by impa@séxtreme-large plastic strains into the material.
Different Severe plastic deformation processes Heren developed for parts with various shapes.
To create UFG and Nano-structured materials in pkcimens, SPD process like equal channel
angular pressing (ECAP), high pressure torsion (H&Td cyclic extrusion compression (CEC)
have been extended. Process like constrained gpregsing (CGP) and accumulative roll bonding
(ARB) have been used for sheet samples [1-2].

Equal channel angular rolling (ECAR) process is ohéhe SPD methods that have been used to
create UFG materials in sheet form specimens. A&Belic of the ECAR device is shown in Fig. 1.
It is Consist of two rolls and two channels. Mostlye thickness of outlet channel is similar to the
sample thickness, but the thickness of inlet chiaisnless than thickness of outlet channel and the
gap between the rolls is set to the thickness let channel to feed the sample into the device by
friction force. Sever plastic deformation is create the sample at zone where the inlet and outlet
channels intersect. Todo ECAR process, two routesdeaused. If the sample is fed to the rolls in a
same direction in each sequential pass, knownws . In route C, the sample is rotated around
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the longitudinal axis by 180° in the same directater each sequential pass as it shown in Fig. 2
[3].

Applying ECAR process on the Al alloys such as 108150, 6063 and 1100-O, caused structural
improvement, creating ultra-fine structure, yieltlaultimate strength increase and micro-hardness
growth. Although this process decreased the eltmyaf these samples [4-8].
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Fig.1. A schematic of the ECAR device [3]
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Fig.2. A schematic ofroute C in ECAR process [3]

Cheng et al. [9-10] showed that using ECAR processimprove drawability of AZ31 magnesium
alloy sheet at room temperature. In another st@heng et al. [11] investigated the effect of
channel clearance on ECAR process and concludégtirar angle was decreased by increasing of
channel clearance. Hassani and ketabchi investigeZ@1 alloy ECAR process and reported that
elongation of the 10-passes ECARed specimen waua@ and average grain size was decreased
meaningfully form 2m in initial sample to about 14-70 nm after 10 pas#\lso, ECAR process
increased micro-hardness of the material [12]. biabt al. [3] investigated pure copper ECAR
process. According to their work, this processeased strength and micro-hardness of the sample
besides creating Nano-structure in the materiaplfipg ECAR process decreased the elongation
of the samples. Habibi and Ketabchi [13] examireldffect of annealing after ECAR process and
concluded that post-annealing improved the elongatind electrical conductivity of ECARed
copper samples. K¢haj et al. [14] investigated the OFHC copper wagjetted to ECAR process
and deduced that ECAR process caused decreasiggdihesize and increasing strength and micro-
hardness of the samples.Park et al. [15] studiectfect of ECAR process on the low carbon steel
plate. The ECAR process caused about 100% impravieimehe yield stress and also noteworthy
raise in the ultimate tensile strength and micradhass of the sample.
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Different Heat transfer process can be quantifigduitable rate equation. Fourier’s law is the rate
equation that be used inthe heat conduction. ltbeaexpressed asequation (1) for one-dimensional
heat transfer in a part with temperature distrdoutl (x).
a=-kas ®

X
Where k is one of the material properties that kmas thermal conductivity (W/m. K). In fact, this
property of the material shows its ability to contlonheat transfer. The magnitude of thermal
conductivity is in a wide range for different ma#és such as metals, liquids, gases and so on3Fig.

shows the magnitude variation of thermal conduistivi different group of materials [16-18].
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Fig.3. Thermal conductivity of different materifl]

Although various investigations on materials werabricated by ECAR process have
beenperformed in recent years, but the study ahtakeconductivity of ECARed samples are not
still investigated until now (as far as the authkmew). As the thermal conductivity is one of the
important propertiesin industry, in this study thariation of thermal conductivity ofAluminum
Alloy 3003 ECARed samples were investigated expentally. Accordingly, strips of aluminum
alloy 3003were ECARed up to 10 passes through vAuted route-C. After sample preparation,
heat conduction test was performed and thermal wtinaty of sampleswascalculated. The effect
of number of ECAR pass and routes of ECAR procésand C)were investigated. Furthermore,
mechanical properties of some samples (micro-hasjngeld and ultimate tensile strength)were
studied.

2. Experimental work

2.1. ECAR process

In this study, aluminum alloy 3003 that have betlizad in the heating and cooling industries was
used as the test material. Strips with dimensidné00x40x3 mm (length x width x thickness)
were prepared. The ECAR device that was used $nstiidy is shown in Fig. 4. Rotational motion
of the rollers have been supplied by an engine wigower of 1.5 kW. The ECAR die has a 120°
corner angle. The thickness of inlet and outlehdetsare 2.9 and 3 mm, respectively. SAE 11 was
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used to lubricate the die surface.The strips ofalum alloy 3003were ECARed up to 10 passes
through route-A and route-C at the room temperateige 5 shows some of ECARed samples.

. ‘\‘\\;\\- N \
Fig.4. ECAR device

Fig.5. ECARed samples

Tensile test samples were prepared along the EGveRtidbn using wire cut. The dimensions of the
sampleswere 100 x 10 x 4 mivased on the ASTM standard E8M [19]. Uniaxial ilen®sts were
performed at the room temperature. Micro-hardndssome samples was measured by Vickers
hardness tester with pyramidal diamond indenteyestiB00g load for 10s (HVO0.3) [20].

2.2. Heat conductiontest

Samples of Heat conduction test were prepared agkiilg operation. Samples with 25 mm in

diameter were cut from the middle of the ECARetpsirbecause in this region the sheet was flat

and without distortion. The samples were polishedhave a completely flat surface for heat

conduction test.

Heat conduction apparatus and the schematic o€ islaown in Figs. 6-7, respectively. To measure

the thermal conductivity of the material, a thimgede of it, was set between two metalswith known

thermal conductivity. One of the metals wasconreetbea heat source and the other wasconnected

to the cooler as shown in Fig.5. It should be ndlted to have an ideal connect the samples must be
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polished. Also, to reduce thermal resistance beiwde sample and the metals, heat sink
compound was used. To prevent heat loss by radiati@onvection, a special coating was applied.
Fig. 8 shows the location of placing the samplethe apparatus and the prepared sample.
Sixsensors were used to measure temperature diffeeent locations. These sensors are shown in
Fig. 9.

[a eter e
Fompratiee N i oy s

/ -
o e | 3
0 [
Q r_l: I \ i' n-l-
N : 5 ]
\ :'@‘-,'. @ C’l o \ I  — Cooling Water
g < * - e
ON Switch ‘ Heater Power
Contral
Temprature Selector
Switch core s le (3mm)
5 ample (3mm

— o=
,%@4& ,\\ coousa léf;:??
s

Fig.7. A schematic of Heat conduction apparatus

It must be noted that because the temperaturetiogisaacross the cylinders was low in this test,
temperature gradient can be considered constanth&alope of each segment was assumed to be
equal.

Before recording the results of the test, heat felwould be reached to a stable and uniform
condition. In other words, the results of the testrerecorded when the temperature between
different parts of the cylinders remained constarthanged slowly.

After recording the temperature, thermal conduttivof the sample (k) can be calculated by
Fourier’s law:

q=—kAg; (2)
=3 3)
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Fig.8. (a) The insulating Teflon coating and bragmders, (b) The prepared sample

f

Fig.9 The temperature sensors
3. Result and Discussion

3.1. The effect of number of ECAR passes

Fig. 10 shows the variation of thermal conductiwatyroute-A samples. The amount of thermal
conductivity was increased from 187.16(w/m.°K) ve tontrol sample to 189.41(w/m.°K) after the
first pass. This trend continued up to fourth passl in this pass had the magnitude of
193.49(w/m.°K). In fifth pass the value of kwas @ssed t0186.74(w/m.°K).This trend continued
through the seventh pass and reachedto its lovadgel80.33(w/m.°K). Then the value of kwas
increased until tenth pass to 185.37(w/m.°K). Tlaeiation of thermal conductivity of route-C
samples is shown in Fig. 10. The first pass ofBBAR process in both routes A and C is identical.
In this case the maximum value of kwas obtainedhm fourth passthat had the magnitude of
191.81(w/m.°K). Then,the thermal conductivity wascikased to seventh pass like route-A. After
that kwas increased to ninth pass and finally vedsiced to 184.09 (w/m.°K) in the tenth pass.

The reduction of thermal conductivity from theiifpass to seventh pass in both route-A and route-
C can be attributed to strain hardening and ineredsdislocation density that happened in the
sample during first passes of ECAR process. Becthesse dislocations can behave as thermal
resistance and reduce thermal conductivity.
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Fig.10. Thermal conductivity of route-A and routes@mples

3.2. The effect of ECAR process route

As shown in Fig. 10, in both route-A and route-€ thagnitude of thermal conductivity of samples

was increased from first pass to fourth pass, tresha downtrend to seventh pass. The value of k
was maximum in the fourth pass and was minimunihénseventh pass in both routes. On the fifth

pass, the magnitude of k was less than of thati#rcontrol sample. As it can be seen in Fig. 10,
the magnitude of k in route-A was a little greaten route-C.

3.3. Mechanical properties

The variation of yield and ultimate tensile stréngind micro-hardness of the samples in passes
associated with the maximum thermal conductivity sinown in Fig. 11. As it can be seen in this
Fig, the magnitude of yield and ultimate tensilesgth and micro-hardness of the samples were
improved significantly in both routesin compare tathie control sample.

200
180
160
140
120

100
80
60
s I
20 I I
o ™

YS(Mpa) UTS(Mpa) Elongation(%) k(W/m.K)

B control sample W4 Pass-route A 4 Pass-route C

Fig.11. Properties of the sample before ECAR atet df passes
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4. Conclusion

Ultra-fine materials (UFG) have appropriate combora of different mechanical and physical
properties. Consequently, extensive research on Brials and methods used to produce these
materials, have been performed. ECAR process isobriiee severe plastic deformation methods
that have been used in sheet form samples to improaterial structure and physical and
mechanical properties of the materials. In thiglgtthe effect of ECAR process on the thermal
conductivity of a material was investigated for tfest time. Hence, the strips of aluminum
alloy3003 were ECARed up to 10 passes through +aAwed route-C. Then,heat conduction test
was performed and thermal conductivity of prepasadnpleswas calculated. Besides, micro-
hardness and tensile behavior of some samples weestigated. The following results can be
reported:

1- According to the results, with increasing numb&ECAR pass, thermal conductivity hadan
uptrend and was raised to its maximum value, thedlkan oscillatory trend, as in route-A samples
k was increased up to fourth pass, decreased fiftimtdé seventh pass, and then was increased
somewhat from the eighth to the tenth pass.

2- Comparison of k in both route-A and route-C sbduhat the variation trend of kversus number
of passwas identical in both routes. Although tlagnitudes of k in route-A were somewhat greater
than route-C.

3- Although improvement of the thermal conductivity AA 3003 samples was not significantly,
but the improvement of yield and ultimate strengtid micro-hardness of the samples in passes
associated with maximum thermal conductivity, wereaningfully. So, this ECARed alloys can be
used in harder situation and more applications.
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