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Design and Fabrication of Light-Weight Composite Bus Bar

EN I A -
(Joon-Han Bae - Duck-Kweon Bea)

Abstract - Copper is widely used in electric wire, cable, conductor in electric devices. As the demand for electric power
is increasing rapidly, electric power devices are getting amazingly bigger and complicated. The using of light-weight
conductor can reduce the size and making cost of the electric devices. In high-frequency application, Electric current in a
conductor tends to shift to the surface of the conductor, resulting in an uneven current distribution in the inner
conductor. In the extreme case the current may essentially concentrate in the "skin” of the inner conductor as a surface
current. In high frequency application, therefore, inner area of copper conductor may replace with aluminum conductor,
which reduces the weight of conductor. This’ paper describes the manufacture and evaluation of composite conductors
made of copper and aluminum. The optimum extruding ratio was 16 at 300°C. The electrical resistance of manufactured
composite bus bar was 57p@ at DC and 49.5uQ at 300Hz.
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.M 2 th AVCu B¥ R2uE £50
o 7FAWAAAM 30~40% HE A

—_—

-'lﬂ ol o
o
k

2ouhol w3}
"ol 50~
a4 s 9 A3

FUlA MATE g dEe s a2Y 48 60% AE s %Y Rzl
AT 42 A4S w2 AY 2 Agez FFE g AW ue 2dm T+ Aok 53l AFo golaiu e
g HAAA Arle &4 HA2ssy) A AFAYe) =2 P22 F ARE AE 5 o] APl e woh ol
2@Est 2297 Aok BRY AYE AARL AR ofn  $4T BAL AW BF Havh Aol Wle, Wuve
W fonz wWrsid odd WAwd: Awr S Sol £as IANT A= Aotk oldE £AE T
AR REE A2 QAAA Fo Aol $oAE vE  BOEM AUY Ax ABAWI SYAEEE RFD, 7
Fr Ravous banst BaAeld @ 4 Atk T AAAS Folv FeleA AMEFE B 4 Uk & AT
prvh 225 4 1008 olgoln fR¥ Fol Ex T AT VBUYEUL o8V AUCu AT BE FauE
22 892 9oy 2 AATAS FAN AV W 9 ALA HA, Aol 1 54E WrAFTA Bo of
< B@sz 713 vy urteltt oElA HZ old BA  ATE PR AAHY AFEY F2uE ANV &
2 gdstnx FFFS5e BgEsle A4e vFn Yt £€ ¢ J=EF stux do
stele d77F %ol o]FofAx glet [1, 2] 53], F£&up
o] Azt, A%, Bl Jdojy F&/FE7Te AREAN 2. 449 74
AV/Cu &F F2ul side] A3 Jad HAAHeth Al/Cu
B3 Boapl 9B Q22 oln} 7250l ALE 3 S 2.1 W (Billet)2} HA X A=}
on, I 42 EF upd Zrlstm i ARolth JZe oA e AA BEAE Hod AFAIIA &7 9

L o

Hydrostatic Extrusions Limitedol M A5 GFo 9% dtol nAEA FHTPOE A=Az Agsiden dA2
B4 AT QAsT Qon SAdAE HEYE gy = & AluminumE AEslch ol 71EY AEA TEg
7

AVCu BEAE AZ3In Qo Azs BAY g gy = M AR WAS BN A 2 vlad v

.LL
o

¢
¢

ZANDT QA Ltk B ME 98 B Baulz zjig A71% =248 mEstd AAstA. JEAQ FA(TPO)E
719k ATy £ Az PFoz FZ5T QY FHo A GFuEE ALY F JA=E A sHESEY ¢F
g o] g4EAel Lol F&£E AAR HAse,

t BAAR ERR : FA/ATY 2% $4AFIE Al/Cu BF} ¥-2ute] &4 l =& 53l
E-mail : baejh@kerirekr delel MA 2 AzWEezE HEAL AAE 42 A
*E®E B a2 AGTY ZAASDAHH AT AL Z3 F ZH2E o] {3}y J%é}% Ty AEZ3AE Az
B HT 200645 3H 14H @ F AANLFEFE st HEA Fxite WHO
B#52T 1 20065 64 27H 2 F 7IAE znEstach dA A9 AE BY, AAE



faste F2F ALAdH, F2o T AL RE W
FzAFo] BASY o|FAANY HEA R & A¥E F
AL 2 5 otk 28 18 AAE FRIEE A ©
Hg RoFT Uk a9 144 & 5 ARl F2A F4
o Shrinkage7t BZET ofvz ¢Fv I T i

FHolx EFYE #¥E Uz gtk 2dA 9E @

A d Agse Bug Asaan. o due dA

973< ARA] WAEG v A st FAHeE AAs
hil *&?4]9} S5 Atole] whdel o) AWAFefrt Fzstct
= Aol A=l 1 A urt g} o) ;e sl AlAg
d7AE HAEANY AR 3103E 2A 7H3EATt A=
B d2u)Fe] A4 XA FBAA T WA Rig
715 2L BEEES AEdS AHESY AASAY. A

a3 1. FxYoll o) M=g Yol cihy

Fig. 1. Cross section view of billet by melting process

200
184

7

al

-?16:4
o /

38
o

O

a7 2 72 gEy el
Fig. 2. Billet for indirect extrude

AstA FAE AAY dFuES Fgzdzol st A5
AL ool gPEAT. 2™ 28 A% 2o Axd L
474 2 28g ved Aol

suzy favtel 84 L A%

Trans. KIEE. Vol. 56A, No. 8, AUG, 2006

22 21 ABEYU ME

AVCu BgA gEol MAE gEzde ELE 4F
u), thel2s) Wzt ol 3irh o 2 Wale] B &
o due aFae AH9 YExAS 2 AT WA

&2z 93 AEAY FFE AFEY] A dEXEE
300~500C= WAz or ojde] &=y W oI
2z 3 B8, ¢SRS 698~38037H] WA A
A3 2y %}%%Ei SAH A7 2o A 1A BE
ot gt eny, Aoy 2%+ 30CTE Aoy A%
of F2E K-type QAUNE o] &3te] A3 gk o W,
glojule] el 3% &AL 5T oJUE AAsF
o}, A"l e} Ll vpA S Fol7] A FEYAZE T4
A FEFE AHEstden, Yalu tojaste st A3}
7l AAME o] SBFE AEEAT 4F A FAFE 9

xz,,

300

250

200

150

100 |

True stress, o{MPa)

50

° 0 041 0.2 0.3 0.4 0.5 0.6 0.7
True strain, £
a3 3. 10'sec’'e) BESTolMe 250 wE P2l g
Y-HHE I
Fig. 3. True stress—strain curves of copper according to
temperature at transformation velocity of 107'sec™

70
60
~ 50
£
=
‘5_40
% 30
3
E o0 |
10
0 . . . . . .
o] 01 0.2 0.3 0.4 0.5 0.6 0.7
True strain, ¢
a2 4 10'sec’’el WESTOML 250 mE UARo|Ee
ESH-HHE 2
Fig. 4. True stress-strain curves of aluminum according to

temperature at transformation velocity of 10™'sec™

zgge 492 $8 AcA WFH PT-3000¢ ol @
& YolHE A/D WIS LR-41008 o83l ZHao
gExAd) BE gEgde] WsE nasch



EinXEE 55A% Bif 20064 8R

e M
JFAZY FEATA Ui AR FES
- rzol A RAC UE 1R d5e & 4
Agolth B} £ AR FE54HY Hoj7t
| 480 Ay F5EH He Ane
$EZ Hol HE Wy,

N
N
i)
ml

e e wo
i

2 P % -
Tl

)
ol

d o

RN
Lr_

°IE E

o
N
B
r= (‘E.

AN H oo o Mt X2 ox
1o
2
A
)
o
3
ol

ot oft

O

=
L

S~
oX
2
N
N

g o
N

ol

PO tio
g, =
s X
>l
ro o

H—1

JIN

ol W

)

flo

H

do
(S

oX
o o

olt ok

40 of

-

O e ot ot oX

L 2 o
rlr odt
tlo
S

2 v ox

A & o] ) s 9 oy 1}7) o)
ANgelAe BESzE %}%;‘-—94 A% As) we t‘ﬂ;
e R AL 107sec'2 AA o]-OdOEt]

Hele dAskdch
BEME &
Z 3¢k
Yebd Zeg 30
e 23 4
UEld e 4FvEL

2
e onu A

0 n% off Tl O U XNy
fo 4
H ot
(9%}
<
<O
e}
S
<o
@]
>
2
o

o 1 m*

A

in
°x€

o

e

o4

o
L

\J
rlo

o 010

LA

=

() (@

vtzto| 30°9! conical type2l ZIHt&EE clo[a

g 5. ciol
(a) 2t&H| 698 (b) ef&H| 95
(c) 2+&Hl 1369 (d) &yl 21.39
Fig. 5. Conical type dice for indirect extrude with 30°
(a) extrude ratio 6.98 (b) extrude ratio 9.5
{c) extrude ratio 13.69 (d) extrude ratio 21.39
9§ oA 40~50MParle] 9] #58¢3HE YeU &
=7 FAEFE 7 ARY H588L pASAT Y
5589 Aole AFES ¢ F AU WA AV/Cu EF
GEAY YEEEE 300~-330T7 43EE ¢ 5 U}

336

222 etanl MF

FEzA YoldY E the wszE FEuld ou 4
He ARelth. ot YEH FAULS WYAYY 37}
of e #5389 F742 o] G4 BBAA T Hud
ol tehg 4 97] WEolth 53, & dFo|He BEQ
AVCu %% %zve) A2 A8 4% F AT 2 ¢4
g % Az} LFHER ARE WEo| Assviy
FEU7t $24F AT AT % 4D FHY Pl ©
A2E N + Ak ¥ ATAE SR
2 #5540 4e GEeE A4 Lolusl Ask

T

fr

po

R e FBuldARE Adse) A 54 2 Hu
gol e FEEAL BRI AVCu BRAEAY AZ
500
—w— Initial Cu thickness : 6mm
5 450 4 Extrusion ratio : 6.98
By
=
5 400 1
£ |
Z ~
S 350 |
[N
< AN
g 300+ .\
I
E N—N
< 250 ™~
: i—n
E 2004
»
<
=
150 T T T T T T T
200 250 300 350 400 450 500

Extrusion temperature (°C)

a3 6. ¢&y| 6984 FloEFHA emmollAM gE250 o
2 zoigrEey
Fig. 6. Maximum extrude pressure according to extrude

temperature with extrude ratio of 698 and copper
thickness of 6 mm

" 7. 4&4] 6982 PEo= Zoff
£ A/Cu SeeEN A
(@) 300C {b) 400°C

Fig. 7. Formation of composite conductor according to extrude
temperaturewith extrude ratio of 6.98 ‘and copper
thickness of 6 mm

{a) 300C

S 6mmoll A s

{b) 400C



—®— Tnitial Cu thickness : 6mm
Extrusion temp. : 300°C

500 .

350 B

(2]
o
o
1

Maximum extrusion pressure(MPa)

250

6 9 12 15 18 21
Extrusion ratio(R = A _/A)

ag 8. FlusSsAl 6w, 4EST 300TOHAM
off wg cietE et

Formation of composite conductor according to extrude
ratio with copper thickness of 6 mm and ectrude
temperature of 300°C

=

&&Eu|

Fig. 8.

. TelEs

E emm, AERT 300TOHM LEH|
of wa A/Cu SEHetExl o

(a) 6.98 {b) 21.39

Maximum extrude pressure according the extrude ratio
with copper thickness of 6 mm and ectrude temperature
of 300C

Fig. 9.

ANg dFuFog FEul
a3t 28 55 ¢
g gEools gl

Thojutzt o ¢EzAol w
<

2 ol rlu
A
2
RS
rix
0.
s
£
Ag
rEE
ot
3, mju

@& choluhzto] 30°9)

l-éu'gl 0!'8!:
289 FA7F 6mm, ¢&H)7F 698
W GEeEd e HYgs g Wis Jehd Aol
AggESE e JEREV 2000Y 1 385.6MPa, 300CY
] 300.2MPa, 400C¥ Wl 268.2MPa, 500CY wj 227.7MPaZ
FEeEst 2242 HAugsgde pastAt. o Y&
257 Zi1g4 e Fod «ATuFY 50l BE 7
237 dEczg #mgdn 238 7 ¢ELEd wE g
Aol 4Be UEd RoZ 40Tl 4 A LEojyE T
B Fae) Fgo] dojgron ol 400Tole] 4Ee
T Fo] SESANN TS AW o] T AT
HE Abolel #E58¥Y Aolrt Axr] @WEe] FESH

o
%
o

"

2t Eadte] M R OHE

Trans. KIEE. Vol. 55A, No. 8, AUG, 2006

ddHer 2
Migiailag
a9 82 FEUHEA 6mme FE2E 300CTEANA ¢
ZHlo] e HugEdH S UdehlRS. &7 698U o
300.2MPa, 959 = 351.9MPa, 13.69¢ "} 395.9MPa, 21.39%
o 491.7MPaZ 4E¥7t /MRS HOgEgde 18
ot ole ¢&E¥7l AZFF LA golie Hde] A
AA Hel HEAL ¥4 F5FES F/AE B o
&, AP Ho] F7tel] AR WIANZEE M7 o
Eolv 38039 ®& ¢EvAME ¢4 FLE ddo
2AstAT 2d 9 AEAY FAZ 6mm FF e
of e gEAY H@s vEhd Ao 6989 ¥ 4
dAEe AR AEAZ o3 WY, 21399 2 FE MM

LIRS AN o) 4.4

£ F%Ale sere] Yojgeh.

HuAA NN gl ol

224 A/Cu S8 etERS HBASN

AYAEE IFAR F AVCu 2% 429 40 o)
$ 729 adolth WYREF Rod ARD YFo| <%
AAYAE AESAol ERsted AR, AAH S %4
F2 WA £ Jomz S5 WYREES 27 9 AR
FEzAe MAol 7Y FEEAC We FEAY A

SHEE &A487] s AP Z*‘:Wf*‘g o] g3t} &3}
Forn, AAL dEA dzte AFEANYE Bt A& F
ik o]uje] %‘3??.}70 e AustEas /“2119} A E5AH A
gtidoz g e A()m 2o

—a 6}

FxzI0M 53] 48 F A

—u— Initial Cu thickness : 6mm

100 4 Extrusion temp. : 300°C
= 90
[
S n
; N /
o
=
2
& 704 -
o0
£ /
T 60
=3
2 m—N

50 4

40 T T T T T T

6 9 12 15 18 21
g 10, gERT 300Cet F2iuEx FH 6mmolAM &

Hioff w2 HELE

Fig. 10 Bonding strehgth according to the extrude ratio with
copper thickness of 6 mm and ectrude temperature
of 300

#F Hags W UeA gE Fdstd Fad 29 10
< z27] 9EA FAZ 6mm, ¥ESE 350TY o &y

337



BRBF AL 55A% 8% 2006%F 87

o e FEAL H3E Jehd Relth HEYU=EE ¢
v7} 698Y ® 557MPa, 959 W 57MPa, 1369¢ o
69MPa, 21.399 o 84MPa® ¢&u|7t FNE4E HAEAE

£ Zdac Bebd 48 FERES W2 AN 3

do] dojuba e ZAGA ¥ ¢E2x=S ¢EVE A
At Aol FeEde ¢ & AU

23 B§ gavtel malga of 4

Bgzde T ufF A{F7 528 A =de 9F=2
A7 AFHE BYAH 548 o83td =A W=
Ao 345E AYstd =A9 FFE A28 AR &
Hog MeAc was BFEA WFe A7 54 5

3, Fosol e AR 2
Aol MA, A D E
HAZ A7FSE ool 4
g A&7 )

]=0V_E) (2)
7], ] = AHFUE A/m’, 0 = EF & S/m
wat xae,l TJ}Ty} Z7kete) wel =4 WiRE 58 A
=4 B9 g g =R A¥e Holed od ¥
A&ﬂr(skm effect)et 3t AW vd A =
Aol moEae] o3} AFrE SHEHE 49 F, ARA
-E o34 3y Zol A & F Ao [3L

x CeiMdiat 2o HA
Table 1. Specification of analyzed materials
e A&(Q - m) v] % (kg/m”)
T2 1.72x107° 8.94x10°
GFuF 2.62x10° 2.7x10
E 2. Fapo] wE FFZO|

Table 2. Penetration depth according to frequency

AFZol (mm)
a5
60 Hz 180 Hz 300 Hz 1,000 Hz
T2 852 4.92 381 2.09
A2 F 1052 6.07 470 2.58
9 Ae Agstd BIREA AS2 AEHE T &

Fojgo] dF AFZA)E ALY F+ Ao ok E1E T

338

d4= old, ¥ 2& Azdz ¥
A% AF 208 AT ol AN
Aole

A~
T
A & & gk 2y Ape 2%

_‘

Ags duA ASE ARY AolmE, HP=A 2
Mool me YR PEE HAdE Yol HA: e
Wby f@a4Ue o8 AR Was Bk

gt ZgtzAe EFZol A
2} 2} ?319} Cu/Al —‘—%%‘Eiﬂ-ﬂ 3ol
.’

2 A = % We a4 ATl 4
gae A7 16 mmel A8 Foln) 19 120 vEhd BEE
Ao Agdle Tes aFuEY WHEu} FLFOF

=0.721:0279 tt. =A4 o] HE AR 600AR AFLES

5 1 1 1 1 I
4
e 34
£
£
< 2
—_
1] —=—60Hz
- o -180Hz
<~ -300Hz
0 — - 1000Hz
0 1 2 3 4 5 6

Distance from center (mm)

MRYE 22X

ag 11, pelede
Fig. 11 Current density distribution of copper conductor

[—=—s60Hz 7

64 —o— 180Hz / -

14 300HZ |

5 ] —v— 1000Hz i

. A hoM

4 4 / o8]

e 34 '{i .

5 jssasssssanssnnnaapgagRpanOs : L ]
< —&HooooocooatoO:O pe& Ol

- 2—; PUVPPEEWE S T

-r
v
Trvrrrrr?’
- — — ,
0 1 2 3 4 5 6 7

Distance from center (mm)

a8 12 Cu/Al EEEHe HREE &2

Fig. 12. Current distribution density of Cu/Al composite
conductor
298A/mm*Att AT AF] FHEE 47 60, 180, 300,

LOOOHz% th. F 74 #j4 ZFolA *J%Z* g 7lEeR @



5 nZ3H300Hz)7} X 9] AFLE BE Hil:= es &

£ AUt 22U 1,000Hz8] A= E‘I‘oi—‘] AF7t
AZHE E9EHd 93 = FHEEY AFTARs} =}
18 ¢ 5 ok g3y 2FEH FEeH EEAE.-“}"“ o g
ZFzt AAC agdoletn & & vk 53 ¥ 12904
B £ e vhel 2o] BEEAMFAL ¥ CwE AHEH
o) we} wjxdo] AL wPgXKoF HEFI} 711331"“1 EE
T g7l Agguje Ho|rt FEE O ‘3}@&?1 TERY %
9x7t o AZE & F U &, EF=EAE *}%ﬁ"ﬂ u}
2 ZYREoF AFIAFETL ?%k*o}ﬂ?iﬁ}. ol A%z
ZAe AFAFETHE 719578 AFolth

EgEA Fui

).—*é

£ od o oX

LO0OHze] A5E E842 2§ £
el &% AFAFOE FUEA P YRRy AF7
B2t AL & F 99tk o) Ade BEmde) mFsi)
7§89 o]BE welZcth o ARTH E g9 ATl
A ANG AEFRE ARE FUE AN fe] Y
BN £3 5o AgEE 23S $8 A7 B
EAE A8 5 2= 54 AR 23 S8

o
2 EH‘EHIE AT A AFRES S AT R o}
(o]

Y2 A 7} 43ac

14
n
z W

3.1 A/Cu E%’-.’:BPPJ M=

AzFTPzAoE WA gEve 1dE¥E F8 LT
Ao Za(A/HEZT 2 HAAE FHE neEo dudgd
A AN 2R B 4EvEDY AP 21 v
FEu(161)E AAHSAT YESFEE ram speedE 7IEL
2 5~20mm/sec A5 £E2 ¢EIgc ST AHE
5 2 F757F AVCu BEEGEAY gE4 A 9FS

o

dobr 7] 91l 3007400Ce] &x0A HAT SFANZ B2
H MoSoA MolZE olfstel PR Z 27 W@
FEAYS T 30T LENA $EE Bahach

A Y A% 4y GEHNT 2 AE Bl 4E
# Ane 29 1BA ¢ & AEel YEUIF BolNE I
BAel shwrel A3 FHHOR UEdn 98 &+ A

¢

o
AMra =

. oleid 4¥ATE dElARAN Q7T AT 2ol 43
&b ool tholast s} HARA] Figte] o
2 wEAge) Z7d s Aoz Budth eBAL
Welsh tholx, 27 BB Enle] BAAGFE FAA

2 W ohet Aol $5S U8 ) GRoz LA
o Age wEA Yasnm wodd 2aA 300-400C
A Atz 24 BEIZAL £ A= MoS: $8AE A
g 27, s B s fAFHA ggen, ]~ %Xﬂ

ALg3te] Al/Cu BYEANY Az AAHEES 4 F A
th. 2% 14% olst Ze] Alzd hEA FelA "J§°] {_7&
A oA ¢hEu] 16, tholwrzle]l 30°, ¢EEFE}
5mm/sec @ MoS: &8AE AHEE @ 2o Al/Curd

ft

mlm oko 2

=7y mautel A M

oo g s
o
o W
&
RN
i

&
£y
-ht

Trans. KIEE. Vol. 55A, No. 8, AUG, 2006

ag 13, A AEE Cu/Al
300C, FelHE=: 16mm)

Fig. 13. Extruded Cu/Al composite conductor{extrude ratio: 25,
extrude temperature: 300°C, copper thickness: 16mm)
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Table 3. Specification of composite conductor and experimental

setup
A7 15.9mm
23 =4 =
Aber Cu 574 1.2 mm
A3 Y =:Al £]=:Cu
AL ZHol 50cm
DC A% | FHHHF 100A
Ramp rate 50A/sec
Aty 2ol 50cm
A8 93y
FAAR 100A
AC A3 Ramp rate S0A/sec
60Hz,100Hz
22~ ’ 7
T 200Hz, 300Hz
Noise ¥ JHHx UL =3
x 4. AC g &x381}

Table. 4. Measured AC resistance

F34¢Hz) | AF (Ams) |3 (mVims)| A3 (uQ)
60 7172 41 57.1
100 72.34 407 56
200 75.20 3.9 536
300 79.85 3.96 495
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