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ABSTRACT

The production and properties of 7 m long carbon fibre reinforced al~ininiLin alloy
hyb rid beams are described. The beams have been successt~illy used for som e month s as
bus bars for contactiess power supply to an indu ction motor drive and hoist sy stem. In
some cases limited buckling and delmninaticm , which could be easily repaired , were
observed in the reinfor cement and between the metal and composite. The causes of this
behaviour are discussed.
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1. Introduction

The work described invo l ved the construction and measurement of the properties of

.i. L iiuiriium bus bars reinfo rced with carbon fibre composite. A pair of bars approximately

7 in in leng th and supported at eithe r end were required to span an isolate d working

compartment or ce l l. The 2 reinfo rced altmii nltsn bars serve as sections of single turn

primary wind ings passing through the window areas of the two transformer cores (Scott
coIult.(-t.i on). A travel carriage driven by an induction motor was suspended from a steel

gan try above the cel l and from this travel carriage was hung a 5(X) kg hoist operated by

z,notl,e, induction motor. To avoid fatigue problems it was necessary that the deflection

iii the bus bars due to their ~~ weight was minima l so that the motor could move freely
over t hei r complete length without mechanically loading the bars. Either bar carried a

,n.i~umem current of approximately 1 500 amps and was subject to temperature changes of up

to 70°C.

By using an inductivel y coupled system to suppl y the drive arid hoist motors the

travel carriage and hoist systems were reduced to two basic components, viz transfonner

and induction motors , thereby achiev ing minimom maintenance inside an active area and

removing the d i elvantage . of brush/slip ring contacts together with t railing cable feeds.

Operat ional cosiu,an d~ to the t ravel carriage ’ and hoist were also trans mitted via the bus
bars.

2. Exper iment’o I Work

The geometry and - i z e  of the aluminum section was limited , by the design of the
trans furmt i’ cores to a rro& . &~ect Ion SO sin high x 12 sin wide with a maximtmn total thick—
flt~~- of c arbon f ibre composite , acro ss the width , of 6 sin . The overall length was 7 m.
The alemninitmn alloy ‘~peci fi ed was LIS 1474 ~ E~. ’M which contained 4.5% magnesium and had not.
ht en heat t reated.  Inmnediately prior to the ’ application of the reinforc ement the
alimit n icmn was etched in a ~c olut ion of 7I~% by weight sodi um bic hrom ate and 15% by vo limne
112
S04 ,  u i l e  up with d is t il led water , for 30 minutes at 60°C.

To obtain ma x iiinmn stiffl w -.s a very high modulus carbon fibre . Celanest (W70 , was

u-ed together with a li quid bisphenol A epoxide (Ciba Geigy MY7SO) modified wit h 10% of

Pu Pont’s urethane LIW to achieve the optimtsn adhesion between the components. Roth

components were cured with DOS. The cure schedule was overnight at 1200C or 2 hours at

150°C. To eliminate bowing in the reinforced beam the composite was distributed equall~
about the neutral axis.

Initially two mode l sect i ons about 1.3 m long were produced. The first of these

showed tiut it was difficult to handle the carbon fibre arid resin while keeping the

fibres straight and while clamping to consolidate the composite. For the second short

bar , and the 7 rn long units , it. was decided to use lengths of pultruded , B staged, fibre

composite to apply to the top and bottom of the alcininitm n . Steel plates were used to

contain the prepr eg, pre~sure applied with a series of clamps and curing effected by

winding the whole assembly wIth heating (Al p- . In this way an even composite layer

containing about ~~ by volume of fibre could br alqil ied to the alloy bar.
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The fltitur,i I modulus 01 c l i i i  of ’ I he s liti i ’I i i ’  i’e ’iii ioi’cr’d f a r ~ (a ii. h (Lw composite on

the top and bottom ) was deteri.unc d , fr om a 3 point bend ing te st , to be’ $4.9 CPa. Measui’t--

mert ts we re repeated wi t h t h e  bar ii 100°C and, a rotmn t tmnpe riature , a fter It ) ‘ \ t ’ l t ’s bvt.wet’ri

rotmn temperature 5tnti RI)°C. The results we r e 7 7.  I CPa and 85.3 CPa res pectively. Care
was taken w i t h  (lie measurements to ~il Los for bedding in of the supports and weight of the

specimen. No measurements were made w it h  the bar support ed stir -fr that the composite- was

on either side, though the reinforcemrw~nt would . ,L s o provide s tiffening in this case.

Delamination bet wi’t’n t he e(mipccs it e arid nrc t a 1 occurred over a lengt ft of s rver’a 1 cats it

the end of ’ one of the shorter bars. With t he 7 in lung sec t i ons repeated compression

failure , ~~met isl es aecc~npan ted h I ui’ i  Ii seti del win i us t ion , a t ’ . ohc, r’ rvetl In cert a in part  s oh’

the carbon fibre erinpos i t e .t’c ’ t tone when t he r e  in forced it , i  cool ed down. An t’ ~a,iit he I —

shown in Figure t . The breaks, which were bet seen 65 and $~ sin a part were r.epa i ted b,\

careful Lv cut I ing t Iit ’Otij il i th e.’ ía i t a r ’ .’ ion, , s t i c k i n g  t h e  delanti nat ed Mt ( c r i a  I t t~ t lie mt’ta I
with .1 room I eenpevature curing epo\l tie arid f t  LI tu g I he gap caused liv the cut w ith a st iru l ii’

epoxiile filled w it h 60~ by volume of’ It) ~in g li — ~. b~~, icf ’. . 7 m I orig hi,r ’~ repa i red in Ibri

51t~ hi , ry e ’ proved ~UcC* ’~ 5 1’til in ,el’~ ii ’ t ’ i ’d c i ’  1 I * ’ I ’ t  t i c t  cc l ’  -e~ i ra  I mont h_s wi t hi no furt tier’ — i ,t~ i-

of damage.

Sec t to rts of cornposit e i ser ’ . ’ r ’, iiiicte.I t ’rc co c I’ll. ic C th e l i i i ”  ij ic I  (tie’ nr’cti~trii eo I 1~i’ s~~~’ r ’ t  t

measured In fle~ ur’e’ . lIt, ’ irioctulus i s i s  II~5 e~i’ i . f h c ~~ ci r i I ~ t Ie rlgt f t  401 ~ 5t ’ Mi’a , c u d  i i i t, I’—

laminar ~‘hit ’ ,r et rength 2-1 .7 ‘ 2. t tlI’,i . Fbi , ’ i t  t ’ , i~~ , ’ Ci h i t ’ vei l cen~ oa c t i r i g  ss~ is 35,t)~ liv

v oltmne- .

3. Discu ss ion

3. I Deflect ion of ( h i ’  Itt - an

t~ ing a — 1 ;- c rig u 1 c c l ’ s ict  e r i c h  — .1 q c i -
~~~ ic ’ f i  it  c cii Ice ~ ttuw~i I hat for’ th e ’ ~c ’t ’I t ISt of ’

bar III i ls ( I’ d I ccl in Figu it ’ 2 , ( t i c ’ m u l t i  I ti~ c i ’ (lie t~ lii i if beam , . ill (ch ats of’ i i ,  -j
niodti l i iii It ,. ’ Oh i O f c l i i’ c ’  ‘~~ll~Osi 1 ’  I ,, ,tr~ l att i l i t i t i t i t i  ,i L lo~ , t.~~, i —  g i t c u  h~

F 11 = I . I - ~~~~ F,~ (l b

where h and ci a r’e chc ’ f i  ned in Figure 2.

If the sec t  ion ro ta t ed t hrough ~~~~~ in the  plant’ of itt per • tie lacve

~~ — + fl E~ ( 2 )

The measur ed f lext ira I modulus of t lit’ t ttmnin ttmi wa’~ 7 CPa. Using th i— I’ igure anti
taking Ec = i t ; 3  G~e at room t emperature trot 151 CPa it l000C (s ee I) t he’ m och i t c i s elf
t he hybrid beam , from .‘ipi.. I ion I 1 • is o.f • 7 CPa at room t e’mpe’ ru tare ,titel 91 • 2 1 ;p.u it

100 C, va tries w it Ii which ne t—a r rib propert ies e’onpare f’avournh Lv • The n a t  eve 1 lug
had no ~i gn ir i t int • t’fee t on the room icqs’ ’ ,c t t i r e modu Las i rid ec it trig t hat there cia— .

no degr adat t on of t he’ c. cm i t o— i t t ’ mc’ ( a t  bond

In list’ . when slsmnnuiM the t i l l  , l It.’ I . -  m n t ’or’enm nt of’ I li t ’ b~i lci ’ i  ci i t t ui m i. , t t  ( t ie’

top .111(1 hot tim • The • ‘~~ t ri 1 i t . ’ r’ ,, I il’f.’i iii ii f’ t h. hi lam • e c~n~i1 red t i c  in a I I me’ t at
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• c , ~~~ equ~cI i on 1 21 • ~cl’ou I 5~ — a use l\i 1 bonus.

The’ man tmtmt mid—point deflect i cii , 
~~~ 

• of a imp I euppor ted beam under i t

Mn weight • W (~ln
”
~~) , i’ gtcet t tic

titan ~ 384 El ( 3)

wht’r’e I i lit.’ spa r c • and I = f tc , I 3 , is t Ilt I’ ~i i t I ci h~c itrg I Lw’ it’ pr’e~’ i Otis nwan i •

For’ a it at tin at i tin ti l l oc beam 50 run hi 1gb ‘ I 2 nun si tIe • ar’wl 7 m in length , using he

in,’a’.cu cci .t lire 01’ F , V.IiI;t t i ott ( 3) g ic ’e’ s a man inteun mid—point e1efLi~c( ion of Sit nun.

A — imi t ar ti,’,timi is t i l t  3 nun ot’ citr’bon f’ to rt’ eOttlpO$ it e On ( tie top and hot t tin tt as a
a t rotili I emp(’rzt( are of 35.(i nun au~t at lUO

0
C of 39.2 nun , a e’rl ecais ittera fileman

tmj irove’c~~ilt ermtparcct a t  bit tn uru’e Inforcect hat ’ . S ine ’e’ the twei ’ttl 1 di mer is ions of t he

ri’ inforcect bt’~jtr ~inct c ’i ’u~~s sec ’ t ion i t t ’ ( t ie’ met a l  were I mi t t  cit t ic the ge ww t rv of t Itt’

t’ ait ~ f onn ” r’ c ’tti’ l’s anti cui’rent rcqu ii’elnen( — ccl’ I he t r~ iuc’ (ion nsat ors I her’e’ ~~s no

lst~~ I 
Iii h I d  of .t f t i i ’t lic ’ i ’ r’educ ’t i 1St in

S • .‘ ( ‘caqii’c ’’. sti ’rt Crae.’k i n~

.1 ee ’ocint i for’ t ire m u  It i p1.’ t ’ c rnl’I’c’ — s i~~~t Cat liii’ ,’ of t lie c ’Ottt IWS .. I t , ’ and tie taniina —

I it )nt isti i t - t i  r.x’cur’red iii One spec ’ itnen cone icier’ t he ‘ic r’bon fibre ciultpOs it e ‘a ttmttn lust
lic t in ’ i t t  , m — a niacroe’omitpos it e , mail,’ friuin t sic i’.i i’boii t ’ i hr’e ‘ cs i ri c’cmlpos i t ,~ ‘ fibres ’ intl

an .11 t in n i t  t in a I l i c t  ‘ma t i - i n ’ . At l it .’ ~‘ur’ i ici ~ 1 e.npe’ ‘at art ’ hot It components may ht ’
a — scimed t o  ice’ fret’ of i nr .‘rna I — I i’ c ’ — s~ ’5 • hut as t Ie’ h,yti r itt c’ool s (tic’ carbon ft br’e

‘iinpos i t . ’ hac i tig ,i etc. ’ f l i c ’ t cr0 of’ ,‘np ,iii I t il l • ~ • Of’ itpproninut (ely — I ‘ ~~~~~ 
ii

~ 
I

s i l t  he fni t Ott o i ormcpi’e— s ton .tfltl I he all c’c is i t  h cc c ’oe ’f ftc t en t of etepansion i~,. of

about 22 ~ i o~’ tc
~~

_ I 
• In t O  I crt~ ion. It’ , A~ , 

~

‘ , and , ut r’e t In’ s t r’c ’sses antI t ’Vt~ S

c ’i’ m n  tin s I .tn’ .s a — t’or I h.’ I ~o e~ tcporten t s t tt ert a t ’or~’,’ but t anee g ic -es :

‘ \ ~t t + ‘‘c A~, 0 ( 4 )

wh i I. cqnI.ct lu g  t h e ’  st i’a ins pet’ c u l t  I length g ic -es :

— ~~ — 
~~ (‘i~ — ar,) PiT (51

A ‘C

where’ \ I’ i t t ic’ t esttpt’ r’ .t ( c r 1 ’ .’ t’t utnge’,

Titk tr ig (tie’ cii’ ,’ .) id ’ t ht’ a (cmi in turn a— SO “ 12 nin amid of (tie e.utqsos tIe a—

12 n u n .  equal ton (4 ) gives -41• I’ 
~

t
C • Sub s titut ing for’ in e’quet t ion

I u k u rig .\l’ I 30~(’ anti cr~ tr i g measur’ecl ca l  ,tc ’~ of’ F d u d  F
r 

g It t ’S a (‘tin;irk ”l.r i~~~’ .t t re-—

in I lit’ e’tilt pOS i n , ’ of 377 ~iPa • The’ ft t’nu vu I I i’eiigt ii of I hi’ c~ mptis t Ic  re’ in forc e men
ttl t ~ 401 t Set MPct sic I t  iS  h r  ki ’ I I hat ~‘citqci’es’ . i cc i i  l’ct n lure iii I t  is-cn n’ sr’mwt tsw’s in

(ti e’ (‘ctnfcn’t’e’nw’nt .

it, ’ c ’ t i t  ‘~t I ti n I,i ii’ the ’ i t t — f u n i t ’  lo ’taceni —cii ’c ’t’ —~ icc ’  f at lui’e planes a — tot L~ iss.

t~ ceri ci i’.ittlcl’css ton C m i  ltiu ’e ot ’e , n r ’ ~u m i t  (tie c ’ i ittpnt— ule • st  t’c ’ss is I i ’an i— ’ t ’ , ’ r ’ r ’ c ol tc~ — bmr’ ,t r’

hit -k cu t  o ( lie’ c ’ rnt lcli _ i Ic ’  tint ii the — t t’e~~d I — . l gc i i n i  ‘uctf f i t ’ i cu t t  t O  i’5tl5t’ Cii t i i r ’ t’ , i t’

-~~~~ 
. ,
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the’ d io  ant i - c’ I - n  ss ,’ ,’ m i i i i  lure’ ~iliiiii’s I i,’~ bet ween n and 2x and ‘t is the f itcre com-

posite/metal shear’ streng th, then , r~mmentw’ring t ttat t here are two composite strips

of width b,

1
A~. -

~~~
, -‘ 2bx ‘t (6)

or Ac oc
= ‘2b~~

1’,tk omg ‘

~
_ 401 MP ti arid ‘t = 24.3 ~ctP~i J5 a mi ninu,uit v~ti uc . n = 51 .4 itmi. in

pr’aet ic ’e ( t ie’ — pat ’ trig ss.i~ rat her larger , .1c,J tc n’ t’~iks on ‘either si de were inileie ’nd ctt (

an I did no t ic, ’(’ r  al imig t he’ whole length of the r’einforc mnent . The diffe rences

be’twe’efl thc’ s un1cl ’ t tm ,’o ,’ ,’t t ea t  treatment and observations are mos t probab l y due to

t ttt’ c c t r i ~I( i c n c oi’ — i .  along the ~ar (caused by changes in fibre pa cking ) and changes

in st te~tr st r’cngth. The c ’du nt lcr ’ t ’ssiv r ’  st r’ess is given h~ equa tion t5). k-.scanite g

that the modulus and - .n~,’engtit of t he’ composinc ’ are equal to the fibre volume frae’-

— n o n  I imt’ 4 I tic ’ aliprOpriat e fiit r’c ~tn’operty equa l jon (5) minI  lt ’.o e’s that, the indu ’ed

compress ivt’ — I  r’ c ’ s —  is t’xci’’dect tt~
- t he’ mater’  t a t  st r’ength lc~ 27~ at a fibre vo lame

frac ti on of 0.5. Thus to avoid failut’e in tht’ reinfo rcing strips appl ied to time
alloy bar i t should be sufficient to increase the fibre fraction to 0.5.

3.3 Delamina tIon

peretz (2 ) 
has a ttt’npted to calculate the interface stresses on a t~~ — compon ’nt

beam and sho~ c that within 5% or so of tlte ends the stress rises rapidly , the value

increasing W i lb inc reasing sh ear’ modulus of the adhesic’e layer. His solution is

coniclen antI a m .iltet’native approach based on shear lag analysis is considered here.
Following t tn’ t-I’r’a tjnent glc- ’n in (3 ) we ‘onsider two layers of carbon fibre compo-

site , each of’ t hu i -krucss a • at tached to either side of a piece of’ alu minium a l loy
(the ’ matrix i nc  (3)). Stresses produced in the’ two materials by straining are
different li.’c ,ic ist ’ of t he’ different elastic moduli and consequenU~ shear’ stt ’ e’sses

are pi’oduceni aim i ll planes parallel to the long axis of the bar. The compressive

stress i r m  the composine’ L’(~ rs  given by

1 ,— E e — 
cosh~3( i2 — x) 

~
‘l

L cosh~31/2 ]

where e i~- t he’ overall. niat rin , strain and 1 the length of the bar.

Followin g the approach in (3) but allowing for the different geome t ry of the

liar we find tha t

C
= ,‘J E~7 *th 

(8)

where h i- . ttie ’ tItit ’knte ’s~ and GA the stct ’a r’ modulus of the alum inium alloy.



rw
The interfac e shear stress , ~~, is given by

= —
~~ E (a. - a,~) AT sinh~3(/ 2 — x) (9)

h C A cosh~ V2

since e = 
~°‘A — C

t
) AT.

This equation indicates that ‘t increases with an increase in the ratio 
~~~
, GA ,

Ec, (
~ 4 - a.~), and AT. It should be noted that increasing the fibre loading to

lessen the occurrence of buckling failure in the composite results in an increase

in Ec and hence a greater likelihood of delmirinatton. Using the values previously

taken for the various constants, taking x = 0, a = 3 , GA = 27 (Pa , and approxi-

mattng sinh~ V2 to unity for large values of ~3l/2, equation (9) gives ‘t = 52.3 MPa .
cosh~3J/2

The metal composite interface st rength was riot determined experimentally but since
52.3 MPa is greater than the interla inar ahear strength of the composite debonding
failure at the ends of the bars is very likely.

4. Conclusion

Two 7 m long alu minium alloy bars stiffened with carbon fibre composite have been

produced. A certain amount of’ compression failure a rid end delamination occur red in the

composite when the hybrid beam cooled down but this could be repaired. The bars have

been used successfully for some months now as single turn primary conductors passing
through the window area in the two cores of a Scott connected transformer.

The causes of the compression damage and delamination have been accounted for in

terms of simple composite models.
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AERE - R.9235 FIg. 1
Compression failure in CFRP. The black area Is a void due to debonding . The light

area at the bottom is part of the aluminium.

_ _ _ _ _  Carbon Fibre Composite

d h 
Aluminium Alloy

_

AERE - R.9235 FIg. 2
Cross section of carbon f ibre composite reInforced aluminium

alloy bar
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