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It is highly des i rab le  t o  obta in  high a t renytn  and hlgh 
canductivi ty aluminium a l loy  conductar with exce l l en t  form- 
a b i l i t y ,  t h a t  is ,  with the  capacity of taking many revexse 

p l a s t i c  bends and manipulations without cracking. Also te 

ebta in  t n i s  w i r e  a t  a remonable cest, 

The foregoing is p a r t i c u l a r l y  i m p r t a n t  i n  c ~ u n i c a t i o n  

w i r e .  Zn t h i s  applicat ion,  high cenductivi ty i u  impertant,  

hswever, e l e c t r i c a l  grade (dC grade) aluminium having nlgh 

conductivity often has low s t r eng th  o r  is s u ~ c e p t a n l e  te elev- 
ated temperature s t r eng th  degradation and reem temperature 

creep and relaxation.  This na tu ra l ly  has an adverse e f f e c t  

en mechanical e l e c t r i c a l  centacts .  Phe higher strengtrh aLley8 
wnich evercme t h e  foregoing s t r eng th  def ic iences  a r e  yeneral ly 
d e f i c i e n t  with respect  t o  electric& conductivity. 

Accordingly, it is ir pr inc ipa l  ebject: of t h e  present  work 
t o  provide impreved aluminium a l loy  base canductor wnich a r e  
charac ter ised  by a cambination of high s t r eng tn  (min. t e n s i l e  
s t r eng th  i n  the hard drawn condit ion 170 Ntm-') and nigh con- 

d u c i t i v i t y  (over 61% LACS i n  the hard drawn cendi t ion)  with a 

s u i t a b l e  degree @f thermal s t a i l i t y  and a r e  obtainable a t  

a reasenable cest. 
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I n  view of the scanty resources of cepper and mounting 
engineering demands f o r  the transmission sf e l e c t r i c i t y ,  
copper is being replaced by aluminium. w l  has a r e l a t i v e  
g e e d  e l e c t r i c a l  conductivi ty (about 60i6 t h a t  of C U ) ~  smaller  
s p e c i f i c  weight than Cu and apprepriate corres ien  resistance.  
In u id i t i en ,  A 1  is nan-magnetic and a faverable p r e f i l e s  fer  

electric cable can be made by severa l  f ~ r m i n y  proceses, f e r  
example by extrusiern, due t o  its higher formability. Joining 
of A 1  is p a s i b l e  under a p ro tec t ive  gas sr with t h e  Aluthermic- 
precess. Last ly,  the lawer p r i c e  of A 1  is ef s p e c i a l  

Several attempts have been made ts develop sn Al-alloy 
with a higher mechanical and e l e c t r i c a l  pregerties. The res- 
u l t s  et such attempts nave been pretected as patente. Twle 1 

suramarises the r e s u l t s  ef tne  mest iraportant pa ten t s  i n  t h i s  
field. 

The cGPrarnon m e t h a s  ef s t rengthing AL-alleye are: a )  cold  
workiny, b) f a m a t i o n  of s o l i d  ~ o l u t i o n :  surd ( c )  dispension 
hardening by a cons t i tuent  may either sa lub le  (as i n  age hard- 
e n a l e  a l loys )  or r e l a t i v e l y  insoluble a t  e levated  temperatures. 
Let us consider these  b r i e f l y  with regard t d ~  electlical cenduc- 
t i v i t y  and thennal s t a b i l i t y  . .a) celd working decreased the  
coficluctivity and high t e m p r a t u r e  s t rength  and should be aveided. 
b) S e l i d  so lu t ion  strengthing is e f f e c t i v e  fer s t r eng th  but  
unfortunoely, conductivi ty decreases sharply: c )  A s  far a s  diaper- 
s ion  hardening is cencerned, serieus l o s s  i n  s t r eny th  eccurs 
a t  high temperatures when t h e  dispersed phase is s s l u b l e  i n  the  
matrix. Thus f e r  an elevated temperature se rv ice ,  producing 
a d ispers iens  of inse luble  cons t i tueb t  i n  t h e  a l l e y  i a  the meat 
useful  methed f o r  a t t a in ing  high s t rength  and geed s t r u c t u r a l  
s t a b i l i t y .  



Because of the lower so l id  so lubi l i ty  of iron i n  A 1 ,  

the e l ec t r i ca l  cenductivity of the l a t t e r  ha8 been l i t t l e  
affected by re additicpn snly when it w a s  found i n  a precip- 

i t a t ed  fern. Soluble i ren  increased the e l ec t r i ca l  resis- 
t i v i t y  ef ~l with 2.56,uncm/weight %, w h i l e  i ron i n  the 

precipitated form resu l t s  i n  an increase of r e s i s t i v i t y  with 
0,058 /u fi Wweight  X, (1). 

In  the present work 0.9% i ron w a s  added %e the highly 
pure Al. 

The alloys w e r e  prepared i n  an e l ec t r i c  furnace frem 
the highly pure matale: 

Aluminium, i r en  and si l icon. The chemical cempesitien was 
@hewn i n  Table 2. 

Te investigate the ef fec t  ef the rate of e&lidi£icatien 
en the ntectranicol ilnd e l ec t r i ca l  p rqxe r t i ee .  three different  
muids  were used; 1- Water - cooled cspper rrrould (50 PI 450 aua 
h, i gh t ) ,  the water temperature was 7 *C.  2- Cast -  irsn muld 
3 - Pla t  cepper msuld (50 x 150 x 500 mtn) heated aefore casting 
to a tempxature of 200 'C, 

The pregress a£ so l id i f i ca t i sn  wus det;erarined by Ni-hiCr- 
tnermoceuples fixed at different  pafpts frm mould w a l l .  The 

t i m e  Eer a temperature decreme frern 660 t o  460% durrng solid- 
ification wos mtaasuted and the cooling sa t e  fo r  each WUld wils 
determined, This was as f ellswa : 
1. 4.45 (@let ~ o l i d i f  i ca t ien  : FS ) ; 2. 2.1 (m) &3. ~ . ~ ~ o c s - ~ ( s u )  

The specimens were h o t ~ a l l e d  te bars with 16 mm Id, a t  
o s ta r t ing  rol l ing temperature of  450°C. This gave (1 t e t a l  def- 

ormatien & = ~9%. 



The bar8 w e r e  then given the f i r s t  cold drawing t o  wues 

ef 1Q nun (6. ( & a 60%) a t  a drawing r a t e  of 17.5 4mi.n. 
. . 

Three d i f fe ren t  heat treatments w e r e  applied t o  c lazify  
t he i r  e f fec t  on mechanical and electrical preprtie8: 
a) Recryst&liaatien anmal (55QeCa 1 h r  - Water pi~ncpirJg), 
which &wid te accemplisn recr;pblli&rt;ion in a ailtuxat& 
matrix; i .e te delay p r e c i p i t a t i ~ n  tha t  can f i r s t  take place 
during the aecond cold drawing i n  a f inely dispera+ farm. 

b) Hemgenisatien urnaal (S50eCa 20,hr - Water quewbing) 
c) kieteregenirsaei@n anneal (3W°C4 2 0  h r  - furnace ced ing ) .  

The apeciraenn were then given a f i n a l  celd  drawing 
( E 93 -75%) t o  reach a wire w i t t l  2 -5 mm @ . The wires 
were annealed isechrenally i n  an a i r  c+rculating furnace a t  
loo, 150, 200, 2504 300, 350 and 40Q0Cb each f o r  one h w r ,  

The mchoraical p+x+iee (u1t ;ht ;e  tonsi lo  strCmgth Wb 
yield ntrengkh B; and elengation % ( for  100 n. w i n  length)) 
were betermintad on a YZwick-terrting macbitle* a t  a Cresa-nsad 
displacement rate of 50 raao/rain. 

The e f f ec t  ef ceeling r a t e  and chemical c a p e i t i e n  en 
the mechanical properties i n  the ur cesk conditien (shown i n  
Tirble 3) can be sumr~isrised as fell@wer 

Acrlditien s f  0.9% iron increased 6'- and 6' Y - values usd 
the  nwrSmwn increase was feund f a r  a l ley  13. These +we values 
were alse atfected by Fe/Si - ra t ie .  Si- aciditian decreased 

valueis which may be at t r ibuted t e  the decrease i n  se l id  eel- 
ub i l i ty  eL Fe i n  Al and the  cearsening of the  ternary P; Si---- 
phases. 



The 

expressed 

different  

where Ci 

6$Uantitative e f fec t  of grain s i z e  U on 6; can ~ e !  

by Hall-Petch relationship for alloy B a; three 

cssliny rates.  
1 

&y - si + w - Z 
is the f r i c t i on  stress needed t e  m w e  a dislecatien 

through the l a t t i c e ,  K the grain-beundary lacking tern. 
Y 

-31 2 ri had a value ef 30.9 h mao2 and K equal t a  1.96 

These values were given fer a nigh strength A1-alleys (3). 

Pig. (1) shows the micrc~structures ef the samples i n  the 

as ceet  conditien, The e f fec t  ef ceoling r a t e  mn the h ~ g h l y  

pure A 1  (A) W P ~  not &served, while fo r  a l ley B, the e f fec t  
ef the r a t e  of coeling i n  refining the grains was neticed. W e l -  

a t ing t@ the A1-Fe phase diagrirms; the white area represents 

L1(-s%lid selution and a t  grain boundaries A ~ ~ P , -  ~ha@s&oWi* . 
A l i t e r a t u r e  survey of pha&es precipitating i n  A&-Y; 

AL-Ye-Si- alloys gave uifferent  ferraulaat. Per example, N i k v  irnd 

wrLimant (4) have feunded the  following phases i n  H~-P,- al leys  
wikh 0.04% Be and varying vaounts crf Si Up to 0.68%: 

a 3 Y e ,  AlpZ Fe S i ,  A19Pe2 S i l .  Howaver, l i cke l8  and B u s h  (5) 
3 

eb~erved Che pxecipitatien s f  PeA16 from a highly worked 0.95% 
Ye al lay a t  37U9C. Blank (6) reprt@d the &servafieri csf tnrrre 
pranrinimt phases (but not Fe A l b )  during precipi ta t ien fxow high 

irmn splat-quenched inaterial. 

In A1-Pe caeting, tne i l lenti ty of the secend +aae is dep- 

endent u p n  the ml id i f i ca t ion  ra te ;  the equilibrium pnlse A13P.e 

is present a f t e r  slew sa l id i f ica t i@n,  whereas i n  r a p ~ d l y  so l id ia  
f i ed  materials the rnetaatakile FeAL6 philee predermanates (7) .  
Jacebi e t  al ( 6 )  have fsund the existance ef All? Pea Gi-phase 
i n  aluminium (99% purity) when was rapidly s e l id i f i ed  . 

The grain boundary of alloy Fs(C) waa re la t ively tnicker 
than F S ( B ) ,  which may be at t r ibuted te S i - m a t i a n  tha t  decrelered 



the solubi l i ty  of i ren i n  so l id  scelution and attained a hi_:ner 

BeSi-precipitafion a t  the grain boundaries. Ha a result, stL- 
icon counteracts the e f fec t  tef rapid se l id i f ica t ien  4m the mec- 

hanical gseperties. 

Examtination sf the micrer, tructurea leada t o  the concl- 
mien  tha t  the cendition r f  en l id i f ica t i sn  net  snly affects  
the  grain o a e ,  but also the form, s i z e  und dis t r ibu t ien  ef 

the precipitating phase. 

The ef fec t  s f  rapid scplidification en mechanical proper- 
Lies can be at t r ibuted te the f e l l ~ w i n g  factsrs:  

Grain refining action, i .e a large grain beundary area 
per: unit: velwre (Hal-Petch). a 

The ef fec t  of grain size (2004, 123 and 8 3 M h  aLPninium 
99,99 and 99-5 on the 1~44chanical'pr@perties wirs alse cenfir- 
sad i n  l i t e r a t u r e  (9) 

Supereaturatien of seluble alloying elenrents (sol id  solut- 
i ~ n  hardening). 

Nigher concentration of frozen vacancaies. The number a0 
v a c ~ n ~ i e s  increases ~hal-ply with temptature ,  a t  obsut %he 
melting taprarature eE aluminium a cencenfrotic~n ef &out 
LO-' t o  w l s  reached ( lo) .  

The csncerntratien e l  frozen vacanicies depends ns t  only 
on the casting temperature but a lso on the r a t e  ef so l id i f ica t -  
ion. Tne higher the freezing rate, t;be larger the cencentratien 
of vacancies. 

After (ll), the concentration ef vacancies increased with 
the uneunt of i ren i n  so l id  aolutien ( tmperature  660%). 

4. The A a i n  boundaries were l i t t l e  loaded with torelgn ateras* 



Heyarding the softening processes, tne followrny p ~ n t r ,  

were deduced: 

After heterogeneous anneal and finally cold drawned, 

the softening toox place in two-step (gigs. k a d  5 ) A f lot 

otep (recorevy) followed by a snrrp drop (recoystallisation). 

Kecrystallisation in this condition m2x14 especially with a nign- 

e x  deyree of deformation ( & -  93.75%) was able to occur at 

a lower temperature of anneal. 

An opposite course showed the homoyenisusly annailled 

specimen. Hecrystallisatien wae nighly retarded. Electron 

inicroscopic examinations proved the occurence of preciprtrtion 

(also as in recrystallisation annealed specimens) aurlng the 

second cold drawing. Softeniny was essentially affectea by 

precipitation. The finely disgereed yrecipitcitee hinder the 

dislocation motion much more than when coarse a d  wideiy spaced. 

A very slow rate of softening was attained fer recryet- 

allisation annealed wire. Not only the disleocation motion fer 

recovery precess was hindered, but also the motion of secryst- 

allisatien front waa highly retarded so tnat recrystalllsatlon 

tooK place only at nigh temperature. 

A.gupre ( 9 ahd fO) show the effect eE isocnr~nal annBaling 

on tne electrical c~nductivity which can be described as fellows: 

only a little change of ;)e was found from room temperature 
to lW°C. The increase sf be -values frc~rcl 150 till ;*oout 250.C 

can oe attributed to tne disappearance of pint defects. Glectrical 

csnductivity uacreased in the temperature ranye 250 4 W D C  due to 

tne softening ~dpre~i~itatlor~ processes. 

AS expected, the hetergenous annealed wires have tne nignst 

-$2 -values. 



lruring t h e  isochronal annealing, there  w a s  no decrease 

of g -va lues  due t o  the s o l i d  s o l y b i l i t y  of p rec ip i t a t e s .  
A s tudy of ~l - Pe and A l l S i  phase-diagrms show t n a t  rr, 

450°C t h e  a o v e  e f f e c t  wcurs .  
< .  

A cemparieon between Pig, ( 9 ) and ( 11 ) ahews 
t h a t  a l l a y  C has a lawer % - value8 because of t he  higher 
S i -C~ntent .  

CONCLUSS IONS : , . 

1. The harmful e f f e c t  ef s i l i c o n  on e l e c t r i c a l  conductivity 
and mechanical proper t ies  can be kept  minimum through we 

appl ica t ion  of  rapid s o l i d i f i c a t i o n  technique, nigh i ron  
addit ion,  apprepriate nea t  treattimiat program md f i n a l l y  
extensive csld working. 

2. The r e s u l t s  of the preblent work shew that the re~ry£bt i i l l -  
i s ca t ion  hea t  treatment (S50bC, 1 h r )  bs fe re  the f i n &  ce ld  
drawing gave a wire with a higner thermal s r a b i l i r y .  Ps r  

a p r a c t i c a l  hea t  treatment c9f  ~ 1 - P e  e l leye ,  Ule a l loy  can 
De soft-annealed quickly by t n e  absve hea t  treatment where 
r e c r y s t a l l i s a t i s n  is not  impeded by p rec ip i l a t i sn .  Tfre s t a r t  
of the  p rec ip i t a t ion  i e  delayed very much due t g  the  high 
ac t iva t ion  energy of i r e n  i n  aluminium. I n  thir s t a t e ,  the  

wexk hardened cendit ion can be preeerved up te aeut  200'C 

f ex  a very long p r i s d s  of times. Ktlaeive to ether trianoit- 
i s n  elemente, a r m  is a desirable a l l e y  add i t i sn  f e r  t n i s  

appl ica t ien  becausc, of i + e  low cost and minimal reductisn 
i n  cenductivi ty cilllaed by H1-Fe- second phase. 

3. The in te rp lay  between c a ~ m p s i t i s n ,  cas t ing  cendi t ien  ,and 
thermal treatment is i m p r t a n t  i n  c s n t r e l l i n y  o l a rge  numb- 
ers of  poss ib le  e f f e c t e  of cas t ing ,  mecnanical wsrking and 
annealing. 



4. The cenductor develeped i n  sur work ( a l l e y  B, f a s t  so l id-  

i f i e d ,  r e c r y a t a l l i s a t i o n  annealed) may be read i ly  employed 

i n  i n d u s t r i a l  csnductsr s i z e s  including transmission, comm- 

unicat ien and building w i r e  where a geed cembinat~on @f 

Strength, duc t iv i ty ,  thermal s t a b i l i t y  and higher cenduct- 

i v i t y  is required. 
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Table 1 6 

Aluminium Alley8 Cenducteks 

Fa tent  chemical cornposit- ~rcepcrk ies  Reference ( I n v e n t a s )  
i on  ( a s  given)  

."Triple  Ow Pe 0.6 S i  0.05 30"k higher  t e n s i l e  A1 50 (1974)11, 737 

.Super Y 
a l l e y  

.X &076 
US-Patent 
8,697,260 
.US-Y a t e n t  

.MiL-PM;L 
kUectric 
grade Al 

a l l e y  . US-Patent 
3,827 ,917 
.Canada- 
Patent  
967 N 5  

Hungary 
3 3 4  

. I t a l y  
Almhof lex 

P, 0,s 
Ce 0.75 
Y e  0.6-0.9 
M 0.w-0.22 
sX mu. 0.1 
Ni 0.2-0.6 

s t r eng th ,  

t h r e e  t h e  of elsng- Meta l lurg ica l  researcn 
a t i o n  percent  

-be =6l'ksJ$22 (35.4 ~ab. ,seutnware ~ r a ,  
m / f i r m p  C a r r a l l t o n , ( U S ~ ) .  

W= 253 ki/'mL(hard) & A1 43(1'?72) 7 ,-477 
134 (s@ft),atbl%XACS 

&=61.L% IACS Wire Journal  6(1973) 
~r :&Kl te, 110 N/mmZ 10,91t Alocil LW. 

(USA) 
~ i n b ( 3 3 . 2  m/-%mm ~ e u t h w i r e  c a p a n y  
(57% UCS) 
nigher t no rmd  e l ~ & l C & r r e l l t e n ,  (USA) 
i l i t y  
0" l& 5 -17 5 N/mm 2 0l.m Corperation, 

& 7-1%6@61.7-6~.1 New Haven, Cenn. (USA) 

x)~J.. 2%1ACS4 higher  (r i at i m d  ileta1lurgic.l  
Labcpratery, Jamis- 
hwipur, India.  

$1501-127 b 17.5-20 A S  52 (1976) 2 
59.6-6d.l 

&) 50 % T A G  Light  Age4 34 
(1976) 3/4, 31: 
Yeuthwize cmpc c&rro&/ 
ten Weergia (USA). 

8 32.6-33 6 :17 i4fmtiallurgical Keseafch 
(r 2&O-130 1nst~tute:BanenskB 

Brezany, ZSSR 
8)  61.5 % 1ACS Metals Abst rac ts  
a") 130 N /nrmt 7607 46 0067 



T a b l e  ( 2 )  Chemical a n a l y a a ~  ef Use examined alleys, Wt-% 

Tabla (3) The 6L. and e- values in the as-carat conditien 
Y 

(lY "ang2) 



Table(4): The 6F , <, - and 6 %-values after the first celd 
I 

drawing ( & = 6Vh) and heat treatment 
H.T.1 550°C.hr H.T.2 550°C. H.T.3 3 W Q C ,  

FS:Fast Solidificatien MS Medium Solidificatien SS Slsw as l idaf icat i@n 



Yicrostructure of alloy $ 

i n  the as-cast condition: 

a) PS-I COX b )  1.23-IOGX 

C )  SS-:OOX d) SS-500X 

Pig, 2) 

Xicrostructures after hot rod r o l l i n @ !  rollin$ temperature 

450~~1, 6 = 1951, 50oX o f  &)alley .I clnd b?alloy B, 
- .  
























