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ABSTRACT:

It is highly desirable to obtain high strength and high
conductivity aluminium alloy conducter with excellent form=—
ability, that is, with the capacity of taking many reverse
plastic pends and manipulations without cracking. Alse te
oebtain this wire at a reasonable caest,

The foregoing is particularly impertant in cemmunicatien
wire. In this applicatien, high cenductivity is impertant,
however, electrical grade (&C grade) aluminium having nign
conductivity often has lew strength or is susceptibpble te elev=-
ated temperature strength degradatien and rwem temperature
creep and relaxatien. This naturally has an adverse effect
on mechanical electrical contacts. The higher strength alleys
which everceme the feregeing strength deficiences are generally
deficient with respect te electrical cenductivity.

Accerdingly, it is a principal ebject ef the present werk
to provide improved aluminium alley base cenducter which are
characterised by a cembination of high strength (min. tensile
strength in the hard drawn cendition 170 Nmm'z) and high con-
ducitivity (over 6lw IACS in the hard drawn cendition) with a
suitable degree of thermal stability and are obtainable at
a reasenable cest.
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INLROJUCTIONS:

In view of the scanty resources of cepper and mounting
engineering demands for the transmission of electrxicity,
copper is being replaced by aluminium. Al has a relative
geod electrical conductivity (about 60% that ef Cu), smaller
specific weight than Cu and apprepriate cerresien resistance.
In additien, Al is nen-magnetic and a faverable 9refiles_fer
electric cable can be made by several ferming proceses, for
example by extrusion, due te its higher fermability. Jeining
of Al is possible under a protective gas er with the Aluthermic-
precess. Lastly, the lower price of Al is ef special
importance.

Several attempts have been made te develop an Al-alloy
with a nigher mechanical and electrical properties. The res~
ults of such attempts have been protected as patents. Taole 1
summarises the results of tne mest important paténts in this
field.

The cemmon methods of streangthing Al¥alloya are: a) cold
working, b) formation of solid solutien: and (c¢) dispension
hardening by a constituent may eithexr saluble»(as in age hard-
enable alloys) or relatively insoluble at elevated temperatures.
Let us consider these briefly with regard te electrical cenduc-
tivity and thermal stability . .a) celd werking decreased the
cenductivity and high temperatare strength and should be aveided.
b) Selid selutien strengthing is effective for strength but
unfortunatly, cenductivity decreases sharply; ¢) As far as disperw
sion hardening is cencerned, serieus less in strenygth eccurs
- at high temperatures when the dispersed phase is seluble in the
matrix. Thus for an elevated temperature service, preducing
a dispersiens ef inseluble constitueiit in the alley is the mest
useful methed fer attaining high strength and goed structural
stability.
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Because of the lower solid solubility of iron in Al,
the electrical cenductivity of the latter has been little
affected by Fe additien enly when it was found in a precip-
itated foerm. Saluble iren increased the electrical resis-
tivity of Al with 2.56}pxxcm/weight %, while iren in the
precipitated form results in an increase of resistivity with
0.058 am .- cw/weight % (1).

In the present work 0.9% iron was added to the highly
pure Al.

EXPERIMENTAL PROCEDURE:

The alloys were prepared in an electric furnace frem
the highly pure metals:
Aluminium, iren and silicen. The chemical cempesitien was
shoewn in Table 2.

Te investigate the effect of thie rate of selidificatien
en the mechanical and electrical propeerties, three different
moulds were used:; l- Water - cooled cepper mould (50 § 450 mm
h ight), the water temperature was 7 *C. 2~ Cast~ iren meuld
3 = Flat ceopper mould (50 x 150 x 500 mm) heated before casting
to a temperature of 200 °C. ‘

The pregress of solidificatien was determined by Ni-N;C -
thermoceuples fixed at different paipts frem meuld wall. The
time for a temperature decrease frem 660 to 460°C during selid-
ification was measured and the coeling rate fer each Would was
determined. This was as follows:

1. 4.45 (Fast solidificatien : FS); 2. 2.1 (Ms) &3. 0.65°cs™}(ss)

The specimens were hot ¥olled te bars with 16 mm @, at
a starting rolling temperature of 450°C. This gave a tetal def-
ormatien { = 89%. ‘
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The bars were then given the firat celd drawing te wires
of 10 mm P. ( € = 60%) at a drawing rate of 17.5 m/min.

Three different heat treatments were applied te clarify
their effect on mechanical and electrical preperxties:
a) Recrystallisatien anmeal (550°C, 1 hr ~ Water guenching),
which aimed te accemplish recry$allisatien in a saturated
matrix; i.e to delay precipitation that can first take place
during the second celd drawing in a finely dispersed ferm.
b) Homegenisatien anneal (550°C, 20 hr - Water qpenéﬁng)v
c) Heteregenisation anneal (300°C, 20 hr -~ furnace ceeling).

The specimens were then given a final celd drawing
(E= 93.75%) to reach a wire with 2.5 mm @ . The wires
were annealed isochYenally in an air circulating furnace at -
100, 150, 200, 250, 300, 350 and 400°C, each fer eone hour,

The mechanical preperties (ultimate tensile strength 6,
yield strength 6’ ind elengation % (fer 100 mm wire length))
were determined on a “2w1ck-tast1ng machine® at -a crosa-nead
displacement rate ef 50 mm/min.

For the determinatien of elactrical cenductivity ef wire,
the cempensatien techniqgue of 4= peints~methed was applied(2}.

EXPERIMENTAL RESULTS AND DISCUSSION:

The effect of ceeling rate and chemical cempesitien en
the wechanical preperties in the as cest cenditien (shewn in
Table 3) can be summarised as fellews:

Additien of 0.9% iren increased 6= and 6& - values and
the maximum increase was feund for alley B. These twe values
were alse affected by F /5, - ratie. §;- additien decreased
6~ values which may be attributed te the decrease in selid sel-
wility eof Fo in Al and the cearsening ef the ternary F -8, -Al—
phases. '
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The qpantitative effect of grain size L on 6} can be
expressed by hall-Petch relatienship for alloy B at three
different ceoliny rates.

1
6 =6 + K 2
Y i
where 61 is the friction stress needed to move a dislecatien
through the lattice, Ky the grain-beundary laecking term.

61 had a value of 38.9 N mm.2 and K equal te 1.9¢ Nmmua/z.

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

Fig. (1) shows the micrestructures ef the samples in the
as cest cenditien. The effect ef cweling rate en the highly
pure Al (A) was net ebserved, while fer alley B, the effect
@f the rate of ceeling in refining the grains was neticed. Rel-
ating te the Al-Fe phase diagrams; the white area represents
K=gelid seolution and at grain boundaries AlsFe' Phase coexist .

A literature survey of phages precipitating in Al-F - and
Al=F _=S;- alleys gave different fermulas. Fer example, Miki and
warliment (4) have feunded the follewing phases in A;—Fe- alleys
with 0.04% Fe and varying amounts ef Si tip to 0.68%:
Rksre, Al FS 8i, Algfe, 8i,. However, Sickels and Bush (5)
observed the precipitation ef FeAlg frem a highly werked 0.05%
Fe alley at 370°C. Blank (6) reported the observatien #f tnree
prominant phases (but not Fe Al,) during precipitatien frem high
iren splat-quenched material.

in Al-Fe casting, the identity of the secend phase is dep~
endent upen the salidification rate; the equilibrium phase Al Fe
is present after slew salidificatien, whereas in rapidly selidis
fied materials the metastable FeAL. phase predeminates (7).
Jacebi et al (8) have found the existance of Al,, Fe, 5 phase
in aluminium (99% purity) when was rapidly selidified .

The grain beundary of alley Fs(g) was relatively thnicker
than Fs(B), which may be attributed te Si-~addition that decreased
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the solubility of iren in selid selution and attained a hiunerx
FeSi~precipitatien at the grain boundaries. As a result, sil-
icen ceunteracts the effect of rapid selidificatien en the mec-
hanical preperties.

Examination of the micres tructures leadsa to the cencl-
usien that the condition ef sg@lidification net only affects
the grain siTe, but also the form, size and distributien ef
the precipitating phase.

The effect of rapid selidification en mechanical preper-
ties can be attributed te the feollowing facters:

‘1. Grain refining action, i.e a laryge grain beundary area
pexr unit velume (Hall-Petch). ;

The effect of grain size (2000, 120 and 83 4gin aluminium

95.99 and 99.5 on the mechanical preperties was alse cenfir-

med in literature (9).

2. Supersaturatien of seluble alleying elements (seolid selth
ion hardening). '

3. Higher concentration of frozen vacanties. The number of
vacancies increases sharply with temperature, at abeut the
melting temperature of aluminium a céncentratien of abeout
10™% o 10™? was reached (10).

The concentratien of frozen vacanicies depends net enly
on the casting temperature but also on the rate of selidificat-
ion.  The higher the freezing rate, the largex the cencentratien

of vacancies.

After (11), the concentration ef vacancies increased with
the ameunt of iron in solid selutien (temperature 660°C).

4. The gtain beundaries were little loaded with foreign atems.
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Regarding the saftening processes, tne followinyg poants

were deduced:

After heterogeneous anneal and finally cold drawned,
the softening took place in two-steps (Figs. % and 5 )+« A flat
sctep (recorevy) followed by a sharp drop {(xecoystallisation).
Kecxystallisation in this condition ard especially with a nigh-
er degree of deformation ( €= 93.75%) was able to occur at
a lower temperature of anneal.

An opposite course showed the homogeniously annealed
specimen. Recrystallisation was highly retarded. klectron
microscopic examinations proved the occurence of precipitation
(also as in recrystallisation annealed gpecimens) during the
second cold drawing. Softening was essentially affected Dy
pPrecipitation. The finely dispersed precipitcites hinder the
disleocation motion much more than when coarse and widely spaced.

A very slow rate of softening was attained for recryst-
allisation annealed wire. Not only the dislocation motion fer
recovery precess was hindered, but also the motion of secryst-
allisation front was highly retarded so tnat recrystallisation
tooX place only at high temperature.

figure (Y aind10) show the effect of isochrenal annfaling
on the electrical coenductivity which can be described as follews:

’ Unly a little change of H was feund frem room temperature
to 150°C. ‘The increase of of -values from 150 till abeut 250°C

can pbe attributed to the disappearance of peint defecta. Electrical
conductivity increased in the temperature range 250 4U0°C due te
tne softening apndprecipitation processes.

As expected, the hetergenous annealed wires have the nignst
W ~values.
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During the isothronal annealing, there was no decrease
of ¥ ~-values due to the solid solubility of precipitates.
A study of Al ~ Fe and Al-Si phase-diagrams shew tnat ab
450°C the above effect eccurs.

A cewmparison between Fig. ( 9 ) and (11) shows
that alley ¢ has a lower W - valwes because of the higher
Si~Centent.

CONCLUSSIONS &

1. The harmful effect of silicon on electrical cenductivity
and mechanical properties can be kept minimum through the
application of rapid solidification technique, high iren
additien, apprepriate neat treatment pregram and finally
extensive cold woerking.

2. 'The results of the present work shew that the recrystall-
iscation heat treatment (550°C, 1 hr) before the final celd
drawing gave a wire with a higher thermal stability. Ferx
a practical heat treatment of Al-Fe alleys, the alloy can
be soft-annealed quickly by the abeve heat treatment where
recrystallisation is not impeded by precipitatien. The start
of the precipitation is delayed very much due te the hign
activation energy eof iren in aluminium. 1In this state, the
woxk hardened cenditien can be preserved up te abeut 200°C
for a very leng perieds of times. Relative te other transit-
ien elements, iron is a desirable alley additien fer this
application because of its low ceat and minimal reductien
in cenductivity caumed by Al-Fe~ second phase.

3. The interplay between cempesitien, casting cenditien and
thermal treatment is impertant in centrelling a large numb-
ers of possible effects of casting, mechanical werking and
annealing. ‘
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»

The cenducter develeped in eur work (alley B, fast solid-
ified, recrystallisation annealed) may be readily employed
in industrial cenducter sizes including transmission, comm-—
unicatien and building wire where a goed cembination of
strength, ductivity, thermal stability and higher cenduct-
ivity is required.
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Table 1
Aluminium Alleys Cenducters
Fatent Chemical Cemposit- Properties Reference (Inventors)
ien (as given)
«"Triple &' Fe 0.6 5i 0.05 30% higher tensile Al 50 (197411, 737
’ N . strength, _ ) _
Vs-Patent Mg 0.002Mn Q.002 three time of elong~ Metallurgical researca
i ation percent .
3,512,221 Cu 0.004 W =61%I4CS (35.4 Lab. ,Seuthwire Cs,
, /i mp”) , Carrellten, (USA).
.Super T £, 0.5 0%= 253 N/mm®(hard) & A1 43(1972)7,477
alley Ce 0.75 134 (seft)X 61%IACS
«X 8Q70 Fe 0,6~0.9 »=61.2% IACS , Wire Journal 6(1973)
Us-Patent M_ 0.08-0,22 O 290 to 110 N/mm 10,91: Aloca Lab.
3.697,260 sY max. 0.1 . (Usa)
.Us-Patent N 0.2-0.6 Min % 33.2 m/2 ma Seuthwire cempany
(57% IACS) .
3,830,635 Co 0.3~1.3 higner tnermal stabilCmrrellten, (USA)
ilitcy
JUS=~Patent Fe 0.04~-1 0~ 185-175 N/mm Olin Corperation,
3,763,686 Si 0.02~0.2 $ 7-19%,3(61..7-62.1 New Haven, Cenn.{USA) -
Cu 001 - l .
o NML=PM2 o{y61.2%IACS ,higher 0* Natienal Metallurgical
Electric Laboratery, Jayms-
grade Al hedpur, India.
dlloy _ .
.US-Patent Fe 1.7% O :1158-127,8 17.5-20 Al 52(1976) 2,143
3,827,917 s 59.6=60.1
«Canada=- Co Ry 5O LIACS Light Mekal age, 34
Patent i (1976) 3/4, 31:
967 405 Seuthwire cemp. Caxrels
ten Geexgia (USA).
» Hungary Mg O.0=1.2 X 32.6=33 §:17 Metallurgical Research
33 Si 0.2~0.5 O~ 280=130 Inst:%tute:?anenské
Fe 0.2=0.5 , Brezany, USSR
.Italy Fe 0.3-1 > 61.5 %4IACS  Metals Abstracts
Almhoflex Si 0.2-0. gy 130 N/mm* 7607 46 0067
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Table (2) Chemical analysis ef the examined alloys, Wt-%

Alloy Cu F-e Si pp Mn PPmT, PPmC, FPPmZ ~ FPPm V
A 0.0008 0.061 0.003 <10 <10 {5 420 <10
B 0.0025 0.92 0.07 <10 <10 <5 < 20 <10

C  0.0035 0.91 0.15 <10 <1o <5 <20 <10

Table (3) The 6= and G;w values in the as-cast cenditien

(N mm~%)
alloy ' ‘
rate
*c /s
6’ 46.7 97.3 92.7
4,6 6’), 30.5 50,2 44.49
6 45.3 92,6 $6.0
2.1 6”Y 29.3 46.4 42.6
6 45.0 ‘ 89.3 64.0
0.7 6;, 29.1 42.5 41.0
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Table(4): The 6% ' 6‘)'( - and § %-values after the first celd

drawing (£ = 60%) and heat treatment
H.Tol 550°C.hr H!T.Z 550°C, H.To3 300°C, :

. .20 hr . . . 20 hr
Alley . AFS BFS BMS  CFS cMs Css
6 112 160 152 149.8 148 142
W.H.T 6} 100 141.7 137.0 134.2 133.4 129.2
§ 25 18 15 16. 15 4.1
&  45.5 98.6 ~ 94.0 91 86.6 83.4
M.T.1 s’y 26.5 42.1 38.4 40.0 38.3 36.1
5  36.7 55 46 44 . A4 40
&  43.8 90.4 85.7 79.5 76.2  72.1}
H.P.2 6} 42.7 40.2 39.0 36.8 37  33.8
S 38,0 50 44 47.7 43 39
6  50.8 84.6 80.1 80.8 78.6 75.5
H,T.3 6;, 27.9 40.7 38.6 38 - 36.4 34
5 54.3 49 47.2 51 49 51.5

FS:Fast Solidificatien MS Medium Selidificatien S8 Slew selidificatien
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