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* ELECTRICAL RESISTIVITY STUDIES OF UNIDIRECTIONALLY
SOLIDIFIED Al-CuAl, EUTECTIC ALLOY

Kwaku Abiam Danso
" Inorganic Materials Research Division, Lawrence Berkeley Laboratory and

Department of Materials Science.and Engineering, College of Engineering;
University of California,vBerkeley, California

ABSTRACT

Experiﬁénts were conducted on the eléctrical resistivity of the
Al-CuAl, eutectic and Al-5.7 Cu alloy, both as cast and directionally
'Solidified,.and aged at 25,150 and 315°C. Directional solidification
producee-anbefiented microstructure and reduces the resistivity
significantly. The resistivity!of the quenched Al—5.7 Cu alloy is

:4,65 uQ-cm.aﬁd this extends Nordheimfs' rule over the entire renge

:bofeeolid solubility of Cu in Al. Analysis of the data showed that
useof indebendently measured component propertiee to calculate composife
properties from the rule of mixtures is not justified even if the

gross phase geometry is well defined.



I. INTRODUCTION

A. Objective

The brééeﬁt‘study was stimulhtéd by the increééihg number of
structural épﬁlications of composite materials, such as the Curreﬁt
interest ih”aifeétionally solidified eutecﬁics (in situ Coﬁposites)
as promisingféaﬁdidate materials for turbine blades, and tﬁe possibili;y

~that in somé_systems materials having important eléctronic propertieév
can be made. |

.A.comfbéite is a solid heterogeneous ﬁedium_éoﬁsistinquf~ébmikture
6f several dist%nct phases separated by well defined interfaces. In

thié respecﬁ'éii multiphase alloy systems are coméoéi;g materials,k
but in ﬁhe ébntéxt of this work.compbsite 1s restricted to mulﬁiphase.

. éystéms (uéually two phése) consisting of an alighéd:feinforcing.phase
dispersed iﬁ‘é’second matrix phase. Suchvcomposites.;an be made by .
artificial jdining of two phases whose proper,ties‘are"t:omplimentary.l
However, compbsités can also be made by unidirectioﬁal solidifiéation
of eutectics from the melt.?

Considerable theoretical and experimental work{ﬁéé been_doﬁeson ﬁﬂe .
| mechanical ﬁfopgrties of both fabricated and in sifu coﬁpositeé. Iﬁ hés
been found that in composites having a regular aligned microstructure
the mechanicélrproperties of the composités can usually be pre&iéted
given.the:propefties of the individual components and'théir volume
fractions. What is mést ébmmonly used is the simple "Rule of Mixﬁures".'

Theory predicts that the electrical propefties such as conductivity

and dielectric constant, and magnetic properties such as the magnetic



permittivity ébey the same laws as fof mechanicaI prdpefties with
approbriate:suBstitutions in thevrelevant equation§.3"HoweVer, in
contrast to thé situation’for>me§hanical and.thefmophysical properties
very liét}e experimental work has been done on éiéctrical properties.
Tﬂéiffiﬁaty objective of this study was to aécerfaiﬁ if the.simple
rule of mixfuies holds for the eiéctrical resistiyiﬁy of:in-situ
compqsites with well aligned microstructures. The syStem chdsen for
study was the Al-Cu eutgctic which has been solidifie&.unidireétionélly
to produce'lamellae of'CuAlz(G) phase platelets parallel to the growth
directioﬁ.iﬁ a matrix of aluﬁinum slightly alloyed witﬁ copper (K phase).
In the present:work one of the phases, thé Al—S.Zﬁwt.% Cu Alloy‘is
itself_a'gompoéite material, because upon solqtion,Héat treatment and   -
»*éging;vfinely-dispersed CuAlz(G) preéipifates are fofmed in the Al matrix.
Since the eiectrical properties qf single crystals of:fhis material |
have not beéh’réported, and the electric#l:propertiesﬂof CuAl2 are also
unknown, a éecéﬂd objective of this work was to détérﬁine the electrical

pfoperties of Al1-5.7 wt.% Cu(k) and CuAlz(S).

B. Prdperties and Apgliéations of Composité Materials

1. Structural Applications

Aﬁong the’most important properties of‘in-situ‘éomposites for
modern applications are (a) the strengthening inherent in mést eu;éctic E
composites——the load carrying capability of a‘stiff‘sprong phase, _ |
either fibrous or lamellar, and (b) the stability of éﬁtectic miéf6¥

structures during long times at elevated temperatures.
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In thé”recent rapid improvements in jet engines for speeds twice
and thrice that of sound, one of the most demanding materials requirements
has been for turbine blades in the hottest ﬁarts of the engine where

service témpérathres are up to 23bO°F and the metal is subjected to

- high stresses in a highly oxidizing and corroding atmosphere: Present

day turbine_blade materials which operate at 1800° to 1900°F are

Ni-base super“alloys consisting ﬁrimariiy of nickelerich solid solution

Al rich (y") particlesb(Ni-Ni Al, or Y-Y').2

3

(Y) hardened by ordered N13

~ Some of these are directionally solidified to avoid.tfansverse grain

boundaries.
Allqy designers are now looking for new materials to operate at’

even higher_tempefatures. A class of materials uﬂder‘study is refractory

.metal alloys; e.g. alloys of molybdenum, tungsten and niobium. They,"

'hoWéVer; suffér_from the disadvantage of rapid oxidépion. Another

class, ceramic‘materials, also suffers from brittleneSé."Thus many

researchers_ére now investigating aligned eutectics as the most promising

high temperatﬁre'substitutes for current superalloys; the two major

classes being'those reinforced with TaC fibers, ahdﬁthose reinforced

with Ni3Nb-(8) lamellae.? 4

TaC Eutectics. TaC has the highest ﬁelting point of any substance

known, about 7000°F, and an elastic modulus of ovér.6OX106 psi.
Starting with'tﬁe Ni—Tanand Co-TaC eutectics, some workers4 have
improvedvmatrix-prqperties by adding various alloying elements, while
retaining well?éligned TaC fibers. Cr and Al were added for strengthening

and corrosion resistance. The Co-base-TaC eutectic has the higﬁest



vknown creep resistance at high temperatures,vbut'lacks an eQuivalent
of y' hardgning and is therefore weaker than the-Ni—base alioys at
intérﬁediate_temperatures.

| Measugeménﬁs'of high-cycle fatigue étrengthsfénd-impacﬁ strquths,f':.
propertiesfgﬁich,are important for engine appliéations, have also shoﬁn.
that even éftgr extensive fiber cracking (after:sfféining) eutectics
can show cbﬁsiderable strength and ductility.

Ni_Nb .(6) Eutectics. One of the strongest eutectics so far
)

developed'is:the Ni3Al-Ni3Nb (y'-%) lameilar eqteétig; Two major
drawbacks of[this eutectic between two iﬁtefmetaliic'compounds'(Y'-Sf
however are thg limited ductility at'low temperaturesvand'limited |
ogida#iop resistance. To correct these weakneSses ailéying modificatioﬂs,
including pOStfsolidificatiOn heat treétments and thé additions of

Al and Cr td'producé v! precipitatioﬁ within the Yy phaée to improve

2 The Y,Y',8 eutectic showed

) oxidation’resistance have been made.
improved 1oﬁ’temperature ductility with only moderate loss in creep
‘strength compa:ed to Y'—G eutectic, and promises to be a good turbine-
blade materiél. B |

As stated earlier; the stability of eutectic migfostructures_
during aging at elevatéd temperatures is one of-tﬁevmajor advantéges
of euteCtiéé. Reference (2) cités'some work on tﬁq aspects of thermal
stability--the effect of thevthermal cycling and of temperature gradients
Further work.is needed in this érea, but the indicationS’are that |
eutectics, which are known to reach é 1imiting coarséness in micro-

structure after prolonged éging'will have.superiqr propertiés in these

respects.
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2. Non-structural Applicationms

While the major potential applicationspfor in-situ composites
seem to be those requiring good mechanical andrthefmo—physical*properties,
these materials also have intereéting and potehtially important electricél;

magnetic, and thical properties.5

a. Semicdnducting materials. The aligned'IﬁSb-NiSb eutectic

contains long ébnducting rods of NiSb dispersed in a éemiconducfing InSb
matrix.s_’6 : It exhibits a large magnetoresistive_effecﬁ; and'Siemehs
markets magﬁetic field sensors, current tranéduéers; dontactlgss |
botentiometéfé'and switches based on this property. The aligned Ith—
NiSbreutectic also acts as an infrared detector which operates at room.
temﬁeratgfe with a biasing magnetic fiéld, giving’é aetectivity figure,
ﬁf;'of'2X107 ?aﬁts—lsec—l/z, and a éensitivity to 15 um with modulation
'»freqﬁeﬂéiés at several KHZ. In another applicatidﬁ the material has
| been used'asia source of light in the visiﬁle and-infrared sbeétral‘
regions. Aﬁpéreﬁtly the radiation in this case results from the
?ecoﬁbination_pf‘injecteé'charge carriers.
Anbtherin—sitﬁ compésite.with a largé magnetoresistive effect is
the Cd3Asz—NiA$“edtectic studie& by Elliot and Hiéco¢ks.7. In spite
of its high éérrigr concentration_(1018cm—3) at room temperature, it

has a high mobility (15,000 cm’

v_lSec_l) at room temperature which
increases down to 4°K. However the magnetoresistive effect is not as
large as in the InSb-NiSb eutectic. Rod-like morphologies were obtained

in the above cases. In another instance controlled solidification of

the SnSe~SnSe, eutectic produced a material with alternating N énd P

2

type semicOnducting.lamellae.



b. Sépercqnductingfeutectic materials. It ;é_anticipatedvﬁhat
if eutecticsvcgntaining fine superconductiﬁg rods in non-conducting
matrices can>be prdduced, they will be able to prod#ce high magnétic fields.
 Attempts hafe'been made to obtain very high fiéld supéfqonductihg | |
eutectics. 'Studiés have shown that énhanced éfitiéal_fieldé (greater
than'that e#éééted for the pure phases) were éxhibitéd 5y type I,
Pb-Cd, Pb—Sﬁ,Sﬁ-Bi, Sn~Zn, and Sn-Cd eutectiés;5 HOwever; LivingstOngm.
has shown tha;_this increase in critical fields_maY'bé due to the |
presence of 'solid solution in the terminal phases Whiéh would be'expecgéd
" to ﬁake them Type II (high field) materials. | " o

c. Optical eutectic materials. The NaCl-NaF, NaCl—LiF,'and»

NaBr-NaF halide eutectics have been studied, with the NaF-NaCl giving

Zthe most sétisfactory results.10 it was found thaﬁrimage transmission
._Eropertiesrsimilar to those of fiber optic materials were obtained along
én NaF-NaCl eptectic ingot when the growth condifioﬁs'were caréfully
controlled so the axes of NaF rodsvwefe parallel to tﬁé ingo; axis.

'~ The controlled eutectic was in addition found to Be_é far-field

infrared trahémitting,medium for wavelengths longer than the interfrOd
distance.

d. Ferromagnetic eutectic materials. Many studies have been

conducted on ferromagnetic.eutectic systems, ﬁostly with the objectiVér
of increasing £he coercive force. By decfeasing the-size of iron rods

in a non-magnetic matrix :to that of a single domain~th§ coercive |

‘force should'Be;very large. Several workers have been cited in

Reference 5, including Albright, et al.ll on the Fe-FeS egteétic,
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Galasso, et’al..l2 on thebFe—Febe eutectic, and Livingston13 on the
Co—Au’eutectic. A high speed solidification techniqde was developed

which enabled Cline and Livingston to produce rods much smaller in

)

diameter thén the micron sizes ogtained By normal solidification
techﬁiques uéeé in earlier studies.i4 An intrinsic coercive force of

330 oerstédé; (and 925 oersteds by subsequent wire‘dréwing) were obtained.
Other.systems of such eutectics studied include Fe—FezTi, Fe—FeBez,

2

Fe-Fe Zr,'and.FeCo—FeCoB (Ref. 40 of (5);Heimke,U.S. Patent 3,434,892
(1965)). Details were not given by the author.



II. THEORY

' The different kinds of eutectic alloys, their microstructures, modes
of gfowth ahd the theories and properties of 1;me11ar as well as |
non-lamellar eutectic élloy'solidifiéation.have been discussed by
Chadwiék,ls aszﬁéll as bthér workers; refefences (i6438);

.Theofieé of the electfical oreleétfonié conduc?ion'inrmetals and
| | 39-54 |

alloys have been well treated by several workers. - Those relevant '

to a general understanding'of electrical resistivity in alloys,

and in chahgés‘during aging treatments are'summarized,here.

A. Effect of Alloying Elements and Impurities on Resistivity

| If the tempe;éture of a sample of a dilute sélidvsolutioﬁ is 
reduced, itsvreéistivity deéreases but does not approach zero at absolﬁté
‘Zero of tem?érature; it approaéhes a limiting residual.ﬁéiue. This
was éxpresééd iﬁ a rule by Matthiessen39 that in such metals the tbtalv
fésistiv;tY‘p is thé.sum of the temperature-dependeﬂt ;ésistivity Prp
(the 1dea1vresiétaﬂcé) of the pﬁre metal, and a temperature'iﬁdependent

or residual résistivity pR, i.e.v

p = pR +_pT (Matthiessen's'Rule): v'(l)j

- This implies that the foreign atoms do not alter the effective number
of free electrons or the energy band structure or the characteristic:
temperature'of'the metal, and their thermal vibratidnsyscatter the

electrons in the same way as those of the parent metal. The effect of



._9_

copper atoms'bn the reéistivity of aluminum is shown in Fig. 1.

The residual resistivity pR is due solely to chemical and éhysical
ipperfections while-'pT érises solely from tﬂe thermal vibratioﬁs of the
ideally puré aﬁd perfect crystal laftice. The sgéttefing of electrons
by the impurities or alioying and the resultant increasé in o results
from the distufbance of the lattice, but the effect may_arisé in several
ways: |

(1) It may occur because of the héteroValenéy of\the imﬁurity atom. -

An atém of higher vaiency than fhe-solVent atom causes

"Screéning" of the foreign ion by the rémaining conduction

'elecﬁrons. |

» (2) If thexso1ute atom is hémovalent with the:solvent metal
‘(e;g} P in Na, br Ag in Cus; no charge differeﬁce exists,
»_»buﬁ scattering occurs in two wéysi
(a)'Thé scattering cross sectioﬁ of‘the solute may differ from
'ﬁhe parent metal; |

(b)-becéuse‘of the size factor of the soiute_atoms the matrix
may be locally strained by the impur;ty,.and“this displace-
ment of the ions’will give rise to eleétron scattering. '

(3).The?fdrmation of a new phase‘will increase_ﬁheiscattering; |

significant scattering would occur for eithér,coherent or
incbﬁerent preciéitation.
For the case.of a completély Aisordered alloy ofvmetéls A and B, the
"dependence of pp on 2 single impurity has been QOrked out by Nordhéiﬁﬁl

and is given by . . _
' pR(x) « x(1-x) (Nordheim's Rule) o (2)
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where x is the atomic concenfration of metal A and (1-x) that of metal -
B. For'dilute_solutions (x < 1) Eq. (2) becomes
PrREE e
which agreééiﬁith,the_blot of Fig. 1.
The genefaif;ed rules for the relationship'betﬁéen electrical
resistivity ahd the constitution of éllojs‘are sohetimes called

Le Chatelier-Guertler Rules?o

(1) In heterogenous mixtures df‘two phases, the électricalbkj
reéis;ivity varies linearly if the compoéitiOn is giveﬁ ih'v
voiuﬁe'precent. Different cases betwéeﬁ pure metals and

' iﬁterﬁediaté phases are given with illustrative figureévin_
Reff‘AO. pvfor intermediate phases is alwayé'highér than the
Valﬁébéalcuiated using the Rule of-Mixtufes.
(2) Ihférmetallic compounds in the case of Ewo»electropositive
metals usually have a resistivity which dqes not differ greatly
frombfhat ofbthe pure conétituent metals thdugh it ié‘invariably
greaﬁer than that of the constitgent of ibwer P. (Ref.‘42, pé 95)'_v

'(3) In sslid solutions p is always highéf théﬁ ﬁhét of thé soiventv 

metal and is uéually‘higher td a consideréble degrée.if thé ' *

composition is giveh in volume peréent.
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© B. Variation of Electrical Resiétivi;y During
' Precipitation and Age Hardening

. The struétures of the different precipitates formed in thé‘age
hardening of dilute Al-Cu alldysftogether with hardness versus aging

_curves are described by Hayden et al.43 and by Hardy and Heal.45 The

size and distribution of the precipitatéd particles and their
orientatiog felationships witﬁ the matrix have varyiﬁg effects on the
propérties qf';he metal or alloy. In the Al-Cu syéﬁem illustrated in
the above référencés for Al1-47Cu, the first>precipita;esvto form aré
dispersed disc-like clusters of Cu atoms of 2 to 3 atoms (10A).thick
and 100A totai length called G-P-1 éones. These are éoherent with
the maﬁrix and oriented on the flOQ} Al planes. |

'The.nextvprecipitateg, G-P-2 zoneél_are disc-shaped tetragonal.
‘structures ‘of 15008 diameter and '150A thick; cohefeht along the diameter,
'énd.incoherént Qlong the thickness, with aﬁeraée composition CuAlz.
The G-P-2 zones produgg the maximum in the hardness»éurVe due to ;he
shgar and-coﬁpressiﬁe strains so produced. |

The néxt_pfecipitate to form, the 8' - zone is similar to the
‘.CuAlz but diglqcation loops around the precipitatgé déstroy the
cohereﬁcy,’eiiminates the long range elastic forcés and lead to a
softening. o |

,The finai equiiibrium precipitate to form is th§'e zone, Body
centered tetfagOnal CuAlz, noﬁfcoherentvwith the_mggfix, with latticé

parameters a=6.054A, c=4.864A and 12 atoms in the unit cé11.467
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Just.as.the precipitation phenomenon is known‘torcause a maiimum in
hardness during aging; the resistivity curve also has a maximum during
aging,4 47 due to the formation of different sizes and structures of
'preeipitates_and their different scattering effeets on conduction
electrons. - .

Three . theories have been proposed to aocount for the re31st1v1tz
maximum in the Al-Cu system, as in other system.48 These are due to
Mott, Geisler and Fine respeetively." Mott'-suggesfeo that the maximum‘
occurredeheh the cluster size reached a critieal,veiue eoual to the
wavelength of,the conduction electrons (about 10A) at thehFermi level,
‘v since the'elusters would then cause strong scsttering.49

A. H. Geis_ier50 suggested that the peak uas-due:to coherency_
jstrains occurring in the GP zones in Al—Cu. M.F. Finesl suggested '
that the increase in resistivity in Al-Cu might be. due to the presence:
of a large nuuber of structural dislocations around GP—zoueshdue to .
the difference_in atomic diemeters.(Al=4.05A,vCu=3;62A). | |

Sinee;thebresistivity,maximum has been shownftofoceur in alloys
where the zones are spheres;vplates and needles, ehd is hot.dependent
on coherency Strains between the 2zone and.matrix; ouly Mott's theory
of critical ciuster size appears the.most plsusible this is supported
by some.experiments of Herman and Cohen‘.-52 These authors showed by d01ng

x-Ray small angle scattering experiments on agedAAl -5.3 at % Zn that the:

resistivity maximum corresponded to clusters of size about 10A.
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Cé"The Rule of Mixtures for a Lamellar»CQ@stite

The cénddctivity, dielectric constant and'ﬁAQnefie sermittivity are
all dependept'upon the entire statisties.of thevphase geometry of a
.matérial, just-as the elastic'prsserties.are khoyn.ro_depend?oh phase
geometry. -Several cases‘have'been treated and illuStrated by ﬁashin.3
For the case 9f a lamellar two phase composite suchiss the‘Al—CuAlzv
eutectic system studied,_(for which the ideal micrestrdcture is
illustrated in Fig 2) the equations for the re81stivity in the
1ongitudina1 &ith respect to growth direction)and transverse d1rectlons
reduce to |

(1-v.) | o
= + (longitudinal) ‘ (4)

or

and

o =?_ Py Vg * P (1=vy) . (transverse) o ‘5)

where

p_ .o = resistivity of the lamellar eutectic (Al 233wt Cu)
" in the longitudinal and transverse directions,
respectively. ' :

the resistivity of the CuAl,(6) phase in the 1ongitudinal
and transverse directions respectively.r' :

P 'r = the resistivity of the k phase.

= the volume fractions of the 6 and kK phases respectively.'

<
<D
~
N
<
~
|
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The Kk phase is cubic and hence its conductivity_is'iso;ropic. Hoﬁever
in the Al—CuAl2 eutectic, the elphase is body centered tetragonal.

Thus it is expected that Py and Py "will differ.
' : ‘ Il i -

Given values of pc? pe, bK and ve,:a test of ;he Ru1e.9f Mixtures
-is straightfo;yard. However, an alterng?ive test cap.be_madefif‘pc"
and pK can‘bg;aétermined separately; ve-is known, énd if pe. ié>not a
function ofngiﬁé time and relatively independent.éf;aging #emperature.'

Thus, e.g. using the results of measurements of p and Py at. temperature

c
: . : v : I o =
Tl’ Eq. (4) can be used to calculate.pe .. .If Eq. (4) holds, the value

_ I . T b »
of pe thus obtained can be combined with direct measurements of’pK
to predict the value of p at temperature T2. Similar considerations

S

apply to the tfansverse case.
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III. EXPERIMENTAL -

“A. Materials Preparation and Characterization

Starting‘materials of 99.9997% purity were use’ to prepare the alloys
Five Al1-33. 3 wt.% Cu eutectic alloys were prepared by unidirectional
solidification using an open horizontal graphite boat (L—17 cm, W=1.9 cm,
H=1.25 cm) uhder argon atmosphere in a quartz tubetiFThe as cast alloys
were melted and homogenized in the liquid phase at about 870°C in a- tube
rfurnace whose temperature profile had a gradient of abOut 27°C/em at
the eutectic temperature. The apparatus is described in Refs. 37 &-38.
Freezing rates (assumed equal to the rate of fﬁrnace trayel) in the range
1.4 to 23 cn/hr were used. It was determined that' the profiles with and
-without boat'and charge of alloy were different and the former was used
to.measure thegtemperature gradient at the liquidfsolid interface.. Later
a_ceramic boat‘(inside dimensions: L=24 cm, W=2.0'em,dH=1.4 em) was
_ used to grow two eutectic alloys and two 0f'Al—$;7 wté%Cu.
‘ Aﬁter.soiidification each sample was polished on a 240 Grit belt
sander andIOn'240; 320, 400 and 600 Grit SicC polishing papers and then
on a 0.5 micron Al-Silica cloth on a polishing wheel.l The eutectic:was\

N

etched with Keiler's.reagent (10 ml HF, 25 ml HNO,, 15 ml HCL, 50 ml HZO)'
‘at room temperature. The Al-5.7 wt% Cu was etched_by’immersing‘in‘a

solution of 25 ml HNO3 (conc.), 75 ml H,0 for 60 seconds at 7050,.queﬁched
in cold water.and then in another solution of 0.5vg°NaF, i.O ml HN03(eone.),g
2.0 ml HC1 (¢conc.) and 97.0 ml H20 for 15 to 30 seconds, and washed in

warm running water. The samples were first polished in the full ingot

shape to observe the structure with the unaided eye and then
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with the opﬁicel micrdscope. Then;they wefe sectionedblengifudinelly
'vend transvefsely to reveal the microstructure parailelvto the growth
difeCtion (feceseA and C) and transvefse to the grqwth direction (Fig;‘j).
Microphotographs wvere teken at various‘positions,"and the interlamellar )

spacings A for each eutectic were measured for each growth rate R.

B. Aging and Resistivity Measurements

Speeimeﬁs were sectioned from large grains of fhe ingots of.bbth'
the eutectic‘and tﬁe Al-5.7 wt%:Cg alloy. Materiaie_ﬁsed for.electricel
ﬁeasuremen;s Qere cut frem alloys gfewn at 4.6 cm/h§ end cut in fhe form
" of fectangulaf parallelepipeds of.approxiﬁate dimensions: length 4 |
(L)=4 cm, width (W)=5mm, thickness_(i)=1 mm. The e#aet dimensiens
of each speciﬁen were used in calculating p. |

The heat ffeatment aﬁd aging equipment consisted of air.reeistanee
furnaces with constant tempereture_controllers (* 5°C). A chromel—alumei
thermocouple:was-ineerted through an opening in the furnace deor.end
connected to a'thermecouple temperature iﬁdicator reading directly in
degreee C. A Euckef of water directly under‘the.fufnaee was use&-as
a qeench bath. -

The fourféiobe resistivity meaeuring apparatus.eonsistedldfva'
regulated.eurrent source, in series with a 2 ohm fesistor, an ammeter,
and a millivbltfpotentiemeter with a sensitivity of about 5 uv per o
slidewire division. A curreﬁt df-Z amps was used, and the voltage
" measured. Higher currents Qere fdﬁnd to heet the specimen and'giﬁe

unsteady readings.
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For the solution heat treatments all specimensvwere sealed in a
stainless.steelpenveIOpe and homogenized at 530¢$°C for 1 hour and
quenched to.room temperature. They were then alternately aged at the
selected temperatures and quenched for resistivity measurements at
room temperature.

To faCilitate‘measurements with the small'size‘samples,-a device-l
was designed”to hold the specimen such that the current passed
perpendicular‘to the specimen edge through avspring loaded copper
connectorrlﬂihe voltage contacts were sharp'pointed'tungsten connected
through spring loaded copper terminals to the potentiometer.

Curves of resistivity versus aging times'werefplotted'for'the data
‘.obtained at 315 c, 150 C and room temperature (25 C) on the dlrectlonally

solidified eutectic and Al1-5.7% Cu, and at room temperature only for the

polycrystalline Al-5.7% Cu and eutectic specimens,“

C. Transmission Electron Microscopy

Thin films of the unidirectionally solidified Al-CuAl, eutectic

were prepared by cutting 0.020 in. sections of material perpendicular'
to the growth‘direction. They were mechanically polished to about
0.008 to 0.010 in., cleaned in a solution ‘of 357 H3 4’ 107NH03 and '

55% H,SO, at 60 C and electrochemically polished in a solution of

2774
817 cc H3P04, 134 cc H 804, 156 gm CrO3 and 40 cc water at 75°C, using
an aluminum cylindrical cathode and 10-12 applied volts. Bright field
images and selected area diffraction patterns were taken using a

Siemens 100 KV Transmission Electron Microscope.
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IV. RESULTS

As expected from previous work an aligned lamelLar microstructure
is obtained when the eutectic alloy is frozen unidirectionally under -
appropriate conditions. Typical optical micrographs are shoﬁn in
Fig. 4(a) and 4(b) Occasional faulting of the lamellae is observed
but the microstructures are a reasonably good approx1mat10n to the _t;l
model shown in Fig. 2. Microstructures of the Alf5.74 Cu ‘alloy are
shown in Figs. 5(a),(b) and (c). Copious precipitates'of'e‘are:seen;.
but nhereas-no platelike morphology is apparent in the as cast-alloy

(Fig S(a», the unidirectional solidification under the conditions used
- to grow the eutectic alloy has clearly produced oriented precipitates,
Fig. S(b) and 5(c). Furthermore, since precipitation of 9 platelets .
:occurs on {100} in the k phase it can be_concludedlthat under these -
lconditions the‘growth direction is approximately-(lOb >, and.the normal
to the platelets is (011). ’An'electron'photomicrograph of thé-eutectic
grown-at 4l6 cm/hr is shown in.Fig,'6. Thevregions'of the 6 platelets
are densely‘coyeredeith small spots of low.contrast;v ﬁo attenpt was made
_ to identify these spots. The width of the Kregions is about 1.8 um :
and in contrast with the separately grown Al—S 7 Cu alloy, no well
defined 0 precipitate morphology can be seen. As shown in Fig. 7(a),v
electron diffraction patterns of the K phase confirm the assignment ot
{100 ) growth direction for this phase and (011) parallel to the
“lamellae. However the 6 phase is’difficult'to thin:and in thisywork'_

only.kikuchi patterns, such as shown in Fig. 7(b) could be obtained.



At this writing these patterns havevnot been analyzed;.»The only clear
conclusion'to be drawn is that the growth directionifor the 6 platelets
is not (001 ). B

While resistivity studies were conducted only on materials grown
at one growth:rate, some additional runs were made at several others.
As shown~in:fig. 8 the expected XgR.é‘constant relationshipIVas found.

1 The‘results of eXperimentSICOnducted.to determine the effects of

'unidirectional solidification on electrical resistivity are shown in
Fig. 9. Comparison of theﬁcurves for polycrystalline and directionally
solidified material shows that the resistivity of both the K and 6 phases
are reduced signlficantly. The extent and degree‘of the decrease is
_largesc~for the K phase. Since.the precision ofithe measured resistivityb
‘data are about 0.05 UQcm the effect in both instances is clearly
outside experimental error. |

Data obta1ned for the resistivity changes in the directionally
solidified alloys during aging are shown in Figsg~10,'11 and. 12. As
vstated earlier the data are accurate to about iO}OS»uQcm, and to this

approximation‘it appears that the curves for the_eutectic and the K

phase-follow the same trends at all temperatures and'aging times} A

”A weak maximum at about 20 hours is apparent in the data obtalned at

25°C and possibly there is one at about 8 10 hours for the 150° C aging.
The re31stivity of all Al-5.7 Cu alloys have an initial value whose

average is 4 60t0. 05 uflem at 25°C.. No previous data have been reported

for this'composition. However, as shown.in Fig.:llthis result cOmpares '

well with data obtained by previous workers using smaller alloying
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additions of Cu to Al. By extrapblétion Nordheim's. rule is thus
extended to ‘the limit of solid solubility in.the:Al rich end of the
Al-Cu equilibrium diagram.

calculated using Eq. (4)-and v,=0.4 38vindicate v.v

6
v o . N .
values of 8a2_and.8,3_uQcm for 25° and 150°C aging, respectively,

The curves for Py

Qhereasvthé limiting calculated value apprbaches'§.9»u9cm for the
data obtainédiét1315°c aging. Wﬁile the differences in the first two
instances may;e‘&ue to experimental error,.fhé caiculated value at
315°C must be.attributed to other causes. |

The fesiétivity déta at 315°C‘for the AlfS.ZiCﬁ alloy and the
_ euteétic beéin at the same vélues as those obgéined at 25 and’1505C,
" but decrease £apidly, appear to reach a maximum.at:about 2-3 hours and =
.thereaftef'gndergo relativelyvlittie change. The Qalue calculated fof

Pg increases, reaching a limiting value of 9.9 uQcm,"
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V. DISCUSSION AND CONCLUSIONS}l

Theaapplicability of the simple'rulehof miitnres depends upon
thevextent td which variations in local material:properties, and phase
geonetry can'he ignored.3 This-is clearly'borne out by the data shown
in Fig. 9. ibirectional solidification has produced.a significant
reduction in the resistivity of the K alloy, and 51nce the microstructures
| in Figs. 5(a), 5(b) and 5(c) show a. marked change from globular to
oriented precipitates it is clear that specification of the composition
is inadequate even for what appears to be "statistically isotropic"
material. | | . l |

The datarin Fig. 9 which compares the resistivity of polycrystalline
-eutectic alloy oith the 1ame11ar.eutectic are more'difficult to interpret.
Y'The_data for the polycrystalline eutectic are conplicated by the fact
that the massive G| precipitate takes up all orientations'eqnally and
hence the contributions of this phase are a weighted average of pe and

pe . Second the microstructure shown in Fig 6 shows that the prec1pitate

'moiphology obtained in the K portions of the eutectic occurs on a much
finer»scale than in the separately grown K-alloy, and“does not appear
-.tobbebcrystallographic on any extended scale. Indshort the'data for”
the resistiyity of the k phase whichvshould have'heen}inserted into
Fig. 4 may well be in error. Since the value of b could be.asllarge‘

as 5.1 ufcm, the estimate of pe could be as small as 6.8 ufdem. In
i S

this respect the estimates of pe must be taken as ‘upper 11m1ts.
I :
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The dependence of.the.calculated value of pe".on temperature cannot
be interpreted as compositional. As. shown in Fig. 13 the 6 phase 1n
the Al Cu phase diagram is an intermediate compound in which the

rresistivity is expected to be dependent upon composition. However,

in the rangepof‘aging temperature studied inythis”experimentvthe phaseh
‘boundary is‘almost vertical, the total change'ofchmposition of the

6 phase is less than 0.1%. The kinetic‘changesv‘in-’oK represent a

'change from'quenched Al—5.7 Cu to that of'an alloy;composed’of a solid‘
solution of Al and Cu of varying compositions ranging from 5 7 A4 Cu ‘down to
0 6 W/ Cu with the excess 5.1 Cu present in the matrix as O prec1p1tates._

The volume fraetion assigned to the ) phase is based upon results

obtained by slow cooling to room temperature from the eutectic
\temperature.' However, the data obtained by aging at 315 C should
really compare the resistivities of the composite of A1-0.6 Cu for'
which Pe ™ 2.6 uficm wig D;and a larger volume fraction of . lamellar
) precipitatet Thus the apparent change in resistivity of peﬁ w1th
aging temperature_is probably an over-estimate. The results obtained
invthis experiment thus do not test the Simple.rule of.miXtures;

Eq. 4. Furthermore, in view of the effect of microstructure on the
resistivity of the Al1-5.7 Cu alloy already discussed the rule would
not have been tested even if separate measurements'on CuAlz (6)‘31ngle
crystals were available. . The present work emphasizes the great
importance of.phase_geomEtry and the possibleherrors.inherent in

attempting to.calculate composite properties.
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fIGURE CAPTIONS - _
_Fig; 1. Effect of Cu additions on the électricél resistivity_§f A1 (from
" Ref. 40). | | |
Fig; 2. IdealbmicrostrUCture of. a two-phase laméliér cbmpositef
Fig. 3. Schematic designations of f;cesvin‘frozen_ingot. Faces A and
C'=ilongitudinal, face B = transverse. |
Fi-g.‘l;a. ‘L_'o'nvgi't‘udina.l vv'iew (Face A) of unic.iirectj.opally':solidj.f'ied Al—CuAiz
| lamellar eutecficl Growth direction parallei to laﬁéliae.
_Arrow direction = direction of curtent flow;‘fGrowth ?até
k'¥‘1;4 cm/hr.’
Fig. 4b. Trqnéverse V1ew (Face B) of same‘élloy as (é):. Growth direétion-
ilééfpéndicular to'picturé. | 7 | | |
Fig. 5a. Sffﬁcture of as cast polycr}stalline-Al—S.? ﬁtJZ Cu-showipg
f» fof@étion»of CuAlz(e) precipitates in the Al;rich (k) phase.
Magnification 2000x;' o , . |
Fig. 5b.. Longrlit.ud’inal. view of unidirectionally solidified Al-5.7 wt.% Cu.
i Growth di;ettion left to right.’ Magnificaffoh'ZOOOx; - |
Fig. 5c. Trgnsverée view of same alloy as (b). Crpwfh.difgctioh -
perpendicular to picture. Magnification_ZOOOX.'J
'Figf'6. :Bright'field transmissidn,electfon ﬁicrbééope §icfutg of
| .Al—CgAlz\laméllar eutectic. Irapé%efse view—+grddfh diféétioﬁ
nqrmal to picture.
Fig. 7a..Selectéd.a:ea difffactioh.pattérn takeﬁ.fxbm.Al—fich_(K)»phaée.

~of Al-CuAl eutectic with ‘the Siemens transmission'eiectron

2

microscope.



Fig. 7b.

Fig. ‘9.

Fig. 10.
Fig. 11.
Fig. 12.

Fig,'13.
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Kikuchi'pattern taken_from;CuAlz(B) phase of the Al;CuAl2 |
lamellar eutectic.’ | |

Variation of interlamellar spacing (A):with,growth rate (R).
Electrical resistivity vs éging cﬁrvesiaﬁv25°¢ showing effect
of unidireCtiohalisolidificatioﬁvon p'forvAl;S;7 wt.%Cu (K)
and’Al—33.3 wt.ZCu.' | |

Electrical resistiVity vs aging curve at_25°C.

-Electrical resistivity vs. aging curve at 150°C.

Electrical resistivity vs. .aging curve at 315°C.

Al-Cu pseudobinary phaée diagram,
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
.their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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