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EUTECTIC ALLOY.

THE TEXTURE OF DIRECTIONALLY SOLIDIFIED Al-CuAl,

Leopoldo Valero

ABSTRACT

An experimentfwas conducted to determine the texture of an
Ai-—CuAi2 eute#tfc é1on unidiréctiona]]y.solidified afv12.9 um/s under'
a temperatﬁre gfad}gﬁt 6f 70.7°C/Cm. leectioqél solidification pro?
duced a parallel welf‘alfgned microstructure with an ihtérlamelfar

| Spécing of 2.73 uh, -The.]amellae exhibited a strong'preferred orfen—
‘tation or fektufé.'.An x-ray diffractometer me thod was used to obtain
.the data and pole figures corresponding to each of the- two solid
'phaseé were plbtféd;j The poie intensities were represenfed in terms of
"times random' unitgl TH; results of this iﬁvestigation are.summarized

as follows:

Interfacial relationships (k|| (211) e
| [170] K || [120] &

«

»Growth direction;close.tq [172] K
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I. INTRODUCTION

The directional solidification of eutectic alloys offers an attrac-
tive means of producing in a single operation a composite_materlal direc-

tly from the melt_éhd thus avoiding many of the complex processing opera-

- tions related to the production of synthetic compos ites (]).

The two phases in a simple binary eutectic normally grow perpen-

dicular to the liquid/sélid interface. If a eutecticvis;unidirectionally

frozen, a composite microstructure is produced with an aligned reinforc-

ing phase in a ductile matrix. The resulting microstrQCturé has an
excellent isothermal stability, since the phases are in thermodynamic
equi]ibrium with'each other up to the melting point of the alloy (2).

Eutectic aTToYs'so]idified‘in this manner show thefSpecial

mechanical broperties,which'are associated with reinforced composite

materials and also exhibit desirable physical properties. Examples are

the Al-A1_Ni eutectic which has an Al matrix reinfdr;ed with inter-

3 _
metallic Al Ni_fibrés'that deform elastically to failuré‘(B), and the

3
InSb-NiSb eutectic él]oy used commercially on account ofﬁits electrical
properties. Thié maférial has the highest magngtoresistaacé known and
it is used as a magﬁéiic field'sensor,.as a current traasdpcer or as a‘
contactless switcE (4).‘ |
The propertie$ df the eutectf&‘alloys are highly éﬁisbtropic,
therefore a knowledge of tHe.crystallographic relationships developed

between the two phaées during solidification is essential. Ildeally

- certain directiohsjin one or both phases should lie parallel to the

' grbwth direction ahd a definite interphase relationship should exist.



As grown these directfenally Solfdifie&.eutéc;ics are not pehfect
: dupiex single crystafg'and areibest déseribed in terns of-a $tfong '
prefefred orientatfqn_br texture; |

The two phase;;inAa unidirectfonally frozen eutectie; solidify
heithef'as rods of 6ne'phase Withfn a Continudus‘matrﬁx.of'the other or
as alternate Iamellaejof eachvphase.‘ The sebaration‘of the phases A,
varies with grontheraée:R and'decreases withaincreaaing'ghowth rate
according . to the re]atfanship'lzR = Constant.(Zl).V:The entettic.will
ffeeze in that form theh has the mininal interface.aurfaee'energy forA
any given-separafionft Rods are”favored when the vafume frattion of the
minor- phase is less than 0. 28 whlle a lamellar arrangement would be
more probable for a- higher volume fractlon of the minor phase (14)
. The Iamel]ar eutectlc between the alumlnum solid solutlon K phase

A

(Al 5.7% Cu) and the untermetalllc compound CuAl (8 phase) has been

stndled extensyve[y (referenceshB-IZ and 23-32). The texfure and inter-

~ phase relationshipafreported have been the object of.eontroversy among
different investigatbrs (l2, 25f28). In thisvwork it is infended‘ta
find the cf?stal]ogrépth relationships existjng between éhehiWo phasea
| Eresent_and fo‘vehify;ta'whaf extent'these reéults agree with those

already present in the literature,

c



I1.. EUTECTIC GRAINS

The term'”gféfﬁﬁ to describe distinguishable regiéns in a euteétic..
miérostructﬁre,léﬁé]ogous to the single crystalline grains in a single
phase ‘alloy was“ésfablishgd by Rosenhain and Tucker who studied the
lamellar strdcfﬁreibf the Pb-Sn eutectic in 1909 (5,5);_'|n 1937
Straumanis and hrékSS (7) were the first to use a difeﬁtionél solidifi-
.   cation tehﬁniqué_tobobtain barallél Iaﬁéllae ina fofh'sﬁifaﬁie for
xX=ray éxahinatign;  They examined the orientation relat}onshiﬁs betwéen
the.ﬁWo phases and éoncludéd that in a binaryvlamellér éufectic eachv
phase maintairs 5 §oﬁStant orieﬁtation throughout a eutecffc grain and
that a eUfectic;Qra?n could be regarded as two interpenétréting single
crystals, one for g;ch phase.

Recentjy the';dncept of a eﬁfectic grain, as deSCribed by
Sfraumanis and Brakés has,had fé be modified to account for the presence
of subgrains (8,9) and for progressive changes which hape‘been observed
in the crystallogfaphié and ﬁeta]lographic-angular relationships within

a Eegidn»where cﬁntjnuoqs growth has taken place from a single nuc]ea;ion
- point (10, 11, iZ); _It has been found useful then, to consider a
eutectic sipgle.érystal as a.region of substantially uniform crystal
- orientation separated from othervgrains by identifiable boundaries

(Figures 1 and 5).

. A. - EUTECTIC SOLIDIFICATION

In 2 binary phase diagram the eutectic composition is found at

:the intersection of two liquidus lines that slope in opposite directions.



 tAt tﬁfs point (dgfinéa by both,fhe»éutectic temperaturéAand the

A.eutectlc composntuon) a snngle Tiquid phase is in dynamuc equ ! ibrium

with two distinct.sdlid phases (13). The transformation from a quufd .
to two solids is péiléd a»éutectic transformation. A necesgary condi-
tion fdr eutectic éé]{dification to occur is that the sblubflities of the
two phases be limitéé,- Each species of atoms should haVé a stron§
;preference for its.own cfystal:structure and when . an intérmédfate phase
“is involved it must also have limited solubility for the ofher phase (15).
',A great varietYiqf structures Ha?e been observed in the metal- .

, lographic examinatibniéf binary eutectiﬁs. All of'these-struétqres,

~no matter how compjex'they may be, exhibit a common charécteristic: two
rbhases produced duringleutectfc solidification can a!way§ be seen under

the microscope (8, 15).

‘B: .Eutectic Miérostruétures

A cl%ssnflcatnon of eutectlc mucrostructures based on thelr mode
of crystallization 'is due’ to Scheil (16) who in 1959 publlshed a final
review of his extensive work in eutectic mlcrostructures_whuch he had
started in 1934, Thfs.ClaSSification was'developed from7me§allographic
‘studies of'the ffeéZiﬁg.behavior and ih parf from the devglobment of a
model for the steadyIState growth of a lamellar eutectfc'(neXt section).
All binary eufectics microstructures wefe divided fnto two.classes:
nérmal and abnormal. When a normal sfructure Was formed it was usually .
found that the twovsofid phases were present in_apéroximatéfy the same
éroportion.by volumé,@hfch-implied that thé liquidus lines.were roughly

symmetrical about the eutectic point. An abnormal microstructure was
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observed almost:iQVariably in those eutectic systems in which the
liqdidus lines Qéké'mérkédly asymﬁetric about-th¢ eutectit point (5). -

Normal miéf@ﬁtructures are the lamellar or fibfous:fypés which are
forméd by the simqltaneéus growth pf the two Sélid phases. For é»normal'
microstructure ;b develop the solid phaseé have to growfat a common
interface that.fofms an extended surface in contact wiﬁh;the melt (22).'
This pattern is-readily observed when a slowly freezinglmelt is quenched,
a§ described'by Wéért and Mack (8).v The eutectic will_sdlidify with
fhis type of micrésfructure only if the two solid phasés grow at the
sa@e Iineaf Ve]ocity; Another feature of a normal miéfostructure,
acébrding to Scheil's classification, is that'a-cons§$tent crystalfo—
graphic origntafiéhvrelationship exists between the phagés.in a.given
éutéétic;

An abnormal microstructure is formed when the two‘so]fd phases are
prevented from éfowing at equal linear velocity. A mixture of phases
may be formed and thére is a corresponding wide variety of details
observed in abnormal microstructures. The faster growing phasé is
usually the one:presént in smaller proportion.by volume. This phase
grows freely into the melt inva branching whfch resembles'a'dendritic
pattern. The>lagging.phase crystallizes from the melf trapped between
the branches (6).

Tiller (18)>and Jackson and Hunt (21) investigated.the possibili-
ties of expfessing.in mathematical terms the conditions necessary for .

the formation of the eutectic solidification microstructures described

by Scheil. The tbeories developed have worked fairly well when applied

to lamellar growth of eutectics.



,E}I.Groch.of a Lamellaf Eutectic

It has been shbwﬁ expérimentalfy (7, 15, 19) that the.two phases {n
. a lamellar eutecti;?é?oﬂ-simulfaneously'énd‘that each lamélla>has its
own solid-liquid intérface.' Scheil (33)‘showéd-that undér;ooling below‘ v
the eutectic tempérafgfé is essential fof the growth ofva lémellar |
) éﬁtectic. ff thezlféﬁidus lines in a binary phase diagfamlw1th compoﬁents
A and B are eXtendéd'be]ow‘the eute;tic tempefaturé; a régién will be
~enclosed in which the,]iqufd‘is éupersaturated.with respeét to the two-
__phases o énd B. Ih:th}s reéionisfmhltaneous growth of thé'two solid
phases from‘the meif fs thermodynamical ly possible. Dufing tHe grthh
of an o lamella atoms of B afe‘continually fejecfed info tﬁé.ﬁelt at
:the solid-liquid intefface,‘theréfore the liquid in contact.with the o
.interface is enrfchea iﬁ fhe major component of tHe adjacent lamella.
.Conversely ;he melt inléontacf‘with the g lamella is poor ancomponeht
B. Transverse diffpéfoh‘between the two components is tékiﬁg_place with
; the corresponding éﬁanges in composition. No such'coﬁpoéitfon vafiation
is possible at the'é§ujiibrium tempefature and éomé undeECOoling is
necessary for lamel]ar_érowth to occur.

Zener in his analysis of the gqufh of péarlite (34) 1laid the

foundations fof the tgéoretical work in the growth of lamellar eutectics. .
He stated that the gaiid - solid interfacial energy betweenAthe o and 8
_famelfae must be subplied from the énergy released in freezing and that .
the minimum possiblé.ﬁndercooling is such that the free energy difference
per unit mass betweeﬁ'go}id and quﬁid is equai to the interfaéial energy.

Zener'postulated that ‘at a given undercooling the growth rate was the



maximum possible and prediCted that the product of.thé grﬁwth veloéfty v
and the square.bf tﬁé lamellar spacing A should be cohétant. Brandt (35):
obtained an apprgkimate solution to ;he diffusion equation assuming‘thaf
the interface befwéeA the lamellae and austenite was sinusoidal.
Hillert (36).ex£eﬁd§a the work of Zener and found a solution to the.
diffusion equatiéniassuming the interface to be plane. - Taking surface
. energy into accouht,.ahd using Zener's maximum conditi@h, he calculated
an approximate sﬁabe.of the interfaée. J

Tiller (18)'é§p1ied some of the fdeés of the growth of pearlite to
 the growth of euté;pics. He proposed.a minihum undercooling condition
- to replace the méximum,grdwtﬁ rate condition by Zener. JacksOn and
-'Hunt.(Zl) derivedithe steady-sfate solution to the diffdéion'équatién
for a ]ameilar eutectic growing wfth é plahe interface. ;Expressionﬁ
were obtained for the average composition at thevinterfatevand the
average curvature‘of‘the interface simf]ar in form to those equations
derived by Zener‘(34)_and Tiller (18). Jackson and Hunf adopted
"Hillert's planar solid-liquid interface approximation ahd used Brandt's
. solution to the diffugion équation in the form: |

P

N -RZ | nﬁx | ;nﬂi '
C=Ce+C,_+B_ exp (-B—J + n:;:] B, cos ‘Sq+53) exp (gg:gg& (qu 1)

where C is the melt composition at any point X, Z (the solid-liquid
interface is representéd as advancing in the Z direction as freezing
progresses, the X direction is parallel to the interface, transverse to

the lamellae). The term (Ce + C=) is regarded as the initial melt



composntlon, allownng for a‘deV|at|oh C from the equlllbruum eutectic
'composrtlon Ce- A‘d and Sg are the half w:dths of the a and B lamellae
therefore Z(S + S ) = A ‘ R is the growth rate or the rate of advance
of the solid ]Iqud anterface and D is the dnffu510n coefficient iIn the
melt. The last term_accounts for the variation of compOSJtlon in the X.
directionvat-a dietehce Z from the interface. B0 and Bn are Fourfer
eoefficients.

Average va]uee'for,interfaeélturvature, for composit{oh, and under-
4cooling of the 1iquid in front of'each facevwere obtainea using
Equation 1. It was,%ohnd that at the extreﬁdm.cohdition of either
maximum growth.veio;ity or growth at hihimdm undertooliné; the followihg
relationéhfps apply; o | |

2

AR = const ) »'(eq;'z)"
2 o S

é%— = const (eq. 3)

ATA = const (eq.ﬂh)

‘Jackson and Hunt's analysns is an accurate descrlptuon of normal
_nutect|c growth and is con5|dered the turning ponnt from qualltative
to quantltatuve research in eutectlc solidification.

The various mathehetical analyses on lamellar growth of eutectics
predict that this type.of microstructure Qill be favored to grow if
the two solid phases ere oriented ;rysta]iographically_ih such a way

as to minimize the ‘interfacial energy between the lamellae.

&



 !'1. THE Al-CuAl2 EUTECTIC ALLOY
-fA; Solidification and Microstructure

The Al-Cu bseudo.binéry.phase diagram showing theréluminum rich
side is pre#ehted'fn FigUre.Z. The eutectié temperaturévis equal to
548°C and the edféétic composition i; 33.3 wt % Cu aﬁa'66.7 wt % Al.

The eutectic is f6fmed between the K phase whfch_is a §ﬁbstitutioha]
solid solution of Cu in Al (AI-5.7 % Cu) with a face centered cubic unit
cell, wherevAo #bhfqh Ao and the 8 phase an intermetallfc compound
‘(CUA]Z) with a bodyicentered tetfagonal~unit cell, whéke-Ao = 6.04 A°
and Co = h.8§vA°_(Ff§uresv3a and 3c). |

The solidifi;aﬁTon,experiments conducted by.Krafﬁ énd'A]bright'(ZB)
showed that the A1~¢uAl2 euteéfic alloy, when unidireétionally frozen
can be forced té'go!idify és para]fe} lamellae throughout a relative
largé volume, if.the solidification parameters are cohtrolled apprépri-
étely. These va?iables are the temperature gradient at tHé solid-liquid
interface (6), thé:growth rate (R)‘and the concentratibﬁ of impurities.
Whenﬂthe ratio 'G/R is less than a critical value or.ifféxcess‘impurity
fs present, a eutectic colony microstructure is formed.  The impurities,
| being rejected by béth phase; of the eutectic, cause tﬁe»liquid in front
of the édvancing_golid-liquid interface to become constitﬁtionaily
supercooled below‘thg equilibrium liquidus temperature. A constitu-
"tionally supercooled layer in turn stabilizes a cellular rather than a
planar'interface and a cellular solid-liquid interface leads to the
_formation of eutéctfc colonies (8, 18). In a cellplar or eutectic

~colony structure the two phases of the eutectic remain lamellar within

’
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‘a cell, but they doihot‘grow»parallél to each other and divérge towards
the colony boundaries in a fan-like arrangemenf (24) . If the G/R ratio
is greater than'thé-crftical value, a continuous Iamellar,sfructure is
Aformed in which the‘tﬁb pha;es lie abproximately parallel to ea;h other
within each individual grain'(Figures hvaﬁd 5). This microstructure
.:ethbifs imperfectiohg termed lamellar faulté, a défect thattappears to
be common to all lamellar eutectics. Lamellar faults are caused by the
pucléation of an éXfra ]émella‘and arévvery similar to edgé dislotation_
models in‘érystals;_

Kraft and Albr?éht also noticed ;hat at veryvslow r;te éf solidifif
cation a transversé'défect called bénding appeared, A sihg1¢>band
uéua]]y formed conffﬁgodsly.acrqss.all grains in one ingéf_ .The bands
were observed to be COﬁvex-towards the iiquidlwhfch indiCaféd‘that
Banding was a phenoménoh assocjated with the liquid-so]idAinterface.v.No

satisfactory expianatfon of the origin of the structure was given.

Chadwick (24) demonstrated that the banding structure can be due to minor

perturbétions on otherwfse:steady state conditions of solidification.
Chadwick‘(éh) invé$tigated the variation of the‘micro-mbfphology of

the eutectic with gréwth‘conditions. Eutectics were made fr6m slightiy
impure and from zoﬁé—fefihed mefals. In alloys which were prepared from
Cu and‘Al.of 99.999 % purity, é'colony structufe developed when R was
faster than 15 cm/hour. iNo ceiiulaf'sfructure Qas observed in an
eutectic alloy made Ffdm zone-refined Cu andiAl, which confffmed the fact
that the presence of 5ﬁ$lf quantities of impurity eléments.ig’a necessary
'condjtion for a colony eutectic microspructure to form. .Chadwick also

studied the effect'of-grdwth rate on the inter-lamellar spacing using an
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imposed constant fempératpre‘gradient of 70o C/cm. A parallel lamellér
structure was dbtained at values of R between 10 and 1 cm/hour, the oniy'
irregularitiesibeihg lamellar faults, Méasurements of A, in this range,

1/2

confirmed the existence of the relationship A = AR~ , where A is a
constant.' This resh1t validated then the theoretical predictions made

by Tiller (]8)'and'by Jackson and Hunt (equation 2).

B. Cryétallography
2 eutectic alioy follows the

The lamellar sfructufe of the Al-CuAl
genera]vﬁéttern of this modé of solfdification»@hich is characterized by
a prgférred crys;al orientation Eetween tHe two solid phases stabilized
by. a selection of a low energy interface during growth (33).

F_A planar interface between two'érystals has five degrees of ffeedom,
thrée arising f?ém the relativé orientation of the twbléréins'and two
from the orientéikoh of.the boundary surface itself with respect to the
two grains (38).‘.Theserf§ve degrees of freedom can be specified by two
statements (25): | | |
Lamellar habit plané - |1 ¢aki) 1] (hk1)g W

[uvw] Il [uw] g N (8)

(A) specifies the ¢rysté]]ographic planes thét are in. contact at the

interface and'(B) fixes the relative rotation of the th crysfals about
an axis normal to tHé.fnterface, since the directfdns in statement (B)
are chosen to lie wifhin the planes of statement (A), These twq state-

ments do not include the growth direction, which is assumed to lie

within the lamellar interfaces.
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Usda]]y all five degrees of freedom in eutectics crystals have not
;been established, ahd;the results are presented in the ferm:
. . '(hkl)a ]l_(hk1)8 (cy
[uww] [ IUVW]B ‘ (D)

here the dlrect|ons lndlcated in (D) lie wuthln the reapectlve planes of
. : {
statement (C) and nothnng |s stated about the habit plane whlch could
cut the unit cells at any‘arbltrary angle, because two degrees of free-
dom are not specified.

Table 1 shows theffesultS'of avlitefature survey'onrthe crystalld-
graphy ofvthe Al-CJA1é eutectic wherevthe crYstallegraphie;relationships
. between the‘two'phases are presen;ed fn the’forﬁs.descriﬁed.above.,

'Statementsvaf the tyee A and é'refer.to the unidirectionally solidified .
7_ eutectic (11. 12, 25 27) and statements of the type C and ‘D can be |
applied to the pure bnnary eutectic alloy or to the unldrectlonally

 frozen (26, 27 29) Kraft (27) reported the following crysta]lographlc

relatlonshlps for the eutectic:

Laﬁeilae (Al || (21}) CuAl, I‘iiv | ’(Aj
| [101]A1 || [120] CuA]é : } (8)
(001)Al || (o0o0l) cuAl, (c)

[310]Al>|l' [100] CuAl, -af.' (D)

This is an example af alterhatiye wayslof specifying the relative
orientation'between-the‘unit ceels, depending on the number of degrees
of freedom known about the system being |nvest|gated

It can be noticed, by referrung ‘to Table 1, that the results

reported show dlsagreement among the investigators and that the experi-



- ships for the dhidfrectionally solidified Al-CuAl

':j3

mental'conditiéﬁ%; fe§hn?§ue Qsed, and'Spe;iment preparation were qu!té-
différent in each case reported. 1n the case of'the interfacIal relation-
2 eutectic it hasvbeen
definifely eétab]fShed‘that‘the statements:

{1 k| {211} 8.

-<.;’ll‘o> K ||'<:216>' 'el‘l':i :':'

are valid (11, TZ;”25). Discrepancies still exist in the growth direc-

" tion and in the felative_position of the habit plane with respect to the

two planes of contaﬁt. Kraft (25) found that the habit plane was parallel

“to {111}A1 and {211}6, Davies and Hellawell (11) found that it wés

approximately lzovaWay from these two planes and Cantor: and Chadwick (12)

reported that the'lahellar pléne varied In orientation over ah'éngie of

aboqtfi_So and was close to {111}Al and {211}6. Cantor and Chadwick

stated that. the dfscrepancy in previous results was due to real variations

vv‘of orientation in tHé;lamellar plane and suggested that the interphase

~ boundary energy is.not.the sole influence determininé growth crystal-

lography. They éttributed'the variations to local growtﬁ fluctuations

or anisotropic growth kinetics and found that there is no tendency for

\

progressive change in crystallographic orientation during growth, thus

contradicting previous observations that the lamellae spiral continuously
during growth (10; 39).
C. Interfacial Structure
It has been shown. that thevA|7CuAl2 lamellae with the preferred

crystallographic relétionships discussed previously, are very stable

‘when heated in the solid state (40). This and other similar experiments
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.(33) haue led to thevconciUSfon:that fhe interfaces betWeen lamellae
grown unidirectionaliy.under.steady-ecete cqnditions are-configurations
‘of low energy. | |

The { 111} Al [’;{2ll}e'interfaceﬂis apparently a low energy con-
figuration for the AI-CuAIZ eutectic. Kraft (25) has demonstrated that“
this orientation refacfon.pnoduces a very gcod atomic denSfty matching
by.observing:that in the 8 phase the stacking sequence paréllel to {211}
i's very unusual. 'Hererfeur Iayers‘of aYuminuﬁ atons'are grouped toget-
her formung almost one snng]e plane (see Flgure 3b) All the atoms in
thls s:ngle plane or “puckered” plane would be c]ose enough to exert &
" bonding force on the'atoms in a neighboring {111} plane of aluminum,
' uhich creates then eIStab1e’low energy interface.
Recently, Garmong and Rhodes (30) studied the lnterfecial structure

of the Al-CuAl untdlrectnonally soludlfued eutectic u5|ng electron

2
.:microscope techn:ques._~DlSplacement vector analysis, thickness fringe
disp]écemenc’and direct obserVation_geue enough evidence tchonclude that
the interface is conposéd.of arrays of ledges which provide‘aAlow energy
conffguration fo accounc for structural irregularities_found in[fhe
syetem and also providela mechanism for interfacial migratfbn. |

A low energy incerfacehis often interrupted by grouth'accidents or
»perturbations such as faults, terminations and bends. These accidents
affect the microstructure in two ways; the misorientation of the
boundary with respecfico.the crystals and the misorientation of the
crystallography of the:twO phases with respect to the boundary. Accord-

ing to Garmong and Rhodes, various kinds of defects can be explained in

terms of the role pléyed by the ledges. Pure interfacial boundary-dis-
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locations relieve misfit in the plane of the inferface, pure ledges and

other types of ‘ledges allow'béundary misorienta;ion and crystallographic

misorientation, It .was concluded that in this system the lamellar inter-
faces contain aﬁbropriate arrays of ledges to produce the observed
structural defects while retaining to a great extent the crystallographic

relationships,bétween the solid phases which afe'associated with a Tow

energy interface (30).
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IV, EXPERIMENTAL

A. Maféfia] Preparation and Characferizétfbh‘ 
The alloy of eutectic comﬁosit!on Qas prepared from 99.999 %

burity Al and Cu. A.Eéramic boét of inside dimengionsﬁ L =24 cm,
wf= 2.0 cm,.and H % i;k,chWas used to grow the eutectic, "The sample
was piace in the boéf in avqua}tz hdrizontal tube furnacg under an érgon
rafmoépheré, me]ted'and-homogenfzed at a temperatufe';f aﬁq@f,87o°c. Thé
unidirectional solidifﬁéation apparatus used in this.expefimént is‘de-
scribed in referenééllﬂ. Tﬁe freezing rate,rwhich is assuhéd to be equal- .
to the raie of'furhace}fravel, was 12.9 Um/s,'and the meéSuréd tempera-
ture gradient at thg fiquid/solid inte}face-was 70.79 C/cm. vfhé weight
.of the sample.was 133:5'gm.;f | | v
| To;10caté thé éute;tfc_gfain rebresentafivevof steady State growth
cbnditioﬁg the topiéﬁd,the ]ateraiigides of the SOIidified fﬁgot were
examined under the‘optféai microscope; The eutectic sihgie crystal.
(Figure 5) wés found:af,about fhe center portion of fhe [hgot; cut énd
machine shaped as a_ré;fangular paralielepipéd.with-its sfdes p#ralle[
"~ to the growth directfoh; The final dimensions of the‘specfmen selected .
were: L = 1;25 cm, W-='0.60 ém, and H,=_d.70 cm, R —

. Tﬁe specimen was mounted in a plastic material (Koldmount) and then
polished and etched fbr optical microscopy,examinétion. Thélpolishing
was done using a ]/9;.2/0; 3/9 and 4/0 polishing paper lubricated with
kerosene, followed by al miéron Al-silica éloth on éipolishiﬁg wheef,
The pdlished sﬁrface wés thén etched with Kg]ler'szreagent (10 ml HF,
TS hl Htl and'SO»ml H20)vat room temperature Qith two

25 ml HNO,
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successfve afta;kévaﬁriﬁg 3 sec¢nq separated by washes under flow of
: wafer. 'Optiﬁal micfoséopy examination revealed the micfostructures shown
_in Fig. & which‘éré:micrographs taken from the top, tfansverse and longi-
~tudinal sides 6? the.specimen; ‘From thesg micrographs the sketch of

Fig. 5 was conétfﬂcted which represents a unidirectionally solidified

.7 Al-CuAl, eutectic grain as it would look magnified about 800 times.

2
B. - Instrument and X-ray Texture Deterhinatién

. The instrument that was available to do this wérk is shown in
Fig. 6a. This insgfﬁhent provides rotation about the difffactometer axis
- only (o angle) and fWQ different rotations of the specimen are required
fof texture determfnétion; It was necessary then to médifyjthé offg}nal
_ instruhent in_ordef to obtain thélsecpnd type of rotatibh:heeded
(B aﬁglé). Figure'6b_$how§ the instrument as it was ﬁséd in reflection,.
and Fig. 6c is the sétup'that was utilized vin transmissi&h.
The specimen was place in the instfumént with thevtransverse side

'facing the x-ray source and data was obtained in reflectfon first,
| ifol]owing the proqedﬁre outlined in Appendix A. The diffractometer table
was allowed to scéntffﬁm 20 = 36.50° to 26 = 40.00° at a speéd of 1%/min.
"At the same time thé*recording chart was moving at a speedvéful iﬁ/min |
while rééordingvthe_péak' intensity profiles arising from the {111} K
- planes fbr wﬁich 20 = 38.40° and from the {121} @ planes fOr‘which
26 = 37.95° when a:='do (?igs. 8 and 9). The.x—ray'soufce was Cuﬁu,
operated at ‘a voltage'df hO'Kv with a current of 20 ma. A Ni filter was
used. To cover the blind region of the pole (Fig. 37)vaKévradiation was

used with a V filter. This tube change made possib‘e to obtain data
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:for values of q_uphio i_ihQ.
| Affer the,data»ih reflectioh was comafeted, the speCimen was removed .
'ffom the ihstrumehtvahd'mouhted in Koldmount to_ﬁrotect if against damage
Whi1e cutting a samp]e“to be used in fransmission. A thfn‘section aboug
'.‘O 0508 cm was cut parallel to the transverse side. This sectlon was
mechanlcally thined down to a final thickness of 0.0089 cm. .Whlle doing’
.'.thIS operation specnal care was taken to preserve the surface from which
_the reflect:on data had.been taken and the removing of mater;al was dqne"
on the opposite'sufface. The transmission datavwas‘recordedhae'explained
in Appendix A, o \

| ‘In both cases;ﬂreadings:Were taken atbinérements of:69'for o ana
.IOO for B. f& was Qarfed while B_kept fixed. The'range.of'd was
-900‘1 a-<9bo and the range of B was —90 < Bx 90 a»Qae;defined to be
p05|t|ve accordlng to the method of Bragg and Packard (37) (counterclock-
.wuse) and B was pos:tlve when the specimen was rotated in aiclockwise

" direction.

C. Measurement of the Absorption Factor, ux
A similar procedure to that outlined by Geisler (43) was used to
" measure the absorption -factor, ux. A Lif single crystal was place in the
goniometer and oriented‘to reflect the CuKa radiation. Several counts of
" the intensity were made and the average was used as the incident inten-

sity Io’ in the absorption equatioh:

X X - (Eq. 5)
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the AI-CuAlé spéCiﬁen was then placed over the opening in the Geiger
Counter housing and held in place with scotch tape along the edges. The
reduced,intensfty transmitted by the specimen Ix,-was‘measured by averag-

ing counts and from the two measurements lx was calculated,

D. Data Analysis

Figure 9 shows a typical set of data as it was obtalned from the:
.dlffractometer recordung chart. The most |ntense peak at a 26 angle of
B 38.40° corresponds to_the {111} K reflection. As a varies from +12°

=122 the {121} 8 réflectjoﬁ appears to the left of the‘flll} K, where
26-37.95o and whgﬁ a = -12° the two peaks have merged into one. The

g infegrated-intengitieé used to‘plét_the pole figures wefe calculated by
multiplying the méa;ured peak height by the half width bfithe curye.‘.To
 dfstinguiéh betwéenvthe twp reflectfons involved it was ﬁecessary to draw

the approximate shapé of the peaks as illustrated in Fig. 10.

Data Corrections

a) The ealculated ihtgnsities were corrected first from the error arising
when two curves ar§ Qery close together-énd interact, given a resultant
corresponding to thevéddifion of the two‘components. Figufes 1la and 11b
show the different cases found depending on the ratio of the two peaks..
From these figdres a correctijon factor was derived and Table 3A was con-
structgd.

b) .Table 3B gives\?aiﬁés for correction due to changes in the diffracted
area when varies._ This situation arose because the x-réy beam was

larger ‘than the sample, which in turn was of rectangular shape. Figure 12
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is a geometrical representation of the problem, and it was used to derive

~a correction factor with respect to 8 = 0°,

c) The absorption ‘correction factors were calculated using the follow-
ing equations (37):

r

i) Reflection Case

RR(a) =

- ; 1
2 (1 exp [%x <;|n (6 + o) e sin (9 -q;>{] )

ii) Transmission Case _

X < _ cos (6 + a > l:
- cos (9 - a') cose o o
) = v (Eq. 7)
cos8 exp [—-—-——————~] - exp [— KX : :l :
“cos (8. - a') A cos (8 + a') _ ,

where o' = a- 90°. By making the appropriate substitutions in these two

"equations the correction factors of Table 3C were found.

d) Transmission data ;onvertéd to reflection. The formula for the

'reflected intensity is'given by:

| | A - A . |
lg=gp [l e sing ~ (Eq. 8)
and for the transmitted'intensity becomes;

_ - N .
(; IE\X e cose:l _ (Eq. 9)

cos 6

<<{ + sin (e + a) <::_ exp [: :] ,_;.‘ o . .
sin: (9 - a) sin® o i'  (Eq. 6)"
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HX was calculatédﬂexperfmentalIy.to be 1.049. Substituting this.value
in équations 8*a6df3 ana coﬁbiﬁfng the following'relat?onship was derived:
lR = 1.36 lT.
To cohvert:déta'from transmfssion to reflection it was necesséry
then to multiplY'bY‘the factor 1.36. ‘ﬂ
1. Q) Cr radiation Q$lues converted to Cu values. 'AS }t Qas ment joned
' previously_fhe blind'region of the pole figure was covefea by changihg
from CuKd radi;ti¢ﬁ¥td CrKa.radiatfon. Thié region includes Qalues of
”A o = 189, 240,'—18°; 42b°. To convert Cr valﬁes to Cu values the absorption
factors were calcuWated,fifst by using Equation 8 and the corresponding
cofrectEOns-Qéretméde.v After that a proﬁortionality faétor was found by

calculating the ratio

CuK
o

Crk
o

(o]

for each Bvat oa=0

f) Conversion to '"Times Random' units. Appendix B deééribes the pro-

cedﬁre followed to calculate the value of the factor by which all

hk1’
the correctedvinfeﬁsifies must be divided to express them in "times
random' units. Thi§ factor was equal to ~ 2258,48 for the {111} K data
and 712.83 for the {121} 8 data. |

For each B a plof of “times‘randém“ units vs. o was made. Figures
13a and 13b are exanples of these graphs. From these plots a "'times

'randqm” units table was éonstructed (Table 4). In this table for each

fixed B the.values of. the corresponding o are tabulated at different



ihfgﬁsity levels. fhe'infbrmatfén from the "times rahdom”'ﬁnits
vtégiég was used to dféw the pole figures for the‘{lll} K.(Figure 15) | i
" and for fhe.{IZI}'B (Figure 16). These pole figures were plotted on a. , .
Wulff net following the procedure described by Cullity (41).
V. RESULTS

A unidirectionaliy frozen Al-C_uAI2 eutectic aﬁldy‘wlli solidify a§
parallel laméllae’ifvthe'éoiidification parameterS'ére c§ntrélled appro-
priately. .A eutectic grain solidified in this manner éxhibifs‘a strong
preferred'orientation pr texfure. Figure 20 is a transmiséf&n‘k—ray
pinhole photdgfabh‘§f £he specimen showing thehcharacteristi¢ discontin—r
~uities in the Debye rings indiéating.tﬂat‘preferred orientation is pre-
sent. | |

To find ;He cry;tg}lographfc réla;ionships for theveutectic, thev'
x-ray diffraction déta-of Table 2 was reéorded. .Tﬁe\tabTe‘indicates
which planes were stfong]y reflected and in analefng this déta it was.
found that the refiectiéns obtained from both phases were not suitable
to obtain a reliab]é pdle.figure; -To constru;ﬁ a pole figure, in order
to find>crysta!logfapﬁié relationships between the two phases involved,
the reflections seleCtédfmusf be as far apart as possible;(hO). The
(111)K reflection_was.strong'enouéh.but’it appeéfs too close to the
’."(121)6 reflection. ‘fhé_(ZOO)K was alsé‘observable but it.waé téo weak
and its 28 angle is>yéfy close to the value corresponding tovthe (112)e
(44.72° and hZ.SSoﬁfé;pecffVely).

Considering the iimitations imposed Ey the data obtained with the

equipment availab]é, it was decided then to assume that the interfacial
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telationship {I]f}Kmll {fZl}é-was valid and,the task washdirected to
following the’va}tation-of these'two retlectiens throdghbqt the specimen
which was;oriented Qith the growth direction para1iel‘to the x-ray source.
kVFigure 9 shows a:tybical set of data obtained and higure‘lo shows that
the two reflectidns can be resolved'without:great diffieulty knowing that
the 26 angles ahe”38.h0° for the {111}K and 37.95o foh the {121}e.
The pole flgures for the two chosen reflections were plotted
| (Figs 15 and 16) For each pole fngure five poles were obtalned To
| |dent|fy the o phase poles, Table 5 was constructed whlch gives the
'calcu]ated angles between planes of the form {121} The angles between
the “max imumn ponnts were measured in the pole flgure (Table 6) and the
_poles were. ldentlfaed and indexed. The proper Indexing of the {Ill}K
poles was done wnth the aid of the. (1]2) cubic standard stereographlc
projection (F:gure-]h) whnch ‘corresponds closely to the {III}K pole .
vfigute.. Thevsignshofjthe {111} K poles were determanedvby the. signs
ass?gned to the {121},6 poles and they had to be consistent with the
measured angles hetweenvthe maximum points in the pole-figune. After the
indexing was completed it was concluded that the growth_direction normal
to'the eutectic grain was very close to GTZi K.
Figure 5 is-a shetch of the eutectie grain. in which the angles that

. the ]amellae makeznith tnororthogonal surfaces are indicated (the trans-
verse and the lonéitnainal sides of the specimen). These measured angles
were used to do a:traee analysis (Fig. 19) fo}lowing the procedure
Ldescribedfby Batrett:and Massalski (42). Figure 19 (a) Was'plotted on

Ca (112) cubic'projection_and Figure 19 (b) on a §22) cubic projection,
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- .thIS last drawang clearly ln3|catlng that the lamellae Qrew parallel to
the T22] K and that the plane causung the traces is the (lll) K which
" incidentally is the plane most strongly reflected in the {lll} K pole 7
flgure (Flgure 15)." |

The two pole'figures were sbpeﬁmposed (figure l7) ahdvthe results
ehOWn‘in Figure.l8 optalned.vThe‘relatlonshlps found canzbe;;tated as
fqllbws: ;

(i) k|| (217) e
- INa) K || [120] 8

‘Lamellar habit plane approximately 3° fron (111) K and (217) 6. Grain
. Qrowth directlon close-to [llZJJK. .Lamellae growth direetlen parallel -
‘to [752] K. L ” |

The_data utlliéedito atrlve at these results were exptessed in
"t imes random' uﬁite. To compute the data an integral l; replaced hy a
double‘suhmatlon'(37l;;vThis procedure allpws the calculatlon of a
quantityidesignated aetJhk], a factor.used to cohvert‘the cerfected
intensities to '"times random' units (see Appendix B). When Ao ?'60 and

hkl1

To test the accuracy of these data a new value of Thi Wes calculated

AB = 10° (for this caSe) J is equal to 7l2.83 for the 121 6 data.

with Ao = 3° and 28 = 'o. The new Jhkl was equal to 624.40, lt all
the corrected lnten5|t|es are d|v:ded by this factor lt will be observed
that the "'times random'' units levels are.lncreased by 12.4%, that is the
texture‘appears slléhtly,sharper. Thls'le the only significant change‘
that could occur if Aais smaller, the_erystallographic‘felatlonshlps

'

remaining unaffected.

'
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rinally it-uas_observed that the (111) pole in.tneu{lll}K pole
figurelcould be moyed‘to the center and if a transmiss}onfLaue ph%tograph
} of thetspecimen‘wathaken in that orientation a three Fold symmetry
should appear.'TThe.necessary rotations were measured in the pole figure
" and estimated to be:16° down'and 20° to the left. Figure.ZOb is such a
photograph obtalned WIth CuK radiation.. As was expected the three fold
bsymmetry is present the planes reflected belng the {ZOO}K The aotual
rotations of the specumen were 14° dovn and 23 to the left The same
test was repeated thns tnme usnng W radlatnon and the results are shown

i in anure 21 Here the symmetry is due to the {333}K planes

VI. DISCUSSION

As has been po:nted out byvother investioators (jl;'lz;'zs, 27; 28)V
'the Al CuAl eutectlc system rs not a simple one, Tnevstructure of the

8 phase. is very complex the lamellae usually will show alT the defects
.assoc1ated with thlS type of microstructure (Figs..h and 5) and the
|nterfaC|al structure is also irregular and imperfect (30) But in

spite of all these complex:tles the crystallographic relatlonshlps between
the phases seem to remain fairly constant if we do not consuder the dis~
’agreements existing,WIth respect to the habit plane. |

This work has yerified the existenoe of the interfacial relation-

ship {111}K ][ f]ZI}é. v&raft (25) used an indirect method to arrive at

a simi]ar_general resu]t by construeting an idealized stereogram obtained
from x-ray data. Tne_eleotron.mfcroscope investigations as listed in
Table 1 show that thrszreiationship has also been found Lut it is always

reported in the same general form. In this experiment It was possible
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“to find a dgfinité'érystallog}aphiC‘félationship by directly recording
the peak profileSjbf the reflections coming from the two interfacial
planes; .This finding_al]o@s us fo make two statements'{n‘én atfempt to
‘éxplain the discrgpédcjes associafé&-with tﬂe iaﬁeliér ﬁlanet'

.a) By examining‘Fig,VIB another relatfdnsh{p §an be fohnd: (ITI)KII(ZTI)G
but now the two planés ére sgparated by about 180; The d?screpancy tén:_
‘be due to tHe-conside%atfcn‘deFhis set of planes which7fs Sebérétéd

' ffom'the (lli)Kl,(élT)e set by less than_78°. |

b) 1t will be necessary té fqrther exp]éfe~the'Crysfalloﬁfaﬁbic varia-
~tion of the two spec{fi;fp]anes reported here when the'gr0wth-conditions
are changed. if thé}iélationshfp véries; the discrepanciéé.afe due to
kjnefjc faétdrs ahdfif:hojéhangé is_ongrved, it‘cah be écnclqaed that -
the crystaflbgraphig rélationships for tHé Af;CuAl2 eutectic are invérif

able,
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b_APPENDlX A

* RECORDING X-RAY DATA
Installnng and Settlng the lnstrument to Zero:
a) Install a Cu x- ray tube, Ni filter. Collimation slits: 1°, MR, 0.3°.
’: If any ‘other’ comblnataon of slcts is found more convenlent to use do so,
but be consnstent and maintain the same arrangement throughout the entire
experiment. |
b) Aesemble thehfnstrUment as illustrated in Fig. 6b.‘bMount it in the
df?fractometer. Secure the base to the ditfractometer'tahle with four
. SCrews.. Sometimeevft'Is‘convenient to skip this'last step, especially
.’when allgnlng ‘the |nstrument Zlf this step ie omitted make'sure that the
base is firmly attached to the diffractometer table and that there 1s not
_ lateral play between ‘the base and the table,
'c) Place a round piece. of fluorescent material in the center hole of
speCimen.holdeT No.fl_(Fjg. 7). Secure it from the back'using scotch
tape or plasticine; .Mount holder‘in the appropriate location in the

instrument. . .

d) vLightlyrun$Crew knob A and set screw t:\“hanually moue'the diffrac-

tometer table to the zero position. - Turn knob B and move a]ide D until
the front surface'ot the specimen holder lies in the same straight line

joining the center»of;the X-ray source slit and the center of the o

detector slit. ”

e) Remove the protectnve cover from the d(ffractometer axis and place a

lead shield between you and the diffracted beam. Set the voltage at about
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riO Kv and the cqrfght at abOUtAS Mé.‘ Turn x-ray source on.and obsefve
‘>$t'what point the X-ray_beam is'visiblé‘onAthe fluoreséeﬁt‘matefial. I
‘the beam is not eXaCf]y‘at the centerlbf the hole in the_spécimen holder,
move slide D to thé béck or:fo the froﬁt as needed,
| Caution: Reﬁémbef to tﬁrn x-ray source off before hékipg any A
-adjustment to the.jﬁétrumént.- |
f) Rémove holder ff§m tHe fnstrumenf and replace the ZnS pieée with the
Lif single crystal fhﬂaisimilar way as the fluorescent pfete. " The flat
side must be horizoﬁfal, Reinstall protective cover in the diffractométer

holder area.

g) Turnvx-ray souf;é:oﬁ. Turn chart recorder on. CuKa:sﬁqu1d appear :
at 286 é'hh.sso. Mové-#iide D by very small distances unti) avhaximUm _
intensity of the CuKd,pgék is obtained at a Vélue of 28 cfoSe to the
desired‘valqe. Usually a combinatfon of motions (turning the knob B and

moving the slide D) is needed to get a maximum intensity at a value of

26 = hh.95°,

h) Loosen ring E by a few turns and set graduated disk F at zero.
Tighten ring E and knéb'A.' Screw set screw C fixing the siide‘at this

position., Remove specimen holder.

i) install holder N92. Mount eutectic specimen as shown in'Fig. 7. Be
sure that the sampléAiéllocated at the center of the Hp]e in the specimen
holder. If this is not correct, the background intensity will vary with
B8 which in turn givesvuhreliable data. The specimen must be suspended up
in the air, the x-ray begm should impinge only on the sampie and not on

any part of the specimén*holder. Reflected x-ray radiation from the holder
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also alters the_background. Hold the eutectic specimen with plasticine
from the back, not from the sides. Plasticine gives a high intensity

peak at a 2 B,vélue very close to the {121} 8 reflections.

- k) - Turn on fhekar§y1source. Use settings élready mentioned under
CEXPERIMENTAL. Scan from 2 8 = 20° to 2 8 = 140°. ' Identify the reflec-
‘tions 6Bfaihed; ;Dd'fhi; for the three‘mutua]ly perpehdiﬁu]ar faces of
.fhe'specfmeh (Tab1§ 2). |

Data for the Pole Figures

‘a) Mount the Spe;imén with the transverse side f;cing the‘*~ray source.
Léttthg djffractémefgr table scan from about 28 = 35° to 268 = 41°°
recordiﬁg,tﬁe,peaké?énd_the backgroundLintensities. Staft with B‘=.0°
"positipning:heedléiﬁ;ét fhe‘point:harked 90°:oﬁ dial K.V'Tighten'sﬁrew
G firmly every tiﬁéiypu'chapge tﬁe setting of B and alsd.tighten knoB A
whéﬁeVéE-the,valué-df‘a iSbchénged. 8 shoqu'be‘kepf at,zéfo while
takes‘on values from'f18° to -18%. Take readings at o =_0, 6, 12, 18
plug spme,va]qes,fh bétween gettihgvenough-points to afqu You to draw
the corre;tiog curvé_@%ing the b;ckgroundvradiatfon-shownbfn ng. 10.
b) Take readingstcanning,from(28 = 36.50° to 26 = LQ° af’a = o°
changing R by'incfeménts of IQO. ‘Staft at B8 = +90° (0° in dial K) and
go down to B = -90__fThis same operation will be rebeated later when
»CrKa fédiation is.usga'to céVer the blind region of the polé figure. A
correlation‘musf'be'fbund between thé two data for each value of B when

O

o = 0.  This correlation is needed to conyert CrKd intensities to CuKa

values.
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c) Now you are ready to start recording the rest of the data. Start at

B = 90°

, = 18°. Keep B fixed, vary.a by 6°. Sometiméé;you will not
get any information at o =118? due to the specimen holder interferring
with the x-ray beam; _This part'of the data can be obtained later when

covering the blfnd_region with CrKa radiation; Remember that 48 = IQO,

| thérefqre after finishing the run for 8 90° go to B = 80°, fix it at.

'Y . . ) ) O " .o . . ' '
this setting and as before start with o = 18 decreasing it in increments

- 'Qf 6° (Mo = 6°). Your recorded data should look like that of Fig. 9.

Covering thé,Blind Region

It is known fhét'even with an ideaj specimen holdgr data can be
- obtained in reflectipn bnly up to o = 8. After that it fs_necessafy to
takgvmeasureménts in frénshission; Also-there‘is a blfnd reéfon caused
by the speciﬁen holden_reféiner parts and othér necéssary'appéndagés.
Tnis blind region cQVens a range of about'a =6 - 10 to>a =8+ 10,
| This region‘iS'SPanned by changing‘X-ray tubes. The Cu fube is -
replaced wifh acCr tnbé:nnd the same alignment procedure must be repeated
usfng aV filter. Repéét part b of data for the Pole Figure§ and verify
that thé'trend obseryéd then is also followed here. Record the background
intensitfes keeping B = 0 and changing o as it was done on parf a. .Again
.obtain as many points-ns'necessany tondraw anothen correction curve for
absorption. Start atfa”=n24° now. A for Cr is equal to 2.29 Ao, there-
fore the (llf) peak §hbq]d éppear at.26 = 58.55°, Scan from about_57°”}
to 610.7 Repeat pért-c; but now a-=_2§, 18, =18, =24 (a =0 Wés already

" recorded at the beginning).
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, Transﬁission Data
a) Mount thé.fhstfumgnt‘as ffluétfated'ih Fig. 6c; Remove the.Cr tube
" and install baék'fhe Cu tube, Repeat alignmengdprocedﬁré; Cut your “
B transhiSsibﬁ séﬁb]éias,éxpfained undér Expérihentai..'Mdunt the trans-
. mission spécimeh;“ifhe side that was facing tﬁe x-ray:beam.in reflection
“;hqufd‘bé inhthé sém¢ ppgition.now. Hold the'sbeciheh:in place with a
piece of eléctffc3éf 3cotch.t§pe.
. : ’fé' .

b) Start at o =:90_,-B = 900.‘ Follow the same‘steps_as_befofe, i.e.,

Aa.:fBo; B'fixéd; iChange B‘by 100; etc. Remember now you have to go

from a = 900 to o =:'30°.and from a_?“-30° toa = —900;_ '
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APPENDIX B

TEXTURE

Texture or preferred.origntation can be defined as_aséoﬁdition_iﬁ
which the distributféh.of crystal orientations in a polycrystalline
~aggregate is honréﬁdﬁm'(hi). Two kinds of texture should be distinguished:
deformation teXturé'th;h results from the nonrandom arrangement of
crystallites in a mééhanfcafly worked material (coid dréWn'wfréror cold
rolled sheet) and driehtation thture, an intrin#ic prdpéfty of the
‘bolycrystalline maferiél which refle;té its mode of grthh.as in castings,
electrodeposited layér;, eutectic alloys, etc. (§6)., |

Preferred orieh£;tiqn is detected wheﬁ a pinhole photograph is made
of a polycrystalliné épecimen using characteristic x-ray rédiatioh. If

" preferred orientathn'is not present, the\Debyé rings'ébSefved are of
uniform inténsity a]f;éfound their circumferénce. f thefe is preferred.
orientation the Debyé’fings lel be discontinuous (Fig. 20), the dis-
continuifies arfsing because fhe.orientations which would.refléct to those
parts of the ring aré 6ot presenf in the épecimeﬁ, Nonuniform Debye rings
can therefore be takéa as a definite évidence for the'existeﬁCe of pre-
ferred orientation (4];'42).

Texture can best Bé des¢ribeﬁ by mears of a pole figure, thch is a
Sterquraphic projectibn showing the variation in pole density with pole
orientation for a seTééted set of low ihdex'crystél planes. Thé earliest

method of evaluating preferred orientation consisted in taking a series

of transmission photogféphs bf the specimeﬁ at different angjes'in order

to obtain the information needed to_construct'thé pole figure (42).

e si—
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Presently therhost'cbmmon prdcedure is to use x-ray texture gonlometry
to determine'a'p61évfigure.
When using the;x-ray‘Gélger-Coun;er spectrometer‘to,détermine
v quantitative ﬁoié.figufes a combined ffansmission-reflettion method is
. used (47, h9).1;Transmission techniques proyvide the data for the outer -
régions of the ;ﬁiéﬁfigure and the refléctioh techniqUes)give'the cenfra]'

”‘ part; both techniqués are limited by geometrical considerations (43).

Quantitative Determination of

Preferred Orieptation

'When:déta for a_§omplete.pole figure is neéded, diffeﬁent'broblems
arise wﬁiﬁh.usuaify'pfeveht;accurate detéfﬁinatioﬁ of fﬁé preferred
orientation, HCérreCtions for énglg depgndenf absbrptiqn.are.required
“and in méhy cases it is found that a bliﬁd'fegion exists where data can
nOt‘be_qbtafned;..Bragg and Packer (45) derivea formulas té maké the
absorption corre¢ffoﬁs and showed that these correcti&h faﬁtors can be
obtéinea directly’ffom‘heasurements of the background-fadiation (Fig. 10).
They also solved théubroblem of spanning the bliﬁd regfoh (37) by sug~ -
gésting'two methédéfto accémplish this; One consisted in uéing a |
higher_order.of thé sahe reflecfion'and the other in changing the x-ray
- tube., In Botﬁ cé§é5:if is necessary to calculate the ratio_of thé tWo
intensifies obtaiﬁéd to convert from one gét of data to fhevother (see
data analysis). | .

, Dﬁnn analyéed‘fﬁe.quanfitétiye.pole ffgure data yisyalizing.the pole
densit9 as a height ébdye'a_plane that lies in'the.surface of;the stereo-

graphic projection réferehce sphere and the distribution of pole density
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as a surface abové_this plane. Thi$ surface is a bivarfafe frequencf
surface. |If the ﬁole ffgyre consiéts of a sharp singlejorféntation
.texture, the bfvariaté_sufface for an isoiéted concentration of poles
”may take the form»6f a normal distribution function (43); | |

Bragg and Packeh;t37) showed that the results obtained by Dunn are
‘of general applicébiifty. In the Bfagg—and Packer method the orienta-
tion distributhnAp (a, B)'isvdefinéd in_units of “times,ra&dbm” and is
Qnity for a randoﬁ'spéCimgn. o is the angle which measures ihe amount
of rotation about.fﬁe'diffractometer.axis and o = 0, at the exact para-
focussing conditiogg,,B is the angle by which the speciﬁeh can be rotated
in its own plane away fr§m some reference posit?on'B = 0.

‘The inteéfated_infensity for a random specimen is given by:

2)2 A3(I_+ coszze) n

—  (o2 * 2 o
Jhkl' - Io(e /m*c R Fhk] sv (Eq. 10)
: v'sin®® cos8 } ,
The quantity sought for' the pole figure is:
pla, B) = Ihk](OL_, 8)/Jhk]v.A(e‘_, o) - (Eq. 11)

where I, , (o, B) {Siﬁﬁe integrated intensity for a given specimen
orientation (a, B)Zand A(G, a) Is the absorption factor;' Equation 11
_shows that when the 6bserved intensities are corrected fqr ébsorption
the resﬁlting intensitiéé are converted to “times_random“ by dividing
by Jhki' To calcula;e_jhk] equation 12 is obtained from equatfon 11

after a few mathematical manipulations



Thls result lndlcates that Ihil can be easnly calculated from the

hk

experlmental data by performlng a double summation over the corrected

jmtensttnes wenghted by the factor sin a.
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Crystallographlc Data for the Al-CuAl, Eutectlc

{investigator, method
used and specimen
preparation ‘

le.J. Elwood and k'Q

Bagley (26). X- ray
technique. Wires:
drawn up from liquid
alloy and passed .-
through . a gradient
]furnace. Cooling ~
rate: 60°C/hr,

— e —— — —— S = v e — —

Noboru Takahashi. (29)
|Electron microscopy.
spot pattern analysis
Thin films prepared
in alr by'dlppihg a
{small loop of .iron
wire into molten bath
and withdrawing it

at a rate of 2 cm/s

— me et e e Ge G S e S ——

JR.W. Kraft (27).
X-ray specially
designed back
reflection camera.
Specimens taken from
unidirectionally
solidified ingots at
a rate of 9.8 cm/hr.

R.W. Kraft (25).Same

technique as above.
Data obtained from: -
several slowly grown
eutectic. Growth rate
not reported

Orientation Relationships

Between Phases

— e e G- — an = —— o

(001)A1] ] (0018

[100]A1] | [100]6

— e —— = — o

(001)A|]|(001)9_

(110]A1|[[1oo]e

— . — G m— — — — )

(001)A1=|] (001)86

[210]A1=|l[1oole

E Interfacial

» o

o

-

{inatfifaie
Kk 101>A1] < 210>6

— e ma e e o= aim ——

| Direction

1(001) axis. of ©

|to the -

|Not reported

Parallel to

— i e G — —— —

- Growth

perpendicular

temperature
gradient,

———— e — Gtm m— e e

-

(112)A1 and
(102)6 low
index planes
closest to
being parallel
to solid/liquid
interface.

[T12]A1




TABLE 1.

continued

ko

Investigator, method

used and specimen.
preparation

I.G. Davies and e
A. Hellawell (11).
"Electron microscopy" .
spot pattern analysis|
Specimens grown in .-
graphite tubes,
unidirectionally
solidified. Tempera-“3
ture gradient 50 °c/em.
Growth Rate 0.36 cm/hr
Material cooled in .~
the solid state at- a.
-mean rate of

0.25 C/min.

B. Cantor and
G.A. Chadwick (12)
Electron microscopy.

diffraction S
techniques. Single-
crystals grown by a
melt back method.
Growth rate 4 cm/hr. =

Kikuchi line electron

Between Phases

- Orientation Relationships

“Interfacial

{111)A1][{211)6
<110>A1]]<210>0

Tnterface habit

plane.12o away of
{11}ar, {211}

{111}A1|lf211}e_'.

<110>Al]|<210>6

Interface facets
within 8~ from-
{111}A1, {211}

|usually

l2113A1 and
H310}A1 -

Growth.
Direction

Growth axis
approximately

[311]A1

b — e - — —

Varied. It was

between

 321)A1,




X-ray Diffractometer Reflection Data. Al-CuAl
Sample. Cu Radiation, Ni Filter, 40 Kv, 20 ma.

TABLE

Range 500, Intensities in Arbitrary Units.

2 Eutectic

FACE PEAK'No d (A°) [2¢ (deg)| (hk1)O (hkl)k'lntensity
1 {2.370 | 37.90 121 500+
| T2 fiaro | ensel | s
| TP 3| .ss7 | 107.00[532, 620 | 100
b | .905 | 116.40 w2h| 420 | 500+
__ 5 |x3%0 ] 38.Ao) AL ST
| 6 12.020 | ub.67 200 | 185
LoNaITuDINALE ™ = ol o0 T 02i02| 1s2] | 300
e S22 220 122 I L
8| .810 | 144.22 L 315
dezygi_gAg {380
i f2ous [ wool ] 00| 180 _
SERse | vefraso | esaol szl oo | o
__ 1o srozsso,zl | ms
| 14—1 .905 | 116,40 24| b20 | 500+
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CTABLE 3

Correction Factors

A. Peak Interference -

I I T ] |
{PEAK | ey 1 3/4 :1/2 {1/3 | 1/4 | 1/6
RATIOS| K1 1 1 1.0 1 1 1 1 1 I 1
| L L L | L
HE LR ey Y N RS
|FACTOR R 9k 79k |96 | .97 | .99 | .99
‘B. Gedméffic
, ¥ N N bbb
Bo . - 0 1 10 Nl 20( 301 l‘ol SQL 601 701r 80| _90

FACTOR[1.00;.982(.932|.916,.965.9821.061.12 1

.201.22

L L1 | L1 1

C. Absorption Factors .

a© -8tz 6o tg 1y g
" |REFLECTION [2.20| 1.61, 1.30 1,00, .698 .390 |.067
: T | T
a0 ~ 130 ;36 (42 LB ;54 60 | 66 | 72 | 78 |1 84 | 90

TRANSMISSION .223l.37h1.5101.619!.7071.7761.83h:
_ | | | l ] 1

.881

1.9241,96311.00
| R R

- b2




TABLE 4

Some Selected Values of a(degrees) at Constant B.

{111}K Phase

j~]ntensity Levels_(”times random'’ uhits)

89

- o.50 | 1.00 2.50 9.00 12.00
el ¢ RiL ¢ R{L ¢ RJL .c R C R
g |-57 18 o|-56 4 o|-s& o of o o o
- 1-47 18 0]-48 16 o0|-52 o0 o] 0 O O
70 -63 - 65(-56 7 o0f 0 0 O] O O O
-52 21 68f-56 13 0/ 0 0 0f 0 0 0O
50 83 -6 62/ 0 0 0] 0 10 o] 0 20 0] 0 23 o0
“7|-50 3768 0 34 o] 0 30 of 0 25 o0f 0 23 0
40 0 -4 85] o0 3 870 0 12 of 0o 20 of o 22 0
- 0 41 °» 1 0 37 o0f 0 33 0o 0 28 of 0 25 -0
20 « -4 79 <~ 3 81f <« 12 8s| <« o 87| o 0 !
-83 36~ -84 28 > |-85 21 > |-89 0 » ) 0 0 *
o |0 -6 0] 0 5 0 0 0 .0
| 0 27 .0{°0 16 0 0 0 0
10 c -4 of 0 0 o©
0 23 0. 0 0 O ,
-0 |-69 -4 37(-66- 0 38 0 0 43 0o 0 O
[-64 "8 47i-66 0 45| 0 0 43} 0 o0 of
”_L: Left curvé'of the graph
. C: Center curve
. R: Right curve -
- An arrow indicates that a >|909|

43>
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TABLE 5

Angles Between Planes of the Form {121} for the 6 Phase.

Tetragdnaj System. - . : .

121 j21 17 121 121 721 21 127 .

|12 0 46,00 102,80  58.19 121.80 77.19 134.00 180,00

721 | 46.00 0 121.80 77.19 102.80 58.19 180.00 134.00

121 | 102.80 121.80 0 134.00 46.00 180.00 ,58.19" 77.19

121 58.19 - .77.19 134,00 O '180.00 46.00 102.80 121.80

121 | 121.80 102.80.  46.00 180.00 0 134,00 77.19 58.19

121 77.19 58.19i 18o.oo 46.00 134,00 0 121.80 102.80
1127 | 134,00 180.00° 58.19 102.80 77.19 121.80 0 .. 46.00

127 | 180.00 134.00 77.19° 121.80 '58.19 102.80 46.00 0 |

211 | 32.08 76.31  76.31 68.02 111.97 103.68 103.68 147.91 |

211 | 76.31 32.08 76.31 103.68 76.31 68.02 147.91 103.68 |

211 | 76.31 111.97 - 32.08 103.68 76.31 103.68 68.02 103.68 ?
1217 | 68.02 103.68 103.68 32.08 147.91  76.31  76.31 111.97 3
1271 | 111,97 76.31 7 76.31 147.91 32.08 103.68 103.68 68.02} |

217 | 103.68  68.02  147.91 76.31 103.68 32.08 111.97  76.31

277 | 103.68 147.91 - 68.02 © 76.31 103.68 111,97 32.08  76.31

777 1 147.91 103.68 103.68 111.97 68.02 76.31 76.31 32,08

211 711 - 201 217 211 211 211 211

211 0 102.80  46.00 58.19 121.80 134.00 77.19 180.00

211 1102.80 0 121.80 134.00 46.00 58.19 180.00 77.19] -

211 | 46.00 121.80 0 77.19 102,80 180.00 58.19 134.00

217 | 58.19 134.00 '77.19 0  180.00 102.80 - 46.00 121.80

271 [121.80 - 46.00 102.80 180.00 0O 77.19 134,00 58.19

217 134,00 58.19 180.00 102.80 77.19 O 121.80 46.00

217 | 77.19 180.00° 58.19 46,00 134.00 121.80° 0  102.80

277 [180.00  77.19 134.00 121.80 58.19 46.00 102.80 = O

g



Me'asb_i_Jred'Angles Between Poles (degrees);'-'

8 Phase Pole Figure.

© TABLE 6

N 2t Tar a1
21| 0 43 e 78 14|
i | 43 6 103 12 78
217 | 68 103 0 8 175
2i1| 78 112 78 o 100]
7| 78 175 100 0

TABLE 7

Angleé Between ?lanes of the Form {111}‘__-'

for»thé Cubic SySteh (degrees) .

| 70.52 109.47 180.00 109.47

i i o T
11| o 70.52_109.47 70.52 70.52
| 70.52 0 70.52 109.47 109.47
111{109.72 70.52 0 70.52 180.00
171 | 76.52 109.47  70.52 0 . 109.47
117

Y



Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

" gonal). (b) The 8 unit cell orlented wnth the (211) plane

for comparlson
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 FIGURE CAPTIONS

Optical midrbgraph of a dfrectidnally‘sol}dified.Al-CuAlz
eutectic (side view). G = 44°C/cm, R = 25.6 m/s, mégnification

600x. (a)'a sTngle grain. (b) two gra:n microstructure. o , %

‘Al -Cu pseudoblnary phase dlagram

(a) Scale mode] of the 2] phase unit cell (body centered tetra~

horizontal. (c) Sca]e mode] of the K phase unlt cel] (face

centered cub|c) (d) Illustration of the |nterfaC|aI relation-

ship (III)K ‘ (21])6 (e) The two sea]e‘models placed togeihers

Optlcal mlcrographs of the dlrectlonally solnduf:ed Al- CuAl
eutectlc graln used in thxs work.,

Sketch of-the;eUtectic grain drawn from the micregraphs of : ' |
figure 4, ” | =

(a) Origfneibx?ray,texture fnstrument. vtb) Mddified instruﬁent
used in re%iecgion. (c)dModified instrument as it wes used:ih‘
transmfssion;v.(d) Transmission.sef up. InSfrumeht mounted in
the>diffreefemeter. _ . "'hv : , o ': i
(a) Specimen holder number j, used for the instrument alignmenf. ¢
(b) Fluorestentematefial (Zns);’ (c) LiF eingie crystal.
(d)vSpecimen holder ueednin.reflectidn'showing the specimen as
it vias held in"';.:lace' Scale 2;1.

The G. E. XRD 3 eqU|pment used showing the aetual recordlng of

the data
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Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12,

Fig. 13,

Fig. 14,

Fig: 15.

Fig. 6.

Fig. 17.

Fig. 18.

Fig. 19.

Fig. 20.

Fig. 21.

b7

A typical set of data showing the {111}K peak and the {121}6
peak merging into one when a = -12°,

The same set of Figure 9 after the peak profiles had been drawn.
(a) and (b) resultant curves obtained from the interaction of
two components, in this case the {111}K and {121}6 peaks which
are separated by 0.45°.

Geometrical representation of the variation in the diffractesd
area when B varies from 0° to 900.

(a) Plot of "Times random' units vs a at a fixed B. {111}K,

B = 60°. (b) Same as (a), B = -30°.

Standard cubic (112) stereographic projection including only
the { 111} poles.

{111}K pole figure.

{121}6 pole figure.

The two pole figures superimposed.

Results obtained when the two pole figures are superimposed.
Trace analysis to determine approximate growth direction of
the lamellae.

Transmission x-ray pinhole photographs of the specimen of

Fig. 4. Cu radiation, 45 Kv, 20 ma, specimen to film distance
3.0 cm. (a ) as grown orientation. (b) [111] orientation.
Same as Fig. 20. W radiation, 45 Kv, 20 ma, specimen to film
distance 4.5 cm. (a) as grown orientation. (b) [111]

orientation.



growth direction

XBB 775-1909

T



660

b9

600\ x+/ Liquid (f)
<\ _548°¢c ' 6+f
500} “N\5.7% Cu
Solid solution of
_copper in aluminum
o 400 .
<]
®
= 300 K+ 6
=
=
g 200
Q
l....
© phase ]
100
o | l 1 | 10
Al 10 20 30 40 50

Weight percent Copper

FIG. 2

XBL 7+412-7840



(c)

XBB 773-1907

50






52

Top view

growth direction

Transverse Longltudlnalb

— growth direction
: : XBB 770-13050

Fig. 4



TRANSVERSE’_
DIRECTION

FlG«: 5

XBL?PT12-6592

53






Fig.:6b



56

XBB 776-5965

Fig. 6cC



57

CBB 776-6025

. Fipg. od



Ny

(a)

SPECIMEN

(d)

FIG. 7

Il cm

XBL7712-6599

58



CBB 776-6023

59




60

Cop

- 8E

¢ Qb.‘.ud\ “

oLtV
9-m

zi-3p

XBL 776-9244

FIG. 9



61

S S S S R i
; - " - LA

oLty - ==l bl

L « Gl

XBL 776-9244A

10

FIG.



62

XBL 7712-6593

Flz,



N 66G69-2122718X ¢l “914

,06=¢ 008=¢ ,02=¢ 09:=¢

U0 D <D<
e A\ zus_oma%\ _

wv3g |

AVYH-X
Ot=¢ og=¢ 02=¢ Ql=¢




64

=90

90

"“TIMES RANDOM” UNITS

r I <00, | l
0 (a)
P -
B =60 g
{11} K .
s
(@
()
Pt
<
'
wn
)
=
glr—
1 |t L% 1
-60 -30 0 30 60
' a (DEGREES)
(a)
B ==30"° (b)
{n} K 0.754-

0 T30

XBL7712-6594



XBL7712-6598

65



66

INTENSITY LEVEL
"TIMES RANDOM" UNITS

oo NoXe
B0 wQ
O-—NnNO
odap oo

6600

XBL7712-

15

FIG.



67

INTENSITY LEVEL
"TIMES RANDOM'UNITS

1.00
2.50
4.00

10.00
20.00
MAX.

O
A
O
v
0
-

XBL7712-660I



68

XBL 7712-6602

17

Elg,



o (I} K
a {1216

FI1G.

18

XBL7712-6596

69



70



Fig, 20

(b)

XBB 770-13049

71



(b)

Fig. 24

XBB 770-13048

72



This report was done with support from the Department of Energy.
Any conclusions or opinions expressed in this report represent solely
- those of the author(s) and not necessarily those of The Regents of the
University of California, the Lawrence Berkeley Laboratory or the
Department of Energy.




4 . 3

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

A





