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THE STRAIN ENERGY OF A DISK-SHAPED GP ZONE

John Arthur Wert

Inorgénic Materialé ﬁesearéh Division, Lawreﬁce Berkeley Laboratofy and
Department of Materials Science and Emgineering, College of Englneerlng,
: Unlversity of Callfornia ‘Berkeley, California
ABSTRACT |

Alsimpiified form of Khachaturyan's solution to the'genefal perlem,=v
- of &etermining'the stfaih enérgy“of an arbitrarily-shaped céherent'in—
clusiqn.is'fdund'for the case of a disk—shabed inélusion. Specific_
strain énergiesvare calculéted as a function‘of the oriehtatidn of sugh
an inclusion in latticesApossessing variqus elastic proﬁerties. Some
;numefical results_a;e presented. The salient featﬁre$ of the specific
:strain énergy éurface are found t6 depend only on thé.elastic proberties
-of fhe lat;iéé. From this a relationéhipjbetween'aﬂ elastic anisotropy
parameﬁer, A, and the minimum strain énergy'orientafion of a distShaped
Ainclusion is observed; The strainjeperéies of GP zones in‘Al-Cu and
.Cu-Be agevhardening alloys are calculated. The minimum strain energy

prientations of GP zones in these alloys are identical with experimen-

tally observed orientations.
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1. INTRODUCTION
Cluétérs of solute atoms often formed during the first stage of

solid solution decomposition’in ége.hérdening‘alloys are usually referred

to as GuiniérQPreston’(GP) zones, GP zones are coherent with the sur-

.;ounding“matrix,phase, thus any difference in atomic spacing'bétween the

precipitaté and matrix phasés will result in coherency strain fields

around the clusters. An additional interfacial energy must be associated

with the clusters because of the composition variation at the precipitate-
matrix interface. Due to anisotropies in cryétal lattices, the energies

associated,with the strain fields and interfaces may be dependent upon

"the‘configdrétion'(shape and orientation) of the GP zones. In some cases,

a significant‘contribution to the configuration dependent energy may also

’

be due to interactions between thevstrain'fields of néarby clusters. Gen- -

_erally, however, the other energy changes accompanying GP zone.formation
are configuration independent.’ Neglecting the strain“field'interaction'

‘term, one would expect GP zones to form preferentially in configurations

which minimizé”avcomﬁinafion'of'the strain and additional interfacial

‘energies, thereby minimizing the free energy of the solute atom clusters.

Let us bfiefly examine the qualitative argpments.which relate the

shape of GP zones to the size difference between solute and solvent

atoms.l’2 In casés whefg the solute éhd solvent atoﬁé afe~éimilar in
size (to witﬁin a féw_percent) the strain fields-ofvthe:clusters afe re-
1atively weak. fhe additionai ingerfacial eﬁergy is thﬁé the d@minating'_
factor and it is minimized by’thé formation of spheriCal GP zones. Ex-
amples of'binafy alloy systems in whiéhvsuch clusters are obéerved are.-
Al—Ag3vand Cquo4.  If the éize difference is'appreqiable, however, ‘the -

L
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energy associated with the ¢dhérency strain field of é,cluster‘is con-
siderably lérger. Iﬁ ;hesé éases, an increase in thevédditional inter- _v
facial_enérgf is sacrificed ;6 obtain an even lafgér decrease in the strain
_energy'and diskésﬁaped CP zones are energetically favored. Thé Best—known
examples'of this:§7pe of‘behavior-ére Al—Cusband Cu-Be6. In other pre-
cipitating sYstems;'notably Al-Mg énd,Fe4Mo,l7Athé size.differencé is
quite'large,z'Thé beginnings of'GP.zone formationvare.observed in such
>Cases.butvgf6wth is arrested at a very'early.stageQ- It hés'bgen sug;‘
gested that this is due to the.meéhanism by which solute atoﬁs'are,trans_
pérted.to the_clusters.7’8 For a more compléte understaﬁding qf the shape
" of solute atoﬁ clusters,‘additiohalvfactors may alsé Bg considered, such
as the anisotropy of Ehé eiastic properties 6f the‘crystal.

While the shape of GP zoﬁes is‘seen'to depen&-lafgely on the relatiye
mégnitudes ofvthe strain'and addi;ional interfacial.energies, the pre-

‘ferred orientation of disk-shaped clusters depends oﬁ'the aniSotropies'ofﬂ

these terms (this question is obviously irrelevant in the case of spheri-

cal clusters). Schwellinger,.Leamy and Warlimonﬁlp have considered the
specific strain enérgy associated with a two—diﬁensionally ipfipite'mis;

| fitting precipitate sheet in a éubic lattice. Their c51cu1ations indi~ |
‘cate the'existencé of a.relationship befween:the-elastié anisotropy»of the
;preqipitateﬁléttice andrthe miﬁimum'stréiﬁ energy orientation of the in--
 finiﬁe plane. 1In their’énalysis,'however; deformations normal to the
‘érecipitate’pianebdo not contributé;to the strain énergy aﬁd no'strains.
'afisé in the matrix surrdunding the precipitété'shéet.._Strains in the
matrix, especially in tﬁe directionvnormai to the preéipitate diSk,'are a

promineﬁt feature of. GP zone formation and it is expected that they would

(&
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con;ribute significantly to the total strain energy. The purposé of this
- study is to examiné the anisotropy of the strain energy aséoéiated with
finite disk-shaped GP zones. | | | |

For calcglatibn of_the stréiﬁ!energy Of‘a‘cohefént_precipitate, two
. apbroaches;are avéilable. EShelby.ll obtained a solution in terms‘othab; »
_ulatéd elliptic integrals for the somewhat restricted case'of an ellipsbi—
dal inclﬁsion in an'isotropic elastic'medium. A sligﬁtly ﬁore general éo_
lution was'subsequently obtaiﬁed.by Khacﬁatufyan12 for.the general.casé of
an arbitrafily shaped coﬂerent inclusion in an,elastié medium of arbitrary
anisotropy. | |

Presented here are the results of a study of fhe strain enérgies
yassociated’with disk—shaped GP 2opés using Khachatur&an's solutioﬁ;
Strain energiés are'caiculated as a function of the qrientation of a hypo-
thetical GP zone in varioﬁs matérials. The relétionship befween the mini-
~ mum énergy origntations and the elastic properties of the material found

. by Schwellinger et al10 is seen to be valid for disk-shaped coherent pre-

‘cipitates of finite size.
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II. THEORETICAL CONSIDERATIONS

A. Khachaturyan's Solution‘

Khachaturyan12 obtained a solutioﬁ dfvthe geﬁefal problem bf,deter—
' miping thé eléstic strain energy of anew;phaseéoherent inclﬁsion of_arbi—».
trary shapé‘in'aﬁ,elastic'medium ofvarbitrary anisot?opy..'The asshmptions
inhereﬁt in‘tﬁiS»S§lution require that the inclusion be isolated in an in;l
finite elastic medium and that the elasfic préperties of the inclusion be
identicai with those of the surrounding mat;ix. The 1attér-is équivélént
to the assumption that the modulus effect is small with respect to thév
éize'effect. | L |

of priméry impbrtaﬁce in Khachaturyaﬁ's solutibn‘of this Stfain en-
ergy problem is.a tehsor which shall be-referredvtb as fhe free state
- strain tensor. Consider the volume which is to undergo transformation.
Suppose it is removed from the elastic medium and allowed to transform
free of the constraints normally imposed on it by,this.medium.v.Tpe strains
corresponding to’the'deformations'it undergoes as it.trénsforﬁs:in the ab-

. sence of mechanical constraints define the matrix elements of the free

. state strain tensor.
Khachaturyan's‘solution to this problem may be expressed in thé-follow-‘

ling form:

_1 ° ; S YR saol? Ay
E=2 %51 €45 € V1 " 7|@n3 I (:~)J - G

where E is the strain'energy of the coherent in01USi°n5'xij1ﬁ is the elas-
tic modules tensor, € ij is the free state strain' tensor, VT-is the volume

which undergoes transformation and 6(k) are the Fourier components of 6(r),

the form function (6(r) being_equél to zero outside the inclusion and one
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inside it). A(k) is defined by the following equatiOn:

"o AT AL TR
A(g) =@ k,G 0o k)

I\

where (...,...) is the scalar vector product and G~ is the Green's Func-

tion of the elastic equ1librium equation for the inclLsion. The matrix

elements’of the opefator 0® are determined by the relationship

o°31 + 2 0.

ilmelm

Finally, the matrix elements of the operator G -1 are'defined by the equa~

.tions
[G] ijlm 150
~ lA.

oo and GTTG =1
" where [1] i3 _ 6ij' In all of the aboﬁe'equationsﬁ(ahd;thIOughout:this

paper) summatlon over repeated indices is implied
As has been pointed out by Khachaturyan,l2 the quantity A(k) is

actually indeoendent of the magnitude.of the vector k. This is because
all of the matrix elements of the operator_G_1 are proportidnal to k'_2

and 0° is independent of k. Therefore, theihnctiohal.fonmA(k)vmay be
. : k\ e . | v
replaced by the form A (i) which is dependent upon the direction but not

the magnitude of k. Khachaturyan thus re—expresses Eq (1) in. the form

Cog - 1/d?‘k VI T L
- ! ° -] = ~. o~ .
F=7 M5 €15 €1 172 Y3 MO | (2)

This is the general form of Khachaturyan s solution to this strain energy .

problem. While the solution exists’in princ1ple, evaluation of Eq (2) in -

the general case is difficult. A simplified expression may\be obtained,

howeVer, for the special case of a disk-shaped inclusion.
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" B. Strain Energy of Disk-Shaped Inclusions

Consider the Fourier components of the fofm.function‘in the caSé of

a disk—shaned innlnsinn. The‘bniy non-zero cnmponents lie in a.direC£ion'
véty‘nenrlyvparallel no the normal vector of-thé>disk. Thus, as was
pbinted out by Kh‘ach_a_turyan,l2 forisuch inciusions  on1y E'nectofs‘which are
neariy parallel to fnis nnfmal vector will contribn;e significantly to the
. integral in Eq.A(Z);' fhe nalidity of tnis‘appfonination depends, of -

ncourée,_onfthe tn;ckneéé tn &iametef ratio of the pfecipitate disk, In
 the case.of disk—shanéd.GP zonés,.thé thicknéss to diametér»ratid is:gen_.
e;ally less than 0{07'andkthe nppronimétion iS»very good.

If A(E) is a smooth and slowly varying'function of (_1._5_) , by the ab0vé '

_argument onll(y a slight approximation wi}l_l be incurréd by Irle:placing A(E)
with A(n), whefe n is a unit vector normal to'thé nlane of the inclusign._
A(n) being constant, it may be removed from the 1ntegra1 and the elastic
‘energy of the dlsk-shaped 1nc1usion may be re—expressed as:

o S
1 C e A(n)
EB=3 )\ijlm. €3 €1 't B f(z_)T 'e(k)l

fThis may be further simp11f1ed by maklng use of the 1dent1ty

. a3k
-VT=./ = le(k)l2

Thus, in the case of a disk—shaped 1nclu31on, Khachaturyan re-expressed

Eq. (2) in the_much 31mplified form:<

E”—Q-T— {?‘ijlm €5j € 1n 'A(‘l_-)} : ) @

‘Numerical evaluation techniques were used to show that A(E)is, in fact,
a smooth and slowly varying function of (%) so that the error .introduced

'by the above approximation is very small.



C. Evaluation of the Calculational Parameters

From Eq (3) 1t is immediately obvious that the strain energy of‘a
disk—shaped coherent precipitate is directly proportional to the volume of
the precipitate prior to transformatlon, VT’- Thus, the parameter of in-
terest is the specific strain ‘energy of the inclus1on, V s which shall be
denotedﬁl The parameters required for calculation’ of'€ for a GP zone
in a cubic lattice are three independent elastic constants,' 11° C12 and

44, the matrix elements of the free state'strain tensor and two para-
meters characterizing the orientation of the diskvin the lattice. 1To'see
how these parameters‘are related tovmeasurable quantities, considerationﬂ
of a model of disk-shaped GP zones in binary alloys is néceSsary.

" X~ray studies13 and, more recently; high resolution electron micro-
scopys’6 have suggested'that‘the‘model proposed by‘Gerold14 beSt_describes
the natureiof'GP zones in Al-Cu andeu—Be alloys. :This.model; originally
deScribing'the GPIQOnes which form in Al-Cu age hardening-alloys, assumes
that they are composed.of a monolayer.of Cu'atons in a'matrix of nearly
pure Al Assuming that Gerold's-model may. be employed-to describe GP zones
~in all binary alloys, the parameters required for the calculation of €
are evaluated as follows in the case of a supersaturated solution ‘of B in A.

The’matrix surrounding avfully'grown cluster in an A-B alloy is near-
'ly pure A and it may be'assumed that the_residual conCentration‘of B has |
only a slight effect_on the elastic properties of'the A‘matrik. The most.
readily accessible elastic constants appropriate to this case are those of
pure A, |

frior to transformation;the disk—shaped volumelto be-transformed con-—

tains a more or less random AéB'solution.f'After the GP -zone has formed,

\
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it ‘contains bu;e B. In the uncopstrainéd state, déformations must thus
fake place.in‘the'plane of the disk_tovchangé the lattice ﬁarametér from
that of the A—ﬁ Solidvsoiution to'thafuappfopriéte toia‘@onolayér'of‘B.
Denote the strain correspon&ing_to frge state'defofmations in the planerof
| the‘disk ;p.  Similarvdeformations may Be_imaginéa ih:;he diréctioﬁ ﬁOrmal
to-the predipitate'diék;' The straiﬁ corfe$pohding‘tQ this deférmétion is .
@enoted C;.T |

The free state strain tenéor for a GP zone iying in_the (001) matrix

plane is easily seen to have the following matrix elements

€ 0 0

. i | .
(tij) o1 — |0 & |
| , 0 0 €

~Agsuming thatﬂthg values Qf the transfqrmatiqn parameters (ep and eﬁ) are
'isotropié, the_freevstate.strain tensor for a GP zone‘in any orientétidn
may'easiiy Be_obtained using coordinate trahéforﬁatidn_techniques. There
‘reméiné only.the évélﬂagion df'the ;ranSformatioﬁ parametefs Cb and (ﬁ.
Lattice'parameter ﬁeasuremeﬁts, traditionally uséd to détermipe
' atomic misfits,'may'not be uséd‘direétiy_in.this case since the stable
¢rysfa1'Structures of the A-B solid solution and pﬁre B afg not-neceSSa:i— ;
'iy the samé.i-If the.transfdrmaﬁion'para@eters'are assuméd-to bé iso;ropic;
the_cube root of the volume per atoﬁ, Lv’ may beAused as a measure §f,at§m;
"ic'size as well as: the éfficiency'of atomic packing. The'change invLV 
from an A-B random solutioh fo pure B is a»ﬁeasufe:of the: free étate-de;
formation which must occur in the plane of the disk during the trahsfor;

mation. The strain, ‘p’ corresponding to this déformation is:
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_ L, (B) < L_(a-B)
P T @aB)

Aloné'tne axis nnrnal to‘tne piane 6f_thé precipitate disk one:might'
reasonably suppose that after the transformation, Lv would be_similar to
_that of a solid so1ution containing A and B in equai concentrationSQ The -
value of L& for sunh a solid noiution may be obtained by‘extrapolntion |
nf meaSuredAlattice paraméters. The strain, ‘n’ aiong the direction nor-
mal to the plane of the disk is thus given by: . .

v ‘n = Lv(extra AB) - LV(A—B).
L. (A-B)
v

In cases whérg the crystal structures of the A-B solid solution and pure

B are the same, this method is equivalent to the direct use of the lattice

parameter measurements. SN
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_ITI. RESULTS OF STRAIN ENERGY CALCULATIONS

- A. Dependénce 6f the»SpecifiC'Strain;Enefgy on Elastié Propefties

o Caicuiations:from'latfice parameter meésurements15 fof.a vériety of
age hardening alloy syétems in.whiéhrdiék—shaped GP ionéé form ha&e shown
_that the absolute values of.éé‘andien génefally fall between 0f04 and
'0415. In'éddition, the value of én is uéﬁally somewhat smaller fhén that'
6fbép. _FOrvinvestigation‘of the'dependencé of the épééific strain energy
on the elasﬁic pféperties of the métrix, the values of the.transfofmation'
pafameters will be fixed at ép % 0.10 and'ven = 0.07. All calculations
. referfed to ih this section . eﬁployedvthese values'of‘ep and'en.
TheISPecific étrain energylﬁas calculated as a function of GP.zoné
orientatidnvpsing the elastic.constants correspondipg to'éeveralidifferént
metals;' iﬁ is ﬁot‘suggested that diskfshaped GP zones are obséfved’in |
' alloyé based on all of these metals, fhey have been used for comparison'
purposes only.»rSome éf the results are plofted in Fig;lethrough 6.'vIn
these plots, the direction associated witﬁ the'ra&iai_vechr is ﬁarallel
to the GPvzbne'ndrma} and its magnitﬁde is pféporﬁipnalvtq Ev for‘that |
orientation. These.radial'plots are planar profiles.of the specificvstrain_
_enérgy surfécé_of’a CP zone.
| Many profiles:of thé'spécific sfraih eﬁergy shrfaée weré invesfigated
.;fqy the case of.a GP zome in én Fe (béc)~latf1ce. The elastic constants
corresponding to ?e are16: Cll = 23.7 % lOll.dynes/émz, Clé = 14.1 x 1011
dynes/cmz, h4 = 11.6 x lOll dynés/cmz. ‘Figgre l‘éhows the'variation-of_
the spedific sfrain energy upon rotation of the nofmaizvecfof‘of'a'GP zone

in the (100) lattice plane. Owing to the four-fold symmetry of the (100) -

\
v
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plane, the plot is'symﬁetfic:aBOut the [011] axis. Figure 2 is also an
EV surface prbfile for ‘an Fe lattice; In this,case the GP zone normél
has been COnfiﬁed to ‘the (lib) iat£ice plane. As a result of this study
of the €v surface{ip‘Fe, it was fognd that the GP zone ofientationé with
the normalfyector parallel to a §100>'direétion'cofrespond to.ﬁinimum B
‘values ofvEV,v<111>.qfientations correspond to.maximévon the specific
strain energy Surface and saddle points are aSSociétéd with the <110>
orientations.
| Figures 3 aﬁd 4 are also plots of the (100) and (110) rotation planes,
however,thé elastié constanté have been changed tb'thbse corréspbnding to
- W. As befére,;the <100> orientations are minima,>£he <111> orientations
are maximé and fhé <1lO> orientétibns are saddle points on_tﬁe specifié
strain energyrsuerCe. CQmparisoﬁ obeigs. 2 and A;Shoﬁé, however, that
'tﬁe depth and sharpneés of the minima are greatly redUCed'in thé case of W.
Figures 5 and 6 again correspond to (100) énd‘(1Ib)_plaﬁar'p£ofilés.of
the-specifiCIStféin energy surface. .The elastic cdnstantsin this case» 
are'tﬁose of aﬁ Nb (seé-Table 1) lattice. As-in the previous casés, the
<100>, €110> and <1li> orientations correspond to extrema on thé SPecifié
strain énergy Surfaée. ‘The roles of the <100> And <111> orientations,
h0wevér; afe ciearly reversed when thé‘elastic coﬁstants of Fe or'W.are
réplacedvby those ovab;
Table I suﬁmarizes the reéults-of.calculations invdlvingvthe_elastic
épnstan;s 6f a number of métals but retaiﬁiné tbe same valueslof €p and
én' In all.cases it was found that the <100>, <110>-and‘<111> orienta-
‘tions correspond to extrema on thé specific straiﬁ energy.surface, The

values of EQ for these orientations thus characterize the surface and they



Table I. Numerical results for the critical orientations with fixed values of € and‘en.

T
H-

'Specific Strain Energy forx

Element Eléstic Constants Indicated Orientation
& 10M dynes/cm? A eV/A3x10'2 £,<110> €n§111>‘
'|Reference C,y Ciy C, | <100> - <110> <111>._ £,<100> € <100>
cu (17)  16.84 | 12.14 .54 3.21 0.716 1.455 | 1.629 | 2.031 2.274
Ag (17) |12.4 9.34 .61 3.01 0.479 0.962 1.084 | 2.010 2.264 |
Au (17) 18.6 15.7 .20 2.90 0.487 | 1.027 | 1.177 | 2.110 2,420
Ni (17) 24.65 14.73 | 12.47 2.51 1.359 2.225 2.430 | 1.637 | 1.788
Fe (16) 23.7 '14f1 11.6 2.42 1.312 2.103 | 2.294 | 1.603 _i.748 |
Al (18) |10.82 6.13 .85 1.22 0.624 0.693 |  0.714 1;116 | 1.6
W o(17) 50.1 15;14 | 19.8 1.13 3.501 3.679 3.735 | 1.051 -1.067
I, % 12440 10.0 .0 1.00 - 1.602 1.602 | 1.602 | 1.000 | 1.000
1, * |20.0 12.0 .0 1.00 1.099 |- 1.099 1.099 | 1.000 |  1.000|
: ﬁo (17) 46.0 17.6 -~ | 11.0 0.775 3.129 2.795 ,2.672 0.893 |  0.854
cr (19) , 35.0 6.78 | 10.08 _Q}714 | 2.44 2.17 ‘;2,06 0.889 | 0.844
Nb (20) | 24.6 13.4 2.87 0.813_. 1.461 | 1.042 0;875 '_0;714 . 0.602
A Ii and,I2 are two hypothetical isotropic materials with cubic léttices;

—T1- .

Py
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are presented in Table I.

Perhaps the most significant general feature of this table'isvthe

relationship between the elastic anisotrépy parameter A, defined as:

A= 4
- Gy

aﬂd fhe orientation éorresponding to the minimum specific strain energy.
~ For the particular values of Gb and'éh used in thesevcaicﬁlationS, the
<100>vorientatidns are minima when A > 1 and thé <111> orientations are : L
minima for A < 1; This is.precisely the relationship fouﬁd by'Schweilinger
et al10 in their study of two-dimensionally -infinite misfitting plates.
‘For thé purposes of;thié paper, however, it is not yét a generél étatement
éiﬁce che shape of the specific stfain energy su;face may”also:depend sn

the values of the tranSformation‘parameters;'

B. Dependence of the Specific Strain Energy in ép and gnL

That Ev for a particular orientation_of_a GP zone must depend oh the

tfansfofmation parameters is evident from the limiting case.  As ep»énd»
€, 8° to zero, ev must also go to zero. For all sets 6f elastic cohstants
listed in Table I, however, it has been found that thé ?atios E;.<110>/€v<1003
andgv'<111>/€v <100> are indeﬁendént of the values of the parameters?J and
.fn’ This is sigﬁificant.becaqsé it shows, for all of the_CasesAin Table x,
vthét the salient featureS'ofvfhe specifié strain energy surface‘are 1nde§énd—

_ _ v v _ _ ( L
ent of the parameters characterizing the transformationi For these céses-the"

shape of the Ev-surfacé depends only on the elastic'properties of the matrix

phase..
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'IV. DISCUSSION'

A. Relatioﬁsﬁip'Between Minimum Energzﬁbrientafions an& Elastié Anisdfropy
In the previous section it was oBseryed that for all cases investigated,

the éhape of thé épecific‘strain energy surféce is.independént of the‘tfans—

formation parameters € and € . Since either the <111> or <100> orienta-

tions correspond to the minimum value of Ev in all cases investigated (ex-

Cépt-for'the totally degenerate case when A = 1), the ratio €V<lll>/e§<100>‘  ;f

reflecté an essential féature of the surface. Fig. 7fié.a plot‘df this_.
ratio vs the anisotropy parameter A. 'Infgrring-from Fig. 7 that'thisjap4
préximaté linéar'felatiénship is valid.in all cases, one ébserveé“that for
A<> 1, the ratio Gv <111> /EV <100> is a_lsO-greate;' thén one, .itnpﬂlying.v
that the <100> orieﬁtétions are minima onvthe Ev SuffaCe.’ For A < 1 this
ratio is less than one so that the <111> orientations correspond to minima
»on th§ ev surface. This relationship, originally prdposéd by Schweilinger
et allo, is thus vaiid for all disk—shaped.coherent.ihclusidns. Oné ma§
coﬁclude that if the strain energy is the onlyvconfiéurétion depéhdent,para—
ﬁeter,vdisk-shaped GP zénes will form prefeféntially»oﬁ the <100> matri#
planes if A > 1 and on the <1ll>planes if A < 1. Simple calcuiations fpr
GP zones of typicai siZe,;héwever, indicate tha; an additional~intérfacial
energy termyﬁoUld-be important if thevinterfééial'énérgy denéify-e;ceede&
é few ﬁundred:ergs/cmz. | | |

"B. The Case for Al-Cu

The Al-Cu binary alloys are the basis of many technologically
important alloys, meriting special consideration of this case. The elastic
constants of Al are given in Table I and the transformation parameters

computed from lattice parameter measurementé15 are ép = -0.108 and en'= |
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0.0595. Vigier e£ alzl:fePoff that the GP zones ih'énvAl—11.74'é/d Cu
alloy ﬁavé a diaméter of ébout 80 A and the'pre—tfansformation thickneés
of a monolayer méy'Be taken as hélfvofﬁén Al l;ttice pafaméter, about 2 A.
A plot of the variation of‘thé;Stréihzgﬁefgy of é'CP zohe Qf-the‘above
_dimensiéns with the hormal vector'confihéd to the'(loo) plane is shown in
Fig. 8. .FigurefQ is a similéf plot for a GP zone iﬁ Al;Cu'but.the rotation
plane is (110) in this case. From these 'plotsvv‘it s seen that the <100>
orienﬁatibns cbrreSpond tb the minimum strain éhergy aﬂd:it is iﬁterest—
ing to note that this is also the observedvGP éone'otientation in Al1-Cu
alloys,;' In Fig. 8 and 9-the minima are broad and éhéllowi(A being:oﬁly-v
slighﬁly gféatéf thankone) éna from this, one might.éxpéct’éome'Variationj.
in the obsgtvéd orientations of the:GP zones. Sincé.ﬁb Qariétioﬁ‘is Qb—
served, oné:qoﬁid spéculété'that the additiohal'inférfgdial énérg} or stféin

field interactions might be important in this case.
17

" In Al - 1.74 a/o Cu alloYs,'CP zone.densitiés of fhe dfder'of 5 x‘10
Cm are'commohly'observed;l'_Assuming.that all of £he‘GP'zones are in (or
very near té) to minimum strain energyvorientation‘andvignoring strain‘field.
inéeraétions; thé-stfain:energy assopiated_with thé CP‘ZGnes in this alloy
is 8.6 cal per mole alldy. Comparing this with opher'énergy chaﬁges which

21-22

" accompany GP zone formation, it is seen to be a plausible value.

C. The Case fof Cﬁ—Be
.Similar calculations may_bebmade for another impor;ant alloy in thch .
disk-shaped GP éénes are?obSerﬁéd; Cu?Bé. The elaétic consténts for Cu ére
givep in Table I and-va1ues of ep'and ?n.of —0.1185and-~0.0433 respectively

- . l .
were calculated from lattice parameter measurements. For a Cu-12.37 a/o.
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Be alloy,.6 the obéerved GP zonevdiametervislabout 60A and'thé thickneSs
is ;akén as one half a Cu lattice spacing, 1.85A. . o

Piots.éf the variatioﬁ of the strain energy when'a GP zone normal is
confined to tﬁe (100) and-(liO) planes afe showﬁ»iﬁ Figs._lO and 11, re—
spectively.ibAgaih th§ minimuﬁ strain energy orientation is <100§ and this
cqrreSpondé precisely_with_the observed GP zone orieﬁtéfion in this al]:.o'y.‘1
_ Comparison of Figs. 8—11 re-emphasizes thé dependehce-of the éhépé of ghes
s strain ehefgy‘éurfacé.én thé anisotroﬁy paraﬁeteva.'_Uﬂliké‘the:éase for
Al—Cu,itﬁe mihimé in Figs.'lo and 11 are fairly shérp and deep so one
-would expéct bther chtbrs.to_be less necéssary_iﬁ'Surﬁfessing vétiationsv
in the obsetﬁed orientations of GP zones in‘thi5~alloy; |

D. General Discussion

One stfiking feature of ége hardening alloy systemé is the apparent
' _ease with which GP zones form in some alioys but mot in others. In the
‘twblcases COﬁsidéred'in the previous paragraphs, disk—shaped GP zones form
quite readily,v'Sucﬁ GP zones have béen~observedvin‘other élloys butvfhéy
db no;;appear'to.form as easily as one‘might expect afﬁér exaﬁiﬁatioﬁ¥of
;the Al~Cu and Cu-Be alloys. Consideration of Table I may permit some spec-—
'uiation on this point. |
Supersaturatiﬂglﬁinary alloys exist with all Qf'thé_elementS'liSted 
7.in Tablé 1 as‘tﬁg base metal. Cbmparing the minimum vglues of E? for tﬁe
. various metals,bit is seen thaf the values for Al ahd Cu are aﬁbng tﬁé
lowest of all'bf the elements listed. Since the sfrain eﬁergy'associated
withvthe cohefent clﬁsters contributes to the bafrier tovnucleation and
growth, the low values Of.ev for Al and Cu are well;cérrélated_with the

appafent ease with which GP éones form in these alloys. Similarly, it may
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_ be noted tha;vthg minimum yalué of €, féf Fe is ébmparatively large and,
indeed, disk-shaped coherént preéipitatgs are not an impdrtant étrgnéthen—
f ing mechanish in irsn based alloys. At preSéﬁt, the enefgetics of precip-
itétion processes are not wellrdogumented:éo it is impossible to‘determihe
‘the relativé imporfance’of thé strain'énerg§ éontfibution to the.Baffier
to GP zone formation. Further investigafion in this area is clearly.in—
dicated, however, in ordérvto expand the ﬁnderstanding and applicability

of this stfengthening mechanism.
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~ V. CONCLUSIONS

An app;oximate‘expfession for the specific strain‘energy of an
isolatéd disk—Sﬁaped ipclusidn is>05tained from Khachaéﬁryan's
solution to tﬁg'geheral ﬁroblem. Numerical results are presented
for a nuﬁber of metallic elgments with Qarying elastic‘broperties.
It is found that tﬁé shapé of the.spécific-strain energy'surfaqeiiS'
independenﬁ of the transformation.parametets.v -
The rélationship between the anisotropyvparameter A and.the GP éohé

orientation of minimum strain energy proposed by Schwellingef'et_allo'

.is verified. An apptoximate linear relationship between the ratio of

the strain energies for the <111> and <100> and the parémeter A.is

observed.

Profiles of strain energy surfaces are presented'for'Al—Cu and.Cu—Be'

‘alloys.' The minimum energy orientations are identical with experi—

mentally observed orientations.
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FIGURE,CA?TIONS

kFig, 1. Variation of the specific strain energy:of'aiGP.zone in an
Fe lattice Where the normal vector has-heen:confined to the.(IOO)
plane;

Fig 2., Variation of the specific strain energy of a GP zone 1n an
Fe lattice where the normal vector has been confined to the (llO)
‘plane. |

Fig. 3. ~Variation of the specific strain energy of a GP zone‘in a

' W lattice wherefthe normal vector-has'heen confined:to the (100)
plang.v. ‘ _ . ,

Fig. 4.‘>Variation of the épecific strain energy of:a'GP zone in a
Wnlatticeﬁnhere the normal vector,has been confined to the (llO)
plane. .

Fig. 5. Variatlon of the spec1fic strain energy of a GP zone in an
Nb 1attice where the normal vector has been confined to the (lOO)
plane. | | |

Fig. 6. Variation of the specific strain energy of a:GP zone.in an
Nb lattice where the normal vector has.been,confined to the (llp)
‘plane. ' | | |

. Fig. 7. The relationship between the ratio € <lll>/€§<100> and the . N
elastic anisotropy parameter A.

Fig. 8. Variation of the strain energy of a GP zone in an Al-Cu alloy
where the normal vector has been confined to. the (100) plane..

Fig. 9. Variation of the'strain energy of a GP zone'in an Al Cu alloy‘

where the normal vector has been confined to the (110) plane.
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Fig. 103“'Vériation of the strain energy of a GP zone in a Cu-Be
.alloy ﬁhere the normal veCtot»has'beeh.confinéd'tq tﬁe-(lOO)fplane.'
Fig. 11. VériationvOf the strain'enérgy of a GP zonme in a Cu-Be alloy -

where the normal vector has been confined to the (110) plane.
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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.




TECHNICAL INFORMATION DIVISICGN
LAWRENCE BERKELEY LABORATORY -
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



