_,:. s

UCRL-16090

University of California

Ernest O. Lawrence
Radiation Laboratory

PRISMATIC LOOPS AND CLIMB KINETICS IN QUENCHED Al-1%
Mg ALLOY

-

| ™)
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545
- _

Berkeley, California



/;

" UCRL-16090

" UNIVERSITY OF CALIFORNTIA
Lawrence Radiation Laboratory

Berkeley, Californis .

Contract No. w77h05-eng-h8

'PRISMATIC LOOPS AND CLIMB KINETICS IN QUENCHED Al-1% Mg ALLOY

?

V. C. Xannan

May 1965



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



&

Absfrécﬁ e L {};....‘ja. ET‘V.;f '_,t e . f

I. Introductionvl S 7'_'.* .. ?‘7-".,u-. ;“ U

Ii. Experimental‘Proceduré “
A. .Preparation of.ﬁhé Mlloy ~ . L . .o Lk

: B. Specimen Preparation . . . 0T LT .. . .5

.
A

. C. Preperation of Thin Foils .. =~ . .. .. .

B

D. Bulk Anmealing . . .. . . . . .. . .6
- E. Hot-Stege and Cind Photograpghy . v '« . .. .. . 6

IiI. Experiment@l:ﬁegults'éﬁdrInferpreﬁatioﬁ
:'Al~_Non—éﬁpersafﬁfation-of Vacéncie§v  ., ‘:: ';5  S o &
iIB. vEffeét bvauenchiﬁg Conditions on_quﬁsinvﬂ;‘ . ',\ - iO'

C;: Dynémic Oﬁéérvétioﬁ of Climﬁ VAVJ .t- ;‘ B . .1

D. -Activation Energy for Loop Climbg' ;"Q{g ”.v". L 12

-
.
.
»

. B. Stacking Fault Energy . . . . 'i .
:'Ivl' Conélusioﬂs .A .‘t.;'"',—'-’_.;, _{  ”;‘ 75 ’.r"'- R A
Acknowlédgments L -._ .' } ; . _“;  . . ;.',- .. 18
vAppendix | | “ I S

A, calibfétio£ §f_H5£ Stage f ;'i;f;;ffg’j,iﬂﬁ;f. .. .19
'References. . e » ; ,“1 R .'f“;‘if} i,: 5;5: . '.~.‘.,2l;
. Figure Caﬁtiéné ~.; j }£'.., :,‘itﬁv ’.€' , 1‘;iﬂA;{ a}‘ . L_.;_;}l,é3,x

[N




Y

.primarily determines whether positive or negative climb can take place

“Ve T

“PRISMATIC' LOOPS AND CLIMB KINETICS IN QUENCHED Al-1% Mg ALLOY -
' o U o
V. C. Kannan . ' .. ..
Department”ovainérél'Technology;-Collégé<§f Engineering
University of Califprnia,;Berkeley, California

Mey. 1965

o ABSTRACT

-Annesling of loops in quer

iched A1-1% Mg alloy has been studied by
hbﬁ—stage'electron microscopy. The activationvenérgy for loop climb ha
been estimeted to be 1.2 - 1.28 e.V., which is in the same range as t

A

found for pure aluminum. The absence of heterogeneous precipitation of

~ vacancies, and the bulk annealing results showed that the binding energy

-

between magnesium atoms and vscancies, in the present alloy, is very

53
]

s ' . upersaturated solute atoms
small. It is concluded that. EERL L -
, v ‘ - % vacancy

ratio .

§

in a given alloy. The stacking fault energy was estimated Ly comparison
. , A . ' , . ' . . ) . . ; 2
of the shrinkage rates of perfect and imperfect loops as ~190 ergs/cm

&t 207°C. .
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point, lu is n055¢ble to retain mOSu of the vacanc1es (~lO ) in

) superseturation.

10

o i. TRODUCTLOW‘

=]

The concentration of vacancies Cv in thermal ecullvbvﬂum in.a

metal varies with temperaﬁure'T as:

; - . ™. ., , ‘,. o . . : . § .
C. =C_e E/KT IR 1 (1)
v o S ) - . K .
where E. is the energy,of formation of a”Vacanchand k the DBoltzman
| v . . - - |
constant.  ‘For aluminum,_Ef is known to be 0. 76 e.V.” and taking O ~ 1,
S 3 b
the vacancy concentration is lO_ at the meltnng p01nt (993 X) and
-1 - . o ‘
3 at room temperature.. By raolaly quenchlng from near he meltlno

)
\

‘The subsequent annealing of quenched-in Yacancies in FCC metals
and alloys has recelved much attentlon during the past few years.

i

‘Many phy51cal and mecban¢cal propertﬂes such as electrlcal TeSlStLVltj,

internal frlctlon, yleld stress, etc., are much 1nfluenced by the

i

ennealing of-vacancies. “Transmission electron microscopy hasAbeen used

to study mechanisms of vaCancy eliminationjby‘several workers (for a,  ~
! . . ‘- B i

review See ref. 5). All the experlments done so far conLlrm 1n & generdl

'way the- earller postulatlon OL Kuhlman W1lsdorf6 that VaC&PCICS should

v /

‘attract to form“clusterS'and.subsequently collapse‘to fOrm loops of

dislocéﬁions on., (lll} There is'a large dr1v1ng force (Lhc chemlchV

';orce due to supe*saturatlon wn the case of Al 1s ~3OO kgm/mm ) by Vhlch

the supersaturatlon lu ellmlnated by the mlg”atlon of vacan01es'uo 1nks

such as surLaces, graln boundarles and dlclocatlons as well as by 1ho

forma ion of . dlslocatlon 1oops.

The type of loop-that is formed‘dependsﬂupon‘the'stacking fault

o



Fom

Cenergy. 'However‘ t 15 can..as sume beconaary 1mportance bc ause o; alW‘.

3
v ! 4

[the-complicé ions: Lhat cen arlse \%ach affect the ﬁucleaulop end ovtu

h~mOL Loops, such as*olastLC aeformatjo , qucnchlnp SurCSbCS,Q‘mpurlt;CS, -55f5f?1‘

. " \‘
10 0 EE T TS
ete 5 . ”hub, in pu;e alumlnun i quenchlng is- perfo”mcd wvthout PP

‘

‘.‘a s

R . Pty
cLormlng tbe spec1men, very large Fvank looos (1 e. b= g_\lll>) cll

T P . . -

5

Cin excess.of_tha expected from stackl g fault energy con51acr uions

N

A

are observedz_l If cn the other hand aeformaulcn is’ purpOSely elloucd

o : R .
. uO teke place durlng ouepchlng, loops are u ually of tbe pe“”eci type 21" S

. (i.e. o= % <llO>) As wnll be shown 1n tnls the51s,ktne same is tluc o
for Al 1% Mg: anoy,_lc;ce, 1mpur1t;es alonc cannOu account fov thc ; 'fl '5'ff

. . R

existence or 1on exlbueace oi Prank loops as has oeen suggebted by

- Cotterill and Seoall A fd e W R PR
Meny eAperlmental “esults su gest that the conver31o of>a Frank - A
v loop to s perfect'loopfby,nucleation’ofvaLShockleyxpértiali e

N e v

| - ,31_ .[111] = 6’ [ue} %— [no] ST :
“*ie st ess’aﬂded S¢nce he energy of a alslocatlon llnL ié ~é ‘e V. pérff“' k'.
, oatoﬁ, i would be extremely dlffwcul{fto cocleoue-a Shocklcy oar.lal lffff‘ )
. s§01uaneously and’ ths expielns Jhy very large T”ank ioops arelobucrcedf?fﬁh.f?
in Al ana Al—Mg alﬁoys dftec carelul quench;ng,:s1nce“ 1f tnc activetnoc.“ -.1 »
. 'ener¢y for nuc7eat10 of a Shockley partlal ;s negleCucd and bc&*np f.?';i 7?.?
L TSB 300 ergs/cm for Wumcnum,'nolrrank loop > 200A shou*d bc obochcd 1.f;

o Actu lly, TOOps > lOOOA a*e often seen 1n alamlnum and ltS al¢oys 1f ‘:i'-ef’\

car eful quenchinﬁ orocedc es ale udoptcd (see Flgo. Lc o)

L ~ -

e "--The perfecﬁ,loop“on (lll) s noU E steble equl Lum,configur»A : 'fgﬁ
in tneorvl3 and ex 2,14 ;o
.tion.  Both theory ~ and exoerlments ' shov that aurln& gvovun :
e m - -.‘4 R : Lo ' : : L@
& loop can rotate on-lp g l : yllnder vhlle Cleblng, le d ing to the Lo
: v o - A . o 7 o .
‘ ' . . (e N .
L . ;
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fTormetion of d1 mond. loops of ne *rly dge char ter with probable habit

‘plane near {

v

nching

W v \ s .1 - I -
: . .thereby suggesting that loop growth can occur durlnv or immediately a after

o

O} depen "rﬁ on its size. In aluminum_and_its alloys,

these dismond shaped loops can be observed in as- qucncbea spécimens,

~

The size and the type of lOQP5 are als6 influenced by aging

t

. time and treatment. Many of these and other points pertinent to

‘quenching experiments have been. revievwed recently by Thomas and

o - ) ;

Washbhurn.

Besides prov1céug informatidn on the nature and geometry of dislo-
4 o H . !

‘ . Kinetics

by hot 3

of climb pr

iz,

cation loops, the electron microscope can be used to determine the

zes by anncaling the thin foils in situ (i.e.

943

O

ces

Tage electron microscopy). In the case of pure aluminum, loops

are always observed tc shrink during heating above 150°C'bccn use the

nearby free surface provides an i 1igﬂ tc—v cancy-swnk, i.e. no super-

Isv

-
20 e

enables an estimate to be made of the activation energy'of loop climb.

B!

savuration is possidble. . The 1"“te of" 5hankcge 8t various temperatures

x

nin

the case OL aluminum allovog provided'both solute aﬂoms and vacancies

are in supersaturatwon, it has bpen observeo that loops can grow ourlnb

~annealing of thin 0175 1no1cat1ng thau a larve vacancy supor@a'u ation

*  can remain:after-quench—aging.

. (. ,
K

The kinetics are then different'from'aluminum, sincé the solute-

x

: S workers.

L 1.2-1.3 e.V.

vacancy binding energy pe rturbs botn the enerby of formaulon of vacancy L

, ) ) 10 _
.E ana its ng*at’on ener; 2y E .l - In Al—)p ug alloy, h activaticn

'

'_ene“ﬂy for loon growth was dcucrane¢ to be 0. 95 e V as’ compared” to o

for tnatjof pure-aluminum. Y-Eikum‘and,Thomas-found Eb

A7t

to be about 0.2 e.V. in Al-5% Mg alloys,” ' a result confirmed by other -

15,16



1atwo of eI
p VaCuuCleS S , . T

from biﬁ?ri, for Al Mgialloy thls rcqu¢u 25 a “:,lloy

prepared.

%

- As con bn seen

Otler factols investigated wer

SGJU

bféhmmmnwmh<2wofMngmfﬂkgﬁe’nxmf Al 1% Mg was

of stacking fault

tion’

-,From“thé foregoing par giapnb, it can.be seen that it Is necessary
'to;e tomine” wnefne“ or : supefsaturation of solute_atoms;_i.si the

i

e

‘3)

"is‘Lmoortaﬁt in controll:nﬂ the Cllmo Droce es.

.o

;(1)‘the7cohditions under

‘which principally perfect o¢ imperfect loops are’ formed, (2) Sblﬂut“Oﬁ

energy.

T r,,\ )ern“v‘/\u Dro B URE

of - the Alloyl,'

LAl Prepara

A

' e

_ll”;x

suppli d- bf Un

Can
DL
=

A

¢

3"

The alloy VoS’ ‘prepered 1.om‘9 ;999 puré]aluminum and 85,9950 My
"tea Mineral and.Chemical'Corporation.j A cw, mold

FaﬂC “of reﬁctor grdu vg Jhite wa L*ed EO CabE the lloy ingots of ..

" The usec ofle‘hﬁgt f“nqgmwcy 1nductlon fu paee allows

. one %o reach ahy témpe Otave at relwtlvely hﬁgh rgue. Since both

aluminum nd magn631um have llttle Ql ference 1n auomwc wewght anq

e

Vnearly,the samefmeltiﬁg pointg l“*tle segregatlon pro?le ar .ﬂncarrcd

“ -

thuoh many precautlons wrre tahcn to av01d such e?fGCLo. 7he gr pblue'

mold was. aegassed Qt lOOO C at 6 x lOv . T of hg for_% hour 'Thé’dhdrge-‘T_”

been bassed through ac ¢Vatea charcoal Li7tc“s and a nliro”eAvrr@p uO .

| WES melted 1n an aumosph of

"

solidification. -

. o
o

"b

pure pelle dt 5 atm oressurc that had’

4

The'ingdt‘was'rolled Lo thln eLr!ps of 72 6?mi1'thick,”éledned‘

¢

. -
S,

.‘

removegmoisture{ The mcl 11g waé garrled out for 20 mln. Qt 670 C
r1"‘1en the power was cut of and frebh cold bellum w s lct in to 1 steq
; . A ._ . . . .
Wr:al Tung: were cawrxed ou to £in ptnmdm cond¢uvono;

c o

€

T



. unless otherwise stated.

5h

with acebtone after each'Daés. This ensures & clean end smooth surface

N

and is beneficial for subs equen specimen preparation.

E.v Specimen Prebaratibﬁ

Specimens. of 6 x 1" % 12-6 wil we}e ail held at 650°C for 12 héurs )
at pa?tial vacuum;_ Chemical analy es were uubsequcntly ca d out and
The COmDOSLulOnS wxé *1«Lea in Ta 1 .I.~'This annealing treatment prior
tovquenching is important ib;reduce thg diéloééﬁion'@én;ity.to & minimum
and Tto provide épeﬂlnens'of~£he same,initial state.

The 6" stripsvwere cut intd six one inch specimené’and placed.in a
specimen holder designed to minimize the deformation of the foil during
:W¢re heid at 545°C in a furnace whiéh ﬁas a
vitom of T.5 com x T;S-Cm x 6}32 cm. The.hot_ZOne

-

the quenching bath as possible. Quenching was

-

- . - N . 1 il . .
carried oudb by puLL - The specimen holder intec.a long vertical column

uoptaﬁnlng +he quenching medium (oil or water) both kept right under
the hct:zone just prior to quenching. The specimen was held in the

N ’

furnace Tor 1 hour toiensure uniform homogenization of temporo»ure.

o o

JENRS)

;\J

rra ngement p;ov1acs a satwsfactowy rapid quench qu ck transfer
of the sp cimen from furn ‘ce to bw h, and-also avoids: bendlru of the
31 cimen while qpcpchlng Specimené:wéré quenéhed into SiiiCOne oil
bath or water au ys5e° C as VJll b " bcd at approprlﬂtc places. Aging

Just af ‘er quenching at room temperature was the Same fpr all specimens’

C. Prepe @ulop of Thin Foils

T, N
S Specimens were electropolishe

!

terCQ70r1C acid (’O%) and. MSO ce - of 200 proof ethyl alcono‘.. A stainless

-

at 29 C usvnﬂ a’ mlxuur“ of 110 cc



Q.lQ_amps§j~,  AR

r

I’ KPR . - S L .

«

steel béakéf served as 2 :+nodc. The spedim n:\anoqe) was suspended

=

n & clamp lnuo;tdé'bathaff@hé-polishinﬁ Was carrieleutgat 30V end Ly

@

A'modified window-technique m;s cmployed_tg produce thin folls.

SDFCLuOPb were pcll 1 ed and turnéd'upside'§own soon’ alt v holes were

v

',-first _ormed at theffop of;the_window,;jThree-qrjfouijsuch”repe“ tions = .

\ . ’

;a'constant voltage pQWerlsupply'served‘as;a poWer'SOurce,'Cu:rcn%'tbbthQ

- platimm furnace was TC”hl&E“Q uhT uwn a Varlabl¢>resistance znd the

ey . P . .. O BT

&ave uni. iormly tnLn speg'mehs,:’During'final'pblishing, as soon as holes,

B .
{ \ -

were observed. to form,‘the cur nt was . 'witched”off'and on, duvring which

~ec removed . from

'. l-

.

“thin foils are. ejeo ted out of tno p 1men,, The foils we:l
. . . ;‘ N e . R

the beaker,,washedvin absclute aléohbl_and;mCUnted Tor ‘obscrvation-in

the m;ect“on m¢croccope;v

) - R t o ‘1

D. Bulk Ahnealing.

RPN

- 3

Specimens d"*cr ouonchlzgffrom varidua?temﬁerauure ware bulk.

B

annealed befo T

e Dolishingako_cdmparé"With the'resu ts fof concentiated

aluminum-maghesivm a 81103 .s.obtaihéd in.our Laborato”y prcvwou ly

'

Factors such as prefaging timé,fqnenéhing and Dollshln conalu;ons were

. - N A . . . - L

cept the same for 211 the prCJm hs;;-A.COhstant temperature glyCerine

o

Lh vae used f01 oulk ,nnealin', mth ¢0115 were OOualv e DJ ulgc,10~'
olw.unb as 1escribed earlierﬁ TP

. Hot-State and Cine rhotogrcuhy *-_; I

in foil = peallrg ex pefiﬁent* were Larrled ouv uu~n3 a, olcmbnu'

heau*pv staoe in the SLeans Elmgukop Ib A 12 Volt OLO“ajs beG yfor

v

temperature wes read from ﬁhe_calibraticn'curve shown in Fig. 2. “Details

<. . i .
N s . > -

c¢f the calibra bwon procc“ res are described-in he aDpendlu{



&

" sirce the beam itself does not cause much neatlng if tne normal precau-

The climb of loops was recorded using a Paillard-Bolex H1b movie

cemers driven at 12 frames/sec. A Bell and Howell f 0.95 lens, fully

open, was used. Tri X movie films were found to give the best results.

During heating, the beam current was Xept at 10p amp just at the time, .ol

expeosure. This gives a maximum possible accurate temperzture reading, ..

tions are observed.

Selected ares diffraction pa ttorns were taken initially and at <the

end of the experiment so that_any changes in orientation could be

followed during heating. All the cllmb ez pcrlments recorded were done
in bright field. ‘

.)\
—t
e
o
jor]

Actually, it is better to do an;edl*ng experiments in dart

(two beanm éase, S. = O), by tilting the gun 50 that‘the desired -diffrac-

f

tion spot can be brought to ceoincide with the optical axis. This

minimizes the aberration errors and gives sharp contrast. The advantage

+

of the above method over the brlbnt field . is that there is an increase

:,'

cabtered

n

in contrast due ‘to removal_of much of_the inelastically
electronsv(at higher anglcs, inel astic scattering is less).
‘ ! ) ‘

By tilting the gun_tme-same diffrackion'condition can be maintained,

i.e. s = 0, while heating he fOlL (b“lgbt or dark flela> nce the

<

Siemens specimen stage is non-tilt &ble. 'This eliminates any change in |

size of the loop due'to,vafiation'in diffraCtiQnﬂéOndition; Loop size .

depends upon the'diff:action_condition,'aS‘the‘image-of‘a dislocation

4a

line falls to one side o# the .other of th

¢

'true p001t10p Dpnann upon

whether (g.b)s is positive or negativeQ “A -disc u331on of these and OvL
factors related to high. ,cmpalauure vo*k is ngen in ref. lSL‘LHowever,

'
o

'



i

adopted taking precautions

. in .some fowls; at er prolon ged. oose;vatlon.._

K whechcz the aoove mﬂnL“oned bcalar D”oduc isfzero or hon-zero; A1l

'f tﬁo'pér onaiwre reunr”d to’

ﬂiﬁ'fhiSberkﬂBT gh* f*e d ym ging was

. .

carry out such.experiments,,a

w11 R P VVN“%L RESULTS ANﬁ»iﬁTERPRETATIQN'

P

1

‘AL Noh—su*, saturation- oI Vdcanc1e

Balx annealnnﬂ of >pec1men° 8 mll uhick was car ‘cd out at.

e

‘and pre*aged,a%.20°07fprilo minut s before bulk anncalln .. " Specimens:

wére:prenared from bulk 1nnealéd.sa‘J*es by elCCuﬂopoTlshlng as described

-

earlier. Typidal microzra 'hs'aro shown - 1n rlg 3
. +
- . . “ . L 3 { 3

It can be seén'thaﬁ,locp. are T med au ravdom showznp no. evidenc

for moterogeneous prec1pztau10n, i.b. no he11ces or’ cllmb sources are

observed. The v@cancy LODCcnuraulOﬂ C' can be ca7cu1atea Ircm t ese

S
2

'1u then‘.55f ST e T

Lot
W

Frank 1oop. ionviee gt ot Tr s 'firlfJﬂu-ﬂ F?r '

-

In u51ng %1s forrula, the uhlchngso of the spec1men was assumed

D
X

to be 3000A 1D all caseb, bdsed on - he detcrmlnnuion§ from_slip_trac>s,

gAccording'io the élB.

”“Lueflon, lOOUo w1ll be c1ther v*51b e or 1nv151ole accov an R TN

5

. y -

the microgfaphéVin,Fig. '3 dre in“iQOl}:érientation;' For a particular

- LI N

_\Ole vLOﬂ e LS

:{'“oom teroeretux for 2~L homro and at LS C 175 C and 200 c fdr‘S mLﬂui §'“

N 1 aqe S, e ‘ ‘-~.' . . S —h’ y '
.;eacq. ALl speczmens were quenched. Lo;51llcone-01l~at ao ¢ from. 545°C

'miCrographs as'f0116WS:;‘IffN‘is théjnumber'of,loops pergch-dnd T the .

EEY

f;where.b_=”Burgerfs_vector~=s§'<llO> for a PF—I‘I"GC'c lOOD and §'<111> Tor a

[



A
o
t
3

Lhie various b values for both Frank and

operating reflection g,

perfect loops can be tabulatved as shown in Table II._IAssuming equal

_'— R ' : ' : ":” Al . -l--:
probabilit y of fo;watlon of all possible loops Of,g <110> (or 3 <1131>

in case of Frark loong), thouc not visible ve, to contrast cffects can

be accountnc for.

The vacancy CO“PD_'”atIOﬂ" C; are calculated using Eq. 2, and the
. .o . Y . L
-values are tabulated in Table III. These values include corrections

wich are inVLw‘ble.

-
o
y
[}

- ot e, ~ - e .
Using Eq. 1 for AL-1% Mg ailoyvanu klng Eo as 0.70 as
S Zly , S
case of pure aluminum, we get C' ~0.2 x 10 -.. This valuc is in the

This clearly indicsbhzs tha

abse “of too much intluence of le Mg atoms .on the encuvoy of >
formation oF VACSneY.

[N . '

Faan ey

The results of Table IT also indicate the absence of wbv,aufura—

“tion of vacancies in this particular alloy. Comparison of the above

. Ry
results with those obtained for Al—S% Mz alloy by leum and thqu 1

L,

shows clearTy Epe LOlLOJLﬂ” In'Al—57 Mg a;loy, C' increased from -

. ‘
1077 to 10 -3 by bulk annea];ng a quenche@ specimen at 180°C
5 minutes. In he present case no such. 1ncrease is secr Thus,
‘% superssturated solute atoms . L. . . & o
- ‘ratio aeuermlnes whether or not vacancy
% vacancy ' S o -
supersaturation can exist in & sp eci imen.
‘ . A ) KPR D
- Lomer™  has derived an equation for Cv in the case of a two

component system as:

~E, /KT

Cl = Ae (1 120,' 12¢ - : W/ K0y (3)
.'where’Eb is the binding ener betWan a. oluﬁe atom and a vacahcy;‘

&
¢

.lC~uue atomic Lrgct ion of solu toms_and all other symbols ar@ defined

.
3



. i e -»‘:_‘l' ) o - .3'. - . . . .
"in the J_@ptjlin z“e c se of Al— % I ll the vacancy ..

e L s .

‘cohcentration is
o P _vw ‘/ i ) N

. (RPN

eqguation can be ﬂOQlLled @s Iollows-,j ?1“1 I

: ds’f e /kT 120" ‘+ 2ect b/kT' A )
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where the’néw ymool C' deno es the concentratlon of subo?sacurwtcd

- B

oiane atoms,rl . Cl = C-4306 vhére C i vt He actualvatomic fraction of
vsolute;atomsvénd c. o’ ti@ VELUG of maylmum oolub111uy of solute atoms at.

. o . ) : X
: : - Lo B Ltk R s . N
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-“oomvtemperature. In Bhe'c se of Al Mg alloys Cd 1s,~2% [SQG-Flg.'lJ.»

‘Thus}ffor non-s itUJ ated alLoys r°du@es Lo Eq‘ assuming no.

entropy hange.'

B.: Effect:of-QuajJ Ccua‘*"ona on Loopb

« < . [ . S

By vax ylng uhé“Qpenching'rates (e{g. byvquench;ng in different’ -
l* .. : - - v. " R . . . E o, . .. .

‘medis or cnanging it waé-found_that Tor minimum'

“plastic defo matlcq qu,xno oue“anng, Thb p“edomlnant OCILCUQ wcve

Frank 100ps.. Tﬂlu is'ill’ '“wtpdA*n Flo. f“

" Frank 100ps are mucl moze pxegom hanu in 011 qpﬂnch h than in water-
_quenching. Since Vaﬁernqu;ncL‘introdugés'mdch_mbre»JpenChiﬁge S ErRsses

retained if qumunxng ~zhroesses ar“vlépt/at -a_.l imum.

The rcsuTts‘con¢;rr the”pfeviou33wbrknon1pure.aluminpﬁ" and shows

A oAl

1t it is .the quenan:"'conditions andvhot the solute vboms whiich

T

cprimerily determine the type. of - lovp tha o'fOfm on kaﬁfH’Lu Thus,

the conversion offavFranL a perfe cL io op by uh? nucl ation of o

P

’
. -

¢

nockley partial is'mtress—ai@ed, i.e.vFraﬁk'to nerfect lOOD conversion

. . . JO . el -."‘ . )
occurs heterogeneously. This cqné1USion?¢an-also be 1nfc ‘ed from
' Fig. L. For fast qgenchesh(in@o.water),ﬁhérlQCQ'nucléétion'rate‘is
4 s .
’ 4 ‘ : LI e i . d :
- vy ' B o,

*ﬁearly équatho;thatny'purg[aluminum; ,Thus5_the‘Lomeifs”
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Cotterill and Scgall™ have repo TLQd hat in the case ol 99.9

Were Scen only after repe-ted guenchi

Tn the case of high purity aluminum, very large Wrank loors were

her than'fOr slow quenches (compare b with c and d4) and so after

ommonly seen aftgr'a sing;e quegch. In theréase pf the vpresent alloy,
Ffank‘loops,were seen after é F‘ng vlqpcnch ovcn though lp bf Mg.atoms
aré.present. A poss c c anw@;o; for tth bChuVlOf‘C&ﬁ be gilven as
rollows. In the casé orf impure éluminuﬁ‘uéed by Cotterill and SBegall,
the iﬁ@urities may have beén insoluble'and hence ceould act és sites, for
héterogeneous nucleation of vacéhcy clusters. Howbvef; in the case of

the a“loy ¢DV@5tLgaLPd horo, magp“fvum dlcsolves ccmpTunan forming

= 1

-

single nhase solid soluticn and does not DrOVLde any sites for helero-

results 1 that ‘magnesium cQﬁPOV lover +the btacklng fqult cof aluminun

i i
€}
CJl.

suriiciently to allow easy conversion of & Frank to a perfec

Thus, the behavior of Al-1% Mg alloy and pure aluminum is similar.

oLt

C. Dynamic Observstions of Climb

BN

Without exception, all t

in situ. The loop climb was recorded by teking motion pictures

he lo Ops Were éeen to shrink on anne:

4

loop.

geneous précipitatiom of vacancies. - It also follows from the present

[0 R SR

e
ﬂ g

various temperatures. _Figuré 5 showe a sequence, df _shrinking loops at

~;90°C,'gnd Fig.. 6 ohOWS negwtlvc Clllb of Frwnk lo Ps at ~lYO°C.

an be seen th*“ some’Frank loops h 'k v1ubout,uqiualth0 in this

micrograph. However, it is alsofobSGrved'that FrankaOODS un;aulu

N . Lo
1. N

.

o .
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‘habit plane and thus its projected or a. on the mlcrorrapq nm/ be affe ect

'fD.  ACLlV%L’Oﬁ Fnor&y for Loop C’ﬂmb

gl 6). This c"an b¢ dnctersiuod if it

loc llzed SthD~‘53

of“a*Shoékley'partiallleadzng-to unfaultingﬁ* Jhen‘the foil is heated:

To highitempéfaturc “n bcr!cen uWO ﬁrlaq, Lhe thermal C"P?ﬂ“i@ﬁ of  the,

specimen may induce mechahical stresses‘in the foil;

completely

i

Again, in ca ases where Frank loops are‘Unfaulted befor

e

.

- diszappearing. thle hoa *;,it'is als o seen tha 1oo*ps appear to becone

.

darger under the.same dii Pragmlnr LcnaLflons uben uplaultlnr 1ook place
(Fig." 7). Although a looo can ”cxaté'aft 'unfaulting,to change its
: g JYELE alhel U e He&
ted,

Ty
oo

this alone_cannot x,ol"n-sucn"aVW, gel'hange in diam@ter.iJ thig case, -

- . . Tt

-

owrtlca¢arlj as the foil has’ nou'ui“L 1‘ing the Séquence.‘ On- the
other” hana,_uhls'may be”dué io'releasé of STdeLDg fault energy, walich

is similar to surface'ur >1oL .~ The shaop and size. .of - the’

A
.

équilibrium:béﬁWeen_stadkingffaultiénel

ergy of bpposite"sides;o lOOD élastici"

ernal streés-fiélds. Sﬂlcc SL&CKLHD Fhult

<

ﬁenq to melke thp loop Lo scaujrc ~Mrﬁe da mete but in °"cual cases,

i

expension of ‘the loop could be due to. the cumulatxve ef”ec*' of unfault-.

'

4’_

ing and loop IctuthI i g’ .

4 P -_»_, - P

AR Lo, N : .

P s . . . 27 . Lo R . R ) Lo . .
. 3 . K . .

Wltnout exceptlon, all lcons were obbcrved Lo shrlrk on. qnncallp

N +

i o : . . .. .
s . - :

4u11n foils at uemprva,ar es nLgl"" uhan lSO?C.L,SilCox and Luolan were

Lo _. . “

"y

t Lo ctuvy annﬂ=“1pg OP lcops 1n pure d‘umlnuu.- ney showed

CJ
-
il
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H
Ul

B
Cy

that loops, shrink bf “WLbLLﬂG vacamcles nnlch mig a,e o nearby sinks,

.

" " : "-')..-‘5 I8
e.g. free surfaees aua wrain bouﬁd rias.z

v [

such & way so that the'lbOD assﬁmes‘aﬂsmaller'diameter"its release may ..
&= - 2 M
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Zv Db /I B F Db _ T S S
. V . a ox § . f N ™ P, ¢ . E oD o g . ( 5 )
o < - e EXD —pem— . m @M enmerees
c sin ¥ .p \ KT J kT L - kU

v
!

atvomic.coordination number va

enevgies of formstion and migration of the

entropy . term.

-chemical force due to supersaturation of vacancies and is,
koo, e A o s

log -=. As all the loops were cbserved to shrink, the
b o L s :

of vacencles is zZero. An approximaté

lealr/
/b ' o

7 (L1-0)

ratio and r the radius of the loop. For a circular loop.lying on o

plane, Silcox and Whelan simplified the above equations

}
i
H
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oo
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N
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On approximating exp

<
kT

IS
by substitution and then integration . - *
de oy

l ::.'r (%‘ - :L%)L..

. where - .

jo
a
1

Burger's vector .(2.864 for a perfect loop in Al).

expressicn for FC is taken

the atomic fregquency

Rl

L, ‘
1

vaeancy,

=1

1 o o
is the
S

equal to

supersaturation

o , ’ o SR . :
vhere ¢ is the bulk modvlus {2.53 x 1o cynes/cm ),_0 is Polsson's

o N -
andG . ovvalnea

)

ab. S L Y
-1 as - where o is & veriable parameter,
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Thus, & plot o ‘radiusf"crsus thc Wlll bc Darab071ch,,1hc &DDI simate.
1Valueq of The par ameuer et varlous temoerauures ‘can be.estxmqteQ ( -
S -7 -b25 TR e .",s,v '#; e L ]
;since a.y‘ c oL r'andgargglisteq‘in Table TV TR _‘;, I
' | S PRI o AP
m tnb abOVp fornu]a,'une value o he qcttvatLon Lnr gy B can be . o 3
R obtained'by DlOuulng I vers us.ﬁime asﬂsh Wn 1n Plgs. lOa}b cs The
©* values' obtained for E are given infTable;IV,'; N
A JR T e T
~Th e ossible.sources.of errcor in this ekperiment are (1) uncertainty -
in temperatUre v¢na (2) effect of megnesium atoms on the' jog energy
of-thévdisloéation 1s_negle ec.7" TR RS
‘) - B L . 8 L . v"'-'-._""',.:,“'.' Av ’ "_-'-
’ The. first .of the olgecu‘onascan'bé'ign ed 1ndsmuch'as he cffec
" of temoerature,inveétilﬂ ing.climd energy’iS‘véry:small, e.g. 8 Variation
of LG°C in tcmpc"“tu”o I by;pnlyhé%z The ass pt" that magnesiun
vatvms_d:‘nbﬁ-affegt the jog energy r ;PQ ﬁof v corr ct’Sincé:Suzuki
locking ig possibles However, .tha iJ:effe “wj be on -to-perturb :
Em'and Eﬁ,and hence the vdlue'I :t is eétimaﬁedv1{~bhe pev\uvbrv vn“uv; >
wmo ‘ .o v .‘ . L o .
’hefres s show pP »the per bu"bmu¢on 15’smalljaS,E‘WAS_fouﬁd“to be int o
Jwaé the;caSe-foerure‘al )
arc kept constant the. appurent loop
avoided by.-sultable gua tilting where
necessary. : ERR ’
T e . R - -
The values . of B calculated abt voricus temp eratures-Leavu Little
de 'g‘allov i“o],].f"";-‘ ¢
L 'ﬂWaS;nb évidence for N
o R ‘ .

-such asnhelices; Qlimb sources, o

3 s “

rows cfhloops,getc,.'«ﬁdm this, one can LOP”lUQe that blnalng anvny

L

betweer magnesium atom and Vacancy s negllbﬁbly sm 11- d’only'- ;
N \ . . ;
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. of perf

- symbols have béenjaefined earlier,

v . - L =15~

ated solute

) supersatur S R A S _
A Nj;vc oy ratio is important in deciding wnether positive
/G é“ a » . ” ~ v .

or ne gacvve climb will occur on annealing thin foils. Thls pOnC1UJ*

\

. : s : c .21
.is in excellent aﬂreement with Beaman and alluffl tho
Ty 2

the‘binding energy as < 0.0l e.V. in Al -0 56% Mg wna Al-1

me

.1

asuyr

ed

. N
1% Mg alloys.

From the foregoing pdra"r phs and the conclusions drawn therelrom,.

it is interesting that a possible variation of ac*lvailon energy for

loop climb with magnesium concentration can be predicted.

J ' . .

Since

room temperature saturation is ~2 atomic % magnesium, one might
/0 Chinas p) O

a sudden droo in ac'lva*“o encrgy at this concentration.
¢ ! .

- illustrated in Fig. 11. ‘he experimental points do not
this po ility ;
‘E. Sta c}Lig Fault Energy - :

o

This

the
cbserve
5 1s

disagree with

Figures 8-and 9 show sequences of shrinkage of both perfect and

imperfect loops " in  the sanme area. It is seen that nk 1o

&

at a faster rate than the ‘perfect loop. An estimation of

enerﬁy can be ma<e by, aebgrmwp ng the ratio of the rates o

‘ .
~ . . i

ect loops and impezi

(')

For a circular Loop enﬂloklng the stacking fault, the

given by o s
) ' h . . ]
E‘=ﬂv ¢ . £n{—9). 2nr + xrg Y

| 1-v

3 1

s S dean e b minint b R Ao DRI .

r  is taken to be eoual tc [b| and core energy has been nob
From this we sce that Eg. 3 cen be mod:f"d for “the

an imperfect loop as Ffollews. The stacking fault ene:gy Y

F

o

- loops ﬂi the same tempeﬁwturﬂ.

vhere v 13 the locp radiues, v the Lark:ng Pault cncrgy a‘d al

—~
O
~

other

o!-is 2.36A’f0r an impe ey et loop.

lected.
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l 'far1ex¢eéds“that iue to dislo catlon line Lﬂnbloa wmé hencphwe

'caﬁjtake;Fc as ‘zero in comparison” to rvin #he_Eq, 10.' ihis;is valid

The loop diameter becomes small,‘i,e. f01 thc initial stagés of

N
b '

proxima ulOﬂ

’

th metn\u CO&u not: requlJe -4, hnuwth ﬂc of tnc

[
}.1
=5
by
o
)
}_}
Q

L n_e@ergy;"éof'pf;the en@rgpy‘facto;. C Lcul uionjgt'

-

) B e . ) .‘ . 2 e
end, 220 C shows a valiue of ~ 90 - 95'ergs/cmvx;n the

o)

0

]

“jk _ o . . -
mad gtop ‘and Smalimau,, investi :ated the annealang be “av or oi

.

“faulted loops in"purefaluminum.' Qha'anneéling experiménts were conducted

t . .. . . -

N

2 electron microscope. - From saanklng oeaue"'e

ops alt one tc mperature "easured-the stacklng
intrinsic fault at 1 £ )O er /pm . .A“'the sane tempara-
, . e

they. measured %hef o of an imper gt loop with wn . ~\Lr1ng

v *

P . - .
extrinsic’ stacking feull as

4

n7 oyv may nave a small effect iy Lowoerien

“of pure aluminud. .. .
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¥

nescnt alloy.

»



€
L
.
&
4
\
e
L
[

The activation energy for loop climb in

o
3
P

o
e,
w
[0}
jal
(@)
[0}
O
=N
r
o

&
(Ij .
c
Q
©
ol
]

agreement with the values
equilibrium measuremcenis.

3. A possible predicti

ratio determines whether positive or negative

sible for loop growth in concentrated Al-Mg

‘uravlon limit of masnesium din
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solvus.

&4, Estimation of

perfect and Frank loops ¢

V.

1S

&
o
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or. of variation of

megnesivm is culte possible. Since

s concluded therefore that solute atoms in.

sheould be a variation of activotion energy both wit

in Fig. 11) and with annealing temperature

i in this glloy.

P T . . o w R
aluninum 1s 2 at.% at room teu

ave th

CONCLUSIONS

v

previously for pare aluminum.

n the same range as that found for pur

)

precipitation of vacencies and the

the binding energy between magnesium

, sy
£f1 and Beaman® determincd by

sctivation energy of loop

This is in excellent

- PO C . i .- . . D ) : ‘., ’
1. Anpcaling of loops in thin foils in situ in quenched Al-1% Mg allcoy

the present alloy was estimated

! U S T . i .
% supersaturated solute a

% vacancy
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{ helow
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at 207°C and 220°C, respectively.

place, it

values ~ 160 and ~ v wles /en

supersaturation are vespon-

alloys. Since the supersat-~
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by comparison of rouve. i Lol

1 solute content
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The hot~-stane was calibrated outside the microscope for. various

reasons: (1) the calibration curve supplied by Siemens is only
general one and mey not hold for each particular stage, (2) a steady

ture was nOT reached by the spec1men unless at least 10 minutes

s
.0
=
o)
(‘l
gn

elapsed alfter switching on,.(3)_the *ewp ture attained by the

specimen depends on the position of the grid, specimen, etc. IFor these

reascns, the stage was calibrated in the following way. .

The stage wvas mounted inside an evaporator under a vacuum of

~
O -

5 x 1077 mm of Hg. A chvcmbl alumel thermocouple was used 1t0 measure

S

3 = 5

otenticmeter bridge The

4

e}
l'.)
.
( D

the thermal enf across & very sensitive
temperature was measured in the same position where the specimen is

mounted during aﬁncqllng experiments. Terminal.drops were extremely

5
iow 2s confirmed by ating checking of Lha resistance of the furnace
4 1 . ' A . . . o - . - 3 o
(hot-stage furnacc) windings at the far end of the lesd wires. Repebi-

, N )

tion of the calibration 3 or & times confirmed the reproducibility of
the results. The lﬂsruuion TUrVes are shownvin Fig. 2.

Temperature versus time was rec o*dcd &u varlous COD°t”uG input

2

of power from 0.2 to 1.0 W in O. l e *IStéps_and at 1.5 Wan

Since the furnace re sistence inereases on heating, manual contirol of

pover is needed. This is zmpo“taqt uqu au“lnq the. first

since, after this time the change of resistance is small and

5°C.

slow. The tTemperatu

the microscope, beam heating camnot be qonlec ted, so that

cenperature measurénsnt is zi0°C. Beam hegtlnw is highly minimived

2.0 watits. -
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Figure 4

Figure 5

Figure .,

o

‘loops (4) do notb unfault. wai ;e Sn“lﬁk ng whilst others at

- (4A) dufing un

PJ’DEL CAPTTONS

Ny It - 4 N -
= CUTe CoLLoravion curve

L/ClT HeNN :‘1. n - ‘;"JT; ‘o

Typich mic

C

fro D

A
0]

c)  annealed at l’r°C for 10 minutes.

Pl 1 . - t

“d) annealed at 200°C for 10 minutes.

A

\
a) water quenbne& spec

Two loops A and B

seconds ) is ;*ven for each micrograph.

’

}..J

oops at ~lTO°C showixg

Heating uoouwn e showing the apparent increase in loop size

"

ultln 'Thé diffraction conditions ara the

same as seen Ime the uniform ;ont ast in the four photc-

raphs . Thévtime Qin-secondé)vis given for each microgranh.
' i : \‘\ ! - - . ’ :
r¢nk4ge of bo perie ct_and imperféct loops. at ~207°C.

ce_conrls)'ji’s.'givén,for‘each nicrograph.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






