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ABSTRACT

'Quenching and annealing experiments on bulk épecimens and hot
stage investigatlions of c¢limd of loops in thin fells have been made .
on Al-1%Mz, and tﬁe results compared to thése for pure aluminﬁm. One
percenﬁ Mg in solid solufion has no effect on the type of loop.pro&uded -
after guenching nor on the precipiﬁation of vacarncles after subsequént
aging. As in pure aluminum, guenching étresses determine whether Frank '
or.perfest loops are formed in the alloy. Magnesium has little effect' .

on the climb rate of loops, the actlivation energy being in the range

n . ) i
© 1+2 = 128 eV, vhich are similar to the values obtained by identical

experiments on'pure aluminum, It is coﬁcluded,ihat the bihding énefgy
vecancy-magnesium atom is extremely small. |

The stacking fault energies.were estimated bty comparing the rates
of élimb cf large Frank and perfect loops in the séme area of the foil‘.

so as to minimize the errors that arise if only the climb of Frank

loops 1s measyyed. The stacking fault energles were determined to be

190 % 10 ergs/cme for Al-1%Mg and 21G * 10 érgs/cm2 for pure Al,




A

A: are alweys observed to shrink during heating above 150°C.

activation energy for loop climb.

aging.

I. INTRODUCTION

The annealing of quenched-in vacancies in FCC metals and alloys has

17

recelved much attention during the past few years,l- and many of the

: importantsresults have been deseribed in a recent ‘book.5 It 13 now known ‘
that the type of dislocation defect formed in quenched metals as a result
of vacancy condensation is much influenced by the quenching conditions

v,(see Ref. 4 for review). For example, in aluminum the production of

> & S a '
imperfect Frank loops (b = 3 < 111 >) or perfect loops (b = 5 < 110 >)

. can be contrblled by controlling the amount of plastlc deformation

1012

 _oécurﬁhg.during thé quenching operation, This result indlcates

 that stacking fault-energy‘and/or impurity effects my not be as impbrt- 4:

ant in determining the type of loop as has been thought.8
Besides providing information on the nature and geometry of dislo- v

catdon loops, eLectron microscopy techniques can be used to determine

the kinetics of climb processes by annéaling thin foils in situ (i.e.,\&vi" o

- by hot-stage electron microscopy). In the case of pure aluminum, loops b

5

shrinkage at various temperatures enables an estimate to ﬁe made of the  -

3,16,18,19 ‘In the case of aluminum

: alloys, provided both solute atoms and vacancles are in supersaturation,‘-v:'g
it hss been'observed that loops can grow during annealing of thin folls .

indicating that large vacancy supersaturations can reﬁain‘after quenche -

16,18

The kinetles of climd in such alloys are different from that in

~ pure alumihum, since the solute-vucancy binding.energy may perturb both {;

the energy of formation of vacancy Ef and its migraticn}energy Em.lo |

The rate of ' .

R R .
T Rbu e a——
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.'periments sim;lar to those described Yy Das and Washburn.’

In an Al-% Mg allny, the activation energy for loop growth was deter-
mined to be €.95 eV’J‘6 es compared to 1.2 - 1.28 eV for that of purvéb
aluminum.” Eikum and Thomas suggested that a complex, large "binding

energy” exlsts in supersaturated Al-Mg alloys, 16,18 a result confirmed

by 6ther work'ers.l,h’ 15 It also appéars that the c¢limdb kinetics vary

ith 9Mg. 16 18_ However, the recent equilibrium mea.surements of Beaman
ard Simmons™ T have shown that the true binding ener@, vacancy-magnesiun -
atom, in Alel. 1%Mg is very small ( < 0.0l eV). It is important, there-

fore, to imresvtigate why the results for different Al-Mg alloys are so

widely different.

The aim of this investigation was two-fold. Firstly, it 'i_s necessary

to determine whether or no't' the supersaturation .of solute atoms 1s im-

portant in“controllin,g the c¢limb processes and whether supersatﬁratéd

'solute. atoms affect the values of the épparent binding énergy. In orde_f
to do this, an alloy of Al-1% Mg was prepared (the solubility limit of
Mg in AL 1s = 2% at 20°C). -In addition, the effect, if any of 1% Mg on 3

'the nature of the. disloce.tion lwps was investigated by quenching ex-

12

!

SecondLy, an est...ma.te of stacking-fault energy. can be made by

" comparing the rates of shrinkages of perfect and. i.mperfect loops at the

‘_sa.me temperayture. This method is less subject to error than that usin.g L

only one type ‘of climbing Zl.oop.19 Parallel experiments were done on
pure aluminum in order to make & comparison with Al-i'ié Mg alloy under

the same conditions .

IX. EXPERIMENTAL PRCCEDURE

- Standard methods were followed in the preparation of the .allo:,r and

thin foils. The final anelysis of the alloy is given in Teble I. The

‘aluminum used was of 99.999% purity.

. il)
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Tgble:I. Chenicaluanalysis of the Al-1% Mg 2
alloy used in this investigation '~

"Alloy Mg . . Cu Mn Fe st

T Al-1% Mg 1.01% <100 ppm < 100 ppm ' < 200 ppm < 200 ppm

. Thin i@il annna]ing experiments were carried out using a Siemens

“ heating stage in the Siemens Elmiskop Ib microgcope. A 12 volt storage
--1bat+erJ or a constant voltage pover supviy served as a power source,

Current'to the platinum’ furnace “as reaulated through = variable‘re-

sistance and the temperature was read from a predeterminec calib*ation '

E . curve. -The temperature 1s known oniy to within % iO C, because of beam
e heating effects. Thé-latter 1s minimized by operating et the lowest

possible beam_currents and by taking'the-nsual.precautions.*gv The climotf,i

'_‘of_loops was recorded using 8 Paillard-Bolex Hlb movie cemera driVen at_-;
12 frames/sec; A Bell and Powel‘ f 0.95 iens, fully open, was u»ed.
Tri-X movie films were ”ound to be the most suitable for the dynamic -

'experiments.

Since the Siemens hot-%tage is non-tiltable, the same diffraction, -

conditions. were maineained uhile heating the foil by tilting the gun. .

- This eliminates any chanpe in size of the ]oop due to variation in

Vd‘ffraction condition, since the image of a ais;ocation line falls to

one side or the other of the true position, depending upon whether (g. s’v”
is pcsitive or negative. A discussion of these and other factors ree-

latedvto;high temperetufe electron microSCopy is given'in_fef._l9.ﬁ




ITI. EXPERTMENTAL RESULTS AND INTERPRETATION

1. Effect cof Aging Treatments on Vacancy Precipitation .

. B 1k annealing of 8 mil thick specimens quenched from SthC_into’

- 0il (at 20°C) was carried out at room temperature for 24 hrs and at 45°C,

175°C ahd 200°C for 5 min each (see Table II). All specimens were preaged

at 20°C for 10 min after.quenching and before bulk annealingf Thin foils

li were prepared'from bulk arnealed samples by electropolishing. Typical
micrographs are shown in Fig. 1. | ‘

It can be sgeen that locps are formed at random showing no efidcﬁcc
!bfor hetcrogeneous precipitation,-i;e., no helices or climb sources are
.observed'.l\t’5 mné vacancy contentration C' can be calculated “rom these :
ﬁlcrogréphs as follows: If N. is the number of loops per cm3 and r the
radius, :“thcn | | |

_ where § - Burger's #ectori[ = 2<110 > for a pcrfectfloop'andv§'<.lll'> S

2

for a_Frahklloop ].
In using this fofmula, thé thickness of thé specimcn vas assumed to";

be 3000A in all cases, baaed on determlnations from sllp traces, in some

foils, after prolonged observatlon. Accordlng to the vlsibility criterion,j_fff

'loops will be ejther vtsible or invisi ble acccrding tc“whether g .b 1s

" zero or non-zero. All the micrographs in Flg. 1l are 1 n [OOl] orienfation..'

cAssuming eqpal probabillty of formation of all possible loops {b = % < 110 >
or 3 < 1ll1 >}3 those not visible due to contrast effects can be accounted ‘
for. |

The vaconcy concentrations C' calculated using Eq.. (2), are. listed
in Table- II._ These’ values include corrections for those loope which are

.invisible. ~It should be noted that unlike Al-5% Mg alloys,16 thevvalues

or




". Ef as 0.76 and A=1 as in the case of pure aluminum, ( vhich. appears to -

3”.be valid in view of Beaman and Simmons results 7) we obtain C' ~0.2 X 10

~ Table II Data on loop density and vacancy concentrations
obtained after quench-aging treatments on Al-1% Mg.

Allcy Al-1% Mg ' ' Loops /e’ - Average - c .-
treatment o  ataA

A+ Quenched in oil
at 20° from 550°C

(1) as—quenched _"”7‘ ~4'x 107 10004 0.31 X 10'5
Bulk-annealed at | | S | .
(11) 45°c, 5 min. ~2x10” 12004 i 0.k X 107t
(111)175°C, 5 min. 6.3 X 1082 15004 ' 0.28 X 107*
1v) 200°C, 5 min. 4.3 X 1042 18004 ' 0.28 x 107%

‘B. Water querched 550°C 8.4 X 10 2 , 750£ ) 0.8: X,lo-h'

‘arnealed at room . . ' SR o
temp. 2b hrs. o | - o

~ obteined are insensitive to the aging treatment. i o .

Using. the equation C= A exp [(E )/kT] for Al-l% Mg alloy and taking

_L .

”Z.This value 1s of the same order as those listed in Table II. This clearly
‘vindicates that . soluble Mg atans appear to Have little effect on the total
vacancy concentration and, hence, on tne energy of formation of a vacancy. '
The results,oi Table IX slso.indicate that no supersaturation of

. vacancies exists in this particular‘alloy after quenching. Comparison .

"",of the above results with those obtainsd for concentrated Al—Hg alloys:

‘,-increased from_lO

by Ellm and Th°masl6 2 o the followinsq, In AL-% Mg alloy, C .

=5 to .I.Omj by bulk annealing a quenched specimen at

-.180°c for.5;hin. In tha present case no such increase Was observed. Iti_ t;?fffff

% supersaturated solute atoms
"% vacancy

is suggested, therefore, that the ratio:

. determines vhether or not vacancy supersaturations can exist in a specimen.»_‘f9.“
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2, - Effect of Quenching Conditions on Loops in Al-1% Mz .

Investigations‘of specimens quenched at different rates ( e.g: by
.,quenching in different media or changing specimen thickness)1? showed
 " that for min;mum plastic deformation during quenching, the predominentva
defects uere imperfect (Frank) loops. This is illustreted in Fig. 2.
It con oe'seen that the number of Frank loops is much greater after oil.
_.quenching than after water quenching. _Frank loops are recognized readily
.f;from the exlstence of extinction Tringe contrest and different kindevof |
| ” lar"e LOOPS can be 1denti fied ae described by Beli and Thomas.Qo Water
quenching results Iin more plastic deformatlon due to the hrpher quenchingr
stresses. Thus, our results confirm those of Das and Wa.shburnl in that =
the formation of perfect loops by dislocation reactions, such as [1}1]
+ 7-fll§] —>-[llO] 1s stress aided. Furthermore, the presence of 1%
'Mg does not modify this result. L ' - > L
- The following caclusion can also de inferred from Pig. 2. For‘

fast quenches (2 into water) the loop nucleation rate 1s higher than for J
‘i7f5row quenches (compare b with ¢ and d) and so after water-quenching thev

'_'streSS fields fram close neighbor;ng loops may also assist.in<the'transg}1=

'r'formation of a Frank to & perfect loop.

Cotterill and Sega116 huve reported that in the case of 99.98% pure .
:‘u aluminum, Frank loops were seen only after repeated quenchings. In the -

) case of high purity aluminum, very large Frank loops were commonly seen PR
after a single quench. In the_case ot the present.alloy, Frank loops

vere seen'af%er'a single quench even though.there is 1$.Mg'present.' A g-fuy

“ ‘possible explanation for this behavior can be given as follows. If the

~
v

vimpurities are rnsoluble, they cowld act as sites for heterogeneous ' '-eré~7ﬁi

nucleation of vacancy clusters. Since, however, 1% Mg ‘dissolves completely v



the stacking fnu*t ennrgy7
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Teble IIX. Results obtained for the activation energles
" for loop climdb and stacking fault energles
Temp. (%10°)°C o Activation energy | Stacking fault
: ' E in eV energy,” in ergs/cm?
| 180 . 1.21 o [
o ) 210 . 1.28 190
M- 9 o5 121 . 195
260 . - l.20 . . e
A 200 128 210

For loops of the sizes observed in this work, the energy due to the

- fault far exceeds that due to the dislocation line tension, znd hence,

we'can_neglect Fc.in comparison with ¥-in Eq. (5). This assumption is -

'evalid fer the initialetageS'of shrinkage (large loops). With this

‘approximation and from Eqs. (2) anda (5) we obtain

-(;dg - b, ‘/Yb—-——f)l o
o tmperfeet | P ZR\Te )"t . (6)

(ar/c dt)perfec_t ® exp .(Fch/kT)-l'. |

s From this equation -and using the data obtained from climb sequences

7similar o those of Figs. 5 - 7, a vatue of ~l90* 10 ergs/cm for the

' aluminum (see Tab‘e III) were obteined.

IV. DISCUsSION . ‘

K

The model adopted for vacancJ lefusion in +hin foils to obtain thelglv\
: climb kinetics from isothenmal ecperiment on one hand, and the accurete ':¥
N

“fknowledge of the various parameters invo;ved, such as temperature, loop

'size (effect of any variation of di’fraction-conditions), on the other,

-
s

'vstacking fault energy in Al-_% Mg and 210% 10 ergs/cm for that in pure }u"'

P T N I
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are the limitations involvgd in the calculations of E and y. We will
discuss each factor‘és‘follows:f o |
() The climd proéeés
Seidman and Ba].].ﬁf‘f‘_ie2 have discussed two models for ealculating
the radius-time relationships. .The first one due toASilcox and Whelan3
(Eg. (2) ) is. for the case of a vacaﬁcy emlission controlled process.

vwhere the diffusional loss of emitted vacancies to the surface has been

assumed to be extremely rapid. The second one, due to Seidman and

‘Balluffi is based on a diffusion controlled process. In its final form,

thelr eguation cen be given as

dr L N “V \, ' ‘ .
_a-?c—zﬁD exp-{(—T--l;) - o (7)

S N\t

where Ds'is the self-diffusion coefficlent and K, the chemical potential

of the lattice vacancies. Substituting the force due to line tension or

stacking fault energy for the #v term, the ratgs of,shrinkage of'perfeci

or imperfect loops czn te obt&ined respectively.

. The climb kinetics for perfect loops given by elther the Silcox- 1'_7

“olan equation or the Seldman-~Bailuffil equation are équivalent,'and

- either equation will give the same results for the actlvation energy. L

Thus the values we obtained for E are independent of the model adopted.
Irtegration of Eq. (5) yields a linear.:adius-time.reiationship
fér the'sigglrange where the force due to Line tension can be'negleﬁted_
in comparisqn.to the force due tblstacking fault energy. This is pfe-
cisely true for pure alﬁminﬁm {see Fig. (7) ). However, in the case of.
Al=-1% Mé a%loys, the slope of the (r-t) curve does nctKrémain cénstant.”
Thus, thé kinetics which hold precisely for puré aluminﬁm do not hold

'exactly fdr climbing Frank lqops in Al-1% Mz. The discfepancy may be a

k
'I-
;A
b3
i
it
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¥
s
v
N
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&
o
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- suggested veriation in activation energy with magnesium concentration.

~thet the true binding energy in Al-1% M1 is < 0.0L eV)

-11-

.

result of the segregation of magnesium atoms to the tgnsion,side of the,,
extra half;plane of the dislocation loop (which is pwre edgé for Frénk»
loops). |

The résults éf our.bulk ennealing experiments and the vﬁlues of
actlivation enesrsy ih Al-1% Mg alloy clearly suggests that the vacancy=-

marnesium atom binding energy in this alloy is negligibly small. This

4

e

.o 14

. ) N\ i/
in excelleni agreement witn tle results of Beaman and Simmons, who

measured Eb as < 0.0l eV in Al-1.1% Mg alloys. On the other hand,  elimb

1
: . . 16,1
experiments on supersaturated Al-Mgz alloys by Eikum and Thomas 2

x>

- indicate a marked perturbation of the climb kinetics as a result of the

presence of magnesium atoms. This has been atiributed to a complex

vacancy- magnesium cluster binding erergy. They estimated this to ve -

. , R a8
"in the range .08 - 0.16 ngJ‘depending on Mg content.lk A summary of

the data on Al-Mg alloys is chown in Fig. & which also included a

In the case of suversaturated alloys, +the formation of the complex
B-~rhase (ng Al2) upon prolonved aging probably depnends on nucleation

i

from complex magnesium-vacancy clusters which can subsequently grow. In

view of our present erperiments (and-the.conclusion by Beaman and Sirmons v

17

the vacancy-~—

-

marnesium binding in Al-%% Me¢ allcy investirated by EBikum and Thomas ™
cannot be a gimple single magnesium stom end single vacancy interaction. -

{v) rarameters used in evaluating the data

Ir. wut . electron microscopes there 1s no way of measuring the

temperature of the foil directly durins snnealing (e.z., with a thermo-
¢ . ) . .

couple inside the microscqpe). Any accurate external calibration of the

hot stage does not take beam-heatin; into account.  However, as far as




-ll2-

the messurement of activetion energy by Eq. (3) is concerned, a deviation

of 10°C in temperature will not affect the results by more than 2%. The

measurement of stacking fault energy using Eq. (6) 1s also relatively

. . ' 1
insensitive to temperature changes. J

.Edington and Small‘man25 have recently estimated the stacking fault
energy in ‘pure aluminum to be 235 e*gs/cm2 at ~160°C after isothermal:

hot-stage annealing of Frank loovs. This value is much hizher than that

. 21 1l
obtained in cur work. However, Seidman and Baliuffi™ ™ and Thomas 9

e
37

have pointed out various objections to the method ‘used by these workers.'

2%

24 ‘
Furthermore, Saada has shown that the data used by Edington and Smallman -
do not obey the theoretical kinetics used to evaluate 7y. Another very

'_ﬁmportant factor which affects the value of ¥y determined from isothermal

experiments on only Frank loops ig the value chosen for the self-diffusion

enerzy in Eqs. (%), (5). For exemple, by using Ej = 1.25 eV instead of
23

ED‘= 1.7 eV as used by Edington and $mallman, tﬁeir value of stacking
‘-fault energy 1s reduced ffom 285 ergg/cma to l98vergs/cm2, which is much * t
"closer to the value obtained in our work. The advantage of gsing éom— N
perative climb measurements 1s thaf theAresulfs do not depernd on any
‘.knqﬁledge of ED nor on the model assuméd to control the climb'process;

i.e;;‘the other factors given by either Egs. (5) or (7), because the

terms are cancclled when thé ratic of the shrinkage rates I1s cbtained.

The main'assumption-in the compnrative method is that the 6nly4differencé'- o

- between the climb rates of perfect and imperfezt loops is that due to the '~
stacking fault enercy. This assumption is reasonable.'

-

V. CONCIUSIONS

1. Annealing of loops in thin folls in situ in quenched Al-1% Mz alloy

follows sdmilar but not identleal kineties to those found previously for

o



‘concentration in Al-1% Mg.
i =]
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pure aluminunm, suggésting that some Mg (and fécancy) dislocation inter=-
action occurs. The activation energy for loop climb in the present alloy
was estimated to be 1.2 - 1.20 eV, which is in the same range as that

. .z' ' ’
found for pure aluminum, by others” and by owrselves (1.28 eV).

2. The absence of heterogeneous preclpitation of vacahcies, and tﬁe

bulk and thin foil anneallng results, all indicate that the binding
energy between magnesium atoms and vacancles ic very small in the
Al=1% Mg elloy. This is in excellent agreement with the conclusions of

‘ N .
Beaman ard Simmons*Y based on equilibrium measurements of the vacancy .

% supersaturated solute atoms
% vacancy

It is suggestéd thet’ the ratio:

cluded that solute atoms in sup-rsaturation trap vacancies to form complex

groups and that the observed climb rates depend on the Mg concentration -

in supersaturation.

'

~ dependently of the model assumed for the climbd process, by comparing

the rates of ¢limdb of Frank loops and perfect loops in the same area of

. , X . , 2 "
the specimen. The results were: 7Y {Al) ~210 (*10) ergs/cm and

. v (Al-1% Mg) ~ 190 '(210) ergs/cmé, indicating that Mg has a very small

effect on the stacking Tault energy of aluminum.
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FIGURE CAPTIONS

Typiéal micrographs of Al-l% Mg after éuenching hpik

specimens from 550°C into oil (20?0); specimen thickness S

6.5-7.0 mil. | |

a) anneéled at room temperature for 10 min3 Frank,lgf
perfect and rhoribus loops. | B

©) annealed at 45°C for 10 minj; mpsﬁly rhombus 1oops,

some Frank lobps.

e) annealed.at‘l75°c for 10 ming growth of rhombus loops. _

“d) annealed at 200°C for 10 min; large rhombus loops.

Typical micrographs Al-1% Mg: (a) water quenched specimen

3:aged'at‘room témperature for 24 hr, (t) same as (a), but
'no4aging, (e¢) and (a) oil'qﬁenched and aéed for 24 hr.

- Thickness of quenched sample was ~13 mil. Notice the.sbsence

_ of colonies of'l&ops end almost all Frank defects in (e) and i

@ -
| "‘Fig. 5f,”f

| Al-1% Mg alloy aged inside the microscope. The time (in

Shrinkage of both perfect and imperfect loops at;~207°C in

-;seconds) is given for each micrograph. Notice that the B
vfrank‘loop A shrinks at a faster rate tﬁan»the perfect
>‘:lpop B, |

"LASimilar'sequence to that in Fig. 3, showing shrinkage of both:

2 perfect'and'imperfect loops at 220°C in_Ai-l% Mg alloy

- (compare loops A and B). The time (in seconds)‘is given for

each‘micrograph.

e

L.




Fig.

" Fig.

Fig.

Fig.

1T~

Shrinkage of both perfect and'imperfébt loops at 210°C in
high purity aluminum tcompare iooﬁs A and B); The time (in
seconds) is given for each.micrograph.

Time-radius plot ok ~270°C for Al-1% alloy obtained from
shrinkage sequences such as in Figs. 3 and 4. “
Time-radius plot for pure aluminum (temp. ~210°C);

A pbssible variation of éctivation enefgy for loop cl£m5

in gluminum as a function of magnesium content. Data for
alloys > l% Mg taken from refs. 16 and 18. The variation
is expécted to depend on the % Mg in supersaturation and so
the data should be affected both by temperatures as well as

alloy content.



(

(

a)

(4

)

-18-

(

d

)

ZN

4823

oy



v

(c)

-19-

(b)

(d)

ZN-4822



-20-

(c) 33 (d) 50

ZN-4819

Fig, 3



g

-21-

50

ZN-4820



-22 -

ZN-5292

&



-23.

LG

500 - ' - - ' ; ' )
aool Temp. 207 °C
OA Perfect loop
5 Frank loop
w
=]
=
3 ‘ -
(1l \\\
N
N\ -
N\
N
o) L | n L L 1 ) 1 L b
o) 20 40 60 80 100
Time (sec)
MU.35239
Fig. 6

d



-24-

600

o<l

(

400

Radius

200

Time (sec)

MUB-8036

Fig. 7 7



Activation energy for climb

-25-

30— 71717 T T T T 1
O Shrinking loops
.20 O~\\\ A Growing loops 7]
= \ ——— Possible variation _
\ of activation energy
1.0 \\‘~.-_ vs % hﬂg] —
\\\A
\
0.9 \ =
o \
0.8 5|9 N _
Rl I \\
=« |
0.7 =] ° -
Z| e A\
S| =
0.5 | _»VY | ] ] i | ]
A 2 4 6 8
Al Atomic % Mg

MUB-5171

Fig. 8



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.






