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PRECIPITATION OF VACANCIES IN QUENCHED ALUMINUM
Jean-Ioup Bernard Strudel
Inorganic Materials Research Division, Lawrence Radiation Laboratory,

and Department of Mineral Technology, College of Engineering,
University of California, Berkeley, California

| ~ ABSTRACT !

The major goal of this work was to study thé influence of thé quench~
ing temperature and the aging temperature on the nucleationland growth
of Frank loops and octahedral voids and to determine the conditions favor-
ing the nucleation of voids over loopse

High purity aluminum single crystals were grown and shaped so as
to facilitate resistivity measurements, high heating rates and direct
observation by electron transmission microscopy on the same specimgn.

The samples were quenched from 425°C, 475°C, 525°C or 575°C to
~110°C and then pulsed to aging temperatures ranging from -40°C to +100°C.
Isothermal annealing curveg were obtained by resistivity measurements
at liquid helium temperature,

The apparent activation energy for the annealing was found to be
E, = 0.27 eV at low T_, and E‘f = 0,48 eV for T, >20°C. Volds and dis- ”
locatlon loops were present 1n every case in different proportlons with
sizes ranging from 4O K to 500 X for the voids\and 100 X to 6000 A for
loops, The use of (ilO) single crystals facilitated the observation of
very small voids.

The results suggest that precipitation of supersaturated vacancies

in secondary defects proceedsvby a coarsening mechanism. A qualitative

interpretation of these results and others is presented and suggestions



are made for a more quantitative model.

The present results indicate that a high initial concentration of
“divacancigs favors the formation of loops over that of voids. The growth
rate of loops seems to be higher than that of volds only when defects
are distant by less thaﬁ a hundred inter;tomic distances,

Details on the performance and design considerations of the up-
quenching device are presented in Appendix I.

Some estimates of lattlce relaxations and expected width of electron

microscopy plctures associated with the voids are reported in Appendix IT.



I. INTRODUCTION

f

Point‘defects can be introduced in pufe metals by'thrée methods 3
(l) quenching the metal from high temperasture where applicable concentra-
tions of vacancies are present at equilibrium, (2) irradiation by parti-
cles or ions able to knock atoms out of theiﬂ equilibrium sites, thus
‘creat;ng usually both:interstitial and vacan;y type defects, and (5) plaétic
‘deformation at low temperature which also produces both kinds of defects.

The presence of point defects in a lattice in excess of their
equilibrium concentration c¢ at the absolute temperature T, increases the
free energy of the crystal, If Sf is the formation entropy and Ef the

formation energy of the type of point defect considered, its equilibrium

concentration is given by the expression:
T f
c =exp (8 /k) exp (-E /kT)

After the quench, in order to lower its free energy, the crystal will
tend to eliminate any supersaturation in point defects. If the tempera=-
ture is high enough, diffusion will take place and isolated defects will
migrate and reach surfaces, grain boundaries, and dislocations, or recom-
bine and annihilate when possibles

However, in cases where the supersaturation is large and the density
of fixed sinks 1s low, the migration distances for the defects may become
incompatible with the sink density and the temperature. In that case, new
-siﬁks are created by clustering of elementary point defects and grow into
E planar or three-dimensional secondary defects.
The kinetics of precipitation of poilnt defects and the mechanism

of nucleation and growth of defect clusters such as loops,.stacking fault
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tetrahedra, voids and black spots are not yet fully understood.

The guenching technique, because of its obvious simplicity, has been
most widely used. Since the first observation of vacancy loops made by
H:i.:r's.,ch:L in 1958 on aluminum specimens, considerable work has been done
on the nucleation and growth process of vacency clusters in quenched
metals and especially in aluminum., A comprehensive introduction to this
topic and a presentation of the various helpfgl methods used to investi-
gate this field has been written by Damask and Dienes.2 The Proceedings

3

of the Argonne Conference published in 1965° offer a detailed description

of the more recent results.

Barnes and MazeylL on aluminum and more recently Hesketh and Richards5
on copper have used the irradiation technique.

A powerful approach is to coﬁpare results obtained frem quenching
a pure material and some of its alloys and from deforming and irradiation
at leW'temperature as in the experimental work of Federighi6 on aluminum,

Another approach to the precipitation mechanism consists in studying
the role of impurities and of vacancy-impurity complexes as migrating
elementsq7

Comparative studies on silver, gold, copper, and aluminum have also
yielded interesting results8 despite some very drastic differences between
the behavior of vacancies in each of these metals.

Resistivity methods have been used for the determination of the

f . .
values of the formation_energy9 of single vacancles Elv and divacancies

m 0

2v°®

and Bassll recently pointed out that these results have to be combined

Egv and of the corresponding migration energies E?&,'E Flynn et al.l

with diffusion data in order to be correctly interpreted.



Direct observation by transmission electron microscopy has revealed
a great variety of secondary defectst voids, Frank sessiie loops, perfect

15

loops, double12 and triple layer loops™~ have been observed in aluminum
élone. The conditions favoring the formation of each of these kinds of
defects are not yet completely known.

‘The main advantage of the method used for the present investiéation
is that it permits resistivity measurements and electron microscopy ob-
servations on the samé sample. Due to the low value of the migration
energy in aluminum, guenching must take place in an enviromment kept
below room temperature or even below -70°C for elevated values of the

quenching temperature T This was also achieved in the present experiw~

Q
mental method., Therefore, aging temperatures Ta were reached from below
rather than from above as has usually been the case when electron micro=~
scopy specimens have been obtained. A fast up~-quenching rate was necessary
for aging temperature between 0° and +100°C in order to avoid partial
precipitation while the specimen was brought to Ta' An appropriate up-
quenching techniqgue enabled exploration of a wider area of the TaxTQ
space, keeping the quenching profile T(t) constant. The use of single
clusters since the crystallographic orientation giving the best possible
_contrast could be échieved systematically during electron microscopy
investigation.

In the present work, the specimen preparation and the quenching
techniques, although unusual and quite delicate, ylelded reproducible
results. The precise experimental éonditions and the detalls of specimen

handling can influence the results and their interpretation, Experimenters

in this field are certainly aware of this fact but, with some exceptions,



e

rarely admit the disturbing influence of minor changes in procedure, It
is the purpose of Section II to present a detailed description of the
experimental procedure and thereby lay the ground for a correct inter-
pretation of the results.

The combined application of resistivity and electron micrdséopy
techniques on single crystal specimens quenched under reproducible
conditions and brought to various aging temperatures by reliable methods
yielded some new results whose interpretation led to the development of
a nucleation model. Many data and complementary evidence are needed

before an exact formulation of the present model can be achleved.



IT. EXPERIMENTAI PROCEDURE
' i
The high purity Cominco 99.999% aluminum and zone~refined Cominco

99.9999% aluminum was obtained in strips 12 in.xl in.x.008 in, and

12 in.xl inx,016 in. -

!
. o By
A, Growth of Single Crystals , 3

¢

1 '

 S8ingle crystal sfripsyB inexl in.x,008 in. were grown under 254
Heg preséure of helium in a‘graphite mold packed with 99.9999% pure graphite

powder. The tube furnace was inclined 15° from the horizontal position

“and care was taken to keep the normal to the surface of the sheet in a

vertical plane. Under such conditions the oxide film and the thickness

.of'the'cryStal after grbwth were found to be uniform, Since the specimen’

was to be heated by resistance in the subsequent treatments, a constant
cross-section was a stringent éondition. Chemical or electrochemlcal

thinning have to be reduced to a minimum since they tend to remove edges

-preferentially, The growth of thin single erystals was thus a necessity.

Two different techniques were used to weld the thin strip onto the seed
crystals; arc welding under argon atmoéphere and spot welding. The first

technique was less clean than the second and often yielded erratic

results for the reslstivity ratios R275°K/R46K7 Contamination coming

from the tungsten electrode is difficult to avoid. The second technique

-seemed_to be most appropriate to the welding of such thin.strips,

Extensive etching of the weld before growth ensures the removal
of .surface contamination by the copper electrodes of the welding machine.
Neutron:activation analysis for various elements has been performed

on several specimens byAthe GCA Corporatioh. The carbon analysis by
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combustion methods has been done by the Ledoux Company. Results of these

analyses are presented in Table I,

Table I
; -
B C Na Mg  8i Ca K  Fe Cu H N 0
[ |

3 18 2 <0.,3 <0 10 <1 L <h 2 30 15

‘B. Specimen Preparation

After growth, the single crystals were etched in order to remove

the oxide layer. The following solution was used at room temperature:

Hydrochloric acid L5 o
Distilled water - 30 cms
Nitric acid 15 cm?
Hydrofluoric acid 10 cmj

All acids were in concentrated commercial solution, Portions 1-1/2 in.xl in,
in size were cut by shearing from the single crystal strips and thinned

down to.°OO5 in. by a chemical polish at 93°C in the following solutiont

Phosphoric acid (86%) 240 e’
Sulfuric acid (96%) 40 om
Nitric acid (70%) 20 o
Alumina powder : 5 gm

Nitric acid must be regularly added in order to maintain these propor-
tions reasonably constant.
The specimen was . then mounted on a tray between two brass plates

1~1/2Xin.x1-1/2 in.x,010 in, in order to avoid deformation during
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m

vu:the brass plate into a high resistance shape' as shown on Fig. 1.

was thus removed.,

machining on the spark cutter. The side of the upper brass plate‘facing
the specimen had to be properly'coated with insulating plastic lacquer
in order to avoid undesirable spark erosion and locai stress concentra-

tions. The specimen carrying tray was then mounted with precision on

the spark cutting machine and a 1h-blade jigycut the specimen through

Finally the spcimen was thinned down to 2003 in., = .0003 in. by

chemical polishing and the local demage due to spark erosion machining

'

Ce 'Experimental Chamber

| The specimen holder of the experimeﬁtal chamber is described in
Figé; 28, and'Eb. The smailer of the two flaﬁgés'waS‘méde of brass and
constitutes the bottom of the quenching dewar described in the next
paragraph,'whiie the larger one can be tightened onto a copper container
equipped with the matching stainless éteel flange. A flat indiumvring
is used as a.gasket; | i

Bécause of the great softness of the specimen, considerable care

had to be taken during modnting and welding of the leads since mechanieal

damage was to be avoided. No direct handling of the specimen would take

place aftef this point until it was unméunted to be electropolished and

thin fbils were to be prepared for electron microscopy.

" The specimen. chamber was thén sealed and connected‘to a vacuum

pump and a helium gas supply. A first value of the specimen resistance

at 0°C was measured after leaving the chamber under 500u Hg of helium

pressure immersed in a melting ice bath., A measuring current of 100 mA
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did not create any detectable disturbance in the temperature equilibrium.
Then the specimen was brought to 58050 by resistance heating and
pulsed to 650°C in order to eliminate specimens of irregular cross-sectlon.

This thermal pulsing was done with a deviceudescribed in Appendix I.

B As described i# Fig. 1, the ﬁirst legé froﬁ'each end of the‘specimen
have a different wi%th frém the others. Ihey'wé;e made thinner in order
to balance heat losses from the specimen to the specimen holder by con-
duction, The sizes finally‘adqpted were determined experimentally and
specimens of reasonably'regular crogs-section brought slowly to within
less than 5°C from the melting point Shdwed uniform red color and exhibited
uniform melting when 661°C was approached élowly;

After twenty heating and cooling cycles about’575°C, the specimen
was slowly cooled down to room temperature (lOOd/min). After introducing
helium gas into the chamber and waiting fof temperature equilibration,

a second reference value of the resistance was taken at 0°C.

Finally the chamber was cooled down to liquid nitrogen and then to

liguid helium and a reference value of the resistance at 4°K was taken.

Resistivity ratios were thus established and their values were

gazéig = 1000+200 «
L°K o
The geomgtry of the specimens is resgponsible for such low values
since the surface scattering of electrons becomes dominant at liquid
helium temperature., The electron mean free path in aluminum at 4°K is of
. the same order of magnitude as the thickness of the specimen, i.e., 100u.

o Resistivity ratios measured on .015 in., thick samples made of the same

material were in excess of 2000.
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' heated to the quenching temperature T. in the center of the quenching
' | .

. Da Quenching Technigue

Because of the mechanical characteristics of the specimen used, a
quenching method minimizing any movement of either the specimen itself

or any mass of liquid had to be designed. Thus the specimen had to be
v \j .
|

Q

: : o ! ‘ : I
. medium kept at low temperature. A rectangular glass capsule open at the

bottom end and connected at the top end to a capillary glass tube was
lowered into the glass dewar and guided down, so as to fit over the
specimen (Fig. 3). The quenching bath, 200 proof ethyl alcohol cooled
down to —ll5°CQVWés tﬁen pouredAinto'the dewar, precooled also with
liquid nitrogen.

The specimen could then be brought to T by‘resisténce heating.

Q
A well regulated DC power supply was 6perated in the constant voltage

- modes The potential drop across the gage length of the specimen and

across a standard resistor was measured and. the temperature of the speci-
ment wasvdedﬁced from the resistance versus temperature data estéblished
for pure aluminum by Baluffi‘and Simm.ons;l5
The gquenching bath was slowly stirred while the speclmen was heated

and the temperature was usually around —ilO°C ﬁhéﬁ quenchihg took place.:

A Quenchihg was réaliéed by triggéfing the spring~loaded exfractioﬁ
device connected to the glass capsulevcoVering the_spécimen. The heating
éurrentvwaé turned éff millisecondsvbefofe and replaéed by a constant

current of 100 mA, The switching system which permitted this operation

is described in Appendix I. The millivolt signal coming from the poten-

. tial leads was recorded on an oscilloscope equipped with a Polaroid

camera. Quenching profiles were thus obtained (Fig, 4). The oscilloscope
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was equipped with a highly sensitive differential D.Ca. input stage and
the'output of thiélamplifier to the power stages of the oscilloscope. was
limited by a set of appropriate Zener diodes in order to avoid saturation
of}the latter stages while heavy heating current is passing through the

‘ | ,

specimen; otherwise% thevrecovery curves of the power tubes would have

been superimposed on the: quenching curves.’

E. Specimen Transfer

After quenching, the alcohol was removed and the‘specimen, cooled °
by cold nitrogen gas, was transferred to the experimental chamber. The
latter was sealed at liquid nitrogen temperature. The temperature of
the specimen could be monitored and constantly kept below -100°C., Finally
the chamber, still immersed in liquid nitrogen was connected to a vacuum
pump and the specimen kept for a few minutes at -100°C by resistance

heatfng in order to allow the alcohol to evaporate.

F. Resigtivity Measurements

Resistivity measurements were carriéd out by 4°K by potentiometric
methods. Two aneywell Rubicon 6-~dial potentiometers were used to measure
simultaneously the pqtential dfop across the gage length of the specimén
énd a standard resistor placed in series. Thermal e.m.f. compensators
were placed in the input and output loops of the potentiometer so that
no current reversal was necessary. The temperature of the room was
controlled to *0.5°C. The sensitivity of this resistometric equipment

was estimated at lO-lEQxcm.
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stage was used at room temperature,

~11-

G« Thermal Pulsing Technique

In order to avoid handling of the spédimen and repeated transfers

from the aging bath to the measuringvbath, a thermal pulsing unit in-

volving resistance heaﬁing was built and is described in detail in

Appendik L. o

If local variations in the cross sedtional area do not alter 'appre-

" clably the temperature of the specimen in a steady state, they definifely

constitute "hot points" during a rapid temperature rise. If'uniform
temperature control is to be maintained, the heating rate provided by |

this method has a limit which depends on physical and geometrical‘proper;

. ties of the sample.

In the present case, where heating rates greater than 800°C/s

- were needed, a method involving both resistance heating and an aging

bath was employed.

B After complétion of the desired_résistivity measurements and éginé
cycles, one leg of the specimen was cut, mounted on a p01ishing jigv
and electropolishéd without being heated above -60°C. Electropolishing
could be performed at -60°C in a gently stirred‘bafh of‘an 80-20 methylv
alcohol—perchloric acid soluﬁion.

Specimens werékfinally examined in trangmission with.an electron

microscope Siemens'Elmiskop_IA opefated at 100 kV, - TheAdouble tilting -~
Single crystals with a [liO] direction parallel to the electron‘.

beam were mostly used since this orientation provided enhanced contrast

on very small voids. See Appendix II., Also the use'of‘(llo> single
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crystals facilitated accurate comparison of various areas of the same
specimen because all defects could be viewed in (110) projection under
similar contrast conditions, i.e., with a (111) beam operating, so that

all defects of interest were visible.

I
P
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III. RESULTS

The quenching proflle, followed by some results obtained by various

up quenchlng methods w1ll be presented first because of their 1nfluence'

on the subsequent resist1v1ty measurementswand electron-microscopy ob~

T, © . ." .-.A B N ’
Lo { .

AT Down Qnenching Profiles . S

Quenching conditions ware easlly reprodu01ble and quenching profiles
as" recorded by. the osc1lloscope traces. (Flg.vh) were s1mi1ar for all
experiments. No attempt was made to change any of the quenching para-

meters. Slight variations in spe01men thlckness (from .0028 in. to

.OOBM in.) resulted in slightly faster or: sllghtly‘slower quenchlng rates

but the. follow1ng features of the quenching curves remained unaltered' :

1. After a. sharp drop of about lOO C, a- llnear quenching rate::
ranging from 7XlO C/s to lxlO C/s was maintalned down to +5O C.

2, -An exponential tail followed this llnear quenching rate and

the temperature fell from +5O °C to 0° C 1n .055, thus corresponding to

an average quenching rate of 105°C/s._ .

5 Finally5 the spe01men reached the temperature of the quenchlng

' bath, 1.e. =110° C, w1th1n the follow1ng .5s (average quenching rate. .

eoo C/s

B.\'Initial Excess Resistivityi
Initial excess reSistivity valueslobtained for quenching.tempera—

tures as low as 210°C are plotted on a’ lOgarithmic scale (Fig. 5) as

. a function of . l/T Within experimental error, the value of the formation

energy of lv found in‘the present work :

{



nlu;

EY = 0.76 eV * 0.0k &V

T2

9

is in good agreement with the results obtained by Doyama and Koehler &

on zone refined aluminum, The ideally quenched-in resistivity is given

by the expression:

150, = 1,300 pa cn exp(f-o‘—l-g—el> (1)

.For quenching temperatures above 425°C, fhe departure from the.
straight line becomes important, due to a high supersaturation of the
lattice in vacancies and to the rather &low quenching rate obtained
with the present method.

For TQ > 500°C it is well known that thf initial excess‘resistivity
measured experimentally is always lower than could be expected from
expression (1) even for quenching rates as high as 105°C/s; In the

present work the ratios of those two quantities correspondilng to four

different quenching temperatures is given in Table II

Table IT
i SoulPPiq
Lesec : 80%
L75°C - 60% : _
525°C Lo% . : ' W
575°C 22% : ‘

Several interpretations .of this discrepancy have been proposed,

-17

Doyama and Koehler16 originated the theory of annealing of mobile

vacancy complexes to fixed sinks.
&l

FlynnlO has developed a kinematical theory of point defects
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diffusion to spherical sinks, Bass'et al.lo applied 1t to the case of
gold and Béssll more recently extended it to the annealing of vacancies
in quenéhedvaluminum.

On the other hand, emphasis has been placed récéntl& on the forma-

3

tiaﬁ of di~, tri-, dﬁadri%vacancigs and higher cémpleXés during ﬁhe
queﬁch.19 'Such‘cla;ters éan.be regardedvaa pos%;ble nuclei for ﬁﬁrther
precipitation of mogile vacancies. |

The first model is applicable to a’material_whoSe,dénsity of fixed
sinks if very high. It is the case for the gold specimené describedvby
the authors,lo very small wires with very small grainisizéo

In the preseht“caée,ﬁin‘vieW‘of.the results obtained by‘diréct
observation, this first model does ndt‘apply since annéaling of the
vacancies to secondary defects predomihatés over annealing at diéloca-
tions'and other fixed sinks.

| The second mbdel, in‘ité'presentvfofﬁ, although predicting:an

inifiatio#.of preéipitétion dufing thevquengh; seems_unéble to-aécount
for the discrepanéy in the valué Qf:thevinitial quenchéd;in resistivity 
mentioned in Table IT. Estimates of thévresistivity'per'lv of a group
§fvclustered vaéanciesgo indicate thaf a resisﬁivity.change dgg to

clustefing would have a marked effect on résistivity measurémentstnly

in case high order clusters are actually formed. Indeed the resistivity:

of a diVacancy is-expeétéd to be only_at most 10% Sméller than- the
resiétivity of two isoiated vacanciesgl’22 and a significaht decrease

in resisfivity isvexpected_to take place only:whenvclustefs contain more
thanvten vacancies. |

These considerations therefore point to thé necessity of developing
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It is interesting to note that inereasing the up-quenching rate
beyond the value of the down-quenching rate in the region 0°C - 50°C
did not affect the final structure of the aged specimen. Note élso
that the average sizes of the secondary defects reported in this paper
are below those obFained by direct quenching f%om TQ to Ta' Th%s is
to be expected singe the‘nucleation takes place’within the milliseconds
following the quench. With the present expefimental procedure Ta is

reached from below, whereas in former experiments it was reached from

aboves

. De TIsothermal Resistivity Curves

Figures 8 through 11 present various isothermal resistivity curves
corresponding to quenching temperatures 5756C, 52560, 475°C and L4es°c,

The S shape of these curves for low values of Ta has already been
pointed out and interpreted by Kimura et al.17 and by Doyama and Koehler.
For Ta > 0°C and more markedly for larger values of T., the initial
curvature tends to disappear and the llnear part of the curve expands
further on both sides of Tl/g, the annealing half time,

Figure 12 is a plot of the various annealing half~times correspond-
ing to various values of TQ and Ta' ‘The values of the migration ener-
gles pfovided by the cross-cut method are known to be too low and would

be in this case:

mn

Elv = 0.48 eV
m
E2v = 0,27 eV

The group of specimens quenched from 'I'Q = 525°C contained a higher

impurity content (R273°K/Rh°K ranging from 600 to 700).

23
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It can be noticed that the presence of impurities tends to decrease
Tl/2 regardless of TQ and Ta and also to lower the migration energies

of mobile complexes:

EZ.: O.42 eV for low values of Ta'

4
t

}Eg =LO.19 eV for high wvalues of Ta'

i I
| ‘

E. Isochronal Resistiviﬁy.Curves

]
4

The influence of the heatihgirate on the shape of isochronal
aging curves is obvious. Thus, oﬁly gualitative resuits can be expectsd
from such curves and their interpretation is still ambiguous in some
cases,

Curves corresponding to various heating rates ére plotted on
Fig, 13. As expected, the shlower the heating rate, the lower are the
transformatién temperatures and the more complete the transfdrmationé{
An infinitely slow heating rate can be considered when different

Specimens, quenched from the same temperature, here T ='5756C for

Q

- instance, are aged for a long time at temperatures Ta spaced between

~100°C and +100°C. Federighi5 and Doyama and Koehler9 using up-quenching
techniques involving liquid baths found curves of type ¢ (Fig. 13).
If on-the contrafy, the specimens are brought to the aging température

with the appropriately fast heating raté, ag in the present'experiments,

a simple decay curve is found as shown on Fig. 13, type d.

'F. Electron Micrographs

Most éxperiments were carried out on (110) single crystals, some

on (211), and a few on (111). When the specimen was properly treated,
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no recrystallization was observed and its initial orientation was
preserved in the thin foil. Several foils were prepared from various .
sections of a specimen in order to-make sure that the arrangement of ”

clusters and dislocations was uniform along the specimen.

As shown in Fig. 14 the distribution. of secondary defects was quite

uniform and dilecétionﬁ‘were mainly confined in cell walls. A few
isolated and heavily Jogged dislocations were sometimes observed.

The sizes of the secondary defects observed after quench and
complete aging are represented schematically in Fig, 15 as a function
of Ta and TQ'

Leaving aside the density of the defects observed in each case
we see that under the experimental conditions described aboveg

1. Both voids and loops were presenﬁ in all cases although some
doubts remain in a few*limifed cases when the methods of observation
become inappropriate.

2., The size of both defects increased with increasing aging
temperature and‘décreasing quenching temperatures.

Estimates of absolute density of defects necessarily involve
measurements of foil thickness across large areas. Since the latter
:is fery difficult to do, any results would be highly unreliable; Table
ITI presents average ratios of densities of defects and other quantitiés
connected with the relative efficlencies of voids and loops when acting
as sinks under varlous conditions of supersaturation and mobility of

point defects. The series of experiments corresponding to T. = L25°C

Q
does not appear in Table ITII because the absolute densities of both
defects were too small to be reliably estimated by electron microscopy

observatiop.
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The series of specimens quenched from 525°C had a higher_content

- than the other three serles. Increasing the concentration in impurities

enhanced the precipitation, reducing proportionately the size of the
defects. TImpurities also favored the nucleation of &oids over 1ooOpsa

_ ;.In'most cases tﬁe présence of voids.in the foii wés easy to ‘
deﬁérﬁine and the no%'wéli-established blaék-white contrast changﬁ
across thickness fringes can be seen on Fig. 16, When the voids %ere
smaller than 803, their presence was more difficult to detect. But if
their density was large enough, they could élways be seen in very thin
regions of the foil, i.es, between the first and second (111) thickness
contours, for instance. Voids smaller £han 50 K can be.observed but
the size of the image observed is expected to be much larger than theJ
actual size of the defect. A [110] foil presents a definite advantage
over all other‘orientationsx (lll) diffraction beams can be used and
cdrrespond to the shortest extinction distance in FCC metals, énd the
lattice distortions resulting from the  relaxation of the (111) facets. -
of the‘octahedra ensure additional contrast effects as explained in
Appéndix II..

If large voids are fbrmed, a detalled contrast can be observed.

Figure 1 through 5 of Appendix IT show voids observed along the (110)

direction under several diffraction conditions. 'For low aging tempera-
tures the voids appeared as regular octahedra with peculiar contrést |
effects along the two vertical edges. For temperatures higher than

80°C they often appeared slightly truncated either by (111) planes or

more commonly by (100), although the latter truncation resembled more
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a rounding off of the (100) apex than a strict truncation by (100) planes,

Table ITI
T, k7s5°c - 525°C 575°¢
Ta Sva  vAld viova Cva  vAd vovd  vda v/Vd v Vd
CIEL, v/Lp v —1Ip ,CLp v/Lp v —= Lp CLb v/Ip v - Lp

+80°c 10 1.5 18
+60°C 20 0.6 2 20 - 8 1.2 13
+ho°c 15 0.7 11 30 0.3 9 8 1.0 9
+20°C 10 113 15 0.25 b 3.7 0.7 3

0°c - 10 0.2 2 3 0.5 1.5 -
~20°C 8 1.5 16 6 0.15 1 0.3 0.6
-ko°c | 1 0.1 0.1
CVd ¢ atomic concentration in voids

CLp 1. atomic concentration in loops

v/Vd : number of vacancies contained in a void of average size

v/Lp t number of vacancies contained in a loop of average size

v —->Vd : total number of vacancies going to voids

v = Lp t total number of vacancies going to loops
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IV. DISCUSSION

A conslstent account of the results presentéd here and of experi-
mental data qulished before can only be found if the gap between the
ceritical radius approach and the chemical reactions rate approach is

narrowed. However, the problem of;knowingvﬁhich cluster of vacancies

~ 1s more stable under ia givén set of conditions is still open to discussion

~ since neither theoretical calculations nor experimental evidence have been

able so far to give unambiguous answers.

As The Critical Radlus Approach

Consideriﬁg the free energy change AGn, when n vacancles have

gathered in a single cluster, we can write

OG = n(gf-— Py + nAg + ocn2/5 o

where gf'and,gp are the free energy associated with an isolated single

vacancy and a vacancy bound to a precipitate respectively. The term

v‘Ags represents the elastic strain energy per atom and the last term takes

into account the surface energy and contains a form factor.

. The critical radius for growth Nc can be derived from the above

‘expression as the value of n for which B(AGn)/an = 0, hence

| .
_ p)
200

N s
5(g - +Agy)

c.._

The critical radius for growth will be a function of the energy

per vacancy in a given type of cluster and will thus depend on the nature

3,24

of the cluster and its internal structure. But it will also depend

on external parameters'such as the degree of supéfsaturation, i.e;, the
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concentration of mobile vacancies Cmv and the aging temperature. A vacancy
cluster containing less than twenty vacanéiés, for insténce, may be stable »
and growing under a very high flux of moving vacancies when the loss of
vacancies by emission is compensated by the capture of new ones. The

same cluster may be. suberitical and shrink under conditions where Cmv
. 1 . H

| ,
Federighi20 and Doyama and Koehler9 have reported independently that

would be very low.
specimens quenched from high temperatures and isothermally aged at a
sufficiently‘IOW'temperaturetto eliminate stage Q-1 of the recovery; le€ey
-50° to -7060, exhibit a small additional recovery stage Q-2_when iso~-
chronally annealed at increasing temperatures. During the long lbw
temperature isothermal aging, a high density of small defects have been
nucleated and have grown to an equilibrium size. As Ta is increased, so
is Nc’ the smaller defects become unstable and begin to shrink by
emission of mobile vacanéies which will be captured by‘larger defects.
A new equilibrium distribution will thus develop around a larger mean
sizé. A similar effect is fesponsible for the shape of the recovery
curve b on Fig. 7 obtained for a specimen heated up to the aging tempera-
ture of +40°C with insufficient heating rate. |

The same effect is thdught to be responsible for the larger loops
observed around the edges of colonies. The presence of sinks in an o Y
area lowers locally the concentration in mobile defects, thus increaging
Nc and leading to the formation of fewer but larger clusters. The strong
dependence of Nc on the aging temperature and on the degree of super-
saturation seems to be well confirmed.by @he rediétribufion in sizes

" taking place in these experiments.
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If we consilder the two extreme values of N, during an isothermal

anneal, Table IV summarizes the various limit cases. The initial critical

radius Nz is strongly dependent on Cmv and therefore on T, and Ta’ whe re-

_ Q
as the final critical radius Ni >'Ni depends only on the aging temperature

Ta.f'In this table Cm; is the concentratiqn*of mobile vacancies asg the

beginning of the annegl. N , ﬂ

Table IV
c Growth of Nc )
Conditions mv during aging Mobile defects
1. T, high, T, high  very high N;L . Ni 1v mostly
| I
. ol £ ‘
2. T, high, T low high N, N 2v
I |
3. T, low, T, high low Ni Ni 1v and 2v
, N ; ’ _ ,
: 1
he T, low, T low very low E‘i N, 1v and 2v

In the_first case we can expect an easy nucleation followed by
rapid dissolution of Smali.clusters as Nc increases. An incubatioh perioa
is not detectable on the resistivity curves (Fig. 8). In the second
case, on the contrary, an incubation period is necéssary,‘as in the
fourthvcaseé but the clusters observed after full anneal will be larger

in the latter case than in the former.
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B. The Reaction Rate Approach

The mechanism of precipitation can be envisaged as the evolution
of‘a'vacancy distribution inherited from the quench (Fig. 10).

The values of ﬁhe initial'excess registivity just after the quench
(Fig. 5) suggest th%t either a large fraction of the vacancies in

equilibrium at TQ has been lost at sinks and surfaces during the quench,
or have aireaay-gathered inﬁo clusters of four to ten vacancies. These
clﬁsters are then present in the lattice at appreciable concentration
Just after the quench as suggested by the computer curves obtained by
Cotterill.7

Let N be the number of vacancies contained in a cluster and Cﬁv
‘the atomic concentration in clusters of that type. The Initial distri-
ﬁution Cnv(n) Just after the quench will be detgrmined by TQ and the
quenching profile (Fig, 18).
25

As in the case of gold, the compafison of isothermal resistivity

curves for -various Ta and TQ’s suggesﬁs that a single process is re-

sponsible for the precipitation and leads to S—shaped reslstivity curves.
The first stage of the precipitation mechanism can be considered

as an initiatioh period for fhe precipitation, The spreading of the

Cnv distribution towards larger cluster sizes, (Fig. 19) already ini—

tiated during the quench is now pursued and leads to the formation of a.

very high density of small multivacancy clusters invisible by difect

observation, involving up to perhaps twenty vacancies. The high value

of thelr electrical resistivitygo combined with a still large super-

saturation in mono- and di-~vacancies will not lower very much the excess
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resistivitys This stage corresponds to the flrst almost horizontal
part of the S-shaped curve, During this stage CmV is much larger than

in the following stages and the critical radius is thus extremely small.

Any small cluster can act as a nucleus for precipitation,

f ’ ' o :
'As the first stage impoverishes the lattice in mobile vacancies,
. , _ ‘ :

;the eritical radius Nb becomes larger and.mahy cl&sters formed during

the first stage now become unstable with respect to the neW'conditions'f
They dissociate progressively by emitting single or divacancies and
contribute thérefore to the gréwth of clusters having sizes ldrger than
Né.

This second stage of precipitation correspdnds to.a coarsening )
process. The critical radius for growth which depends strongly on Ta’
is now of the same order of magnitude as the'vacéncy clusters visible by
direét observation in electron microscopys

A hump on the'cmv distribution ténds to form as the critical radius
increases (Fig. 19b). The stable group located on the right of N, will
kEep‘growing anq move away froﬁ Nc’ thus becoming thermally more stable.v

The first stage has a storage effect for &acanéies, whereas the second
stage amoﬁnts to an overall steady state transport of vacancies from
suberitical storage cldsters towards étable, gfdwiﬁg clusters., This
stage corresponds to the linear part of the resistivity decay curve.
The evaluation of éctivatién eﬁergies.fof anneéling sugéests that the
diffusion of monovacancies in bne caSg, divacancies in the other case,
is the 1imi£ing process in the precipitation sequences (Fig.'l2).

Thls second approaéh to the. precipitation mechanism will find its

detailed justification when the set of equations corfesponding to the

’



=28~

following set of equilibrium reactions will be solvedt

-

2v
v

it

1v + 1v
1v + 2v

i
-

(3=1)v + 1v = jv
(IRl revs v I
y !

Dienes and Dz:uriask2 -flave obtained solutions for irreversible reac-
tions up to j = 8; but such an approach hecessarily leads to rapid’éx-
haustion of the supersaturated vacancies in the lattice. The set of
reaction rate equations corresponding to the reversible reactions

written above would begy

m m B
dc E EY-E
1v _ : 1v lv  “lv=lv
T = Aty o < KT >'+ By Goy oXP <} KT >

: m B
-A C. C. ex :.E..]:l + B. . C. ‘ex -ETV‘—ElV"QV -
A0y Gy 2P\ - P1ovay XP TRT

( B
‘-A C, C, ex ~E?v + B._C,  ext -ET§ -E1V45VI :
13 1v-3v P\ kT /T P13V P KT |
IR A Z R N RN NE ] Em . EIIl B
A C C. ex v B, exp "1y -E-V(j+l)v v
A 501385y P\ T 1(5+1) KT |

IX AT YT

=]

and , ¥

m B '
, -E - B .E X
acjv. _ | ' v | v~ 1v=(j-1)v
at = M3 %C(g-1) P < i/ “PLiCv P KT
| | x | B
+A ¢, C exp <:§ZE ~B..C. exp ~Egv 'Ezv(j-Q)v '
(j=2)2™2v (j-2)v KT -/ 23 jv kT

. m B i
A C. C. exp (;EI_::Lly_ + B . ' exp -Elv'Elv(J'ﬂ)v
Jl1 “iv Tlv kT 1(3+1)7 (3+1)v kT

&
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[ m B .
~A.,C., C, exp :Egl + B C exp -EgV~E2V<J+2)V
j2 jvev T\ kT 2(j+2) “(3+2)v KT -

o

“ If no loss of the total number of vacancies is assumed, then the

' following equation can be added?
ST .

? jij = Ciotal

and the initial distribution of ij(j) Just after quench would be given
as the initial condition.

If, on the contrary, the diffusion of mobile vacancies to fixed
sinks is taken into acecount, the first two equations should be médified

and writtens

aclv

m
-E
_ 1v
>t = D1y v Ciy = ? Ay Oy Cyy &P ( kT>’

v / .m _B
. ~E_ ~E
v " lv=jv
+ ? Blj exp( T )

'aCQV‘ P 2 -ETQ
5t = Doy ¥ Gy F 1R A O e\ i ) -

-Em rEB : ' -Em
1v lv=1lv 2v '
-1/2B1; Cp, exp( KT - f 8530 Cyy eXP\ 7

: | | B gD
- ' : oy TRv-(§-2)v
. - . + ? ng exp < ®T

where Dlv and D2V are the diffusion coefficients for single and di-

vécancies, respectively., And some assumptlons should be made about the
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initial density and distribution of fixed sinks.

The difficalfy in solving these equations is the absence of reliable
data concerning the variéus coefficients, Although ETV and Egv are now
fairly well known for noble metals and aluminum, reports on the estimates

B

of the binding energies Efv—jv aﬁd E2v-jv are still widely conflicting
even for values of j.such as 3,4, or 5. The atomic structure of tri-,
tetra-,and penta-vacancies and the relative energies of various configura~
tions is still being discussed and plays a determining role on thé'
stability of these clusters and their ability to retain or emit single
or divacancies.

It ié not certain at the moment Whether or not the binding energy
ihcreéses monotonicélly with the number of vacancies contained in the
. cluster and this point is most important in order to elucidate the first
stages of growths For large values of J, the binding energy will pro-
gressively increase towards the value of the energy of formation.

>C. The Relatlve Stability and Grgwfh Rate of Frank
Ioops and Octahedral Voids

In aluminum, three different typés of vacancy clusters have been
observed on electron transmission micrographst octahedral voids with
“and without truncations, single and multiple stacking fault loops, and

perfect dislocation loops. The first two types of defeect predominate
27,28

when quenchlng and handling stresses are minimized,

29

Jackson, Silcox and Whelan,BO and Cdtterill;3 using the continuum

approach have compared energies of clusters of various,types and sizes.

> 5532

Vineyard, 1 Dienes and.Damask,2 Doyama and Cotterill, and more

recentiy_Johnson,zg using the-étomistic approach have estimated the



relative energy of various multivacancy clusters.

This latter appréach is preférred for elusters of near atomic
bdimensions, perhaps a few tens of Rngstroms in diameter since the elastic
continuum theory is expectgd to fail., The surféce curvaﬁure of such a
‘defect can no longer be igﬁpred anq experimeptal values of surface ener¥
"gies:cannot be used since they are determineg for flat surfaces. At
present the continuum‘and‘atomistic calculations do not overlap,

Even within the atomistic approach, the Qse of different t&pes of
pbtential'functiéns yieldé different resﬁlts. The planar structure of
the trivacancy is estimated as the most stable by'som.evauthcvjrs52 using
a Morse potential, whereas the filled tetrahedron is prefereed when a

2,31

Born-Mayer potential is used. ’ The role of impuritiesvin stabilizing
one defect or the other cannot be ignored but leads to complex configura-
tions which quigkly become'unmanageabie by computer calculations for
larger clusters.55
Doyama and Cotterill52 suggested that the configuration of multiple
vacancy clusters sﬁch as the tri or guadrivacancy, could determine at
an early_stage of precipitation whether a vacancy cluster would grow as
a three dimenéional aggregate or a collapsed vacancy disk. The figures
givénbin.the‘first column of Table.III, show that loops become relatively.
‘more numerous than voids under conditions where higher values of the
divacancy concentration‘are expected at the start of aging, i.e., fbf
high TQ.and lOW'Ta. This suggests that when nucleatign of vacancy
aggregatés takes place primarily by addition of divacancies, there is a

greater change of development of a planar cluster than when it takes

place by the addition of single vacancies. Conversely for high Ta or
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slow quenching rate,lg’s)+

divacancies are expected to dissociate rapidly
and more.three dimensional clusters are observed.

If we conslder now the growth rate of voids as compared to loops,
the second columns of Table III are of interest. They show that under
conditions where the coﬁéentratipn of sécondarj defects is low, the trappingv
efficiency of voidg is éomparablé_to that of ld;ps. On the contrary,‘
when the nucleation rate is high, as for instance, in the more impure
series of specimens or for low aging temperatures after quench from a
high temperature, the growth ability is much higher for loops than for
‘voids. | | |
| In these cases a significant fraction of the total number of vacan-
cies that eventually go to each defect come from short distaﬁces within
which the greater stress fields associated with loops should be effective.
Therefore, the:loops might be expected to attract greater total numbers
of vacancies than voids. When defects are far apart, loops should still
grow faster during the very early stages, but most of the growth would
oceur by random walk of vacéncies from greater distances where the stress
field of the defect is unimportant. Under these conditions the total

nunber of vacancies reaching a loop should not be greatly different

from that reaéhing a vold.

D. The Role of Impurities in the Nucleation
of Secondary Clusters

The atomic concentration of loops and voids commonly observed by
electron microscopy techniques being in the range lO'-6 to 10-11, it is
quite clear that nucleation is very likely to be heterogeneous even in

zZone refined metals. This -point-is confirmed by the recent calculations
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of Davis and Hirth”~ showing that the rate for homogeneous nucleatioh
of vacancy clusters is incompatible with experimental réesults. The
binding energy between impurity atoms and single vacancies or divacancies

favors the formation of nuclei and probably'alters its internal configura-

i
‘

tion and lowers its eﬁergffof formation.
- The series of specimehs quenched from_525°c which contains‘a.ﬁigher
éoncentrafion of impuri£ies shows a faster anneaiing féte (Fig. 12) and
a higher nucleation rate than-other samples, |
| During the first stage of precipitation, the influence of certain
specific impurities may be one of the factors favoring the formgtion of

36

one type of cluster over the other. Yoshida and Shimomﬁra have found
some evidence of the influence of'hydrogen on void formation in aluminum.
The presence of hydrogen'under pressure inside very small clusters may

37

prevent their éollapse, Lally and Partridge”' in magnesium and Clare-

borough and LorettoBu

onvéopper, aluminum andbgold quenched from hydro-
gen atmosphere haVé shown évidence 5f the role of this elemen£ in the
formation of voids. The refining effects produced by thevrepeated -
'quench—annealing cycles reported by Cotterill and Segall,38 Suppor£ the:
" heterogeneous nucleation of numerous clusters of short lifetime envolved
in the present model.

During the initiation.period of the precibitation'process, many
unstable clusters have formed wﬁich will be completely dissolved in the
following stages. Since they are likely to have formed around some

impurity, the repeated departure of mobile defects from this shrinking

cluster will increase the probability of mobile vacancy-impurity complex
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formation., Thersfore, impurities are expected to be drained towards
growing clusters, Repeated quenching and aging cycles will thus create

local concentrations of impurities at the sites of stable clustefs.



35~

V. CONCLUSIONS

t

The experimental results presented and discussed here can be
summarized as followst
1. Quench-annealing. experiments inVolving up~quenching of the
. [

) i }’ B
specimen to the aging temperature yield results tending towards those

obtained by dowh-quenchiné from T. to Ta when the up~quenching rate is

Q
adequate, i.e., 800°C/s in the present case. o

2. Values of the apparent activation energy for the annealing

of supersaturated vacancies were found to be:

m

B, = 0,48 ev :
m o

5« The presence of higher concentrations of impurites lowered
those values to:

E = 0.42 eV for T, < 20°C

g =B

E, = 0.19 eV for T_ >20°C

The role of impurities in the nucleation process'was confirmed and the
nucleation rate was enhanced in more impure spec1mens. |

4, Keeping the quenching method and the quenching proflle 1dentical
in all éases and varying only TQ and Ta showed that Frank loops and
octahedral yoids were present in all céses ﬁith variousg sizes and den~
‘sity.

5« The size of secondary defects observed after complete is0-

 thermal annealing continuously increased with lower TQ‘S and higher

Ta's. The size and density of defects observable by transmission electron
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microscopy of thin foils appeared to be the ohly limit to further in-
vestigation of the TQ’ Té spaces

b, Higher goncentrations 6f divacancies at the start of aging
favored the formation of loops over voidse.

T« The largef stress fields surrounding loops were found to favor
their growth as compared‘to the growth of voids when very high densities g
of secondary defects were present. When defects were far‘apart, the
annealing of excess vacancies seemed to take place only by random walk
to the sinks; the stress fields of the loops appeared to be ineffective
withln most of the volume from which vacancies were drawn.

More experimental data and ﬁheoretical»calculations are needed

in order to understand the detailed mechanism of nucleation and growth

of vacancy aggregates in quenched metals.
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Fig. 2
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FIGURE CAPTIONS

- Shape of the aluminum single cryStal.specimén after spark-

cutting.}

a- Photégraph,of the specimen ﬁolder‘used for liquid helium g
résistivity meésurements. b-  ékefchjof thg'specimen Lolderz
A-Specimen; B-Insulating surface tension breaker for the

quenching liquid and guide for the potential leads; C-Current

‘lead; D-Glass dewar; E-Small flange used during the quench;

F-Auxiliary clamp; G-Potential leads made of Q,OOE in. wire
of Cominco 99.999% pure aluminum; H-Main specimen clamps
used as current leads; K-Main flange used with an indium gas-

ket as the top of the experimental chamber.

e
-

Sketch of the quenching device: A-Spfing loaded device for
extraction of the gquéenching capsulej; B-Capillary tube facili-

tating level adjustment 6f the liquid inside the capsuley

- C-Quenching bathj; D-Rectangular heating'capsule made of glass;

- BE-Glass dewary F-Teflon guide for the capsulej G-Aluminum

specimen; H-Opening for removai of the quenching liquid;

J-Small flange used for quenching; K-large flange'clbsing g

the experimental chamber.

Osciiloscope trace of the down quenching profile from

T, = 325°C to -110°C.

Initial excess resistivity Apj as a function of l/TQf
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Up-quenching profiles recordéd by oscilloscopes

A-Heating by Joule's effect alone 400°C/s,

B—Heating by immersion in a 1iquid bath kept at the aging
temperature T, = Lo°c. |

C-Heating by combining both mefhods«lOOOdc/s.

|

Isothermal agnealing eurves for TQ = 525°C, T, = +ho°c.
Curve A. Up-quenching in an oil bath at +40°C

Curve B. Fast up~quenching by combined heating

Set of isothermal annealing curves after,quenching from
575°C.

Set of isothermal annealing‘curves after quenching from
525°C. These specimens are more impure than for the other
series.

Set of isothermal énnealing curves after quenching frpm
Lrs°c.

Set of isothefmal annealing cﬁrves after qﬁenching from
Las°c.

Calculation of the activation energy by plotting the times'
to reach:50% of the recovery versﬁs the reciprocal’of the
aging fempéfature.

Isochronal annealing curves for vafious heating rates:
Curve At Heating rate 10°/mn

Curve B: Heating rate 25°/mn

Cufve Ci Infinitely slow. Obtained by plotting the final
excess resistivity for the various aging temperatures (re-

sults obtained by Doyama and Koéhler9)
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Curve D: Infinitely slow = present work
Low magnification electromnmicrographs

Q

Sunmary of the results in a Ta’ T, diagram.
Thickness cOntrast on voids.

e I ' :
Electronimicrographs of specimens quenched from the same -

) - : 1 -

[ : .

temperature T. = 575°C and agedyat: ‘8 - Ta = -ho°c;

Q
b ~T =0°;c~-T =+40°C; d~T =+60°C
a _ - Ta : a

Initial distribution of clusters after quench Cnv(n)' Full
lines to slow quenching rate (i.e., < 1OM°C/S). Upper curves

correspond to high values of T,, 600°C for instance.

. “Evolution of the C__ distribution during aging.
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APPENDIX I

TEMPERATURE PULSES OF ALUMINUM SPECIMENS
BY RESISTANCE HEATING

A, Introduction

In order to study the annealing kinetics of point defects produced
byﬁquehching, irradiation, or cold work, an accﬁréte knowledge of the
specimen thermal history is required. In particular when isothermal and
isochronal anneals are carried out,l thebprofile of up=~quenching sequence
and the énnealing temperature must be controlled accuratelys

‘Electrical heating by Joule's effect has been employed in a nunber
of investigations involving quenched,‘face-centered cubic metals, e.ge,

3,4 5

and aluminum.6 In those cases the up-quenching

T

copper,2 silver, gold,
pulse and the temperature control were done manually. Recently Emrick
heatgd gold specimens by means of a shaped elec?rical current. The ad- |
vantége of such a téchnique is a very short rise’time at the expénse of
?egulation when the desired temperature ig reached.

The experimental device described here has been designed to ensure

high heating rates without overshoot and good temperature control and

stability.

B. General Description

The components of the control systém are shown in block form in
FPige 1. In the present case the aluminum single crystal was located in an
experimental chamber (a) which was immersed in liquid helium. The chamber
was evacﬁatéd and then filled with helium gas to a low pressure. The
specimen was introduced as the unknown resistance in a precision Kelvinu

double bridge (b). The bridge was operated in series with an external
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DC transistorized regulator (c). The power was supplied,to the current.
loop by a bank of low internal resistance batteries (d). The resistance
of the speéimen was raised to the value present on the bridge by a con-

trolled heating current. The current control was obtained by amplifying

Lo . ' ) |
the bridge output and using it to drive the series regulator. A pigh—

gaip DC differential:ampl;fier (e) was used}in the control loop.?TThe 1
output of the bridge was also monitored by a null indicator (f), thus allow-
ing the operator‘to bring tﬁe bridge to a fine balance with a zero adjust
lbcated in the series regulatoi circuit, Since a Kelvin double bridge
must be used with a yoke and potential leads whose lengths are imposed
by the experimental set-up, a potential lead compénsator (g) had to be-
added to the bridge éircuif in order to preserve its accuracy.

The annealing time was controlled by a preset digital counter (h).
This unit was electronically couplea-with a switching circuit (i) which

was placed in series ﬁith the DC regulator. Thevtimer was actuated .
colncidentally with the closure of the current loop or at some later time
by the operator. At the end of the present time interval, a pulse from-
the digital counter activated the opening of the current loop by turning-
off the SCR. |
‘ The average temperature Qf a test sbecimen was determined from.data8
published.on the temperature dependence of the resistance ratib R(T)/R(293°K).

The resistance of a well annealed crystal was determined accurately at |

273°K prior to any experiment and the corresponding value of R(T) at the-

desired annealing temperéture, T, was calculated.
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C. Design Considerations and Circuits

Tne basic fequirements of the control System are briefly considered
before discussing the'verious eomponents in detail. In the present
experiments, the anneéling temperatures of interest could be divided into
two ranges of 1mportance, 1.e., 173°K < T < 373°K and 37%°K <T < 875 K.
In the former case; regulation of *0.1° was sought and in the 1atter case,
regulation of better than *1° was considered acpeptable._ In:order to
appreciate fully the advantages of 0.1° temperature regulation, the
specimen resistance must be measured with an accuracy of at least 0.05%.
This comes from the fact that the change.of electrical resietivity, with

temperature is in the first approximation given by

£ - oar | (1)
where o is of the order of 5%10f5'per_degree for aluminum in the tempera-
tnre-range of interest.

Tn order to obtain the reqnired heating rates of at least 800°C/s
(see-pp;lT—lB), a 15A current was needed. This short rise time require-
ment determines the large transient power the regulator must be able to
release and thus the transient current the Kelvin bridge and the current .
leads must carry without damage or alteration. _

The Honeywell portable Kelvin double bridge (Model 1622) was selected.
It brOvided the desired 0,05% accuracy, covered the resistance ranges
of intereSt, and ﬁas capable of carrying the necessary transienﬁ currents
for a‘feW'milliseconds. An important featufe of the Kelvin bridge, rela-

tive to ratio sets, is the bridge’s low and reasonably constant output

impedence to the galvanometer (i.e., < 1kQ). In addition the potential
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lead compehsation exposed below would not be practieal‘with ratio sets
because of the depehdence of compensations on the bridge ratio, A/B.

For the purpose of further discussion, it is useful to establish
the equations of the bridge. Referring to Flg. 2a, let X be the resistance
of .the specimen 1nt;oduced as the unknown, R the reference resistance set
on the bridge; and assume a current, I,»1s|flcw1ng from the genefator.
When I enters the bridge it is divided into a large fraction, i, flowing
through the reference resistance and the specimen, and a small fraction,
i, flowing through the arms A and B; When the bridge is unbalanced, a
voltage, VO, appears at the galvanometer output. If the resistance of
the yoke, d, is small, if the resistance of the external potential leads;
m and p, can be neglected, and if a/b = A/B, then the Kelvin double

bridge is equivalent to a Wheatstone bridge. Its equations can then be

written as:

1 - .
VeI ' ®)
A+B  R4X '
I=1i+41" , (3)
V= (A+B)i' = (R + X)i , ‘ (4)
and | _ : |
Vy = Bi' - Ri : , . (5)

Solving this system for VO yields

BX-AR , '
Vo = TR (6)

H

i

If X is written as X = %R + AX and considering that R+ X << A + B,

expression (6) becomes:

B iav . . . _ '
Vo=zx+s M1 (7)
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Thus the error signal in velts, V

lnoted g in Flg. 1) is Lhen

=58

o) if proporational to the error OX

~ in the specinmen resistance and hence temperature. The'sensitivity of

the tecnnlcuc depends dlrectly on the brldge ratlo, A/B, employed qnd‘j
on the current I,,f]owlng through thc 01rcu1t

Because of the nature of the exptrlmental chamber, the spc01men could

“ 5b.not-be connected to.the bridge as recommgnded. The resistance Qf the

ybke,»d, andipobéntial leads, m and p, (see Fig. 2a) will not be negligible

- with rebpeet to the values of the arms,A‘aﬁd B.. The resistance reading

R Qn'the bridge and ﬁbe_acbual resistancelof_the specimen X will then be

- related by:

CastEao @

f.Sihce fhEAVéldé of ﬁillﬁcértaihly éxééédfbhe'resistanéé offthe pOtential
.»f;;lead prov1ded by the- manufacturer, it becomes nccessary to alter the
‘ _brldge by 1nsert1ng a flxed r651otor of value n in branch B and g in

o }branch b w1th n :,q (see Flg. 2b) The potentlal lcad compbnsatlon (de--

‘1mply a set of w1re~wound varlable res1 Lors,.

"»f:bl.e., m and p'a. If n. and q are taken such Lhat n =m and q = p, the sums

.f:(m + m') and (p + p ) can be adgusted so ‘as to verlfy'that

L (,iof)
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s0 thaé the bridge reading is correct and its accuracy preserved. Note
that n and q should be chosen as small as possible in order to minimize
thé compensation with m' and n' for the casesv%-=_l and 10.

The circuit diagram of the series regulator is shown in Fig. 3.
A 12V, lOW'internal:résiS£ance (< 0.1 Q), bc power supply is connected
to the input of thelregul;tor.‘ The bridge{error signal is amplified and fed
to the regulator at a level determined by a "zero adjust" eircuit which
employs a 2N1305 transistor whose base voltage is deterﬁined by a ten
turn, 10 Q- potentiometer. While the resistance of the aluminum specimen
is still below the.preset value, a.large efror signal appears at the
bridge. The amplified bridge output will reach +10V to'+50V above C,
thus bringing VBE of the 2N13%05 to large positive values, The 1N3392
Zener diode prevents VEE from exceeding the breakdown value for that
'transistor.v An adjustable dummy load placed in series with the bridge
allows proper adjustment of the power brought to the Specimén'while the
géin adjustment on the DC differential amplifie} is set so as to obtain
the best possible temperature‘control with minimal overshoot and with no
oéciilation when going from temperature rise to temperature regulation.
The circuit was designed fdr two ranges of power, i.e.,FO.E to 6 watts
and 2 to 30 watts. For the latter oﬁtpﬁt condition, a O.1lp F capacitor
is introduced into the beedback lbop of the 2N1305 and the dummy load, D,
ig adjusted in the range 0.1 to 1 Q. | |

The differential DC amplifier should meet the following specifica;'
tionsz d. high sensitivity and low noise (S'lO uV); b. high common
mode réjection (ZvBOO V); ¢y gain of 100 to 1000 at up to 10 kc; and,

_d. fast recovery time after large input overload (S_l ms). The last two
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conditions insure a fast heating réfe without overshoot. The Dynamics
differential DC amplifier (Mbdel 6450) was employed.

For the purpose of mbhitoring the bridge output, it was fognd
necessary to use an electronic null indicator sincé overload protection
ana fast fecovery were n;eded. :ts sensi#ivity should be in the uV/cm

1 . ‘ .
range; its input impedanée in the M rangé; and 'it should have adequate
isolafion‘from the line voltage in order to avoid disturbances on the
input side of the high gain DC amplifier., The Brown electronic null
" . indicator (Model 104W1-6) was used.

The timer was a Beckmén Instruments, Inc. preset digital counter
(model 5423) fed with the 60 cps line signal. Its second decade was
modified so as to trigger the third decade after 59 pulses instead of 99.
Thé annealing time could then bé preset directly in seconds rather than
in line cycles. Controlled anneals of 999.9 seconds- were possible with
this arrangement.

The switching circuit is presented in Fig. 4 It is essentially
composed of a power SCR transistor (type C MS) triggered manually at the
start of a thermal cycle. It is turned 6ff at the end of the cycle by
discharging an RC circult with reverse polarity across the power transistor.
This discharge is triggered by.applying to the gate_of a 2N2327 SCR
transistor a 5 volts signal coming from the preset digital counter. In.
the present circuit the time constant of the RC circuit and the charging:
voltage of the capacitor caﬁ be chosen so as to be adequate to turn off
the power transisﬁor without bringing any additional power to the specimen.
This is particularly important as a feature of the swltching circuit fof

the present application.
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All potential leads and low signal leads were carefully shielded.
The circuit was grounded at one point only in order to avoid ground loops.
It seemed most appropriate to ground a current lead as close as possible

to the galvanometer output of the bridge.

D. Results

Aluminum.cryétéls, 0.16 cm by‘0.0008.cm inlcross section and 25
cm long with a 10 cm gauge length, were mounted,ih a 8 cm diameter
stainless steel chamber.v For’these experiments the chambér was filled
with helium gas to 5u, Hg preésure and it was embedded in either 1i§uid
‘ helium or liQuid nitrogen. ‘Typical operating conditions‘wére: amplifier
gain 100; dummy load, 0.5 Q; and series regulatér in the high output |
power condition (i.e., 2 to 30 W).

From measured variations in the bridge error signal, VO, and employ-
ing Egs. (1) and (7), it was concluded that the average temperature of
a test specimen could be controlled‘to'within‘io.i° in-the temperature
range'175°K to 37%3°K. The temper&ﬁure regulation was estimatéd fo be
10.5° above 373°K,

The principal weakness of the self-heating technique arises‘from
temperapure in-homogeneities along the specimen gauge length due to end
losses ;nd/or local variations.in the eross sectional.afea. In order
to evaluate the importance of a nonuniform tempefature distribution, a
series of specimens were pulsed to temperatures in the fange 650°C to -
655°Ce If the cross section of a crystai was not sufficiently uniform,
local melting would take place, When the cross section was reasonably

uniform, no specimen damage was observed after such ﬁulses and'melting
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between potential leads was induced after brief pulses to 658°Cs These
results were iﬁterpreted as indicating that, for ideal specimen geometry,v
minimal overshoot was taking place and acceptable local and average
temperature control was still possible for annealing temperatures
approaching the melting boint of an aluminum spécimen. ' , %

| When used alone, resistance heating ﬁerfofmed with the presént
device has several advantages over ﬁhe classical method using stirred
liquid baths: (1) specimen handling is avoided; thin or delicate crystals
may be mechanically deformed while being introduced or removed from a
liquid’baﬁh or by the stirring action of the bath itself; (2) since
annealing takes place within an experimental chamber whose environment
can be carefully controlled, contamination of highly reactive metals
can be minimized; and (3) the specimen alone is bréught up to the desired
temperature while the supporting elements and chamber wall remain close
to the temperature of the cryogenic liquid employed, thus low temperature
conditions are re-established quickly after each thermal pulse and subse-
quent resistance measurements can be made promptly.

In conclusion it is felt that these results, combined with reproduci-

ble data obtained from isochronal and isothermal annealé of quenched
copper9 and aluminum samples, illustrate the reliability of this up—v

quenching and aging method.
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APPENDIX IT

ELECTRON MICROSCOPY IMAGES OF VOIDS IN QUENCHED ALUMINUM

A. 'Introduction

The formation ef three dimensional voids by precipitetion of'vacan-
cies was first obéervedvin aluminum and reported in detail by'Kﬁri~
fanil aﬁd'Kiritani et a;.g It was laterhobsefved in gold3 and;also
in silver and copperlL under cerfain quenching conditions.

tIn aluminum these voids usually have the shape of regular octa-
hedra, limited by (1l1)~type surfaces.

The purpose of the work presented here was to calculate the
lattice relaxatiens around those defects assﬁMing that their core was
eﬁpty. This assumption does not deny the possgible role of certaih
gaseous impurities during the nucleation and the initial stages of the
growth process but simply neglects the influence of a gas present inside
the voids under very low pressures It excludes the cage of a gas
captured inside the octehedra under'high pressures |

When voids larger than 200 K can be observed under appropriate
diffraction conditions, it becomes evident that the simple interpres
tation of the contrast effects based on the change in thickness.of
the foil caused by the presence of the void,2 cannot aecount for the -
finer defeils obgerved around the edges of the octahedron. Figure i
éhows a large void iﬁ.a Single crystal of aluminum observed along the
[110] direction with a (111) beam operating in a region of good trans-
mission, i.e., where A is slightly positive. |

For voids smaller than 200 K; a contrast effect different from
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those due to a mere change in thiekness is also obsgervable along the
trace.of the two (lll) surfaces 1imiting the ocFahedra, positioned edge-on
and parallel to the operating beam. This effecf is visible on Fig. 2b -
and on the corresponding.photOmetric curve in Fig. 2ba

Truncations aré sometimes observed'thét alter the octahedral shap;

o |
of the voids. Figure 3 shows an example of a truncation by a (111) plane.

On Figs 4, truncations by (100) planes are visible on two of the six
aplces of the octéhedron. Truncation and imaging effects aré visible on
the tw6 plctures of the same void'(see on Figa 5a and p under differént
diffraction éonditions Ya |

When tﬁe images of voids recorded on the photographic plates fall
below 4o A (distance between the two vertical (111) planes limiting the
octahedron), their relationship to the actual defects is not well estab=-
lished.

‘In order to.correlate properly the observed image with the size of
the actual cluster, it would be interesting to know the strain field
around such defbcts. The equatlions describing the imaging of a strain
field by electron diffraction have been developed by Howie and Whelan.5
When only one strong reflection g is operating, the amplitude of

the transmitted beam T and that of the diffracted beam S as a function of

the depth z in the crystal are given by the expressionst

. Loram = -p ) 8
£8 g g
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as - [1 1 1 e
dz (gg gg > go g

where B! = 52'(532) and u(x,y,z) is the expression of the strain field.
The contract effects observed around gas bﬁbbles formed in aluﬁinum

aftér irradiation wds:intérpreted in this ﬁannef‘by Levy and Gerl,6

| Unfortunately, a method of this type cannot yield'quantitative results
since the dynamical contrast theory in its present form is not applicable
to the void configuration. The assumptions contained in the "column
approximation" are not fulfilled since strain fields around such defects
are varying too rapidly. The column approximation assumes that several
rows of atoms are located inside the column. It assumes also that the
deformation is uniform in the column and that the column can be.regarded
as suriounded by columns having similar properties. Here the strain

field will be found changing rapidly over interatomic distances and the

columns passing next to the surfaces of the voids will be the neighbors

-of columns passing through the void itself and being thus different in

nature from the others.

B. Method of Computation

Despite thé restrictions just mentioned, it is Still interesting to

calculate the amount of strain experienced by successive (111) atomic

- planes in the neighborhood of the surfaces of an octahedron.

Since the continuum approach to plastic deformation is unable to

account for lattice relaxations in the vicinity of surfaces, an atomistic

_approach must be taken. The Morse potential was chosen for this study

because of its simplicity. A finer description of the atomic interactions
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- in FCC metals has been proposed by Hai'rison7 but . the presence of several

relative minima in the potential functions éomplicates considerably the
calculations. If rij is the distance between atoms i and j, the Morse"

potential can be written ass
‘ : |

ory;) = D Lexp [-2alry;n)] -2exp [ryyr,)]

where T the equilibrium distance of approach of the two atoms, D the
disassociation energy and the constant ¢ are given by Girifalco and
Weizer;8

No attempt was made to calculate the actual strain distribution

. around such a complicated volume as an octahedron. The relakation of

(111) planes were estimated for two simplified casest (1) a half
infinite crystal bounded by a (111) plane. The results of these calcu-
lations provide a good approximation for'very'large voidsg (2) two
half infinite ecrystals, bounded by (111) planes and separated only by
é féW'missing planes., ‘This configurqtion was taken és an approximation
for sméll voids.

9

The method of calculation has already been published, The numerical

. work was carried out on a CDC 6600 computers Interaction energies were

Obtained by summation over 4000 atoms (i.e., up to the 1lth nearest
neighbor) or over 500 atoms (i.e., up to the 6th nearest neighbors).

The distortions 8,, 8., &, are defined on Fig. 6 and represent the

l} 2’ 3

displacement in percent of the interatomic spacing of the bulk of the

lattice.
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C. Results

The following results were obtained in the first case; i.e., half

infinite crystal bounded by a (111) planes

Table T
' largk lattice  Small* lattice
(4000 atoms) (500 atoms)
&y 3.671% '  3.667%
0.726%  0.709%
3 0.169% . 0.147%
8), 0. 050% 0. 147%

The calculations made with a "small lattice" are not significantly
different from thése obtained with many more atoms. A "small lattice™
rwas therefore used for the second problem in order to simplify the pro- .
gramming work and shorten the machine time.

| For the'cége of two half infinite crystals separated by n missing

planes (Fig. 7) the following lattice distortion values were found:

Table II

Number of missing planes

Distortion 1 2 3
8, f © 10.1% ' L, 4 34 6%
&, 10.08% 1.41% - 0.78%

5. 8.22% 0.78% : 0.16%

\H
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The meaning of these results can be summarized in the following
conclugions:
l. The strain fields present around voids drop very sharply with - "

the distance, and the displacements are much less than those encountered

v 3 | '
around dislocations. This is verified qualitatively on the pictures of

voids presented in fhis paper. The intensity distribution perpendicularly

i

to the (111) surfaces varies very rapidly and the image width of the strain
field does not exceed 0.0k to Q.OS.ég (where gg is the extinetion distance
corresponding to the operatihg beam 5), Images of dislocations commonly
exceed 0.2 gg.

2, Due to the dlrection and sharpness of the strain field, this
additional contrast effect on volds can only be dbserﬁed in single crysfals
oriented along directions such as (110) or (111) which give maximum con~
trast with (111) beams operating sincg B! = 5%-(573) is largest in this
case.

3« Two half infinite crystals separated by one missing plane is a
limiting case which is an‘approximation of the two dimensional loop; The
dis%ortions do‘not decrease rapidly and more terms would be needed in order
to obtain a correct pictures We can see however thaf é complete "collapse”
, F 2 ; Bi

i
tends to be filled completely.

takes place since & - 1 which indicates that the initial gap
M; For the case where two planes are missing, we see that the -

strain field on each sidé of the voids are expected to be of the same order

of magnitude as the void itself; thus the image of a 10 A void may extend

o]
over 30 A. With three planes missing the same holds true and tends to
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. : : o . ‘
indicate that images of voids smaller than 4O A may exaggerate the size

of the voids. Such small voids, although visible in properly oriented

crystals under appropriate diffraction conditions may be invisiblé under
other circumstances. | |

.5. The results obtained for;threé'missing planes do not differ
appreciably from thése obfained for a,single half infinite Crystal.
Therefore, the assumption used in the first part of the calcuiations'was
Justified: one facet of the octahedron can be considered as.a‘section
of a half iﬁfinite crysﬁal since its afoms do not "feel" the presence

of other atoms located on other facets. This aSsumption is valid for

-atoms which are distant from hinges and corners of the octahedron by more

than a few atomic rowsq'
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APPENDIX IT -~ FIGURE CAPTIONS

Large void in (110) oriented foil and (111) beam operating.

a-Void in (110) oriented foil (= 200 A)

b-Photometric curve along the projection of the (111) direction
of the operating beam.

Void with (111) truncation.

Large void with (100) truncation.

Variatious contrast effects on same void

Description of distortion parameters &'s.

Two half infinite crystals separated by n missing planes.
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Fig. TIA-2D
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Fig. ATI-3
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Fig. AII-5 a-b
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Fig. IIA-6
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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 1in 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

f B. 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.

gl

Q’





