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DEFECTS FORMED FROM EXCESS VACANCIES IN ALUMINUM
*¥e *
G. Das and J. Washburn

Inorgenic Materials Research Divieion,Lawrence Radiation Laboratory
and Department of Mineral Technology, College of Engineering
University of California, Berkeley, California

Introduction

Vacancy defects in metals become visible by:electron microscopy only
after they contain more than lO2 to 103vindividual vacancies. In quenched
and aged aluminum three different defects have been observed. The original
experiments of Hirsch eﬁ al. (1958) showed predominantly g <.10> disloca-
+tion loops. Recently qpenching experimentsAsuggest that elther % <10> |
~perfect loops or % <111> stacking fault loops can be méde to predominaté;
For example, increasing the purity of the aluminum has ﬁeen found tosin-
crease the ratiq of stacking fault to perfectllobps (Cotterill and Seéall,
1963). In'zone refined material alﬁost exclusively stacking fault loops
.were reported. ‘
However, extreme purity does not appear to be necessary to obtain i
faulted loops. Quenching éxperiments in this laboratory on ordinary high
purity (99.999) aluminum have frequently resulted in specimens containing
very nearly 100% faulted loops (Strudel et al;, 1963). Experiments on Al
containing 3.5% magnesium show that even in an ailoy it is possible to
obtain faulted loops (Westmacott et al.). The third kind of defect that
has been reported 18 an octahedral void‘boun&ea by {111} surfaces. Xiritani

(196k4) observed this defect in zone refined aluminum for a wide variety

" of quenching and eging conditions.
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Further Investigation of.the exact conditions under which each of
these large'defects is formed 1s of ihterést because regults mey be useful
to supplement other ;nformation about the early stages of clustering where
the defects are too small for direct observation. Defects containing less
~ than 102 individual vacancies can only be studied by electrical resistivity
(Federighi, 1959), x-ray small angle séattering (Chik et al., 1962) and
mechanical property measurements (Galligan and Washburn, 1963). Applica-
tion of all of these techniques combined with electron microscopy observa-
vtion of the final result of the coarsening process will probably have to be
vapplied to the same-specimens before all sﬁages'of vacancy precipitation
are understood. |
The observed growth oflail three types of defect in aluminum to &
size large enough for electron microscope observation shows that transi-
tions from one type to aﬁqther are assogiated with high enough activation
energles to make transition improbable. Saada has considered these trangi=-
‘tions in detail (Seada, 1963). In aluminum the defect having the lowest
enérgy for the range of sizes observable by transmission electron micro=-
scopy is the perfect g <10> looﬁ. However, large étacking fault loops
do not transform to perféct loops even at 175°C. The type of defect that
is eventually seen is apparently determined at an early stage when only s
few vacancies aré involved. The choice between the three defects could
depend on factors such as (1) maximum vacancy supersaturation that is
achieved, (ii) maximum céncentration of divacancies or trivacancies that
are produced during the qpench,'(iii)'rétio of vacancy concentration‘to
impurity atom concentration and (1v) 1nternalzstresses.

The purpose of the present experiments was to investigate the effect

of factors other than purity on tﬁe kind of defects that are formed in
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quenched 99.999 aluminum. In particularvan ettempt was made to separate
the effect of quenching stress and quenching rate on the kind of large de-

fects that are eventually formed.
' Experimental' B

One of the difficulties with qpenching experiments is the virtual
impossibility of controlling independently all of the variables that are
expected to affect the results. Some of these are: (1) temperature from
which the specimen 1s quenched, (2) dislocation densityvprior to qnenching,
(3) concentrations of various impurities in the ‘specimen, (4) shspe of the

cooling curve and subsequent thermal history and (5) motion' and multiplica=

“ tion of dislocations during qpenching. For example, changing (1) mizht be

expected to change (4) and (5) and perhaps even (2) and (3). In the experi-
ments reported here we have tried to keep (1), (2) and (3) constant changing
the quenching conditions s0 as to vary only the rate of cooling snd the
smount of dislocation motion.during cooling. Even for these two variables
alone it 1s difficult to vary one without possibly changing the other.

Specimens of two different orientations were used: (i)‘rolled recrystallized

bpolycrystalline sheet which always gave {100) parallel to the surface and

(11) single crystal sheete grown from the melt:with [ll2}vparallel to &he_
surface. | |

In order to obtain large defects that would be easily recognizable as
stacking fault loops or perfect loops or voids a'relatively low quenching
temperature (540°C) was used for all experiments, A range of cooling rates
was achleved by quenching specimens of dimension 2.5x2.5x0.0125 cm from this
temperature in three waysi (1) water, (11) o11, (iii) liquid nitrogen.

After quenching all specimens were aged at 40°C. To vary the amount of
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strips along one side oﬁly, to produce a tpick lafer of aluminum oxide‘
Water quenching of this type of speéimen caused bending to take place
Auring cooling. In a second series, specimens of different thickness

were water quenched. Changing the thickness of the specimen was expected
to cause changes both in cooling rate and dislocation motion. The thinnesf
specimens used'were;.OOQS em in thickness and the thickest were .Oh cm.
Because the electron microscope specimen wés always taken from the center
of ﬁhe qnenched specimen, cooling rate should decrease with increasing
tﬁickness. Deformation during the quenching might be expected to be great
for some areas of the thinnest specimens because it was difficult to avold
bending during entrance into the water bath. Dislocation motion should be
uniformly greatest fof the thick specimens because of the temperatu:e

differential between center and surface . during the quench,

A}

Results and Discussion

Supstructures produced by the three différent cooling rates are
shown as Figs. la, b, 2, 3, ana ba, b. For water and oil quenches stack-
ing fault loops predominated; for the slowest cooling rate only octahedral
volds were'observed. FPigure 3 shows & number of these voids aﬂ'A. Their
slze was much greater than any of those reported by Kiritani. Their .
“octahedral shape is clearly established'by the fringes of equal‘thickness
" that can be seeﬂ at high magnification. Fig. la, and.b shows‘the largest
void found for 200 and 240 diffraction conditions. The diagonal of this
octahedral void was approximately 2800% in lengtﬁ. Those in Fig 3 appear
%o be considerably smaller. In th;svsamé specimen many dislocation seg-
ments with both énds emerging at the same surface were observéd (See Fig.g).
These could have resulted from an average loop size that was greater than

‘thebtransparency thickness of the foil. Therefore it 15 not certain that

\'/
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no loops were nuclested. From the results of the two faster quenching
-rates it can be seen that decreasing the cooling raﬁe decreases the number
of loops and increases thelr average size; Average defect size, and maxi-
mum number of defects within the field of view at a magnification of 8000X
- (approximately 6x10-7cm2) are summarized in Table I.

For all three coo;ing rates the total concentration of excess vacancies
that were accounted for by the observed defects were of the same order of
magnitude as the expected equilibrium concentration of vacancles at ShO‘C.'
. Therefore even‘for thé slowest cooling rate there was no evidence that a
large fraction of the vacancles were being lost at other sinks. However,
particularly in the case of voids the sizes and densitles were only very
rough estimates. For the oil quenched specimen the loops tended to be
grouped into colonies. The numbers reported refer to the centers of the -
colonies, |

The results differ from those reported by Kiritani (1964) in that in
theée experiments cool;ng rate was found .to have a marked effect on defect
size‘and density whereas he found almost no effect...This fufther emphasizes
" the difficulty of separating the effects of different vﬁriables. For ex--
smple, whether or not quénching rate effects density and size of defects
might be determined:by impurity concentrations. Our'résults egree with
-those of Kiritani in that the formation of voids was favored by slow
quenching rate. One specimen quenched from a higher temperature (658°C)I
into liquid nitrogen was found to contain both a high density of loops
. and very small defects that could only be ébserved in the thinnest_rgﬁions
of the foll. These small defects were tentativély identffied as voids.

See Fig. 5a, b, |

v

Figufes 6a, b shows the effect of deliberately causing motion of dig-

locations during quenching., It should be compared with Fig. 1b which

!

" e -
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represents an identical history except for. no 1ntentipnal'plastic bending
during cooling. Motion of dislocationszdﬁring the quench or the presence
of residual stresses durihg egling apparently lesd to the formation of a
much greater fraction of perfect % <110> 1odps.

A combination of the effects due to cooling rate and quenching de=-
formation are shown by the series of specimens having different thickness
at the time of quenching. Figs 7, 1lb, and 8 had identica} treatment ex-
cept that the thicknesses at the time of gquenching were‘25, ;25, and 400y
respectiﬁely. Average loop size increased with increasing. quenching thicke-

ness and loop density decreased. Also the greatest fraction of perfect

.
2
many perfect loops often were also reglons of high dislocation density.

<11C> loops occurred for the thlckest specimens. Reglons that contained

éee Flg. 9. Irregular loops vhere two or more had grown toggther and
"helical dislocations were also observed. The results for very thin speci-.
mens were variable. Some areas contained exclusively stacking fault loops
whereas in others there were many perfect loops usually assogiated with dis=-
locaﬁiqns. There were no significant differences between specimens of
(100} and {112) orientation. Average looﬁ size and loop density for
specimens of different quenching thickness are summarized in‘Table IX. The
changes due to increasing the specimen thickness correéponded to those
expeéted from & decresse in quenching raﬁe and an inéreaée in the amo;ntiv
of quenching deformation,

An important conclusion to be draﬁn from these experiments is that
vhat may appear to be quite minor variations in qﬁenChing procedure such
as changing by a fa¢tor of only k4 the thiékness'of the specimen that is

quenched can result in marked changes in the final loop substructure.

Yy/



‘of the foil on 1ts glide cylinder. Fig. 2a, b shows, at 'A' the formation

_be dlstinguished .from those that have grown significantly after becoming
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It is of interest to speculate as to why deformation during quenching
increases the.fraction of loops that are berfect. - Passage of a moving dis=-
location near s stacking fault loop or contsact interactioh between the two
always results in coﬁversion to a perfect loop if it is above critical size
(Strudel and Washburn, 1964). This mechanism can produce some perfect loops.
Hapdling of the specimen while thinning of mounting in thé microscope cer=
tainly moves dislocations. If in the specimens that have signifiéant |
qﬁenching deformation thé dislocation density is higher ti¥dn relatively
ﬁore perfect loops will be created in this way in theéé specimens. Also,
great care must be takeﬁ 10 observe foils»wiﬁh low beam current. An ex=
ample of the kind of changes that can teke place evennin the miérOscope is.
given by Fig. 10. Stackiné fault loops have become perfect loops at A, B,
and C; at D a perfect 1ooplhas rotated by slip on its glide cylinder; A£
E two loops have combined to form one of irregular shapes . at F a stacking

fault loop has been converted to perfect and disappeared by'slippinp_out

of concentric loops by the gliding together of two perfect loops having
overlapping glide cylinders; both originated from stacking fault loops in ‘
vhich the fault was destroyed by stress alded nucleation}of a Shockley

t
Partial. Loops that are converted to % <11 after'growth has stopped can ;

perfect. The former still retain the hexagonal shape characteristic of
stacking fault loops whereas the latter tend to assume rhombus shapé. An

% <111> loop tends to grow in hexagonal shape probabiy because 1t 1s most

- difficult to form new jogs along segments that 1ie'parallel to the close

' packed <110>‘difections. The same reasoning leads to the expectation of

four straight sidés for an % <110> loop.' It';s probably most difficult to-
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form neﬁ Jogs duriog growth on segments thar iie in oneﬁof the two (111)
planes that contain the Burgers vector. Therefore, these loops tend to as-
sume rhombus shape. (Thomas and Weshburn, 1963), (Eikum.and Thomas 1963).
Perfect loops of both types can be seen in Fig. 8,

‘ The fact that most % <1iO> loops havevwell developed rhombgs shape
shows that they have been perfect during growth. It is not possible-gor
tell whetﬁer they were nucleated as perfect loops or were converted from
stacking fault loops soon after the later‘reached oriticalvsize (~508 dia=
meter, Saade, 1963). However the habit planes for rhombus loops were al-
ways between (100} and (110), (Das and Washburn, 1964). This suggests that
the former may not have originally been stacking fault loops.- Very thin
specimens gave evideoce for nucleation of loops by moving dislocations.

Fig. Ta, P shows numerous examples of small loops arrenged along a lin?

and also a number of elongated perfect loops. Almoving dislocation cani
leave behind'numerous vacancy clusters or small‘prismatic loops all ‘having
the same Burgers. vector as the moving dislocation by a mechanism suggested
by Washburn, (1963) The elongated loops in Fig, 7 axe probably examples..
Small prismatic loops left by mo&ing dislocations could aot as vacano&

sinks eventually growing into rhombus shepe. If a sufficient number of these
sinks are,formed then the{probability of nucleating g <111> loops would be
reduced. Further support for this explanation'coies from the fact that
often all the rhombus loops in a éiyen aree had the seme Burgers vector as
in Tig. 8. |

Loops arranged in a line were not always perfect Fig. 6b. Individual

vacancies or slightLy larger aggregates as well as larger vacancy loops .

can be 1eft behind by the same mechanism. In this way the local vacancy

concentration can be increased along a line. Therefore, the probability -

P
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for % <111> loop nucleation could also bg enhanced along'a line.,
We believe that the ¥esults are consistent yith the assumption that
in regions of otherwise perfect crystal vacancy clustering in the material
used for these éxperiments always produées stacking fault loops or octa=
hédral volds when a specimen is quenched from’ShO‘C. The perfect loops
that are observed éome from growth of small prismatic loops left by dis-
locations that move during the quench or frbﬁ- stacking fault loops that

are converted after reaching critical slze by the stress field of a nearby

dislocation line.
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Table I

»

s
Quenching ~ Average Dismeter Maximum Number in
, Med ium of Defect Fleld of View at
v v 8000 X
Water Loops 1400 R 200
-]
01l Loops 3000 A° 80
‘ (-]
Liquid N2 Voids ~ 500 A ~ 10
Table II
Quenching - Average Loop Maximum Number Type of
Thickness Diameter in Field of Defect
View at 8000 X
25 1 500 A 300 + - Perfect and
imperfect
loops
125 1400 A . 200 mostly ime
perfect
. (stacking
fault loops)
400 2500 A 50 ‘mostly perfect

- st B
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. S

Fig. 6‘
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FIGURE CAPTIONS

Typicel loép substructure produced by quenching a 125y
thick foil into 40°C water (a) {112} orientation. Note
sharp fringes in loops that are near foll surfaces. All
four sets of % (111) loops are easily distinguishable.
(b)v(lOO} foil orientation.'

Two successive photographs of the same colony of large
stacking fault loops produced by oil guenching from 540°C.
At A - g stresé aided nucleation of Shdckley partials

and prismatic glide has converfed two imperfect loops Into
two concentric perfect loops.

Voids 'A' and dislocation segments 'C' in foil quenched from
540°C into liquid nitrogen then aged at 40°C. Dislocation
segments may be remnants of very large loops. B
The largest octahedral void found in the same specimen as
that of I"ig. 3 shown at hiéﬁ magnification for two different
diffraction conditions. (a) 2ko single diffraction

condition. (b) 200 single diffraction condition.

| Thick and thin areas of the same folil after Quenching into

1iquid nitrogen from 658°C. (é) .émall defects visible only
in very thin parts of the foil. (b) stacking fault loops
visible in thicker areas. - | |

Effect of deformation during quencﬁing.l (a) perfect loops

predominate in areas near dislocations. (b) stacking fault

loops were found mostly in areas ha?ing few dislocations.
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Fig. T

Fig. 8

Fig. 9

Fig. 10

] UCRL-11574

Loop subétructure in a specimen that‘was only 25 u thilek
when quenched into water at %O“C from'5h0°C§v Note strings
of loops as in déforméd specimen (Fig. 8).

Loop substructure in a specimen that was very ﬁhick (400 u)
when quenched into water at 40°C from 540°C. Note hexagonal
perfect loops 'Af andvrhombohedral perfect loops 'B'.

Region of high dislocation density in thick specimen of

Fig. 8. Note helical dislocation st 'A' and string of loops

that have grown tbgether to form large elongated loop at 'B'?
Changes in loop substructure that take place during obser-'
vatibn.if beam current is not kept low enough. (a) First
picture (b) Second picture of same érea. At A, B, C stacking
fault ioops ha&e become perfect loops. At D‘a perfect loop
has fotated on 1ts glide cylindgr. Aﬁ E two pgrfect loops

combined to form one of irregular shape. At Fa stacking

- fault loop has disappeared by first loéing its fault then

gliding to one of the foil surfaces.
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Fig, 4

(a)
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Fig. 5
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Fig. 8
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Fig. 10
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