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LFFECT (B VACANCY CLUSTERS ON YIEIDING
AL STRAIN MAROEWING OF COPTER

J. Galligan end J. Waghburm

égptract

Clustering of excrss vecanciles in copper single crysfal specimens
was followed by resistivity, x-ray small angle scattering, and stress-
strain curve observetions,

Wo chanpe in yileld stress or straih ha.rclening rate was essoclated
with excess vacancies when they existed primnrily as single vocanciles,
divacancies or perhaps slightky larper agerogates. An increase in the
oeritical resolved shecar stress at the yileld that was independent of the
orientation of the tensile axis eccomrenied the growth of vacancy clus-
ﬁers in the size range 10 K to 30 R. Larger clusters elso were assoclated

with orientation dependent changes in the strain hardening characteristics.
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EFFRCT OF VACANCY CIUSTERS ON YIRIDIHG
AND STRLIN LARDEETNG OF COPPER
by
* W
Je Callipcan wnd J. Washburn

IIPIROGUCITON

Quenching of copper cryptals from near the melting temperature can
result in retention of a vaconcy concentrotion of 107° to 10“. on é.ging
et a temperature hiph enough for vacancy migra.tion, these excess vact;.ncie‘s
tend to cluster. The defects Tinally formed involve very large nunbers of
vacencies (of the order of 10%) in the form of prismatic dislocation loops
or stacking fault tetrahedra. (Smallmen et al. 1959, Cotterill 1962) These
have a.iao been studied in detall for several other FCC metals by traunsmission
electron microscopy. (Hirsch et al, 1953, Silcox and Hirsch 1959, Mader
et al. 1961, Cotterill 1951, Cotterill et el. 1062) large prismatic loops
or tetrahedra result in e moderate hardening of the crystal. (Maddin and
Cottrell 1955, Tanner end Maddin 1959, Kimura et al. 1959, Meshii and
Kauffman 1959) |

Irrediation experiments show that hardening can also be produced by
much smaller clusters that connot be clearly identified by transmission
electron microscopy ag loops or tetrahedra. (Blewitt et al. 1957, Makin 1957,
end Makin end Blewltt 1962) These have been called "black spot" defects.
They may be stacking i’ault tetrehedra or loops with dimensions less then 50 .7\.
It hos been sugyested by de Jong and Koehler (1962) that vacancy clusters |

a8 smll as six vacancies con collepse to form a stacking fault tetrahedron

*  Departnent of Metallurgy, Coluumbia University, New York City, New York.

¥ Department of Mineral Teclmolory, and Inorganic Materials Research Division,
%mrrence Rndiation Laboratory, University of California, Berkeley.
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and that these can grow hy absorbing iﬁdi#idu&l or divacancies at their
edgas. Becauée.emall clusters within the eiie'ran@e lb R to 50 R can be
fcmmed 1n very great d@nsity in a cryuhal by heavy particle irradiation, the
hardening that can be achievcdvcan b@-very'much greater than that posaible
by quenChihg and aginé. |

‘It also secns likely that small c¢lusters of vacancles and intcrotitials.
are formed by moving screw dislocations. 7These ngy'pléy a much more iupor-
tant role in ntrainvhardening thén is usuvally essumed. The flow sirecss
might not be dgpendent only on the diélocutiOn,subaﬁructures that are obaérved,
but also on the density of invisible clusters of point defects. (lashburn
1960) Therefore, further investigation of the effects of small vecancy
clusters on mechanical properties ehould‘be important not only to a better
understanding of quench hardening and radiation hardenihg but perhaps also
to the theory of strain hardening. ) |

l The diéappeaiance of single exceéo vecancies and divacancies éanlbe'
féllowed during aging of a quenched crystal by electrical resistivity mea-
surements. . I 1t 1s assumed that they disappear at clusters or voids, then
some information concerning the growth of clusters is obtained.

The growth of the clusters themselves in the size rance 10 R to 100 A
can be followed by eﬁall angie x-ray,acdttering, provided that doudble Bragg
scattering can be avolded. Xrray small angle scattering measurements on
quenched copper crystals aged at S0°C have revegled ﬁhe formation of clusters
having oblate spheroidnl shapes. {Chik et al.. 1902

In the present experiments the relstlon bctwnen hardening and: cluster:
size was studied by commaring small oncle x-ray scattering measurecnents with
stress-strain curves after different amounts of aglng et 20°C oquuenched
copper crystals. A series of test temperatures end two different initial

orientations of the aingle crystal specimens were cmployed.
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EXPERTMEITTAL, PROCEDURE

Pure (99,999%) copper obtaincd fram Aucrican Smelting and Refining
Campany was used for sll the ezperimcnﬁs. The copper cmployed fdr the resls-
tivity and mechanical measurements wes drawvn into wire .04 cm in diameter
by Sigmund Cohn Co., Mount Vernon, New York.

Foar small angle scattering meesurements single crystal sheets
lx1x .02 cm vere grown by recrystallization., After cold rolling & coppexr
bar to about 95% reduction in thickness, it was heated in an evacuated rul-
lite tube (pressure < 10 “mm Hg) for 30 minutes at 600°C followed‘by four
days at 1030°C. o

Wire crystals for mechanical testing and electrical resiativity
measurements having either a [111] axis or an axis neer [1é3] were grown
from the melt, ten at a time in a graphite mold. The wires were surrounded
by fine graphite powder that wns clamped between two grephite slabs, one of
vhich was grooved. The ends of the wires were clamped in contact with a

. Beed erystal having the desired orientation, Specimen diameter was .0l5 cm.

(a) Bmall Angle Scattering Measurements

After chemical polishing, crystals were selected that did not give
Bregg reflections when placed relative to the beam in the ssme orientation
10 be used for emall angle scattering measurements. These selected crystals
were heated by induction to 10T0°C in a helium atmosphere at a distance of
only one centimeter above a qnenchiné bath. They were quenched into an
aqueous soiution of calcium chloride at -20°C. The length of travel within
- the bath was made long so that liquid flow past the crystal helped to remové
gas bubbles, The cooling rate was in excess of 10%°C/sec. After quenching,

the specimens were immediately cooled to -196°C.
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The séattcred intensity in the»rango % to 3° {fran the prinary beom
wus mbusured with the geanctry shown in Fig. l._ During the ucoswrement
the specimen terperature wos wedncelned at ~196°C, A helimn path was
provided for the X-roy beom.resulting in measured intensities of 10%-107 cps.
‘Changes in scottering due to clustering were followed by allowing the
crystal to warm to room témyerature for chort intervals of time followed

- by recoolinyg to =19H°C for the next scottering meesurement.

(b) Flectrical Resistivity

g

For resictivity mecaswreoments, copper potential leeds 002 cm in
diameter were attached to the wire crystels by sintering in a vacuum at
900°C. |

&er-apecimens-were ﬁeated for quenching by passing e current through
the wire vhile it was-inclosed in on evacuated chamber. The walls of the
chamber were maintained at -196°C. Quenching wos acéomplished by cutting
off the heating current and simultancously introducing heliwn gas into the
chamber. Electrical contacts and mechanical support for the wire was pro-
vided by allowing its ends to pass through holes somewhat larger than the
diemeter of the wire. The space around the wire was tightly packed with
powdered graphite. This provided electrical contact end et the same time
alloﬁed lengthwlee expansion end contraction without development of high
enough stresses to ceause serious plastic deformation.

Resistivities wvere measured a£ -196°Clwhile the specimen was immersed
in a stirred liguid nitrogen bath. A current of 100 ma * 001 ma was passed
through the Bpec@men and the-ﬁotenti&l measvred using a Rubicon_thermofree.

potentianeter..
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Changes in resistivity doring asing vere followed by allowing the
specimen to warm to room tomperature {for an interval of thue Lefore re-

cooling to -194°C Ffor the next resistivity neasurduient,

(¢) Strese-Strain Cucrves

The same quenching procedure as that described for eleetrical resis-
tivity meesurements wus employed Tor all the mechanical tests., IFrior to
quenching, each crystel wus cut into two parts . One half was then tested
in the annealed condition drx& the other wos tested af'l;er the desired
Qquenching and aging treatment.

Thring the test the speeinen was surrounded by heliwn gus.e Its
temperature was determined by the t.em]‘x:rature of the grips and walls of a
surrounding chauber which 'wws lwmersed in liguid nitrozen or sone othex
low texrrperatux“e Bégtl'x.

Iﬁ wos not possible to measure mechanical properties in the as-quenched
condition becauwse several minutes ol room tenperature wexre requ_ired for
mounting of the spech@n in the grips, closing the chamber and cooling. to
the test temperatuxe.

| The strain rate used for all tests was 107*/sec, Some pl@y was pro=
vided at the lower prip to avoid prestraining the specimen during cooling

to the test temperature, 7The load extension curve was recorded on a speed-

omax recorder.



. b UCRI~10606 Rev,

RESULIS

Disappearance of the/exceaa resistivity introduced Ly qnenching,
growth of x-ray scattering centers, and inerease in yleld stress were almost
odmpleté within the first 100 minutes éf aging at room temperature, @s shown
in Fig. 3. ,

Values of'Ro plotted in Pig. 2 are the radius of gyration of the
scattering centers obtained»by meaﬁuring the slope'oq a plot of In I vB €%
-q Roa
g

where I 18 the schttared intensity at a small angle ¢ from the direction

In T = + const.

of the incident x-ray beam. These plots were straight lines which indicated
a aharp'diatribution_of nizéa for the scattering centers. (Guinter and

: Fournetn1955) It was coucludéd that double Dragg scattering did not con-
itribute Bignificantly to the results for the following reasons: 1.The scat-
tered intensity within the angular range meagured waé essentlally zero im-
mediate}y after quenching. M@chanigal damage tobthe crystal that might
increase the dislocation dehsity aﬁd therefore cause some Eragg reflectidns
to appear vould be expected to occur during quenchinge. 2.The scattered
intensity at a given‘yalue,of.e'fom a fully agéd specimen inéreaaed with
increasing tempereture of the specimen, whereas the intensity of dﬁublo
Bragzg scattering should dccieaae with increasing temperature. 3. The ex-
perimentaily observed intensities varied with € in almost exactly the woy
predicted theoretically for scattering from spherical centers. (Rayleigh
1919) b, Aging at roem temperaturé even for a period of two years did not’
produce prismatic dislocation loops large enough to be detected by trans-

mission electron microscopy.
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In Figure 2 the difference in yield gtress between the unquenched
and the quenched and aged part of cach cfystal it plotted as a function of.
eging time. Both single slip (open circles) ond multiple slip (dark circles)
orientations ore included., The yleld stress rises rapidly during the first
100 minutes of aging, then deccreases slowly far longer aging times. The
decrease in quench hardening for long aging times at 25°C was particularLy
noticeable for the multiple glide orientation,

Cuenching end aging not only increased the yleld stress, but also
affected the flow ctress even after large plastic strains. ihercas the
change in yield strescs for o gi&en aging time was similer for single slip
and multiple slip oricentations, the effect on strain hardening rate was not.
Changes in shape of the stress-strain curve due to quenching and aging are
1llustrated in Pigs. 3 and 4, Por the single slip orientation the initial
rate of hardening following the yield was alwnys higher for the quenched
eand eged part of the cryst@l. However, for the <1l1> orlentation the har-
dening rate was unchanged for eging time less than about 300 minutes, but
for longer times became lese for the quenched end aged part of the upeciﬁan
At plastic straing above sbout 10j) the quenched specimens shown in Pig. 4
deformed et lower stresses than the originally annealed part of the some
crystal.

The temperature dependence of the yleld stress was measured down to
h,2°K for‘two aging times-«10 minuﬁeé and 600 minutes. Figuré 5 showsn that
the hardening wos relatively insensitive to temperature of testing even for

the shortest oging time.



P UCRL~10606 Rev.

* DISCUSSION

Uniformly distributed excess vacancies, divacancies, and perhaps
llightlyviarger clusters that exist immediately after quenching cause no
hardening in FCC'meéalsa Thin has been shown by these experiments and by
.previous'inVGatigdtions for copper (Kimira et al. 1959) and gold. (Meshii
and Knufrman 1959) When apeciman dimensionn are small encugh to make
Aqnenching strain negligible, then the yield stress of annealed end ag-
qnenched cryutals 1s the sams excépt perhaps very close to 0°K., This regult
18 not unexpectéd.because'dséapé’of dislocations from dqfeéts having atomic
dimnnaiOnpzin‘gaaociated_with a emgll activation energy.

M§rh qupriqing is the.obéervation that the entire stress-strain curve
hpﬁéarﬁ to.be'unﬁffectéd by tﬁe ﬁresenCG initielly of & high supersaturation
. of vacénciea; For both multiple glide end single alip orientations of ein-

" gle cryatal vires thare was. no chnnge in the rata of atrain hardening due
to the preaence ofﬂvacgncieag Thia vasvt:ue in epita of the fact that the
_supersaturation was proﬁgﬁly réﬂﬁced'during deformation by the absofﬁtion
of vacanéiea'at mbving-diéidcapién:liﬁes. (Wintenberger 1960, and‘Strudél
et al, unpublinhed)

lack of any change in the yield stress suggests that the dislocation
miltiplication process that begins to operate at the yleld was unaffected
by the climd of moving'digiocat;ons accompapying'abaorption of individual
vaéancies} The faot.ﬁhat.thé'hardening fatebwus also unchangéd implies that
this c1imb of the moving dislocations also did not affect the amount of
d;mgge léft behind in the slip plan; vhen a dislocation moved auross it. |

When qnenched crystéls vere aged so a8 to allow some growth of larger
vacancyvcluateré, both an increase in the yleld stress and changes in the
hardening rate were observed. However, a quantitative theory of the changes

18 made difficult by the complexity of the substructures that develop.
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Neor other ocinks such as cxternal eirfaccs, diclocations, end sub-
erein boundories, a2ll of vhich ore preceant during quenching, there are
voluues of crystol thut do not contaln vacchey clusters. The excess vecan-
cles that were present wit%hin a criticnl) distence from dislocetion lines ar
interfaces can reach 'th@f;@ sinks duriug eglnge. The percentage of the total
volune occupled by loop~-free or clurber~free regions can be preatly in-
cressed 1f multiplicetion of dislocetions 1s caused by guenching stre_.sseao
This percentage 15 also increased Ly an increase in the aging temperature,
Swrouwding defect-free volumes therc avre rceglons within which the criticel
supersaturation for nucleatiom of clusters has just been excecded. The
largest vecancy clunters or dislocation loops are farmed here. At still
g;reutexf distances from sinks the density of clusters recaches 1its moxlimum
and cluster gize 1ts ninimum. Typical colonies of loopé in & quenched and
aged alundinum erystal are shown in Fig. 6. (Ving:o;;te 1962)

Another mojor difficulty in the way of a quantitative deseription of
the effects of clustered vacancies on the stress-strain curve ie a lack of
. a complete theory of ylelding and strain hordening even for g crystel that
is initially in the amnealed state. It 1s not yet possible to predict for
any glven defect substructure how the number of moving dislocations end
their average velocity should change wlth incressing stress and strain.

Theories of quench hardening and irrsdiation hardening have I_x-:en
applied only to the yield. The flow strees at the smallest easily mecsured
Plestic strain is usually the stress nccessery to form the first slip bands.
Dislocations must move over long enough distances yYor multiplication pro-

cessos to become operative. At irst, the regions where plastic strain is

~
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\taking pléc@:ura relat1ley_1molata&. Therefore, the flow stress can bLe -
rclated rathey direectly to the stress nec&msary to move & dislocntion over
loxi{g distances through the initial sutstructure., Iy assuming that dislo-
cationé'must cut through e vniformly distributed field of vacanéy clusters
or prismnatic¢ loops, Seerer (1952) and Friedel (1963) have developed thaories
_' that are _coné 1atent with the observed mapnitude of the hardening.

| Friedel's theary for unifdrmly aistributed small dislocation loopse

gives the bhardening agt %

.
T

1
S—

od
Ar_z ““g-

where ¢ 18 the elastic shear modulus, b is the Burgefa vector, 4 18 the
diameter of thé léopa ahd His thn nﬁﬁbar of‘loops per ﬁnit{volunmo hen
d i3 larger thmn a few interatcmic‘distanceﬂ, the energy necensaxy to ppll
the diélgcation avey frpm a loop is large. Therefore, £he hardening should
be 1hsénsitiva to testing temperature, as wos observed (Pigs 5).

LI N is‘aasumed to be cnstant as the clusters groQ in size, then the

hardening inereases directly with d; -The small angle scattering and yield

strangth changes during the first hour of room temperature oging were within

the experimental uncexrtainty, consistent with this prediction (Fig. 2).

‘Changas-in hardening rate following tha‘yield carinot be related so
directly to a simple model; vAs gshown by thegse experiments, the initial
‘hardening rate can ba either greater, unchanged or less when compared to.
a cryspal»that QOes/nét contain.vacgncy clﬁsﬁers. Many other factors in
addition fo.initinluorientation of the tensile axis are probably also 1m~
portant (for example, the cross gection of the tenﬂila specimpq).

e would like to éu;;g;eét that destruction of the clusters or loops
by moving disiocatiOna (thdcrvoort ond Washburn 1950, Greenpfield and

Wisdorf 1961, Greenfield 1962, and Sasdn aud Washburn 19G2) is the basie
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cause for changes in hardenlng rate. A"L'l'x:ls Instability of the initiel sub-
structure leads to continued growth of the first few slip bands thﬁ‘t. form,
rather than continuocus nucleation of new bands during increasing strain,

Jess uniform distrilbution of shear strain is generally observed in both
irradiated and quenched materials. (Heeper 1958, Cottrell 1958, Taxmer aud
Maddin 1959, Creenfield and Wilsdor{ 1901, and Eyre 1902) In thin wire
single cry'stals,- such a8 those used in these eﬁ:’pcriments , the growth of fever
8lip bands might e expected to decrease the initial hardening ra.ie for the
mltiple glide orientation because there would be fewer ihtcrsec‘t.ions betx:'een
slip tanda on the three active sllp placea. Far the easy glide orientation,
however, growth of & few isolated slip bands might be assoclated with a
greater hardening rate becéuse of the locnl 'iu'b'tice rotation and asosoclated
bending moments that are produced., Sccondary slip eysténm may operate
locally during the growth of these wide bands a.’bn::s'b from the start of plas- -
tic extension. 7This explonation, althouch obviously toé simple, is consis-
tent with the observation that the difference between the i‘n\itial hardening |
rates for multiple slip and single ollp orientations was much less for
_quenched end aged specimens than 1t wvas for annealed séc'tione of the same

exrystals,

CONCLUS TOUG
1. Zxcess vacancies in the form of single vacancies, divacancies and,
perhaps, slishtly larger clusters cause no increase in yield stress

over that of an annealed copper crystal,

2, Unclustercd excess vacancies cause no change in the shape of the stress-
strain curve for elther single slip or multiple slip orientations of

the tensile ‘o.xis .
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‘The critical resolved shear stress for ylelding increases rapidly

during the first 100 minutes of aging at 25°C. This increese in yleld

is independent of the orlentation of tensile axis.

To & first approximation the increase in yleld stress is directly

proportional to the size of the clusters as meaaured by X-ray small

- angle acattering during the first 100 minutes of aging.

The first effect of aglng 18 to raise the stress level of the entire
stress~strain curve without changing ite chape. Longer aging tines
produce both & change in yleld atress end e change in strain hardening
rate following the yield.

Long aging times ceuse an incerease in initial hardening rate for easy
glide oriented specimens. Often the easy glide staga is completely absen
absent, The same treatment results in a deqrease in hardening rate for

the <111> multiple slip orientation.

No clusters large cnough to be resolved as dislocation loops or tetra;
hedra are formed in copper during aging at 25°C even for an aging time

of 10% minutes.
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Figure Captions

Geometry used for suall ongle scattering neasurements.

Changes 1n yleld stress, excess resistivity, end radlvs of x-ray
secattering centers in copper during aging at 25°C after a rapld
quench from L0T0°C.

Stress-sgtrain curves showing effect of vacimcy clusters for a
gingle sldp oricentation of the tensile axle. Dached curves are
for o length of the same single crystol tested withoub quenching.

Test temperature T8°K except as indicated.

Stress-ctraln curves showing effect of voaconcy clusters for a
mltiple slip orientation (tensile axis [11]). Deshed curves ere
for & lensth of the same single crystal teoted without the quenching
and oging treatment. All tests at T3°K, '

Temperature dependence of the yleld astress for different eaging
tines. Velues of shear modulus, G, taken fram (Kster 19i8).

- Typical distribution of vacancy locops in quenched and oged aluminum
(Vincotte 1962), '
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/ a - Target of fine focus x-ray tube
b-Source slit
c-Limiting slit
d-Bent quartz monochromater
e - Sample position
f - Counter slit .002cm

MU-30153

Fig. 1
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Increase in yield stress (single slip)
Increase in yield stress (multiple slip)
Resistivity
Radius of x-ray scattering centers
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

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

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.
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