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CLUSTERING OF VACANCIES AND HARDYNING

* *
G. Thoman wsnd J. Washburn

1., Introduction

With the c¢lectron microscope one cbazerves the structural changes
resulting from an excess of point defects only after they have clustered,
or collapsed into some kind of dislocation defect, e.g., loops, tetrghedra
and helices. Single vacancies have been detected by field ion microscopy

(e.g., see Muller(l) and Brandon et al.(g)) but it seems improbabie that
single vacancies or Very small groups can be resolved by elgctron micros-
copys. The smallegt resolvable loop is of the order of 50 R diameter}
smaller loops may appear as black dots or may even be invisible altogether
since the strailn filelds on opposite sides of the loops tend to cancel each
other. It 1is the presence of puch strain fields that render defects visible
in the electron microscope, provided certain geometrical conditions are
satisfied. In terms of the diffraction éontraet theory,(3’ h) invisibility
occurs when g.R 18 zero (g is the reciprocal lattice vector corresponding
to the reflecting plane producing contrast, snd R is the strain vector),
L.e., when R 1ies in the reflecting plane (see Appendix B).

Whelan(S) has reviewed electron mlcroscopy observations of clustered
point defects up to 1961. Here we shall 1limit ourselves to clustered

vacancies, consldering the verious factors involved in thelr precipitation,

*
Department of Mincral Technology and Inorganic Materials Rescarch Division,
Lawrence Radiation Laboratory, University of California, Berkeley.

* Review paper presented at the AIME Symposium on Point Defects, Dallas,
Texas, February 1963.
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annihilstion and the manner in which vacancies induce hﬁrdening. An appendix
is glso included as a practical gulde townrds analyzing dislocétion loops
formed frcﬁ coilapsed clustered point defects.

Aﬁ éxcess of vacancles in.a crystal may be produced as a feaulﬁ 6f
qﬁeﬂching, irradiation or plastie deformation.l Quenching produces only
vaéancies, but the latter produce both vacencies and interstitials.

Since the concentration; ¢, of vacant atom sites in a crystal 1ncréases
with.increasing temperature by the relationship ¢ = A exp (QEf/kT) whe?e
A 18 an entropy facﬁor (~ 1), E, the formation energy of e vacancy (~ 1 eV),
'and k 18 Boiﬁzmann's constant, very large vacancy concentrations may be
producéd by quencﬁing matérials rapldly (>10* deg. éec;l) from near the
meltiﬁg point. For Al with Ef = 0.76 eV,(6) the supersaturation is ~ 10°
with ¢ ~ 10™% just below the melting point. The supersaturation mayvbe
eliminated by diffusion of the vacancies to sinks (surfaces, dislocations)
(7-10)

or by:cluaterihg and collapse . into loops or other defects. The energy

of motion of the vacancy'Em‘is the energy barrier for an atam to Jump into
' ' ‘ 0.5 (T4, 75 .
an adjacent vacant site. For exasmple, taking Em for Al = 0.54 eV, :
vacﬁnciea will move at an appreciable rate at room temperature. In BCC
metals, owing to the large values of Ep and small values of'Em, it has not
been possible so far to quench BCC metals fast enough to observe defects.

A sumary of the kinds of defects that have been observed by electron

microscopy in Quenched and. aged_metals is'given in Table I.
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Swwenxy of Obscrvationg of
Cuenching Detocts in Metals and Alloys

¥
Motal s Dofeet ' Refcrences
AL P, F ' 11-13
Al-o)loys P, F, 4, R 1423
Ag B, Fy T 17, 18
Au B, T , 13, 24, 25
M B, P (?) 26 |
Ni-Co "~ trunsition to tetrnhedra 26
P €0% Co
c‘l' .B, P’ F’ R' T lT’ 18, 29’ 30
Cu~nlloys B R, P, F, (T?) 30, 31
*
F = Frenk loop I = helices
P = perfect loop R = rows ol loops
T = tetrahcdra Babhwksmms(wmmmycbmuma?)

2. TFormation of Clusters

The growth of clusters during thé early steges hos been studied in
copper, by Xersy smoll angle scattering (SAS), electricsl resistivity (ER),
and electron microscopy (HM).(32’33) Chik et al.(32) suggest that diﬁucahcy
mipgrotion is roecponsible for this clustering with a migration encrgy of
s 0.58 eV (Seide et al.(3a)). Anolyscs of SAS messurements mede in quenched

Cu aged ot or slipglitly above room tampercoture supgest that the clusters have

soherical uhﬁpcﬁ(jj)‘or poyhons oxe oblate elipsoids.(Se)
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Clusters ore firot detected by SAS after about 30 minutes ugin@ at 2500 and

. 8. . - .
reach o moximm size of ~ 30 A (Fig. QS)A@fter 2 hours. Ve have not resolved

ne . .
this stage of the clustering hy M. Cotterill(“)) has suggested that the ini-
tiad clustgrsbin Au nfe"also pphcriqal, contoining up to ﬁOO vacancles,

~ The [irst obscrvable defect in Cu efter quench-aging 1s the so-called

* « : o
" "plock dot" effect of 50 A diameter end larger (Fig. 1). Seg@r(3‘) has

sucrested that the,mmmllesﬁ of these defecto corresponds to the ellipsold
detected by SAS.. Aging‘ax 100°¢C produces ciustere large enough to be resolved
as dlolocation loops. For the emallest loops that can be resolvéd it wvoo

not possible to decide whether they were of the Frank or the prismatic kind.

This problem has bLecn ctudied in aluminum by quenching single crystals of

(111) orientation.(35) Fipurc 2 shows an exorple where, by contrast experiments

the loops all appeer to be of the Frank kind. |
. (s} . .
Kuhlnann-Wilsdoxrf ond Wilsdorf(l“) suggest that the collapse sphericel -

ellipsoid (vpid)+ ;oop occurs initially due to elastic deformation of the

material., Flattening of the ellipsold occurs by surface diffusion of vacancies

from the pbles to the equator, and o loop forms vhen the void ie flattqned to
2 or 3 plones thick. This 1dea was uﬂéd to explein their obeorvafions that
looﬁs in AL were oftén formed in groups which contained a high fraction of

porallél-loops.

It is cleor that more then one kind of black dot appears in copper end
its olloys. ©Some of them moy be due to contamination or surface effects
producced during preparation of thin films. Black spots elso form in the
pieroscope dve to bombordment by repative lons emitted from the cathode
(Di W. Pashley ond. A. I, B. Presland, Phil. Mage 6, 1003 (1961)).
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There 1s, therefore, good evidence that after quenching, single or

divacancies cluster into equiaxed defects which subsequently collapse into

loops.

(See Section 6.)

3+ RNucleating Conditions

As

" defects

results
1)

2)

3)

L)

5)

6)

T)

8)

shown in Table I, there have been numerous observations of quenching
since the first published results of Hirsch et al. on Al.(ll) The

of these observations(ll'3l’ 1)

may be sumarized as followe:

The distribution of loops is not always uniform. |

Bmall amounts of impurities or deliberate alloying additions 1nhibit
formation of loops in varying degreesj often helices are the main
defects in saturated (or nearly so) solid solutionof

‘The dislocation loop densities in Cu, Ag, Ni and ailoys are often
less thon expecteds in these cases, loops are usuaily found near
dislocation tangles. |

More than one kind of defect ma& be present in the same specimen.

Plastic deformation during quenching may or may not favor loop

nucleation.  Associated with this 15 & specimen size factor,

If quenching is followed immediately by low temperature deformation,
loops are not observed 1n pure metals but are present in alloys,
uswally as colums.. This suggests that loop nucleation is more
difficult in alloys.

A critical quenching temperature has been obeerved in Au end Al which
is a function of impurity _eontentf(13) Different kinds of defects
ere formed when material is quenched from ebove and below this
temperature.,

As in all precipitation phencmens, hamogeneous nucleation of defects
18 favored by high vacancy supersaturations (e.g., in dieplacement

spikes formed by irradiation).
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The -observations strongly suggest that the mucleation process 18 - ’

the most important factor in deciding the mmber, kind and distribution of y
defeats, Defects nmny form W hcmogamouq ond heteropgeneous precipitation.
‘We will now consider soms of the factors listed above.
(a) Effect of Deformation o

' The really eritical aefoﬁmuon experimenta hAve yet to be &pm in which t.he'_
quench rate, specimen aiié and defgnﬁation effect oroe mvesftigatéd in pingie
orys_tals. Cuenching polycfyntals with e0-called ller'o deformation is not poséidle.
" One reason for this 1s due %o the enisotropy of the co_efficmnk of expansion |
at end neer grain boundaries} differventisl stresses vill be set up which coum
mxliibly dislocations., Furthermore, crystals are .'noi‘-.‘ di@loob.tion-freé prior to
@eﬁch;ng. Figure 3 ahdm photographs of pol&éryatailim Al, in vhich colonies
- of densely pop\ilb.ted loofaﬁa.re anrmunded conmletel;y,by. loép'-free regions,
~ These free regionn nmay corxrespond with the three-dimeneiona.l cell arrangemantu
of disloco.tions present prior to quenching (35) !l'his u borne out by the variation
1n sige of loops, the amallmst being at the center and largest ones nt the )
Mnges of the colonies (Fig. 3b) es expected 4if the precipitation was hmnogeneaul
~ in aress of varying,mancy concenfbmtion. Loop free regions can aleo result
frcm plastic deformation during quenching, or after quenching and éging.(n)
'ms is consistent with the fact that loop-free areas sometimes correspond with
| the traces of 8lip plé.nen. | |

(b) Dipurity Effects
The situation with regexd to hmpure metalu or e.llowa is m.rther conmlice.ted

Ay

becanse of the presence of solute atoms,. sm;_;;e vacancies and vacancy aggres
gotes of all siges msy be associated with impurity stoms and impurity atom
’chmters. The binding encrgy between the solute atom and a vacancy Eb then
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The nucleation of defects and the resultihg growth yrocesses ma.y
obvioué]y be modified as compared to the pure metal, It is in these cases
that heterogeneocus nucleation has been positively 1dantit;.ed.. Even the
small amounts of impurities found in most so-called "pure“ metals can have
a pronounced effect both on the nucleation rate and mode of pracipitation.
Cotterill and Segal1’3) suggest that the ratto o/n is en tmportent factor,
vhere ¢ ia the vacancy and n the impurity concentration. However; Yederighi
and Thamas (32) show that the o/n ratio should be important only if B 1s
’nbt to0 small, i‘or sui‘ficiently high ratios or low values of Eb homogen«~
eous nucleation is atill possible but for high values of Eb only hetero-
geneous nuclea.tion may be pousible. For low ¢/n and high Ey the vacancies
may be permanently trapped by the impurities. The solute atoms thqaneelvea
. may cluster as in many aluminum al:_l.oye¢(37) Both vacencies and solute atams
may be at the defects. This .leads to accelsrated heterogenecus precipi-
tation of & solid phase, as has been found in Al-Cu (e')(38) end AJ.-Ag (v*)
'a.ll (19’ ko) The ¢/n ratio falls exponentially with decreasing quenching
temperature (since only ¢ changes). Besides having fewer total vacancies
available for precipitation, those formed may all be trapped when the
quenching temperature is lowered, Cotterill and Begall found that 99.90%
pufe Au quenched from 1000°C produced black spot defects whilet 99.999%
pure Au formed fewer but larger tetrahedra under the same conditicm'.

They also found that 99.995% pure Al formed pr&.ématic loops but »99.999%
pure Al formed Prank loops of larger diemeter. The 99.995% pure Al vas
made to behave in the seme wey 85 99.9999% pure Al by repeatedly heating
and queﬁching the farmer. This latter effect was explained as a
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| purification process occurring within about 0.0l em of»the_ apeéimen sur-
facess These observations suggest that sn;all emounts of impurity may
provide sites for heterogeneous precipitation of vecanciea, When Eb is
high and e/n is large, solute atms may increase the number of vacancy .
clusters tha._t are formed. The effect of alloying on quenching defects has
been 1nvestigated_ for a number of Al alloys by Th'ama,s.(lu) In Al-Zn
lalloya;where Eﬁ ~ 0,06 eV (see Table II) thére 1s practically no effect
of zinc additions even up to 30% (e.g., compare Fig, 5 with 2 end 3) In
Ai-Mg, however, with E, ~ Q.l - 0.4 eV, vacancy precipitation may be sup-
rpressed eltogether in the Al-T% Mg alloy. In Al-Cu (Eb s 0.2 eV) and Al-Ag
(E.b o 0.2 eV) similar effects occur. Westmacott et a.l.(21) also concluded
that vacancy trapping occurs in Al alloys.
| Eubury et 81.(?2) 214 Etiam and Thamas(3°) showed tnat in alloys
.uhere §here 19 strong vacancy trapping (1.e.,‘when homogeneous precipi-
tation 1s difficult) plastic deformation during or immediately after
‘qnenching facilitates precipitation of Qacancies into loops, many of which
afe aligned in colums (Fig. 6a). Dislocations introduced by the plastic
deformation are, therefore;, effective in causing heterqgeneous precipif
tation. The precipitated vacancy concentration (estimated.ffqm the den-
sity and size of loops) is larger by an order of magnitude in quenched-
. deformed Al;s% Mg alloy then in en as-quenched specimen(23) (rig. 6b).

The effects of 0, are very strong in silver and probably in copper
and the noble metals. Nz and Hp may also be important, and there is evi-
dence that He, Ne, and other gases can permeate through copper. It is
known that hydrogen 1s soluble in liquid Al, so it may be that gaseocus

v~
l‘.

<
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atoms are importont impurities in the "pure" metals. Discrepancies in
the various experimental results moy thus be attributed mainly to these
fmpuritien.

Table II shows some values of the binding energies determined by

quenching experiments.

TABLE II

Binding Energles Between Vacancies and Solute Atoms
' in Various Systems.

Bystem Exp Method E, (ev) Reference
Al-8n E.R. 0.4* Lo

AM-Mg E.R., E.M, o.J.--o.ls;IE 23, b3, W4
Al-Cu - E«R. 0.2 L5

Al-Ag 8A.B. 0" 16

Ag-0 E.R. - 0.k W

Fe-C I.F. not det. L8

Cu-0 E.M. " | 30

Cu-Ag " " | 31

Cu-Al " " "

Cu-Au " " o

Cu-Zn K " "

* Maximum value

* Expected to be large because very few defects are
observed.
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A eritical factor influencing nucleation 1s, therefore, the fraction
" of vacancies tré.pped by solute atoms. This 1s represented; in Pig; T,
Dopurities ar solute atoms ere effective in decressing thé stmereaﬁﬁratién
of vacancies leé.ding eiréntua.l]y to nbpreéipita.tion.‘ The fphénmnena can
be underatood in terms of the phase equilibria between vnée.nciea, solute
atoms and solvent atoms.

The assoclation of solute atoms with vacancy clusters may also deter-
mine wvhat kind of defect is formed, i.e., & Frank or prismatiec loop. Thus,
in Al-Ag"alloyve(m’ 20, ko) Frank loops end dissocia.ted helices are stabil-

ized because of the segregation of silver atoms.

4. Helical Dislocations

» In the presence of a nonequilibri\nn concantra.tim of vacencies, dis-
~ locations, perticularly those near screw orieptation,"ten(i toA climdb into
a.»helica.l Bha\pe.(@) The number of vacancies that must bde _a.‘bsorbed to
produce one turn of a helix is the same as thé.t to form one prismatic loop
of the same diameter. Therefore, to form & helix of many turns baving e
diameter large enough to be easily recognized by transmission electron
microscopy, (Figs. 8, 9) a large number of' vacancies must be absorbed.
This 1s most likely to occur vhen other sinks for excess va.ca.hcies are
not nucleated (e.g., in alloys having an appreciable binding energy
between vacancies aﬁd'eolute atoms, or on quenching from a ktanperé.ture
too low to achieve the criticel supersaturation for nucleation of vacancy
clugters).(lh' 15) We have observed helical dislocation in pure aluminum

but they are unstable under observation in thin foils. X-ray
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diffraction topographs reveal large scale helices in annealed pure alume
inum.(so) Long, perfect helices are particularly stable when Eb is large.(lh)
Solute elements assoclated with the dislocation line help to prevent glide
of segments of the dislocation line, which can lead to degeneration of the
helix, A helix is converted into a row of prismatic loops vwhen a screw
dislocation of opposite Burgers vector combines with it (Fig. 6a). This

can be caused by stress induced bowing of a particularly large turn of the
helix itself, the gliding segment folding back on the other turns of the
helix. 1In this way, one or eny number of turns of a helix can be converted
into loops. Iloops can also result from growing together of two adjacent
helices of opposite sign. In the latter case; very 1rreéular loops and
loops of twice the originél helix prosa—section can be produced as has

been observed in Al-Cu.(ls)

Columns of loops may also be produced by a completely different
mechanism than described above, viz., by prismatic punching, es was shown
‘originally by the experiments of Jones and Mitchell.(sl) If a material
contains a second phase (e.g., inclusions or precipitates) the differential
thernmal contraction arising during quenching sets up stresses at the
particle/matrix interface, which can be relieved by punching’out loops.
B8ince the coefficients of thermal expansion of intermetallic campounds
are generally smaller than those of metals, loops would be expected to be
of the interstitial kind. If these are formed, their size would decrease
with distance from the source due to annihilation by combination with
vacancies. This effect is illustrated for a copper-%% Ag alloy in Fig. 10
and for grain boundary precipitates of MgsAl, in Al-5% Mg alloy in Fig. 11,

Similar results have been obtained by Partridge and Lally(Se) for quenched
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Mg, and in quenched copper by Barnes and Mazey(SB) vho further showed

that the spacing between loops in the colﬁmns was conglstent with the

theory»of Bullough and NeWman,(sh) o
Precipitates also give rise to loops ﬁhich_are not formed by prismatie

punching. These have been described as climb sources and are discussed in

Aypendix A .

5 _Clustefed Vacancies Produced by Irradietion

If a metal is bombarded with materiel particles of eufficientbmdﬁéntum,
‘meny atoms can be ejectéd from thelr lattice points leaving clusteredfvacan-
cles in this region (Brinkmen diapldcementvspike(ss)); Thus; heavy ﬁar-,* |
ticl¢5,~such as neutrons or a-particles, produce vagancy.clustersaat e
primary collision, wherees light particles (evg., electrons) produce clus--
ters only if the temperature is high enough for vacency diffusion to occur.
If a displacement spike is produced without subsequentfdiffusioh, there
villbbevno denudation of clusters near sinks. Figure 12 i{s an example of
atsplacement spikes in high purity Nb irradiated at 1iquid nitrogen with

'3 keV Cs 1ons (total dose 2 x 10*7). The largest loops have diameters

~ 150 A. Associated with low angle bounderies, helices and rows of loops
are bbserved. The appearsnce of doublevhelicea suggests thaﬁ-punching
from the boundary may have occurred. An example is shown in Fig. 13.

On the other hand, 38 MeV a-particle bombardment of copper at 200°C
produées irregular loops of ~ 400 X dlameter with denudation near grain
boundaries, indicating that point defect diffusion has occurred dwring
irradiation,(s6)‘ Experiments with He ges injection which results in
precipitation of gas bubbles by attracting vacancies fromlsources such

as loops, showed that loops expand during this process; hence,loops must
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be of the interstitial kind. S8imilar effects have been cbscrved in Fe
ond Age oa~particle damage to Al elso produccs malnly interstitiel
Yoops. (77

.Caataing and Jouffxey(sg) have investigated argon ion bombardment
in thin eveporated gold films and observed vacancy loops which could be
eliminated by annealing, either during or subsequent to bambardment.

In neutron damage, both vacency clusters ("black dots”)'anﬁ preci-
. pitated discs of interstitial atoms (loops) have been recognized in |

(56’ 59) The clusters correspond to displacement splkes but the

~eopper,
interstitial loops result from diffusion. Barnes concludes that little
recombinstion of vacancies end interstitials occurs until very high neutron
doses are reached.(sé) Amnealing experiments show that the black dots are
| extremely stable configurations. Whilst they consist of vacancies and
should disappear at 350°C, they persist even aﬁove 500°C. During aging,
growth occurs, enabiing the éspots" to be resolved as tetrahedral defects.
‘Buch tetrehedra are very stable (e.g.,';n’Au),rso, explaining their per=
sistences Furthermore, this also explains the nonexchange vacancy «» inter-
gtitial upon annealing. |

Westmacott et al.(éo) recently examined thin filmé of zone refined
Al after bombardment at 80°C with a flux of 1.6 x 10*® figaien fragments .

1, Defecta'were first observed after 30 sec dose and thess grew

en ?sec”
with time into loops on {110) with <110> Burgers vectors. It appears» that
both vacancy and interstitial cluaﬁers form during the bambardment.

Initially, each type of defect attrects 1its own kind and repels the other.

Growth occurs independently by climb and slip. Loops of opposite kind
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vere also obgserved to slip together and cancels Thie work shows. .that
growth of loops can occur in part by loop migration through sliﬁ_éﬁd,
perhays, consefvativa climb, and does not (in this case) take piaca'ené
tirely by rondom migration of single defecte. The gliding together of
small perfect loops has also been observed in Au,(6l) Pt,(62’ 63) end (Gh)
In cases vhere the loops are imperfect. (Frank kind) slip cannbt'6ccdr so
that loopé will not come together unlésa the temperature'is high enough

to allow conservetive climb to take place. |

Recent information regarding the nature of interstitial defects

produced by irradiation in verious materials can be found 1n reference 65.

6. Nucleation and Crowth Mcchanisms

The relative energiee of the three types of defect (stacking fault
tetrahedron, stacking fault loop and perfect loop) that could be formed
fram a given mumber of vecancles can be estimated if the stacking fault
energy for the crystal 18 Xmown. They are given epproximately byi

_Ga® 4 '3 V3 o |
in — + 5~ r
Thk(iv) v, T W
' GE!.E £ ' £ 2
Ep = 2x(1-v) dn r + JBA R

Qa2 e, 28Yy2
EBp =iy &0 T

vhere EL’ ET, and_EP are the energles of a trisnguler stacking fault 100?,
a_tetrahedron, end a trianguler perfect loop respectively; each having side £.
G is the shear modulus, a the unit cell dimension, r, the dislocation core

radius, v is Polsson's ratio, and vy is the stacking fault energy.
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These relative enmcrgles are shown as a function of £ in Figs. 14

(30)

and 15 for aluminum and silver respectively. The perfect loop always
has lowest encrgy above an upper critical size, and thq tetrabedron 1s
alwayn.favored below a lower critical size., DBetween these two values of

4 the Frank loop is stable. Table IIT lists the lower eritical value. .
8 = £o fﬁr 8 numbgr of metals elong with the stacking feult encrgles chosen
in moking the caleulation. The results obtained are sensitive to the |
chosen value far y, end there is still ddubt concerning the accuracy of

the values given in the Table.

It is obvious from the experimental observetions that these simple
energy comparisons do not alwoys determine the type of defect that is pres-
ent. For example, copper and aluminum may both show Frank loops (Fig. 16)
even though y for Al i1s thought to be four or five times larger than that
of Cu. As shown in Teble I, more than one type of defect 1s often found
in the same metal and the dimensions of the defects are frequently outside
© the predicted range 6f stability, 'HoweVef, the observations do follow
the predictions in a general wﬁy. Tetrahedra are observed (Fig. 1T) when
the stacking fault energy 1s low end perfect loops are found more fref
quently in aluminum than in any other metal,

To understand the occufrence of defects having dimensions outside
the predicted range of stablility it is necessary to assume either that
the value of stacking fault energy chosen is incorrect or that there is a
larpge enough sctivation energy in the process of conversion of one type
of defect to enother to make the frequency of conversion negligidle. In
most cases, the latter explanstion appears to be the most réasouable..
Saada(Gé) hes consldered the transformation of stacking fault loops to

perfoct loops by nucleation of & loop of Shockley pertial in the stacking
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TARTE TTI
Colculoted Volues of -'t;he Madimmn Size of |
Tetrohedro Delow Which This 1e the Most Stable Defect
R °
¢ dynes/ cm2 vy ergs/ cm-";2 6A ‘oA .
Au 2.7 x 10 33 4.0787 430
Nt 7.8 x 107 95 3.5234 330"
Ag 2.6 x 10> %0 4,08 330
cu b5 x 100 40 3,647 515
P 0.75%x LO™ 50 h.9502 83
Cu-Zn k.5 x 101t 20 u.ouso' 1.6 x 10"""
CAg-AL 2.4 x 10MF 1.0 %, 0643 2 x 107
AL 2.5 x 100% 180 - 4,05 .28 . .
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fault, lle finds that even In aluminum large stacking feult loops moy not
“tronsforms A stress elds the nuveleation of o Shockley>ﬁartial. ‘Although
the formation of perfect loups in aluminum may be due fo strcssés,.there ié
sane doubt es to how wany of the shnll loops'oﬁserved ih AL ére really
perfect (e.ze, sce Fige 2). Stress aided nucleation of pérféct'loopé'haa
been obscrved in the olectron microocope (Yoshida, private emmﬁunication).
The styssm in this case 18 coused by local héating of the specimen Ey £ha
electron beam. |

Small angle scottering experinents on coppcr(33) indicate thﬁt fhere

is a continuous incrcase in the size of defects within the range 10 KAto
30'5. The meosurcments also indicate that the defects are éﬁproxiﬁately
equiaxed rathier than plate-shaped or rodnshapéd. From aboﬁt'30 R to 100 K
the defects are visible 1n.thin foils as "black spots”. When these black
spots prow to a slze that can Just ﬁé resolved, they are‘found to have a
tetrahedral shape in copper.(sﬁ) These ébservatidné, elong with the energy
.considcrations given above, suggest that mony vacancy clustcrq grow ini-
tially as tetrchedra. Ve propose that,in the case of aluminum, these tréns-
form to stocking fault: loaps by nucleation of a Shockley partial at‘ohe.of
the corners before they reach a size that is visible bj.transﬁission elec-
tron miéroacopy and that during further growﬁh:the shape‘changes ffcm tri-
angwler to héxagonal.' For gold”the activation enexrgy fof the transformation,
tetralicdron = Fronk loop; must be large enough to prevent the transformation,
even Tor tetrihedra, well above the éritical size.(25)‘

Continuous growth”of tetrahedrol aefeéts has also been suggested

(67) (68)

recently by Czjzek et al. and de ang and Koechler. The latter

authors currest that a cluster of six vacancies can collapse dircctly to
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form a stacking fault tetrohedron and that single vacancies can be absorbed
at its edgés producing steps in the stacking fault faces. They sugpest -

. that the nucleation of tetrahedrs in gold probably,takea place by the addition
of a{divacancy to a quadravacancy or a single vacancy t0 a pentavacancye. The
quadravacancy was copsidered to be the smallest cluster that would not be

in equilibrium with single and divocancies.

The effect of solute elements may be to decrease the gtabllity of one
of the links in the chain such as the quadravacancy or pentuvacéncy and,
therefore, make n'u'cleation more difficult. Alternatively, they mey inhibit
thg eddition of single vacanqieé to the edges of a tetrshedron and thereby
prevent their rapid growth. The occurrence of perfect loops in copper may,
therefore, be due to impurity atoms vwhich influence the mannér in which
vacancies cluster es well as affecting the vacancy supersaturation. Alter-
- natively perfect loops may Be formed by a different mechanisn (eege, by
degeneration of helical dislocations). | |

In Al (and some Al glloys) large perfect diamond shaped loops are
often found in regions where the vecancy supersaturation wes small, e.g.,
near sinks (Fig. 3b). Associated vith these loops, large Frank loops are
also observed. The sequence of vacency clustering, collapse and growth of
defects to formvthese diemond shaped loops might be es followst

‘tetrshedron - triengular Frank loop = growth to hexagonal Frank loop

- hexagonal perfect loob'» growth into perfect diamond loop.

When the tetrahedron reaches a critical uizg, nucleation of a Shockley loop
at one of fhe corners pweeps awsy three‘of the stacking faults and three of
the stalrrod dislocationé._ Thié process may be aided by the steps vwhich

mst be present in the stacking faults during its growth. These edditional
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stairrod dislocations decrease the stability of the tetrghedron. Degener-
atién of & tetrahedron recults in a triengular Prank loop. As these loops
continue to grOW'gy absorﬁtion of additional vacencles, the shape would be
expected to change from triengular to hexaconol. As the three sides of the
triangie‘blimﬁ outwerd, new straight scemuents will be formed at the corners
eliﬁinaﬁiﬁg the acute anglos 80 a8 to require a minimum incresse in length
of the dislocation. Some of the large Frank loops are then transformed to
perfect hexagonal loops by nucleatlon of é Shoeckley partiels. Bince diemond-
shaped pérfect.ldops most often appear near dislocation tangles, the stress
fields 6f nearbyvdislocations mey eild the trensformation. If growth con-
tinuves affer the hexagonal loop becones perfect, climb of the six sldes
will no loﬁger be symmetrical.
| Considér a perfect loop, ABCDEF, as shown in Fig. 18a with Burgers

vecfor* g [101].(30) The segments AF end CD lie in (010) and are pure
edge but canndﬁ glide. These can, however, climb and the corners A end F
act a8 nodal points. It 1s possible for the segments along FE, ED, CB
end BA to dissociate as follows: (Fig. 18b)

segment FE  ED - By + D on (111)

eegment BA BD - Bu + aD on (I11), etec. .
The length of the resulting stairrods or (Fig. 18b) depends on the stacking
fault energy and for Al will be ~ 2b long, l.e., of the same order as the
core ‘size. The segments ABC, DEF are, thus, free to glide on (11I) end
(1I11) as the edges AF, CD climb but, because they are dissociated,. they can-
not climdb as easily as AF and CD. There ere two possibilities for climb, as

showm in Fig. 18¢, namely, either the dislocation will climb continuously,

¥ The relatlonship between the (111} planes and all possible Burgers
vectors 1s shown in Filg. 19,
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normal to its Burgers vector in the'(ioi)vplané'or it will elimb and slip
" 8o as to remain on the same (111) plane., Scgments AF snd CD will gfadually
be eliminated. Finally, the loop will appear,qb»ahown in Fig. i@d, as é
‘ddemond with all four sides aissoéiated, Particularly if the 8.F.E. 1s
high;_climb es & diamond shape will continue, all four aidesvclimbing at the
.same rate until all avallable vacancies ere exhausted. Such a loop c;n‘be
recognized by the fact that the edges lie parallel to [Ollllﬁnd (110] with
1its major axis along (121]. (rig. 18a) Howevef, the loop may rotate on
1ts glide cylinder so as to shorten the total length of dislocation line.
In this case, the edges lie along <121>, and the loop is now 1n the pure
edge orientation. An example of this kind of loop is given in Fig. 9.

If the dislocations AF and CD climd in the [101] plane, the loop
will no longer remain in one plane since part lies in»(lll) end part in
(101) However, the Beéments ABC and DEF are freé to glide bn their ré-
spective (111} plenes and could, therefore, slip so as to bring the vhole
"loop into the (lOl)lor some intermediate plane. This is favorable since the
ofiginal segments ABC and DEF ere thereby shortened. This mechaniam 15
11lustrated in Fig. 18e. The above mechanism is & possible explanation

(69)

of Tekemura and Greenfield's observations of diemond-shaped loops on

(110}. Barnes et al{(sT’ 60)

havc also observed diamond-shaped loops on
(110} in Al after irradistion.
It 18 aifficult experimentally to determine the exact plane of the

loop unless spceial specimen tilting experiments cen be done (see Appendix B).
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It appears that use of a gmiometer stage 1s essential to avold embiguous
results. In alloys, the solute atoms may segregate to the dieiocations_.
and could pley & role in determining the finnl orientation, e.g., Bolute
atams may actually cause rotation of the loop into the required habit
Plane for precipitation, as quenching defects are often observed to be
prefercntial sites for precipitation.(;g' 38‘hl’ hh)

The dlamond loops must always be perfect and are formed £inally by -
combined climb and glide. The fact that diamond loops are camonly obe
served is indirect proof of preferential climb of the undissociated edge

segments of a loop. The same is true for helical dislodaﬁions, as they

also tend to climb into reguler diamond shapes (Fige. 9).

T« Direct Observations of Climb

Silcox and Whelan(To) vere the first to present direct experimental
evidence for climb by carrying out anncaling experiments on qﬁenched-loope
in pure Al. They observed that at 170°C and ebove, all the loops shrank.
This was interpreted in terms of the loss of vacancies from ioops and
their diffusion to sinks (chiefly the foil surfaces). The process is,
thus, that of climb whereby vacancies are emitted at Jogs on the loop. In
thin foilsvSilcox and Whelan were eble to ignore supersaturation effects
(vhich would cause growth of loops ) and, assuming the surfoces were in-
finite sinks, the rate of decrease of the loop radiuws, r, with tine, t, is
parabolic and of the formt |

X
rer (1 - t(x)*

The "time constant" v is given by T = T, €Xp (—ED/kT) vhere Ej is the self
diffusion cnergy and T = ro8 (zv b o)™, Here, v is the atomic frequency

of vilration (~ 10'?), b is the Burgers vector, o is & constant (= 6l at
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200°C for Al) and Z, a coordination factor (= 1l). Figure 20 shows an

experimental plot of the radius-time relationship for a shrinking loap,(23) _ .
frqm which the value of ED was found to be 1.3 cV, sgreeing with Silecoax -

and Whelan's result end those obtained by other methods.(Tu’ 75) Attempts

to determinevE by investigations of the ammealing of loops in bulk Al,:

D
were not successful due to camplications arising from vecancy supersatura-
tion effects; large loops were observed to grow at the expense of smaller
_ ones.(To’ 71) ‘ . These. experiments confirmed that the second stage
.of annegling obgerved from E.R. measurements was dus to the elimination of
loops by climb.(Tu) The first and main drop in resistivity is due. to the
migration and clustering of supersaturated vacancies. Similar results were
obtained by Cotterill(QS) on quenched gold except that the "second" apnealing
stege occurred in at leasp two parts. This may be associsated ﬁith‘tﬁe
impurity effects mentioned earlier. Cotterill was also able to determine.
experiméntally the electrical résistivity of stacking faults and vacancies
in Au 5y correlating obéerved resisﬁivity values with the cohcentration _
end size of tetrahedra in the some material. He obtained Py = (1.8 ¢_033]
x 10'13_6 ohm cn? for a stacking fault density of B em™* end a lower limit
for the resistivity of vacancies at p, - [2.4 £ 0.4] x 1076 ohm cm at.%
vacancies, Thisbexperimental value of Pgp agrees very well witthowie's
caleulated vatue{T)or [2.5 x 1077 5 ohm cm®], and the more recent result
of de Jong and Koehlér(68) {(1.3 + O,h4) # 1073 g ohm cm?}.

In contrast to pure Al, the behavior of loops in A1-5% Mg alloys is
the same Auring anncaling both bulk specimens end thin foils.(23) In ‘ o
botﬁ caces, loops (and helices) grow, e.g., Fig. 21. In other words, -

supersaturation cohditions'can be maintained in thin foils of this alloy.
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(k1)

A similer result has been obnerved in Al-20% Ag. The rate of growth

# = dr/dt woo observed to be constant even when a loop intersected the sur-
face. Plgure 22 shows. a plot of £ agalnst 1/, from which the ectivation

(23)
energy E_, for the process is found to be 0.95 £ 0.05 eV as compared to

-G
1.3 eV for pure a1, (70) Thie result was interpreted in terms of the effoct

of the binding energy Mg-vacancy on the rate of climb,
(13)

In a two component system the vacancy concentration x' 1s given by

-B
x! =Ae,rp[ g] (1-1?3-0—1?(: cxp[kT])

vhere Ef is the vacancy formation energy in the pure metal and ¢ is the

atanic fraction of solute atoms. x' can be nmeasured from the density and
-E
size of loops and x (for the pure metal can be calculated fram x = A exp[ k’gj'
hence
(EB) [ x! 1
3 — Py o— o (0] ———
exp \3r (X 1) + 12c 50

The following shows an exomple of the value of EB obtained from & bulk

! (23)
annealing experiments
Treatment Loop density  Dia.(A) X x'/[x EX_B_
Q+ 60' 183°C 1.k x 103 2890 2.6 x 10™* 3,1 0,10

in bulk

The maximm value of E found by this method is 0,16 eV. However, measurements
of x' erc likely to be on the low side because only those vacancies which
h;avc pone to loops or Lelices have been counted.

From the kinctic data éb'tained fram thin foll experiluments we cé.n writes

E(_g) = Bp + T, + nlp = 0.95 £ 0,05 eV (Fig. 22).

B

It L is involved only in E, or E g - 1, but if E is equally active in

T
B, ond I, n = 2, Putbing B = 0.76 eV, B, = 0.54 eV (values for pure Al),
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then the maximﬁm value of Ej = 0.4k eV for Mg-vacency "couple" diffusion

(Ef then = 0), If the;vacancies.are trepped in o Mg~vecancy complex, the.
clusters must evaporate off vacanciles, so we can writey E-G = Ef +E + 2 EB'
Putting in the values for E_,, E. and E , E_ (uin.) 18 then 0.17 eV, This
value agrees quite well with the bulk experimental results end also with the
E.R. results glven Iin Table II. The actual value of Eb depends upvn the
vugancy-solute atan conflguration and is probably aeneitive t0 quenching
rate, temperature, and possibly composition. We are presently 1nvéstigat1ng
the latter by repeaﬁing the thin foil work for Al-1%, 3%, 7% and 10% Mg
alloys. |

Silcox(TG) studied the annealing out of‘tetrahedra in quénched gold
but,.unlike looés 1n‘pure Al, continuous decrease in size of ﬁetrahedra |
Was»not obscryed. The tetrahedra disappeared svddenly after heating to:
above 650°C.

Meshii and Khufmanh(TT) determined the activation energy for elim-
ination of tetrohedra to be 4.8 eV. 8llecox, (76) end Hirsch et al.(78)
auggest'thatlﬁhis high sctivation encrgy may result from annihilation by -
interstitial diffusion. Some evidence for this'!®) was cbtained by irra-
diatinﬁ quenched gold with a-particles at 20°Cs This radietion produces
mobile interstitials andvthey oboerved that tetrahedra disappeared with
ihcreésing dose. The tetrohedra sre assumed to collapse dfter accrefion
of a criticazl nunber of interstitials hes occurred by diffusion.

The interpretation of this expcriment docs not appear to be consis-
tent,with the obsefved simultaneous growth of vacahgy tetrahedre, and
interstitial loops in trrediated copper.(56) Therefore, the mechanism

of decomporsltion of perfecet tetrahedra 1s stlll not clear.
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8. Effect of Vacancy Clustering on Mechenical Properties

Experimental information on quench hardening hes been confused by
inadequate control of variables such est specimen diemeter, purity, quenching
conditions, aging tempersture, and orientétion of the specimen exlis. Blight
chaﬁges in these factors ch cause 1mp6rtant differences in the resulting
quenched and aged éubstructure. The.defect substructure in a quenched and
sged crystal is, at best, camplex, as was shownvin section 3. Typical colo-
nies of loops in an'aluminum specimen Qnenched from 600°C to,;20°c then aged
at 100°C are shown in Fig. 3.(3%)

Even though qnenching.subaﬁructures afe nonunliform and have certainly
not been comparable in the experimenta.carried ocut at different laboratories,
some general effects on mechanical properties sre fairly well established:

(1) Little or no hardening except perhaps below T8°K 1s produced by excess
vacancies as 1§ng es they :emain dispersed or in clusters of no mofe than a
few. Not only is there no change in yleld stress for qnenched.copper(33’ 86)
and gold(87) when tested without aging at 20°C or -196°C, but also there is
not much_change in the entire‘stresa&strain curve.

(2) Very small clusters, perhaps involving ten to several hundred vacan-
cles, such as those that are probably formed during electron irradiation
of copper(88) cause an increase in the yield stress but little change in
the strain hardening rate. The eéntire stress-strain curve is just shifted
to a slightly higher stress level.(33)

(3) Clusters large enough to become visible by transmission electron micros-
copy as "black spots", or collapsed clusters in the form of stacking fault

tetrahedra, stacking fault loops, or perfect prismatic dislocations cause
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. 86. 5 gl fe )
strong hardcning.(uj’ b1, 89, )O) For the smallest visible clusters, such
as the "black spots" produced by neutron irrsdiation of copper or gold, the
(91, %)

hardening is strongly témperature depondent. The hardening produced

by large loops or tetrahedra 1s rather insencitive to temperaﬁure‘of testing.(87’93?
Loops or "black spots" slso cause changes in the shape of the strcss-strain
curve end a less uniform distribution of plastic strain.(gg’ 20, oK) "The
hardening fate following the yleld 1s increaged for crystals oriented for
single ellp and reduced for the multiple slip [111) orientation.(33) These
effects are illustrated by Figs. 23 and 24, which are shear stress vs'shear
strain curves for copper single crystal wires which were quenched from
1060°C and eged for various times at 20°C before testing at T8°K.

Figure 25 shows the correlation between’quench-age-hdrdening and the
growth in_siée of ¢lusters a8 observed by X-ray small angle scattering.
The decgy of cxcess reslstivity, which represents primarily the disappear-

ance of single vacancies and dlvacancies as they reach the clusters is

also shown.

9. Theories of Hardening

The actual defect substructures that exist in quenched and aged crys-
talsrare too complex to permit accurate quantitative predictions of the
yleld stress. HNowever, order of megnitude calculetions can be made by>
éssuming that only one cluéter or loop size 1s prescnt and tﬁh&\these defects
arc wniformly dispersed thrdughout the crystal volume. These aséﬁmptions

- are probably nore nearly true in some irradiated epeclmens where vacancy

clusters are formed dircctly at displacemcnt splkes.
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Seeger(9h) and later Friedel(gs) have congildered the motion of dislo-
cations through a dispersion of voids or vacancy clusters of very pmall
dimensions (cuch es those producédlﬁy heavy perticle irradiation af low
temperature). For such sméll clusters'hdving dimensioné not too much larger
than atomic dimensions, the escapé of the moving dislocation from the pinning
points is thermally activated. The theories prediet a hardening that in-
creases with decreasing temperature. Friedel gives the temperature depen-

dance ast

LV (8

‘ - T
TeT (1 - T:)

vhere T is the hardening at ebsolute zero and_'l'c is a cgitical;temperature
vhich is well sbove room temperature if the energy for escape of the dislo-
cation from a cluster is of the order of 1 eV. In this theofy, T, £ const
vhere £ 1s the averapge distance between clusters on the slip plane. There-
fore, the magnitude of the hardening varies inversely with the distance
batween c¢lusters on the slip plene. - | )

v Interactions between large dislocation loops and moving disiocations
have been considered in detail by Saeda and washburn.(gs) If the ioops are
of the perfect prismaotic type,.a glven moving dislocation will encounter
loops of six differenﬁ Burgérs vectors. For ioqps 6f the stacking fault
tyﬁe, there will be four different Burgers vectors. It can be shown that two-
thirdé of the perfect loops, half of the large imperfect lobpa, and all of
the imperfect loops emaller than a eriticel size can form strong locking
points on a moving.dislocation. Dislocation reactions are possible that re-
sﬁlt in local reduction of the elastic strain energy of the dislocation or,
In the cace of small stacking fault loops, a step in the stacking fault.must

be forncd.
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rrieae1{9) has analyzed in detail the way in vhich & moving disloca-
tion behaves when passing through randdmly sltuvated loops that form attrac-
tive Junctions with the dislocation. The line has a zig-zag form. (See

Fig. 26) The critical stress for continued motion ise -

ey

vhere N is the number of loops per unit volume, R 1s>the average radiué of
the loops, and p is & constant (about 4). The analysis predicts a tempera~
ture independent component of hardening in egreement with ekperiment.(87’ 93)-
For an aluminum crystal quenched from 600°C, N is of the order of 10'® and
the average value of R is ﬁbout 200 A. Therefore, f » 370 < gn/mn®, which
18 of the right‘mégnitude to be consistent with the experiments of Maddin

‘and Cottre11.,(89)

10. The Stress-Strain Curve’

Plastic deformation gradunlly destroys the loop substructire. (102 96 97)

When a moving dislocation meets & perfect loop with the same or opposite
Burgers vector or a stacking'fault loop on a {111) plane that does not éon-
tain the ﬁurgers vector of the moving dislocation, then a part of the lobp

is destroyed. The moving dislocation acquires two large Jogs that can usually
- glide awny conservatively and & smaller loop is left behind. When & moving
dislocation meects a stacking fault loop that lies on & plane parallel to the
Burgers vector of the moving dislocation, then the stacking fault is swept
awey converting the loop to a perfect‘loop.(gs)  Therefore, glide on a single
system can sweep eway one-sixth of the perfect loops end one-half of the
largo stacking {ault loops. The remaining large stacking fault loops are

converted to perfect loops.
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For very smoll loops or clusters, it 1s likely that these detolled
conslderations ore not necessary. In this case, the vacancies may be able
to disperse along & dislocation line by locnl or plpe diffusion producing
long jogs that glide awny conscrvatively. B

Changes in strain hgrdening rate are probably related to this des-
truction of the quench-age substructure by moving dislocations. Figuwre 23
shows that for erystals oriented for easy glide the hardening ratg‘immed-v
iately following the yleld was greatly increased by quenching and sging for
more than about one hour. However, the opposite effect was observed for
the multiple slip orientation (rig. 2k4), |

- Both of these results can possibly be explained if it 15 assumed that
the deformation in qnench-éged crystals takes pléce at first by the growth
of far fewer slip bands than in anncaled crystals. This is lnown to be
true for both irradiated(gh’ 9Ty 99 T) and. qﬁenched(go) materials. In
crystals containing clusters or dislocation loops, plastic strain tends to
take place by widening of already present glide bands rather than by frequent
nucleation of new bands. This 18 elmost certainly caused by the local
softening effect resulting from the destruction of the loop substructure
(Fig. ).

In & single crystal wire of small diameter oriented for single slip,
the effect of a high yleld stress and a less uniform distribution of the
shear strain along its length mey be to cause localized stress concentrations
and bending movements that bring secondary systems into operation, almost
immediately suppressing the easy glide. This may explain the greater initial.
hardening rate shown in Fig. 23 for the quench-aged casy glide oriented

crystals. Howevcr; the effect seems to be assoclated only with fairly
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lerge clustera. At short aging timee there was only a general increase in
the stress level of the entire streps~strain curve, as has been observed

. [
for irradiated c0pper.(j7)

Other factors, such as the diemeter of ﬁhe
tensile speeimen being employed, probably affect the results. A far nore
detalled modél than anj presently exlsting for yielding and hérdening
during easy glide is essential to a real understahding of £hese effects.
In a crystal of [111] axis the growth of fewer slip bands might be
expected to have Just the opposite effect on herdening rate. 8lip in any
one pert of the gavge length might, in this case, not involve all six of
the 8lip systems. If slip hands on the six equally stressed syatgma are
more crrless isolated because of a small number of bands then there would
be less cutting of one band by another. Fewer intersectioné should regult
in a less rapid accumulation of dislocation tangles and, therefore, & lower
hardening rate, as is observed. | :
In this case, too, the explanation is certsinly oversimplified.
Further experiments correlating the distribution of plastic strain and the

growth of slip bands with hardening rate and other parameters, such as

specimen cross sectim, are clearly needed.
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Appendix A

Dislocation Sources by Quenching

These have been observed in Al-Cu
systems in which Eﬁvis not very small (Table II). A classical Frank-Read
gource was Seen‘in'Al-Cu(16) in viich all screw segments had climbed 4into
helices., Another new kind of source has been found recently, viz., the

.79, : .
(30,79, k) It eppears that precipiltate particles ere

climb source.
necessary for the nucledtion of climb sources, e.g., as shoﬁn in Fig. A.1.
Simple sources sh@w”successive-loops”whiéh lie on a pyramidal prism
(Fig. A.2) having {110] haﬁit and contrast experiments show that their
Burgers vectors are normal to thoce planes -giving the characteristic
diemond shapes discussed in géction 6. Berews may not act as climb.sourceg
because they are usually quickly converted into helices. The loops expand
in the (lloltplanes by absorbing moré vacancies since denudation of vecancy
looﬁs i1s apparent in regiohs'abound-the.source.:

wébtmacott et al.(79) Observed more complicated configurations in-
volving dislocaticons with more than one Burgers vector. These workers pro=
posed that the origin of the climb source is a <L.O0> dislocation from &
precipitate which dissoclates during climb as followat

a [001)] — af2 [011] + o/2 [0I1] both in the (100)

af2 [101] + a/2 [I01] both in the (010)

For the reasons discussed in scction 6, loops other than those on (110)

mey be formed and it appcars that whilst Westmacott et als first proposed

(L)

that their loops were on (100}, it is now felt that these loops may

H
be concentrically arronpged on irrstionsl plancs such that the directions
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of the bounding dislocations are glven by the lines of intcrsection of
the habit plane with the two {111} plones contelning the Burgers vccﬁor
of the loop.

Thége loops cannot be formed from the particlcs bj_a punching mech-
anienm sinée they are alwayp.of ﬁhe vacancy type and can be formed'dnriﬁg
1sothermal aging. The sources are,vthus, thought to be of the Dardeen-
Herring kinds(80> Eribuxy and Nicholson(hu)géhowed that.a high enough
vacancy supersaturation must exiet co that the fenulting chemicql stress
is large enough to operéte a8 source of length w particle,diameter.'vSuqh ‘
supcrsaﬁurations are‘readily availabie by quenching and an excess of vacanf'
cles may alrcadj exist sround parbiclcs if they are formed under tcnuion,
80 repelling vacanclcs created by solute atoms going to the prec;pitate.¢,

Many source configurations are possible depending on the kinds of
interfacial_dislocations present.' The'final result may be also cauplicated
by interactions with other_dislocatiOns or by simultaneous operation of
nmore than one source at a given precipitate. Fiéure‘A.B_ie on example of
a configuration vhich may have formed eithcr froan a pingle ended source or
from loops which have been rotated relative to each other since the lines

of intercection with the folil surfaces do not colncide,
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Appendix B

Determination of the Sense of Loops (i.e., #acancy or interstitial kind)

‘As & fesult of the deveiopment of the kinematical ah@ ¢ynam4cal
theories of electron diffraction contrast;(3’ L) 1t is now poésible (under
favorable Circumstanceé) to detormine‘the eensé of the Burgefa vector of
dislocations, Thus, loops formed fram vacanéiesbor interstitials can be
distinguished. Here, we shali foliow'tﬁe method fecently pfeeented by
Mazey et al.(ST) based on the dynamicdl theory df'HOQie and Whelan.(h).

In FCC metdls the vaéancy lbop and iﬁterétitial loob can be formed

from Frank sessile loops by reactions such asi
1 L miaq 1
3 (111) + z (311] = 5 [o11] vacancy
% [III] +'% (113] + % (131] = % {0I1] interstitial

1.e., the Burgers vectors are the same but are opposite in eehsei(Fig. B.1).
Figure B.l chows the dingram used by Mazey et al.bto défine thé Burgers
vectorss The direction of the edge component of the Burgers vector of a
Jdoop with respect to the sense around the loop (taken es positive) is given
by the right hand and left hand rules'®) for vacancy and interstitial loops
respectively. "Toking the positive direction around a loop to be clockvise,
vacancy loops have a Burgers vector with a positive component normdl to the
8lip plene in the downwards sense (meking an acute angle to the direction
of viewing) whilst interstitial loops have a Burgers vector with a positive
ocmponent along the upwards normal to the slip plane." (Fig. B.l1)s
Now the condition for visibility of a‘diélocation 1s that z.b # 0.

(g 1s the reciprocal lattice vector corresponding to the reflecting plane
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producing contrast.) Sihca the image of a dislocation is displaced to one
side of the truc position of the disldcation,(B’ %) deternination of the
inage poéition for a glven reflection, &, and sign of the deviation poram-
eter, s,‘ena%les'the sign 6f g¢b and, hence, the aénae of b to be determined.
Flgure 3.2 shows the reflecting conditions cor;esponding-to positive and
-negativﬁ values of s, and Fig. B.3 shows the sense of the displacement of
the image when 8 is positive or negative using the sign convention given
above., For & 1oop; the image will either be campletely inside or ocutside
the loop and when (g.B)s 1s positive, the loop will eppear larger than vwhen
(éyﬁ)s 15 negative, Thus,‘observations of the changévin size of.a loop on
either sidevof an extinction #ontour (g fixed, s changing sign) or an ab-
sorption band (s constant, é ghanging sign) by tilting the specimen enables
the sense of b to be obtained.

In order to determine the velues of é.ﬁ and the sign of a,vthe aif-
fragtion pattern must be properly {ndexed so that g 18 given the right sign
and, hence, the indices of the normal upward from the foll surface are known
uniquely. Groves and Whelan(gg) point out thet the object end diffraction
pattern differ {rom the image end the diffraction pattern by one inversion.
Thus, besides correcting for rotation (due to the reduction in lens current
when changing from image to diffraction pattern), the diffraction pattern
muat elso be further rotated by 180° | : :

In pra.ctit.c, loops must be large enough 80 that their habit plane (and,
therefore, IMrgers vectors) msy be identified. Unique identification is

facilitated 1f & nonsyrmetrical orientaticn ia viewed. The sense of

* :
eeffe, Af the foll 1s in {011], loops on inclined (iil) end (lil) would
appcar to be in the same inclination in the imoge (hence, there are six

- poosible <110 Purgers vectors) leading to anbiguity in interpretation.
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inclination of the habit plahe with respect to the foil eurféce gust be
known if the diffraction puttern 1s to be unambiguousiyiindexed. This can
be determined by observing the change in projected area, of loops during i
t11ting in & known direction, (Mazey et al.(57) used & 15° wedge to do thia§
and plotting the results stereographically. An accurate goniometer specimen
stage would greaﬁiy.faciiitate determiﬁation Of the orientation uniquely.
Once éll paremeters are eatéblished, the diffraction pattern cen be unam-
biguously indexed and the fespective g operators and, hence, b can be deter-
miﬁed. If [uvw] is the normsl upward to the foii (obtained fram the diffrac-
tion pattern in the usual wéy) and the ﬁ's\are in the same sense as [uvw],
(Fig. B.1) the images correspond to interstitial loops. If the b's are in
the opposite sense, 1.e., [uvw], the loops must be of the vacancy kind.
Experimentally, the procedurelis tediﬁﬁs and difficult but it is a
method which can be used for loops or dislocations of any kind and i1t enabled
Mazgy et al.(57) to show that in Al baombarded with 38 MeV a~particles
(He++ions) the‘loops were pfedominantly of thé interstitial kind, Bingle
crystal experiments choosing suitable orientations would facilitate identi-
. fication. Simpler methods may"be used for special cases,(83) and for non=
(84, 85)

cubic crystals, e.g., in graphite where the Burgers vectars of inter-

il

stitial and vacancy loops are not merely of opposite sense.
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FICULT CAPTTONS

Diglocation loops ond "block dot® defeet in 0.F.H.G. copper QM(:hchccl
fram 1000°C and oped L hgot 100°¢. |

(111) A single crystel qguenched from 600°¢. Operating réflcction
0I1. Notice thot no lobpm are vizible on (111) and (T11) indicating
that the loops ore cll of the gtacking Cfault type with n/3 < 11X >
Burgers vecltors.

(a) Shoving colonies of loose in Al cuenched from_GOOOC to -20°¢,
eged 5 see 100°C, (purity’99.999%). Notlce larger loops ot periphery

of the colondes. (B) Frlerped viev of edge of colony shoving Frank

loops os well os perfect dimnond choped loopd.

6(e)

6(v )

Motlon of dislocotions with lerge Jjogs escquired by cinmihiletlon of
loops (Courtesy ACH "Ctrengthening Mechanlems in Soldds" 1962, p. 64.)
AL-10% Zn olloy cucnched from 5860°C (l‘*)(Cc)uxtecy Phil. Mogs) |
41-5',5 Mo ailoy quc:ncl:hcd Trom SSOO'C dePormed 359 aged 11 min at 20%
and further dcfbrmed 11%. Hotice columns of lorge loops uligned’along
< 110 >

AL-5% Me olloy quenched fraw 550°C. Cowparison with Fig. 6(a) shows
thot the nelices prescnt hcre‘brcak dovn into loops as o result of
deformatlion. |

Schemotic 1lluctration of the effect of imyurity ~tons in decreasing
the supersaturntion of vocancies vhen Ey + 0.

Long regulor helices in ALl Cu ofter cquenching from SMOOC.(lS)

(Cowrtcmy Phil. Mg, ).
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Diomond ghoped loops ond hellcen in Al-B% Mz quenched from SQUQC
oand oced 9% hr. ot 100°C. The most broboble plane of the loops

1s (111) or (ITr).

Cu-0.5 ot. % Ag quenché& From lOGBOC, ond. aged 1 h ot 100°%¢ Uhcﬁing
a row of loops punched from the region A.  ‘The loops dimiuish'in

elze with dietence from the origin indicating thot they are of the

Anterstitiel type.

Al-5 wt. % Mg quenched from 520°C, and pged T0 h at 100°C, showing
dislocation sources end punched loops originating Irom precipitates
in the groin boundaxy.

17

High purity Nb snncaled lTBOOF and bombaxdment with 2X107' Ce ions

-(‘ .
em - (340 keV) ot licuid nitrogen. Loops can be resolved at A.

- (Courtesy L. E. Thomas, Rocketdyne).

As Fig.‘lQ showing helices and rows of loops emittied from'u,boundary.

Notice cluaters of black epot defects. (Courtesy L. E. Thamas, Rocket-

dyne).

-Al: Energy of defects as a function of size.

Azt Dnergy of defects as a function of size.

Frenk loops in ALl purdty 99.999%% quenched from 600°C to -20°C eged
5 see 100°C. o | |

A large truncoted hexagpnal'Frank ioop in Cu-ﬁ.at. % Ag quenched
from 1000°C rnd oged 1 h et 100°C. o
Tutrahedravin quenched gold after Silcox_apd Hirsch.(au) “(Courtecy
Phil. Mg, ).

Sehemotle reprecentation of formotion of dicmond shaped loops from

" hexogonal. loops (e.g. see Figs. 3b, 9).
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Tetrahedron of (lll] planes. In the FCC lattice; the Burgers
vectors of disiocations AB, BO, CD, DA are af2 <110>} Ay, Br, etc.
a/6 <211>; yB, ar etc. af6 <L10>; ond Aw, Cy ete. af3 <L11>.

The radius of a shrinking loop ve time during annealing in the
electron microscope,

Showing growth of loops in Al-5% Mg alloy during annealing at
365°C in the electron microscope.

Rate ofyincrease in loop radius vs reciprocal of the sbsolute
temperature for Al-5% Mg Alloy. Repsults obtained- from snnealing
experiments in thé electron microscope.

8tress-straih curves for Cu, showing éffect of vacancy clusters for

e single slly orientation of the tensile axis. Dashed curves are

from a length of the same single crystal wire tested without quench-

ing, Test temp., T8°K.
Stress-strain curves for Cu, showing effect of vacancy clusters for

a multiple slip orientatibnv(tensile axis [111]). Dashed curves

are from a length of the same single crystal wire tested without the

quench-age treatment. All tests at T8°K.

-Changes in yleld stress, excess resistivity, and radius of small

angle X-ray scattering centers in Cu during aging at 20°C after a
rapid quench from 1070°C.

Showing motion of a'dislocation in Al containing dislocation loops.

" Notice cusps vhere the line is pinned by loops.
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Figo A"‘2

Fig . A-3

Fig. B-1

Fig. B-2

Fig. B-3
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FIGURE CAPTIONS FOR APPENDICES

A1-T% Mg alloy quenched from 500°C, :showing a climb source with
concentric but not coplansr loops on (110). A loop has inter-
sected the surface at A and C. After Embury end Nicholaon.(hh)

.

(Courtesy Acta.Met.)

Schematic illustration of the geometry of & pyramidal source such

as that shown in Fig. A-l., After Embury and Nicholson;(hh)
(Courtesy Acta Met.)
Climb source in Al-5% Mg alloy quenched from 520°C and aged 94 hr.

at 100°C.

-Sketchidefining the convention of the Burgers vectors df (&) an

‘edge dislocation line, (b) a vacancy loop and (c) an interstitial

loop. ‘After Mazey et al.(ST)
Sketch showlng the deviation, s, from the reflecting positioh

corresponding to the angular deviations (2 6-0), (B-2 6) from the

‘Bragg condition. 8 18 positive when the reciprocel lnttice point

corresponding to g lies inside the reflécting sphere (angle of
incidenc¢ greater thén the.Bragg engle) . _

Showing the sense of displacément of the image when (g ¢ b)s changes
sign across either an extinction contour or an sbsorption band for

the convention shown in B-1. After Howle and whelan.(h)
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Fig. 4.
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Fig. 5e
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Fig. 6a
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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.








