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ABSTRACT

investigations were cérried'out on the effect of polyslip on strain
hardenihg in fcc single crystals, It is shown that the rate of strain hard- :
ening increases for those orientations wherein attractive dislocation inter-j
sections occur and that those orientations which produce the greater |
number of such intersections exhibit the greater strain hardening. It is
found that the barrier reactions considered by Hirth are not responsible.
for any strengthening. |

Special experiments on specimens with a [111] tensile axis re-
vealed that the .pre'-ex;’)onential coefficient of the intersection equation is
not constant as was previously assumed but varies by several orders of
magnitude, | Furthermore, at temperatures above the critical témperature,-

the deformation mechanism is thermally activated.



I. INTRODUCTION

The rate of strain hardening in fcc single crystals increases as
the orientation approaches that for duplex sﬁp, 1 Higher rates of strain
hardening are attained by crystals oriented respectively for the simul-
taneous operation of ﬁvo, four, six, and eight slip systems. 2 No deta.i»le'd
investigations have yet been carried out to rationalize these observations
in term's of current fheories of dislocation mechanisms,

Previous investiéations on the plastic behavior of single crystals
of aluminum oriented fof single slip and polycrystalline aluminum by
Mitra and Dorh3 revealed that the low-température thermaliy activated.
mechanism of deformation is that for intersection of forest dislocations
by the glissle dislocations as formulated by Seeger.4 Hence the Seeger

equation

¢ = NAbpe U/KT (1)

applies where . %4 = the shear strain rate

N = the number of points per unit volume
where intersection can occur

A = the area swept out per successful
intersection

b = the Burgers vector of the dislocation

the Debye frequéncy v

=" the activation energy for intersection

Boltzmanns constant

4 & o «
i

= the absolute temperature,

The above quantities are assumed to represent suitable smeared
average values, In the crude approximation the activation energy for

intersection may be written as



- ‘ - X 2
U=UG/G, - (1 -1,G/G ILb" | Bt
where U, = the activation energy for intersecction e
' at absolute zero temperature ‘ '
G/G, = the ratio of the shear modulus of L

elasticity at the test temperature to
that at absoclute zero

7 = the applied stress

r* = the internal back stresses at éb:sbvlut'e
zero, and

L. = the average spacing of the forest
dislocations,

The source of the internal back stresses is the's’ubj’e‘ct of con-_
siderable debate, The purpose of this inves‘tigathibn is to ‘delterinine thé
effect of the simultaneous operétion of mul’éiplé slip syétéms on the rate
of strain hardening in aluminum single crystals and the inflﬁéhce of

orientation on the buildup of back stresses during deformation.

II. EXPERIMENTAL TECHNIQUE

Single crystal specimens of high purity Al (99. 995 atomic percent)

were produced in the following manner: ' |

(1) Singlle‘crystal spherés of approximately 1 in, diam. were
gro.wnz‘ in graphite crucibles under argon by the modi;f ied
Bridgman technique.

(2) The orientation of the spheres was determined by thevLaué .
back-reflect.ion technique.

(3) The spheres were so oriented in graphite crucibles con-
taining a 3/8-in. diam cylindrical cavity above the spherical
receptical to give, respectively, [001], [011], [i11], and
(I12] directions alc'm‘g the cylinder axis, Another sphere



was so oriented as to give an angle of 45° between the <111>
~and the cylinder axis as well a.s 45° betﬁreen the <110> and
the cylinder axis. Oriented cylindrical,single érystals were
produced by placmg a polycrystalline rod above the sphencal
-seed, melting part1ally into the sphere under argon, and
growing an oriented rod from the spherical seed.

(4) Finally, oriented single crystal.rods approximately 4-1/2 in.
in length bw'ere grownvusing sections of the above described
rod as seeds,l | » | |

(5) A reduced gage section approximately 2 in, in length and O, 225
in, in diameter was produced by spark machining, The spark
damaged layer was removed by etching away 0,002 in, from
the diameter,

(6). The specimens Were annealed at about 823°K in a salt bath for
approximately 1/2 h prior to tesf’mg. »

Tensi(;n experiments were carried out in an Instron tensile testing

machine over the temperature range 4. 2° to 370°K,

II. EXPERIMENTAL PR_OCEDURE AND RESULTS

In order to determine the effect of the orientation on the rate of .
vst‘rain hardening, experiments were carried out at 77°K in an Instron
tensile testing machine for variously oriented single crystals at a cross-
head speed of 0,02 ’in. /min, Table I summarizes the orientatiqns tested
and the number of slip systems operative in each case, The diagram of |
critical resolved shear stress vs shear strain is shown in Fig. .1'. The
method of calculating the resolved shear strain is given in the Appendix,

In order to obtain data for calculating the apparent activation volumé,
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which_is: defined v = Lb2 in the Seeger model, values of B defined by

g = Mm’ z(zm'(z /W”1> : o 3)
T - .

a7 (19 - 1)

were obtained by means of a quick géar shift change which reduced the

crosshead Spéie\” by a factor of ten, These results are shown in Fig, 2,

Figure 1 _I"eve'éf-lé' that the rate of strain ha.rdening increases as the number

of participating s‘lip systemé increase except in the cas’é 6f the [012]
orientation which exhibits the lowest rate of strain_hardeﬁing, Figuré 2
shows that the apparent activation volume at a given strain decreases as
the' ﬁumber of'participating slip systefns increase,

111 order'_to determine the nature of the variation of back stresses )
these additiohal expériments were conducted, Specimens with the tensile‘
axis along the [111] direction Were selected for these eXperiménts since

they exhibited a high réte of strain hardening but did not exhibit the in-

stability which was observed for some Speéim'ens oriénte.d. with the tensile -

axis aiong the [0‘01] axis. Since a strain hardened state of a material
may be defined by fﬁe flow stress’ 'rp at a particulaf stram rate and tem-
pera‘cure,‘ states a, b, <, and d defined by the flow stress 'rp at 370°K
and a strain rate of 1,0 x 10™% sec™! were selected, Specimens described
above were first prestrained to thé lowest state, a, and subsequently de-
formed at a seleéted strain rate and temperature, returned to 370°K, pre-
strained to state b, and again deformed‘a"c the selected temperature and

‘strain rate, etc. The deformation at the selected temperature and strain

rate was always small so as to minimize the changes in the structure thatv,

could result due to the different experimental conditions. The results of

‘a series of experiments conducted at strain rates of 1,0 x 1073 sec-l and

-1

1.0 x 10"5 sec — over the temperature range 4, 2° to 390°K are recorded



in Fig. 3. These results indicate that the flow stress decreases linearly
with increasing temperature at constant strain rate over Region I and de-

creases less rapidly with increasing temperature over Region II.

IV. ANALYSIS OF RESULTS AND DISCUSSION
The intersection theory assumes that the strain hardened state is
described in terms of the variables 'r:;, L, and NA, Previous analyses
of the intersection mechanism have assumed that NA does not vary
materially during strain hardening. However, vuntil recently no experi-
mental results were available which would allow onejto make- judgment on

the validity of this assumption. The experimential results represented in

. Fig. 3, however, allow a calculation of NA to be made.

Over Region I the results can be analyzed in terms of the Seeger
equation for intersection, namely _
% 2
U, G/G - (1 -7 GI/G )Lb

. KT -
v = NAbve | C(4)

when T < Tc‘ Rewriting Eq. 4 in the form
7G,/G = U, /Lb® + 7 - KTG_/Lb’Gin(NAbY/9) (5)

when T < Tc' reveals that 'rGo/G decreases linearly with TGO/G at
constant strain rate since for a given strain hérdened state U-o'. L, 'rz ’

and NA are constant. The excellent agreement of the experimental

‘results with the dictates of Eq. 6 is shown in Figs. 3 and 4, For a given

strain hardened state at a constant strain rate the slope ‘of the curve is

By, * k/Lb%en (NAbu/4,) | 6)

hence the ratio of the slopes for two different strain rates gives



Ch. p. . I@Aby[) o Al
Y3 ‘92 {n(NAby /,) N

Solving for NAby one obtains

By /By (Ing ) - (anvy) |
enNaby = Yo 1217 T (®)
i B’?l /B’72 _"1

The variet“ibh of fnNaby for various states v'c'haracteri.zed by the

. stresé Tp at 370°K and a s_treiri fate‘of 1.0 x 10-.5 sec'1 is given in Fig,
5. Table 1I gives the values of NA for various strain-hardened states,
This table reveals that, contrary to the assumptions which have been made
‘in the past, NA is not constant but varies by several ’ovv'rders '6fv'magnitude.
It should be pointed out, however, thaf i\IA can scatter quite widely' about
the reported values for the following re ason: The effect of strain rate on
the flow stress is Smavll, therefore, the slopes of the twobh'nes for a given
state at two diffe‘re.nt strain rates are not.vaetly different even though the

- strain rates differ by a factor of 100. Examination of Eq. 9 reveals that

a sniall error in the ratio B&l /B'f’z’ which has a va}ue near 1, can cause
a considerable chanlge in the value of NA. Nevertheless it is difficult to
believe that the trend sﬁoWn in Fig. 5 can be explained away by eﬁ(perimental
scatter, Using the same experimental technique, Rosen, Nunes, and |
Dorn5 have found s‘imil’ar trends in polycrystalline a_luminum. The reason
for such a dramatic change in NA is not clear, However, one possibility
which admits such variation may Be as folioWs. Although a one to one

: correspondence between the observatidns of electron microscopy and the
dictates of intersection theory cannot be expected since the quantities NA

and L represent smeared average values the following results seem to

be pertinent. ‘It has been observed that during the deformation of aluminum



and other fcc metals7’ 8 that a cell structure is formed wherein the cell
walls are composed of dense dislocation tangles while the cell interior is

relatively dislocation free. The density of dislocations in heaviiy deformed

10 cm"2 (9)

aluminum has been reported as 10 and for copper the disloca-

tion density in the tangles at the end of stage II has been found to be as

high as 5 x 1011 cm-z, (10) furthermore during deformation the cell size .

decreases to approximately one-half its original diameter, 11 If, as in thé
case of the simple theory, N is associated with the cube of the dislocation
density, but A is associated with some average area which depends on the
cell area it is clearly seenthat while A decreases only by a small factor

the density of dislocations in the entainglements increases by several

“orders of magnitude, hence a great increase in the product NA is

possible,
Hé.ving‘established the values of {nNAby one can calculate the

activation volume for the various strain hardenea states from the relation

v = 1b% = k/By tnNAby a ©
1 .

These results are shown in Fig. 6. The activation volume can be obtained
from the data of Fig. 2 since differentiation of Eq. 4 with respect to the

stress gives

a4ny [or = Lb2/kT=p (10)
hence

BkT =~z Lb" = v v (11).

The activation volumes obtained by the change in strain rate technique" are.

_plotted for comparative purposes, The activation volumes obtained by

the two techniques are in reasonable agreement, The differences that



~exist may be dde to a different structure being developed when straining
takes place ex’cldsive'ly at 370°K. This is in harmony with the electron
microscope observation7 that a-smaller cell size is deVeloped when de-
formation is executed at lower temperatures,

| Values of the activation volume for polycrystalline alumin\um3 at

90°K are also recorded, | The close agreement of these values with those’

obtained at 77°K for a smfg-r;e_'crystal with a [111] tensile axis attests t:o
~the validity of the sugges:t;'ion by .Kochsz that the appro,priat‘e single crystal
stress-strain curve to predict polycrystalline behavior is that for Which
,nolyslip occurs,

Figure 3 md1cates that at the lowest strain hardened state over
.Reglon II there is only a shght decrease of 'rG /G’Wlth 1ncreasmg tem-
perature, Exam1nat10n of Eq. 5 reveals that therrnal fluctuation assists
only in overcoming U_. Hence,; this:»equation applies only when )
U, > kTG, /Gn(NAby/¥). For ternperatures where U < kT-Go/Gln(NAbv/‘?) |

successful thermal fluctuations are immediate and in this range

TG_O/G= Ty - a2

when T > T Above about 200°K for state (a) the corrected flow stress,
'rG /G is almost constant W1th 1ncreasmg temperature therefore Eq, 12
applies, and the value of T o for state (a) is established, Having deter-

mined the value of "'r’; for state (a) and o'bserving that for T =0

%

_ - 2 . .F
7,Go/G = U /Lb" + 7 _ | (13)

" one can calculate Uy and obtain Uo =4 400 Acal/'mole. This value for the
activation energy is in reasonable agreement with that of 4 700 cal/mole

obtained by Rosen, Nunes, and Dorn_5 for polycrystalline Al,
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Knowing the value of U, one can now calculate the values of To

for states (b), (c), and (d). The results are shown in Fig. 7 with the
results of Rosen, Nunes, and Dorn, 5 As in the case of the activation
volume the variation of 'rf; for single crystals with a [I11] tensile axis
‘and polycrystals is in good agreement, At the higher sfrain hardened
states at temperatures above Tc (in Region II) there is a significant de-
crease in fiow stress with increasing temperature, bHence the mechanism .
of deformation in Région II is thermaily activated and may be controlled-
by a dynamic recovery proceséo |

. The results of Fig. 1 clearly show the effect of the orientation on
work-hardening in aluminum., Excépt for the [012] orientation which has
two operative slip systems, the rate of work hardening increases as the
number of operative slip systems increases, The reason for the low'ratés
of work hardening for the [012] orientation will be discussed later, In
harmony with the observed increase of work hardening the activation volume
decreases more rapidly with strain as the number of operative slip systems
increases as shown in Fig, 8. Equation 5 reveals that a decrease in the
activation volume can partially account for the work hardening that is ob-
served. However, since as discussed'previously NAby is not constant,
these results cannot be used to determine the variation of the back stress
with deformation by the techniques previously employed. 3 Nevertheless,
some comparisons can be made,

There ére 24 different Burgers vectors of the type a/2 <110>

in the fcc lattice if one considers both positive and negative directions, |

12

Hirth™ ™ considers the possible reactions of the primary dislocations in

the fcc lattice with secondary dislocations and concludes that there are

13 14

three important barriers of the type considered by Cottrell"” and Lomer.

The three barrier dislocation reactions are
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al/é [211] + af6 [121] +.a/6[121] + a/6 [112] —> (14)
: 14

af6 [121] + a/6 [121] + a/6 [101]

hich is the orlgmal _Cofctrell—bomer reaction an_d will be referred to

érein as a Cottrell-Lomer bari‘iér/;'

a/6 [211] + a/6 [1211 + a6 [121] + al6é [211] —_ (15)
15

a/6 [211] + a/6 [211] + a/6 [202]
referr‘ed to herein as a Hirth I ba_trrier; and

a/6 [2ii} + a/6 [1 1] + af6 [211] +a/6 [iﬁ ] —
(16
a/6 [121] + a/6 [121] + a/6 [020] 4

referred to héréin" as a Hirth I bar'rier, whe'i'e a is the lattice parameter.

| By c':onsiderétio'n of second order, short range interactions Hirth cOncludés

' that the reactions given by Eqs. 15 and 16'represen‘t's’tr‘onger b'afriers to

glide than_the barrier represented by Eq. 14,  In additio'n,'Athé“re are certain

other reactions which are not favorable since the resultant di’élOCati_ons

" | have a greater energy than the sum of the energies of the reacting disloca-

fions and therefore repel each other,' still other reactions cause ai'inihila-v

" tion and some produce new glide disloéations., |
The only difference in the specimens, whose stress-strain curves ;

‘are recorded in Fig, 1, is the 'orientation and therefore the number of

operative slip systéms. Hence, it is reasonablevto assume that the-only

important dislocéﬁon interactions or reactions coritributing to the buildup

of bac;k stresses occurs betweeh the mdving"dis'loca_’c'i_ons and the d__islocati_ons

originally present play ionAly' a minor role, Assuming that the reactions im-

pdf-tant to hardening occur only by .the combination of gliding 'disrlocations,'

one céh determine the number of various kinds of reactioﬁs or interactions

for jiair_s of dislocations for the various vorientaftibn’s. Table @I lists the
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a].lp systems which have equal maximum shear stresses for each orienta- -
tion, Table IV summarizes the number of various kinds of reactions i‘or
each. orientation and Table V gives an example of each type of reaction.-
Only reactions between pairs of dislocations lying in different glide planes
are considereci since no important barr_ier formin;g reactions occur be-
tween dislocations lymg in the same glide plane.

Table IV clearly reveals that the Hirth I barrier and Hirth II bar-
rier are not respon{s1ble for hardening since they are the only barriers
formed for the [012] orientation and this represents the orientation for
which the( rate of strain hardening is the lowest, the extent of "easy glide"
.being greater than that for single slipt Qua_litative_ly the formation of
Cottrell-Lomer barriers is in harmon_y with the experimental ohservationS;
However, no evidence of the existence of these 'barriers has been observed
| 1n aluminum, 8 On the contrary, as discussed previously, ‘a cell structure |
is formed bounded by dense dislocation tangles. Hence Cottrell— Lomer
barriers as Athe source hardening remains questionable. As will be shown
subsequently, the results are in complete harmony with the conclusions |

15 that hardening occurs because of the attractive junctions of

of Saada
intersecting dislocat'ions. It is suggested here, however, that the major
source of these junctions is due to intersections of moving dislocations
with other moving dislocations. Hirsch16 pointedv out that intersecting
dlslocations in structures such as fcc interact with one another when the1r
slip planes are not mutually perpendicular The problem is made more
complicated by the fact that the dislocations can attract or repel dependmg

on the mutual orientation of the dislocations and their Burgers vectors,

This problem has been studied in considerable detail by Saada.
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Saadal” considered two dislocations A and B and as they come
.irjlto coqtaét th'éy form an unstéble qﬁadrupie node. If the- scalar product
6f the Burgers vectors of the 'diSlOCatiéns A and B is neéative the quad;-
ruple node can decomposer»int_o a_.th.ird_di.slocatvion C (Fig.‘ 9) with Buifgers
vector b3 but if the scalar producf is positive the junction is repulsive, -
The .decompositi—t;n-:jéf the‘qualdruple node in the attractive case stabilizes
the structure hence it is more diffic’ulf for dislocations to ;:ross at attrac-
tive junctionsv than at 'repulsive ones, Indeed Saada shows that the harde_ning
~due to attr}act.'ive junctiOris p_ré dorhinatés that due to repulsive ones, The
stresses ne'ceSSafy to ‘c.au_se dislocatié_ns to cross at attractive\junctions
: Aare ‘pra(':tica'lvly télrnperature inde'péndént whereas the re’puléive juhctions
cause a temperature depehdent‘hardening since such crossings can be
thermally activated, | o

Table VI summérizes the number of attractive junctions-formed
by dislocation intersection for the \'rbaridus tension axis drientations. Due
to the nature of the intersecting dislocations certain of the;:-;e nodes will
form parallel to the {001} plénes whereas others will form parallel to
the {111} planes, hence this diStinctidn has been made in the table,

Table VI clearly réveals that hafdening due to the formation of at-
traétive nodes is in hérmony witﬁ expériméntal results‘recorded in Fig. 1,
Furthermore, for the [Iil] and '[001] orientations ségménts should |
form parallel to the {001} and {111} planes hence this may account
for the eléctron microscopy obséfvations that the dislocations tangles
forming the cell wall in deformed aluminum tend to lie parallel to the

8 Systematic study of the deformed structure

{001} and {111} planes.
as a function of orientation via electron micrdsCOpy should prove very

enlightening. One additional orientation that should be included in future
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studies is that for the simultaneous operation of two slip systems having
the same glide plané; Such an orientation should also reveal a very low
rate of work hardening because no important barrier reactions occur in

this case,

» V. CONCLUSIONS

It is concluded that:

(1) The pre-exponential coe'ffici‘ent of the- Seeger equation for
intersection is not constant during deformation as has previouslly been
assumed but changes by several orders of magnitude,

- (2) ' Deformation in the region above the critical temperature
defined by th_e Seeger_ equatiqﬁ is also thermaliy activaied.

(3) Thé aétivation volume decreases more rapidly with deforma-
fcion as the number operative slip systems increase,

(4) The rate of hardening is in harmony with the formation of

~stable nodes at attractive dislocation intersections.

(5) The barriers considered by Hirth to form strong obstacles _

to slip are shown to be ineffective.



-14-

|  ACKNOWLEDGMENTS

I am indebted to Préfessoi' John E. Dor_n'wh:(‘) 'suggested the problem
and who was a source ofi‘nspirafvi‘on ,throu_ghout_‘.i‘ts execution, Dr. S.K. |
Mitra is thanked for his confribﬁfions during some of the early experi-
mental phases"('éf".f‘:'{t'hi's Work, The discussions with Dr. A. Rosen, Professor
F.E. Hause‘r'.',. and Messrs, A, ':_Nuhes and A, Axﬁadieh were most helpful
| in clarifying rha_ny is.sues., Dr. A. ‘Mukh,verjee-vis especialiy'thanked for
 assistance during the lattér experiméntal phases amdj for ‘m‘any helpful
’diskcussions, Mes"srs.‘G‘. Chao, R. '_W‘also‘n_, P. Nishikawa, and E. Garlinger
helped r.ne»asu'raku)l"e with the é_éreful spécimen p:re'pa'ration'a'nd data reduc- -
tion, Fihally, I owe a great debt to my‘W.ife Blar.i.ché‘without whose patience
and under_‘s"t‘anding this work could never have been completeao |

This ’work_v‘vas performed under the alis_pices 'of.t'h‘e U.S. Atomic

Energy Commission, |



-15-

Table I, Orientation and number of operative slip systems.

Orientation of : Number of operative
. tensile axis slip systems
45°to [101}] - - 1
and (111)
[012] | ' 2
[i12] A; o 2
[o11] » | 4
[i11] : 6
[001] - 8

Table II. Variation of NAby with state.

State 'rpGolGx 1077 dynes/cm2 . NAby sec”}
a 4,81 ' _ 2.,0x103
b 7.82  2.3x10°
¢ 10.69 - 5.8x 10
a 13,89 7.6 x 10°
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Table III. Operative slip systems for various orientations.

Orienta’tion. of
tensile axis.

Slip systems.

45°to0 (111)
and [101]

[ 012]

[112]

[o11)

[i11)

~poo1]

vg111)[Io11
:§i11)[1oi];

(111) [101],

(111) [110],
(I11) [110],

(111) [110],
(111) 101},
(111) (110},

(111) [101],
(I11) [101],
(111) [101],
(11i) [101],

(111) 101},

(111) [1o01],

0],

(111) [ 1
[110],

(I11)

(111) [110],
(111) [101],
(111) [ i10],

(111) [i01],
(Ii11) 101},
(1i1) io1],
(111) 101},

d11) [101],
aid) fo11l,
(111) [10i],
(111) [ 101],
(111) { 101],
(111) [011],
(111) [o11],

(111) [o1i],
(111) [ o011},
(111) [o011],
(11i) [o11],

(i11) (101}
(11i) [0iI)

(111) [ Io1]
(111) [1oi]

(111) {101}
(111) [01i]
(111) [oii)
(111) [ 011}

(i11) [oi1].
(111) [0ii]
(111) [o1i}




Table IV: Summary of the number of various dislocation
‘reactions for the indicated orientations,

-17-

Orientation of tensile axis

12

Resultant .
dislocation . '
45°to [101] = T
and (111) [Q12] [112] [110] _[111], {001]
Cottrell-Lomer
barrier 0 0 2 4 6 8
Hirth I barrier 0 2 -0 4 0 16
Hirth II barrier 0 2 0 4 0 16
:!.\'TO reac‘tiOR, i. €., 0 0 2 4 24 32
. "'repulsion
Annihilation 0 0 0 0 6 8
Glide dislocation 0 0 0 0 16




Table V. Typical reactions for each of the resultant dislocations,

Line of inter-

Resultant ~ Burgers vector > Glide plane -
dielsu ?n ' Reacting dislocations ~of resultant . section of .:>©  of resultant
- @islocation dislocations glide plane . -  dislocation
Cottrell-Lomer [1oi]_(111), [011](47) a/2 [110] [110] (001)
barrier : . : ‘
Hirth I barrier [10T)(15y (10114 5y a/2 [ 200] - [1i0) ' (001)
Hirth II barrier (101114, [ioi](lli) | a/2 [ 003] [110] (110)
No reaction [101];,4y (011) 5y, a/2[112] -- --
Annihilation [101](111) [101](111) _ a2 [000] -- -
Glide dislocation [io11(‘111) ['Oli]‘(in) - a/2[110] (o1i} (111)

..8'[_
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Table VI, Attractive junctions formed for
the various orientations,

45° to {111 _
and <1{10>} [012]  fi12]  [o11]  [111]  [001]
Segments parallel '
to (001) 0 0 2 4 6 8
Segments parallel " 0 0 0 o : L3 v16

to (111) |
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ACTIVATION VOLUME, v x 102 CM3
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(a) BEFORE INTERSECTION.
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FIG. 9. INTERSECTION OF ATTRACTIVE
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This report was prepared as an account of Government
sponsored work. Neithér 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 émployee 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.






