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I. Introduction

A complete understandtrig. of yielding, strain hardening and the
propagation of cleavage -ciacks will require a l:xzbwledge of how the length

of moving dislocation line and the length of immobile dislocation line

change with strain. For example, plastic "'stz;_a,.&nvxv'atre caxi be expressed

as;
e
v sbly

where

| '; is the averag"é resolved shear strain fate

b is the Burgers veétor of the movlng'.diélocauohs
B ,Z is the average length of moving dislocation per cubic centimeter
| P‘is the qvérage dislocation velocity _

Gifman and Johnston‘(l)(z)_by making var‘i’m‘xs agsuﬁxpt’jona about how .£
and v vary with stress and .s:tr'éin have cohstructed_ theoretical stress-
strain curves that show many of the ieatu;‘,les"of_ expérimental curves.
For exaraple, if the initia,l_.value of Z is a‘lssx,;xmad to be s'mall.‘ the theo-
re;ical cufves show uppe_rl.and lower yield .pdgnts', This, of éourae. is
an‘ observed behavior for many materlalé in vg_hich nearly all the dis-
locations can be immobiuz.ed by tmpurity locking. _'f_he major difficulty
with this approach and any other that ‘_co,ns'idera only averagé valﬁes of
stress and strain is to understand the true meaning of the parameters

that must be used. In this case, both .£and ¢~ certainly depend in a very
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complicated way on stress, strain, temperature and even thermal
mechanical history. In the process of averaging, the really essential
differences between various materials may be lost. More insight into
fundamental reasons for differences in properties from one ‘clasé of
materials to another may possibly‘ be gainéd by focusing attention on
nucleation and growth of»individual slié bands. |
Plastic deformation is charaétéristicauy an inhomogeneous pro-
cess. Growth of}slip bands, within which the local shear strain may be
as much as 1.0.5 times greater than the averagé str'aln.‘ is the dominant

mode of plastic deformation for nearly all materials and at small and

large plastic strains., Sce, for example, the recent electron micrdscope

observations of Madef. (3) The slope of an average stress vs avex_'ége
strain curve often tells nothing about the true strain hardening rate. A
more fundamental parameter is the amount of damage left in the crystal
by each increment of strain. The extent to which this damage shows up
ofx the stress strain curve as an immediate increase in the stress re-
quired to continué ‘pljastic’d.eformativon must depend not only on the amount
of damage but also on how it is distributed. (@) Damage in the form of
immobile dislocation lines and probably small clusters of point defects

is generated during plastic defoimation at a much greater rate in a mag-
nesium oxidé crystal than it is in vcopper-.‘ l‘fet. the magnesium oxide

stressstrain curve shows essentially no hardening after two percent

“plastic extension, In this material, the local hardening is 50 great within

a slig' 'baAnd that, 6n the é.verage,l -ox;ly bne dislécation 1s'able"to pass over
es'/ery'ﬂtenth atoxﬁ layer. (5)(6) No jhard'en:mg is evident én the stress strain
curve bécause plastic strain Lﬁcréases by continuous widening of the slip
bands into‘ pre\}iously undeformed’xjegions of the cxfystal. __'Ih copper, the
local strain in a sup.band mgy bg"i‘éoo ti.mes greater yet only scattered
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reglons of the sheared volumé within the band contain any visible damage”)(a)
This is why, when deformed metals are examined by transmission elec-
tron microscopy, it is usuauy.-ndt possible to even identify the locations

of slip bands. .Fig. 1a shows a.slip band in magnesium oxide and Fig. 1b _’

‘shows a typical field of view for a .ulghtlly deformed. copper crystal. Both

are transmission electron micrographs a.lt appx_‘oximately 50000X

magnification. :

What is the reason for this fundamental difference in beha.vior?

The yleld stress as ordinarily measured 1n a tenaion test 18 not the

stre.,s at which dislocations begin to move, Etch pitv observations(a)(g)

: and highly sensitive stress strain measurements( 0 show that disloca-
tions start to move in magnesium oxide at a stress less than half the yield

and 1n copper at 1/20th the yield, The yield is characteristically the

Btress at which slip bands begm to grow. A satisfactory explanation of
yield_ing and an underatanding of the very different kinds of damage left

in different materials by plastic deformation must 'involve the details of

- the mechanism by which new lengths of dislocation are formed and get

stuck during the growth of a slip band.
it is the purpose of this paper to discuss the mechanisms by which
dislocations can multiply and to t{ry to explain the different dislocation

substructures in deformed matals compared to those in deformed ionic

crystals,

II, Definition of Multiplication

- In a growing sl'ip band, it is necessary to differentiate between
multiplication of shear strain, multiplication of the length of moving

dislocation line, and increase {n the length of immobile dislocation line.
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ZN-3211

Fig. 1. Transmission electron micrographs showing damage
caused by slip -- 50000 X.
(a) Magnesium Oxide
(b) Copper
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All three of these processes usually occlur together. They have frequently
been confused in the literature,. For example, when one éounts dislocation
vetch pits in a slip band in a lithium fluoride or magnesium oxide crystal,
the number which is obtained has nothing to do with the number of moving
dislocations. .In a'wide band, hearly all the pits except a few along the
edges of the band mark immobile dislocations in the form of elongated
prismatic loops. (5)(6) The density of pits also has nothing to do with the
shear strain within the band. The shear strain is determined by the

number of dislocations that have traversed the glide planes and left the

erysial and is not always related to the amount of damage in the form of

,1mmob_11e dislocatibns_that is left behind. For the purpose of this discus-

sion, strain multiplication can be defined as the shearing by more than

one Burgers vector of any line that passes through the slip band at right

~ angles to the glide plane.

III. Frank Read Source

Since 1950 it has been general'ly thought that the problem of strain .
multiplication was satisfactorily solved by the Frank Read source. This
classical mechanism of multiplication is pictured in Fig. 2. The essential

idea is that under certain conditions a dislocation that is pinned at one or

" more points, }AB, on its glide plane can rotate about its pinning points and,

therelore, traverse each part of the glide plane an unlimited number of
times. In a broad sense, all possible mechanisms of strain multiplication,
except direct nucleation of a new dislocation loop by the éombinéd action

of stiress and a thermal fluctﬁation, are only modifications of the Frank
Read wechanism, However, ii is worth discussing, In detail, some of the

general configurations of dislocations that can result in strain multiplication
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Fig. 2. Frank Read source.
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because it has ‘recent:.ly been suggested by many experiments that sources
like that shown In Fig. 2 do not'explain the growth of slip bands of the type
seen in lonic crystals. Entire wide bands of slip in lithium flu‘oride(lz)
and magnésium oxide can grow from small isolated half loops of disloca-
tion ‘lihe that have been introduced at the surface of the crystal. Centers
of straiﬁ multiplication éppear to dév’el;op continuously wherever there v
aré moving dislocations; Ln this case, at the interfaces between th_e_ de-
formed matérial that contains a high density of immobile‘.dislocations
v/itain the band end the unde’formed crystal to either side. (5)“The shear
diﬂsplac.ement in any one glide plane in these slip bands is probably never

‘more than a few Burgers vectors.

IV, Cross-over Mechanism of Strain Multiplication

A s’ituation that must often occur in real crystals is illustrated
in I"ig. 3. Consider a moving dislocation that develops an irregular
shape because it encounters obstacles to its motion that are not uniformly
. distributed. Parts of the saméz.line may often meet after following dif-

ferent paths through the crystal, Fig. 3¢:. Three different things can

ha@pen_ when these segments of opposite sign come together: (1-). They can
annihilate. (2) An immobile close pair can be formed. v(3) The two seg-
ments can pass each other. These possibilities aré illustrated in Figs..
2d, e, and f. Annihilation will occur if the two segments lie on the éame
glide plane or are near screw orientation; if not, a pair will be formed
when the separation between the two glide planes is lesé than a critical
“value, h®, and éross~ovex‘ will oceur if it is greater than_h*.‘ The critical
separation depends on the local shear stress |

Gb

B 8 e emsonas
b gx(1-V) 7
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MU-.27037

Fig. 3. Motion of a dislocation that meets obstacles that are
uniformly distributed.
(a, b, c) Possible successive configurations.
(d) Annihilation
(e} Pair formation
(f) Cross-over
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h* is the separét_ion’between the two glide planes
b 1is the Burgefa vector - |
| is Potssons ratio
G s the shear rhddums
r i3 the l,o;ial resolved éhear stress

Pair formation appears to be an importérit mechanism by which the
lengf_h of»immobile'disldcatidn line in a crystal increases during plastic‘
deformation. (6) C_r'os:a-over may bel an importa.nt mechanism of strain
r;;uliiplicatioh. (4) : |

| There are. tWo reasons why segments of the same dislocation line
™Ay be on separate glide planeé on .a’rrivinvg alt_ the same poiht by two
difierent paths. The first depénds ori the presence of a nétwork of small
angle boundarics, Virtually all the. metal and ionic crystals that have
been'a'fudied‘ up to thé pres.ent time have contained some subgrain bounda-
" ries. Consider the motion of a_dislocation through such a crystal,
.‘ Fig. 4 shows a loop of dislocation'approach'ing»a system of small
| angie boundaries A, B, C, Dand E. Assume that the'movir.xg di'slocation
is able to break through boundaries B, C, D and E but is held up by -
boﬁndaz'y A. It may .t.hen. ‘ns-sume the succe.ssive shapes: 12 3. The
séparation bétwe_en the glide planes of the two parts of the dislocation
that meet on the other side of boundary A will be equal to the length
of segment A times the twist component of its boundary angle. Ina

magnesium oxide crystal a slip band grows at a shear stress of 104g/ mm?‘.

3 cm long, the boundary would have to have a

If the segment A is 10
twist component of caly .15° to allow the dislocation loops to cross-over.
There is .2 second reason why the glide planes of the two segments may

differ vhen theymeat. ‘Consider the expansion of a dislocation loop in
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MU-27035

Fig. 4. Glide of a dislocation through a crystal containing
subgrain boundaries -- 1,2 and 3 represent successive
positions of a line that breaks through boundaries B, C,D
and E but not through A. '
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a crystal that contains vacant lattice cites ina form that can be swept up’
by moving dislocations. Foféxampie. a quenched aluminum crystal
contains vacancy cidsters in the form of small prismatic dislocation
loops, It has been shown that these loops are swept away by moving
dislocations. (13) When vacancies are aboorbed at a dislocation that is
.not pure screw, ‘the line climbs off its original glide plane. Assume
that t}he.'loop of dislocétion in Fig. 5 ‘i'nitially lies on its giid.e plane and
that its Burgers vector is. horizontal, Thén it is in edge orientation at
the two points max‘ked E and E' and in screw orientation at S. U
-absorption at E’ causeg it to climb up off the original glide plane, then
absorption at E' causes it to climb,down.. The parts of the loop that
~are not 'pure edge may aléo move off the original glide plane due to
absox‘ption of vacancies by a combination of climb and cross-slip. Itis
not knovn under exactly what conditions vacancies or vacancy clusters
will actually be absorbed by moving disiocations. |

If absorption is possible on dislocations of mixed character, as

well as those in pure edge orientation, climb displacement is given by

d = nb2
sina

d = climb displacement
n= n_uxxiber of vacancies absorbed per unit length of line
-« @ angle between the line and its Burgers vector
Edge views of the loop before and after absorption of a given number of
vacancies per unit length are shown in Fig. 5b. The important point is
that any two diametricaily opposite segments on the loop always climb
in opposite dircctioné.v Another way .of stating the some thing is that

dislocztion segments that are moving in opposite directions under the



-~

12 - ' UCRL-10200

/ After climb

P

/_’\’[/ /‘/Before climb
(b) g ====% \_/_‘

' Fig. 5.

/

/ .
|“,l/liquatlon ()

MU-27040

Climb of a dislocation loop off its glide plane.

(a) The dislocation is in edge orientation at
E and E' and screw orientation at S

(b) Side view of the loop before and after
absorbing vacancies.
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action of the same shear stress climb in opposite directions. Now
consider a dislocation that meets an obstacle to its motion and starts to
pass around it as in Fig. 3. The two pérts of the line that approach each
other on the far side of the obstacle are always moving in opposite direc~
‘tions under the action of the same stress. If they are absorbing vacancies,
| then they are_climbing in opposite direqtions bff the original glide plane.
.For reasonab_ia concentrations of individual vacancies it does not seem
likely that this mechanism can often produce wide ehough separations

5 and

for cross-over, For example, if the vacancy ccncentration is 10
all vacancieé within one interatomic distance of the glide plane are

absorbed during motion, an edge diSl_Qcation would climbv'a distance of

about b on moving a distancée of_lAO/(, or if @=0.1, afte'rn moving about 14
It does scem likely that climb may often start the growth of a long disloca~- |
- tion pair, Fiz, 3e. As further motion of the dislocation increases the
length of the pair, its spacing may also increase. This is because jogs
acquired by the segments of line ﬁear the pair tendlto glide conservati{lely
toward it, (14) These jogs may be produced by further vacancy absorption -
or by cutting of intersecting bdislocations. Such a pair -would have to grow
to a length of about 1004 in a crystal containing a concéntration of vacancies

of 10”5 before the spacing due to 'cli.mb alone would be great enough for

cross-over.

V. Annihilaticn Mechanism of Multiplication

| The grown in dislocation substructure may contribute in a different
_ w:i‘;r than those already described to the multiplication process. Consider
a moving screw dislocation, P, that encounters elements of the grown in
dislocation network A, B, C, D, E, Fig. 6a. If the glide plane of the

moving dislocation is within a critical distance of the immobile dislocation
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(a)

(b)

MU.-27039

Fig. 6. Cross-slip of a segment of moving dislocation due
to interaction with a completely immobile network of
grown-in dislocations.
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segment, ‘E; and if E and the moving dislocation have opposite Burgers
vectors, then a part of the moving dislocation may cross-slip and
annihilate_.the segment E. The finai configuration is shown in Fig. 6b,
The sitvation on the glide plane is'pictured in Fig. 7a. A segment has
. been removed from the movihg"dislocatioﬁ and two locking points have

- _lloéien established. Ii will act as a E-‘_zjahk Read source as shbwn in Figs.
7b,_- c and 4. Therei’oré, eve.n' whean the gro.wnv-in disloCations are so

- strongly locked that they are completely immobile, they can play a vital

role in the multiplication process. Frank Read. sources can'be con-
tinvously created as soon as there is at least cne moving dislocation on

a glide plane.

- VI, Double Cross-Slin Mechanizsrm of Multiplication

“fLmother way of creating'a Frank Read sgource from a émgle loop
‘ of moving dislocaticn iz cross-slip. A segment of dislocation that lies

| in pﬁr'e- ‘scfcvi orientation c.;m chenge its glde plan_e momentarily to

- start another loop thai_ expands in a paréllél glide plane. "The sequence

: ‘of' eveﬁts is éh-own in Fig'.v 8. A screw segment glides intvo"th‘ve cross-
s_lip 'pvl'an_'e and then back into another glide i)la.ne parallel to the original
cne, . After cne or more loops have been forméd in the parallel plane as
in l?ig, 8b, the small loop that lies in the cross-glip plane may collapse
le'aving no t-racé of the origin,of the seconéary loop. Geometfically this
is ‘a‘ very attracti‘vev and flexible mechani\sm for the érowth of a slip band,’
However, it is not easy to see why it should h:'—).ppen. In ionic éryétals
for yirhich this méchﬁnism has most frequently been proposed, (12) low
temperature motion of dislocaiicns is stfongly confined to only one glide

plane.’ In the scdium chleride structure a dislocation with Burgers vector
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(a) {b)
(c) (d)

MU-27043

Fig. 7. A Frank Read source can be created by the process shown
in Fig. 6 as soon as there is one mobile dislocation on a glide
plane.
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% [110]) glides in the (110) plane at a stress far below that required for
glide in (001) which is the only likely cross-slip plane. In magnesium
oxide at room temperature, this stress ratio is about 1 to 50. (15)
Therefore, | double cross slip multiplication would seem to require a
rather cbmplex syst'exﬁ of local étresses. Srall precipitate particles )
may be able to induce tfx_ia type of strain mﬁltiplicétion. Direct electron
‘microscope observafion of moving screw diélgcations is magnesium
oxide foils(m) do ndt_show croag-clip of the type éométi_mes seen in face
centered cubic metals where & dislocatibn clides for eaéily measgurable
dictances in the crozs-slip plene. In ma.gnesium oxide, screw disloca=-
‘tions move. off the orizinal §1103 glide plané gradually in unresolvably
small steps. | | |

In cloce paclzéd ractals there iz alslo a barrier to cross-éllp.
Even thoughba crozg-slip ploae exicts ih which the dislecation can glide
as e;-:s;ily ag cn the crizina glidg:' plane, it is differcnt for a dislocation
to chanze glide planecs, The reasen is the splitting dx” dislocations into
partials with a ribben of stacling fault betw-een. In crder to move into
the cress-slip plane it is nvecéssa’:y to firat have the partials recombine,
-Paéticularly for mé‘;als with low stacling fault energy this recombination

. requires very high lecal streases.

Vii. BEoundary Multinlication-
N _

When a crystel contains a cosatinudus network of subgfain boundary
tanglecs like those found in deformed bcdpper. Fig 9, 6r a weli- developed
network of sharp subgrain boundaries such as those characteristic of
neavily deformed aluminum, ‘Fig. 10, it is doubtful that a moving dis-

Y

location will find any point aleng the bouwzdary where it can cut_thrbugh
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(b)

MU-27038

Fig. 8. Double cross-slip strain multiplication.
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ZN-3213

Fig. 9. Subgrain boundary tangles in deformed copper --
transmission electron micrograph 40 000X. -
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into the next subgfain. The critical step for growth of é.,slip band may
then be bowing out of a new ségment from thé opposite éide of the boundary,
Fig. 11. If a dislocation, A, moves up against. one side of a subgrain
boundary, the stress is Increased that acts on those élements of the sub-~-
~ grain bou’ndary network capable of boiving out into the neighboring ‘su‘b-
grain and thereby continuing propzzation of the shear. It is quite possible
that new loops, (B, C in Fig, 11a) originating in this way, will be formed
at mdre than one place alcng the boundary. These loops will usually le
near but not exactly on the orig'inal glide plane. Since’ they are formed
. Independently, adjacent loops can either annihilate, form a pair or, if
their glide planes are widely enouch separated, cross-over as in Fig. 11b,
I they. cross-over, a shear displacement of b in the fix'fst subgraixi be~
comgé 2b in the second sub_gro.in. Repe"citio’n of the proéess‘can produce
a glip bard. The result.of the precess-is tb leave pairs of dislocations
bof opposlte slcn tiﬁe.t enter the subgrain boundaries from the two opposite
sides.. These will be incorporafed into the tangle ‘throughldlisl.ocation
reacticng, cross-clip and climb. lEventuall'y, they may a2t least bartiauy
annihilate each other ﬂvith'in the boundary. - |

The critical stress‘for this type of multiplication should depend
on the lengths of individual dislocation segments in the tangle.v There 15
considerable éxperithentaf evidence that subgrﬁm boundaries do. play an
{mportant role in determining flow strecs. For example, the stress to
produce slip bands in crystals of zinc that contain sraall angle boundaries
does depend on -the nature of the boundvary and on,:boundary angle. (1_?)_
Also one of thé most reproducible corrclaticns that can be made between |
critical resolved shear stress for flow and the di.sl'ocation substructure |

in copper as cbcerved by trancmission electron microscopy is a correlation
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ZN-3212

Fig. 10. Sharp subgrain boundaries in heavily deformed
aluminum -- transmission electron micrograph
40 000X.
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between stress and the length of individual segments of dislocation in

(N

the tangles.

VIII, Doracse i Slipn Bond

All of the strain multiplico ’ic.v. mechanisms {avolve the meeting
of two dislccation segments cf opposlte sim th':.t cither anninilate as in
the classicalFrdn!: Reé.d rixcchahism or cro:s-over each other. In every
ase the alternative to sirain muliiplication is the start of a. clo @ pair.
of drloc..tic..u.'_ Therefore, the f-nultiplicaticn of strain and a concomitant
increase in lensth cf immcbile'dislocatidn line are due to the same pro-.
esses.: The mariroum shear di splo ccmcnt that can take placc on a given.
glide plane may 'depend ca the number of close pairs formed per unit
area swept by -a c.iulocat ion. Alt'hsugh cio:xe pairs and elongzzted pris-

(6)(12)

metic loops formed from thera are observed both in metals and
"ionic materialg, slip bands :ire densely populated with pairs and-lbops of
all sizes, ‘some pfob::bly even too cmall to "see" by transmission electron
microscopy. In metals, pairo and loops are relatively rare and are
moctly aggociated with oubm cin boundary tanglea. In copper and alumi-
num there are large redions within slip bands, greater then one micron
in diameter, that centain no w.uiblc niage. i

The basic dii’fcrence beﬁvec«n these two types of materials may be
the rauch greater glide momhcy of dmlocations in the metals not only on
the normal glide plane but also _on possible cross-slip planes. The ratio

of the stress to just move dislocations to that required for slip band

growth is rauch greater for metals thon fer leale erystals, A,substructure
1s. (13)

K] ~ :

censisting mostly of prm atic loops and p2ires is not stable in meta

-

For ezamy J.G. 2 cleze nair or pricmatic lcop formed in one of the periect

regiens i‘a U‘)e ceater of o subgrein may clways be eliminated by the ncx
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diélocation that comes along, - This process is illustrated byFig 12, .
Thé shear stress exerts no net force on the: close pair, AB. However,

if.a third dislocation, C, approaches it on a glide plane close to that ok

A and having the same Burgers vector as A, it will not be. able. to pass
| the pair'and the grdﬁp of threce disiocation linés may be moved to. the'_
.right into the subgrain boundary, IfABisa cloéed loop, 'fhen parfs of

it must glide on a crosg-slip plane.. |

. When the damage can be collected into subgrain boundaries in -

this: way, there is a much better chance for annihilation of segments of
opposite cign and, therefore, less domage may be left in theycryslqlfper
.unit area 62’ glide,. plane swecpt, When the stress to just move dislocations
is hizh, ‘as in magaesium c::ﬁid.e,- tlﬁé daﬁaz‘ge rcmé.ins unifbi‘mly disﬂi‘x_zibuted
in the slip bard and the rate of strain h:rdanng (as measured by the emall
' élip bdnd- strain) is high. |
| _ Body-cenfered cubic metals may bo an intermcdiate case. | However,
much more e:-:perimérital wori: neceds to bé done céhcerni‘ng the growth of
individﬁal clip bands in differcant materiuia before the dif_ferences in

behavior can be fu-liy understood.
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(@) (b)

MU-27042

Fig. 11. Strain multiplication at a subgrain boundary.
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(a)

(b)

MU-27041

Fig. 12. Sweeping of a dislocation pair or prismatic loop
by a moving dislocation."
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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.






