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ABSTRACT
Most of the information as to the mechanisms of dislocation multi-

plication in ionic solids has come from dislocation etch pit studies and

transmigsion electron microscopy. In particular, the latter technigue

. has been most successfully applied to magnesium oxide. However, previous

work has always been carried out on thin foils polished parallel to {001}
cleaved surfaces. This orientation has the disad&antage of giving a k5°
projected view of the dislocation substructure. Thin sections preparéd
from platelets diamond-sawed parallel to an active (110} slip plane reveal
many additlonal features. Almost all the damage is present in the form

of dislocation dipoles; however, these dipoles often deviate greatly from

‘& pure edge orientation.. In fact, segments of pure screw dipole can be

observed. The stability of screw dipoles is evidence of the extremely

high lattice friction stress in the cross-slip ({001}) plane. Thére also

is a background of dipoles and loops of ve}y narrow‘spacing whose visibility
is more critically deﬁendent on diffracting conditions than single dis-
locations or mére widely spaced dipoles. Application of thg—dynamical
theory of contrast indicates that bofh vacancy and interstitial dipoles

are present in the as—deformed state. Screw portions of dislocation loops,
when observed, have edge dipoles. of varying widths spaced every few microns
along their length. The effec£ of the température;of deformatioﬁ on the

dislocation substructure was also studied.
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All'the aforementioned experiments were performed on specimens that
had been loaded in a <100> direction. This load axis produces zero
appligd shear stress on the {001} cross-slip planesQ In an attempt to
evaluate the role of cross slip in dipole formation, experiments similar
to those mentioned above have been carried out oﬁ specimens loaded in or
near a <111> direction. This scheme allows the continuous varistion of
the ratio of applied shear stress on the {001} planes to the applied sheér.
stress on the normally active {110} planes.

The results necessitate a model that includes easy nucleation of unit
jog-pairs on pure screw segments of dislocation lines. All newly discovered
features of the dislocation substructure can be explained by extension

of a previously proposed model (see reference 3)..

T Presently at Université€ de Paris, Faculté des Sciences, Physique des
Solides, Orsay (S.-et-0.), France.
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I. INTRODUCTION
Current knowledge of the\processes that control the behavior of
dislocations in ionic crystals, and therefore determine plastic vroperties,
has come in large part from dislocation etch-pit (for a review sec

2,5

Gilman and Johnstonl) and transmission electron microscopy °~ studies.
However, understanding of the motion .of dislocations in these materials

is based on static observations. For example, the etch-pit technigue

reveals the positions of the ends of dislocations before and after an

increment of plastic strain. Transmission electron microscopy shows the
arrangement of dislocations left in the crystai after a slip band has
forméd. Because dynamic observations genérally cannot be made, some
uncertainty often remains as to how the observed arrangement of dislocations
actually developed.

The most striking result of transmission electron microscopy observa-
tions of magneéium oxidg has beeﬁ to shéw that the largest fraction of
the dislocations left in a crystal during formetion of a élip band are
close pairs of opposite sign or dislocation dipoles. However, uncertainty
remaing as to the exact ways in which they are formed. The purpose of the
pfesent work was to‘bbtain‘more precise information as to the length,
spacing, orientation, and type (i.e., interstitial or vacancy) of dipoles
and small prismatic loops in deformed magnesium oxide. By studying the
effect.of varying the temperature of deformation and the ratio of resolved
shear stress on primary and cross—slip planes it was hoped that new clues
as to the mechanism of dipolé formation would be obtained.

A single crystal 6f magnesium oxide loaded along a <100> direction
has stressed {110} planes and uhstreSsed {001} (cross-slip) planes. The

reverse is true for a crystal loaded in a <11I> direction. A difficulty



encoﬁntered when interpreting dislocation substructures of crystals loaded
in the conventional manner,.i;e., in a <100> difection, is that at the
temperatures at which the motion of dislocations 5n {001} becomes signifi-
cant, dislocation climb aléo occurs. Therefore there are alternate
mechanisms by which moving dislocations can leave their glide planes.
Thus, one is not sure whether it is screw or edge oriented parts'of a
dislocation'loop that escape from the original glide plane. By loading
a crystal i11adifedjxn1§§§x'<lll>, such that both tﬁe normai {110} slip
planes and their companion {OOl}.cross-slip planes sustain lérge resolved
shear stresses, at a temperature too low for appreciable climb, it may
be possible to better evaluate the fole of cross-slip.

All previous transmissioh electron microscopy studies of deformed
magnesium éxide have utilized foils with surfaces polished paralleL to
the {001} cleavage plane. An {001} foil has sevefal disadvantages. The
first and perhaps the greateét objection is that only a thin strip of any
' slip plane, bounded by the two foil surfaces, can be exaﬁined. This is
because the {110} sliﬁ plane lies at h5f or at 90° to the sﬁiface of an
l{OOl} foil. The strip of slip plané.thét ié observed is less than one
micron wide, and thus, very few iongvsegments of dislocation can be seen.
'Secondly, any lbng segment that is included must lie nearly ﬁarallel to
the surfaces. Therefore there is a tendency for it to fotate durihg the
chemical thinning of the foil so as to shoften its length by beéoming more
nearly perpendiculaf to the.foil sﬁrfaceé. As airesuit the substructure
‘ obserVed.may not be entireiy rep?eseﬁfative of the.aé-deformed state. |
Finally, the disloéétion subétructurevis viéwed in projection, making it

difficult to observe fine details, and to perform and interpret electron

(4]
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diffraction contrast experiments. To avoild these difficulties, the
present observations were made on foils cut parallel to an active {110}

slip plane.
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II. EXPERIMENTAL TECHNIQUE
All magnesium oxide crystals examined were obtaineéd from the Muscle
Shoals Electrochemical Corporation, Tuscumbia, Alabame. The principal

impurities were calcium oxide, aluminum oxide, and silicon oxide resulting e
in an overall purity of 99.95%.» Specimens were éleaved or.di;mond—sawedv
iqto bars of approximately square Cross éection. They were loaded in
compression, uéually along a <100> axis, using.the technique of Hulse;-
et al.L'L A1l specimens were deformed until just after the onset of maéro—
scopic plastic flow, to about 0.5% overall strain.

Thé deformed specimens were then.etched to reveal the presence of
slip bands,.and a platelet from the area éelected was dismond-sawed out
of the speéimen, payallel to.the locally active {llQ} slip plane. The
thickness of the ”ds—sawn” sections was typically 0.050-0.060 inches.
Thin foils ;uitable for transmission electron microscopy were prepared
from thgse plateléts by chemical polishing in' conc. HB%OM at l5d°—l60°C,
and were examined in a Siemens Elmiskop I equipped with a two-axis
;goniometric stage. | | |

- An additional benefit of méking obséfvations”perpehdicular to an
active slip plane is that contrast phenomena due to disiocafipns are
particularly simple to intérpret. ‘The Bﬁréers vector of the dislocations
must itsélfsbe contained in the plané df the f§il, ‘The most convenient .
set of diffracting planes are the {220} family,bfor which G * b= 2;
diSlqcation images were always recofded for conditions in whiéh only'thiS’

beam wasvresponsible for the image contrast.

1
1



ITT. EXPERTMENTAT RESULTS

A. General Description of the Dislocation Arrangement

Figures 1, 2 and 3 are all slip plane sections of crystals deformed
at room temperature. There are several salient features common to these
and all other such sections examined. The damage was almost exclusively
present as dislocatilon dipoles of greatly varying width, length, and
orientation. The dipoles longer than a few microns iﬁ length had
relatively large interdislocation distances, typically about a hundred
Burgers vectors. Deviations from edge orientation were frequent,
particularly for the longesﬁ dipoles; several dipoles were at, or extremely
near, pure screw orientation. The long dipoles usually were interconnected
at three-fold confluences, and sometimes showed evidence for having had
their component dislocatiéﬁs cross over each other. Many of the medium
length dipoles, 0.5 to 2 microns long, had both their ends closer to edge
orientation than the central part, giving them an "S-shaped" configuration.
There was a whole spectrum of dipole widths; the separation of the glide
planes of the two dislocations being anything between a few interatomic
distances up to several hundred. A corrélation also existed between the
lengths of dipoles and theilr spacing and orientation. The shorter the
dipole, the narrower its spacing tended to be and the closer it generally
lay to edge orientation.

Slip plane sections also allowed observations to be made on long
segments of screw dislocation. Single dislocations in edge orientation
were seldom seen. Figure 3 shows a typical screw dislocation with several
cusps along its length. Though only barely visible, there are very
narrow dipoles associated with these cusps; this point will be discussed

later. Long screw dislocations, such as the one in Fig. 3 and those in



-4990

ZN

Fig.



Fig.

N

ZN-4991



ZN-4999



Fig. 4 often had cusps along their length that pointed in both directions.
This effect probably is caused by the reversal of the shortest dipoles
during retreat of the screw dislocation when the external stress is
relaxed upon unloading. It has also been observed by Fourie in slip

5

plane sections of copper single crystals.

B. Presence of Weakly Visible and Invisible Dipoles

The diffraction contrast image due to a dipole must become weaker
and finally disappear as the spacing between the two dislocations
decreases. Calculations, to be reported elsewhere, were made in an attempt
to estimate the smallest spacing that would still give enough contrast to
be visible. Several of these weak images can be seen in Fig. 5. That
these images do correspond to fine dipoles having the same Burgers vector
as the active system was confirmed by showing that they disappear along
with all the other images for a {200} reflection. Of the six <110> Burgers
vectors there are only two for which the dislocations are out of contrast
. invisible).for images formed by a {200} reflection. One of the
possible dislocations is that of the active system with Burgers vector
in the plane of the folil. The other is that having a Burgers vector
perpendicular to the foil plane. Dislocations of this other system were
sometimes observed if the specimen happened to be tilted quite far from
the exact <110> orientation. However, the frequency of the faint images,
the fact that they were often quitg far from being parallel to the trace
of the perpendicular {110} plane, and the fact that they appeared and
disappeared along with all the rest of the images duvue to the active
system makes it unreasonable to assume thaf they have a Burgers vector

different from that of the primary system (see Fig. 5).
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Calculations Dbased on the dynamical theory of diffraction contrast'

spacing of an edge dipole located centrally in &

0]

have shown that if th
becomes less than about ten Burgers vectors, the image width

nd diffracted intensity begin to decrease rapidly. Physically, the

)

faintness of the image of a narrow dipole 1s a result of the mutual
cancellation of the strain fields of the component dislocations. For
the g b= 2 case, even for a foil having relatively clean flat surfaces
a centrally located dipole having a spacing of less than six Burgers
vectors probably will be invisible. t such narrow dipole spacings, the
approximations of the dynemical theory and of linear elasticity are not
altogether sound, and also the smallest fluctuation in intensity that
could be noticed depends on the uniformity éf the background intensity.
Thus, the estimate probably is accurate within a factor of two.

Often, the existence of extremely narrow dipoles can be inferred
from the appearance of the, parent screw dislocation. As the dipole
spacing decreases, the dipole image becomes weaker until it finally dis-
appears, being indistinguishable from the background. However, a contrast
effect remains at the mouth of the dipole wheré it is attached teo the
screw dislocation. By changing the sign of the deviation from the Bragg
angle W, a dipole image will always shift from inside the dipole to outside,
or vice versa. This is true because the image of a dislocation lies to
one side of the actual position of the dislocation; changing the sign of
W has the effect of changing the side of the dislocation at which the
image lies.  If the invisible dipole is in "inside" contrast, there will
be a local enhancement of the image width of the screw dislocation at the

point of junction with the dipole. If the dipole is in "outside" contrast,

there will be a diminution of the screw dislocation image width there.



This useful effect arises because the dipole spacing gradually increases
where it joins the screw dislocation. Thus, even though the majority of
the dipole is invisible, a small length at the junction with the screw
dislocation becomes sufficiently wide to give observable contrast.
Figure 6 at D shows an example of this effect. Similar narrow dipoles
would go unnoticed if they were not associated with a screw dislocation,
unless, as is the case at N in Fig. 3, they happen to lie close to the
foil surface. Proximity of a surface to a dipole of any spacing will,
in general, widen and strengthen its image.

C. Fine Structure of Dipoles

A fine structure is apparent in the dipoles marked O in Fig. 7. The
imagg width changes abruptly part way alonglthe length. Changing the
gsign of the deviation from the Bragg angle W, by tilting the specimen,
has the effect of widening the narrow end of the dipole and vice versa.
An example of this is shown in Fig. 8 st 0. This difffaction contrast
behavior rules out the possibility that the dipole simply changes its
spacing at these junctions. For the wide portions of the dipoles at O,
the image lies outside both component dislocations; the reverse is true
for the narrow portion. Therefore, as a result of specimen tilting, the
part that was in "outside" contrast changed to "inside" contrast and vice
versa. This diffraction contrast behavior suggests that these junctions

9

are the orientation Junctions described by Gilman:” a region of transition
from one stable dipole orientation to the other. Alternatively, they
could be "spacing" junctions, where the orientation of the dipole remains
unchanged, but the dipole is interstitial type on one side and vacancy

type on the other. In this case, the dipole spacing decreases until it

is zero exactly at the junction, and then increases again, the dipole
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having changed its nature. Either of these models can explain the contrast
results. However, an orientation junction in a dipole of reasonable
spacing should have a continuous image in the region of the junction
because the two dislocations of the dipole are never close enough to

cause complete cancellation of their strain fields. On the other hand,

the dipole image at a spacing Junction should be discontinuous there
because the spacing actually goes to zero. Strain field cancellation
should cause the image to disappear for a short distance. An example

of both types of image is shown in Fig. 9. Further work is necessary to
determine which type of junction is more prevalent.

D. Interstitial Versus Vacancy Dipoles

From the point of view of understanding how they are formed, it is
of considerable interest to try to determine whether one type or both
types of dipole are produced during plastic deformation. An interstitial
dipole in edge orientation_has its extra half plane in the interior of
the dipole; a vacéncy dipéle has its extra half plane outside the dipole.
Using the dynamical theory of diffraction contrast, the images to be
expected from very narrow dipoles situated near a surface were calculated.
The results indicated that ﬁhe Ashby-Brown strain contrast theorylo should
obtain for narrow dipoles. In a 500°C specimen, dark field experiments
were carried out to determine whether the narrow dipoles near surfaces
were vacancy, interstitial, or both by consideration of the orientation
of their black-white image with respect to the operating diffraction vector.
In a given field of view, such as in Fig. 10, with the foil at the exact
Bragg angle, both black-white image orientations were often found. There-
fore, on the basis of the Ashby-Brown theory, both types of dipole are

present in the as-deformed state.
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E. Effect of Deformation Temperature on the Dislocation Substructure

Figure 6 shows a section from a crystal deformed at 500°C. No
significant differences in the dislocation substructures are evident
between this specimen and the ones representative of room temperature
deformation. However, many very narrow dipoles can be seen particularly
well in the central portions of this micrograph. At temperatures greater
than about T00°C, etch-pit studies indicate that grown-in dislocations
begin to act as sources of dislocations. Attempts to measure the local
strain in high temperature glide bands, using the technique of Washburn
and Gorum,ll failed because the amount of strain became very small. With
many potential sources available, the crystal was filled with dislocations
at very small strains. ZEach source sends off several dislocations; but
they do not move wvery far. New sources are activated on parallel planes
before dislocations. can completely traverse any given slip plane. Attempts

to observe slip offsets by optical and electron replica microscopy also
proved fruitless, even though slip markings were easily visible after
deformation at lower temperatures. Thin foils of crystals deformed at
750°C showed more screw dislocations and some decrease in the number of
dipoles (Fig. 11). Also, the dipoles present were, on the average, much
shorter and deviated less from edge orientation than those in specimens
deformed at lower temperatures. Screw dislocations still were heavily
jogged and dragged many very narrow dipoles (see D in Fig. 11). Examples
of both Jogged screw dislocations and medium length dipoles can be seen
in Fig. 6.

At temperatures above 750°C, the climb of edge segments becomes

significant. The advent of climb leads to the breakup of dipoles into

strings of prismatic loops. By annealing a crystal deformed at room
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temperature at 800°C for one-half hour, it was observed that the breakup
of very narrow dipoles usually commenced at their ends. The strings of
loops formed from the breakup of dipoles frequently were tapered at one
or both ends with the inter-loop spacing and loop diameter decreasing as
the ends were approached. Figure 12, of a crystal deformed at 850 *¢,
shows examples. This observation shows that the spacing of the original
dipoles was not uniform, and that it usually decreased towards the ends
of the dipoles.

As was noted by Groves and Kelly,12 most, but not all, dipoles
commenced to break up into lopps at their ends. There are several gaps
in the strings of loops visible in Fig. 12. The presence of a spacing
Junction as previously described would provide an internal position
favorable te the initiation of brezk up and also would explain the
presence of gaps in the strings of loops.

The substructures in crystals deformed at 1000 °C showed strings of
dislocation loops of varying size and length that had been formed from
dipoles which all were rather close to edge orientation. 1In addition,
there were sihgle dislocations threading thelr way through the fbin Feil.
Many of these dislocations were gquite short, running from one surface of
the foil to the other in less than one micron. Also single dislocations
frequently crossed over themselves (Fig. 13). Screw dislocations, when
observed were always much smoother than those observed at temperatures up
to 750°C. By 1000°C, there is repid climb of edge segments along with a
significant increase in mobility of dislocations on {001}. Figure 1k
shows typical substructures from a crystal deformed at 1600°C. One must

search a long time for any deformation substructure in such specimens for

not only is the dislocation density, as determined by etch-pit methods,
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quite low, 2 - 106/cm2, but also very few dislocatlon segments lie on

any {110} plane for a long distance. The dislocationsshown are prismatic
loops of very wide spacing, accurately aligned in the pure edge orienta-
tion. At J, one can see two large jogs. Because of the easier
segments on {001} at this high temperature, it is expected that such
"super-jogs" could form by the gliding together of many smaller jogs.

F. Effect of a large Stress on the {001} Cross~Slip Plane

o

Figure 15 shows an etch {110} face of a crystal loaded at 600 °C in

=0

a direction about 5° from <111>. This arrangement gives a resolved

shear stress for the {001} <110> cross-slip system that is about six
times the resolved shear stress acting on the normally operative {110}
<170> system. Although the observed slip band traces are still nominally
those of a {110}plane, it is evident that the dislocation paths often
deviated from {110}. Slip plane sections prepared from this specimen
showed several interesting features. Figures 16 and 17 should be compared
with Fig. 6, a specimen loaded along <100> at approximately the same
temperature. Long dipoles were much legss numerous and the short ones
that were present were often wide at their centers and pointed at their
ends, or terminated by inter-section with one or both surfaces of the
foil. This suggests that the individual screw dislocations and even the
dipoles in this specimen have many more small jogs than in the normally
loaded specimens. They no longer lie as close to a given {110} plane.

Different parts of the same line often appear to have moved gquite different

distances -from the original {110} glide plane, so that when segments of

opposite sign meet, they cross over each other rather than form a dipole.
The dislocation Jjust to the left of the micron marker in Fig. 17 seems
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o be stopped in the process of "crossing-over" itself; thus the
o]
of its two segments normal to {110} must be many hundreds of A.

Larger ratios of stress on {0Cl} to that on {110}, obtained

=

by load-

ing in a direction even closer to the exact <111> orientation, produced

more indistinet etch patterns. However, {110} slip plane sections were

much less useful when definite slip bands were no longer recognizable on

the etched crystal faces. In this case, the lengths of dipoles and

individual dislocation could no longer be determined because they usually

intersected one or both surfaces of the foll after a short distance.
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IV. DISCUSSION

The new information obtained from this work lends further support to

the mechanism of dipole formaticn as Suggested earlier (see ref. 3, p. 317).

Consider a length of screw dislocation that has adQuired a jog of several

Burgers vectors. Continued motion of such a dislocation results in The
growth of a dipole. Freqﬁently, the spacing of fine dipoles was shown (by
their diffraction contrast) to change continuously along their lengths.

This can only be explained if new jogs are formed fréduently on the screw
parts of the loop and are able to glide to the growing dipoleé. Fine dipoles
can be terminated by this process, since it is only necessary that the
number of jogs of opposite sense that have run into it become equal. It‘is
not reasonable to suppése that the rates of advance o? the two loops of
disldcétion on either side of a growing dipole will always remain the same.
Therefore, some tfailing dipocles will turn away from pure edge orientation
as they extend. If one of the loops gets far enough ahead of the other

the dipole will find itseif in pure screw orientation. For small spacings
of only a few Burgers vectors, this will always result in annihilafion 6f the
screW‘dipole by cross-slip, leaving the edge-oriented part of the dipole
closed at both ends. The forward loop of dislocation now can continue to
expand in the direction parallel to the Burgers vector and will run rapidly
along the screw &islocation terminating any attached dipoles by annihilation
of the connecting screw segments until it encouﬁters another forward segment
of the line having a significant edge component. Here a long néw segment

of dipole will be formed where the two edge dislocations of opposité sign
that have.followed different paths through the crystal meet. The net
result of the above process 1s that several dipoles of small spacing have

been terminated, a new length of screw dislocation, quite"free of jogs,
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has beeﬁ laid down a few-microns aheaa of its former position, and é long
new segment of dipole, having a spacing which includes the algebraic sum
~of all those that were terminated, has been formed. The entire prbcess can
" then repeat itself.v | |

Only dipoles of relatively small spacing can be terminated byithis
ﬁéchanism. When the distance between the glide planes of the two disloca-
tions exceeds a critical distance, the mutual attractionAof the two dislo-
cations 1s not large enough to cause cross-glide on {001} even for the seg-
ments of dipole lYing in pure screw orientatiqn._ Therefore, according to
this mechanism, dipoleé of spacing greater than the critical should be very
long and irregular in sﬁape, even ha;ing segments that lge in pﬁre screw
orientation. This is'indeed the case (see for example‘Fig.VB).f On the
basis of the preseﬁf éxperiments the minimum spacing'%or very long dipoles
containing segments in pure screw orientation was estimated to be‘hO.
Burgeré vectors which correspondé to a critical étreés‘for cross~slip or
~glide on {001} about 35 times grééter ﬁhan_the critical étress for {110}
glide in the_éame_crystal. Thevmaximum spacing to which a dipole can grow
is of course determined by'thé applied s%resg. ‘It is given by the spacing
at which the applied stress can separate the two paraliei dislocations.
Growth of a few dipoles to this upper cr;ﬁical spacing is thought to be the
mechanism by which a siip band widené in a crystal having'few‘dislocétion;
sources. | ’

.According to the prOpoéed model,  long dipéles.should»curve freqﬁently,
sometimes having segments‘in pure screw orientation. Somé.of‘these kinks
may subsequently stréighten §ut, thé regions éf sharp cur&ature being elimi—
nated by glide. Therevwas evidénce.that some dipoles with no predominantly

| .
screw segments remaining may once have had them: The long dipoles often



contained junctions at which there was a change from one of the stable
orientations of an edge dipole to the other. 1In the projection onto the
glide plane, the dislocations cross each other at such a junction. These
cross-over or orientation junctions will only be formed easily when a part
of the dipole is brought at least momentarily into a near screw orientation.
Two edge dislocatilons that are driven together by an applied stress to f%rm
a dipole will not be able to pass as viewed in the slip plane projection,
and will be held up by their strong mutual interaction Just past the first
of the two stable positions.l'However, when two dislocations of screw
orientation are driven together by a stress thej'wiil cross over one another.
As viewed in the slip plane section, the equilibrium position corresponding
to zero applied stress occurs when one screw dislocation is directly above
the other. The applied stress will drive them slightiy'beyond this‘position.
For a curving diéole, the segménts near pure screw orientation, where there
begins to be some edge character, will take up the second of the two stable
ofientations rathér than the first. Once a part of the dipole has cibssed
over into ﬁhe second orientation, the‘crossoverrpoints, where the dipole
flips from the first orientation to the second,.may glide along the dipole
under the aqtion of the applied streés. Therefore the entire dipole may

be changed over to the second orilentation. Orientation junctions might be
expected o bécome trapped where there are jogs on the dislocations or
where local internal stresses oppose the applied stress.

The effe;t of a high resolved shear stress on thé'{OOl} crbss-slip
plane was to decrease the number of fine‘dipoles'and increase the épacing
of those that were formed. Also, both individuél dislocations and dipoles
often lay at a small angle to the {110} plane. They frequently passed from

top surface to bottom surface of a {110} slip<plane section in a distance
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‘less than ten times the thickness of the féil. This means that the lines
contained a high dehsity‘of small jogs of the séme sense. ‘Nb evidence was
obfained for the formation of pairs pf large Jogs as wouid be expected from
the double croés—slip mechanism. The IOW‘témperatﬁre deformation substruc-
ture and the changes in structure due ﬁo high cross—slip Stress seem more
consistent with the assumption that the basic mechanism by which a screw
dislocation leaves its original glide plane is the nucleation and separation
of a pair of jogs of length equal to a unit'Bufgers vector. Impurity atoms
may'ﬁlé§ an egsential ?olé in the pfocess. A high stress on the cross-slip

plane should aid this event by helping to separate the two jogs when they

happen to be of the right signs: It should also assist their glide off the

screw part of the loop, meking the nucleation of a new dipole less frequent.
A screw dislocatiohlshould tend to drift farther aﬁd farther away from its
original {110} layer of atoms.

The effect.on the defofmation substructure of increasing the deforma-
tion temperature above'700°C‘was very siﬁilar to the effect'of high cross-
slip stress. TFewer fine dipoles'were formed and those that were found were

’ D]
of larger and larger spacing as the deformation temperature increased. An
increase in temperature should.also increase the frequency of Jog-pair
formation on screw segments and.increasgxﬁhe_glide mbbility'of jogs. How.~

ever, interpretation of the changes in deformation substructure are compli-

cated by the fact that dislocation climb and operation of elements of the

grown-in dislocation network as sources begin to become  important in about

the saﬁe temperature rangé; For the high temperature and high cross-slip
stress experiments, it also is virtually impossible to achieve conditions
where only one slip system opefétes. Therefore, dislocation intersections

may also contribute jogs to the moving screw dislocations. It seems highly

A
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unlikely that dislocation intersections can be responsible for all the large
number of fine dipoles that are formed during the low temperatﬁre deformaﬁion
of a good crystal on a single system and for their gradual changes in
spacing. However, the possibility cannot be completely discounted in the

high temperature and high cross-slip stress specimens. -
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Slip plane sz2ction of a crystal deformed at room temperature. Note the
deviation from edge orientsltion of the dipoles, three-fold dipolé con-
fluences, and weakly vigible dipoles. (Note: In all electron micro-
graphs, the black line is parallel to the aétive Burgers vector. It

is one micron.long, unless otherwise noted.)

S1ip plane section of a crystal deformed at room temperature.

Slip plane section of a crystal deformed at room temperature. Very

narrow dipoles, attached to a single screw dislocation, are dencted

i

g

ong dipoles, some isolated from the screw dislocation, are at N.

by D.
S1lip plane section of a crystal deformed at 500°C showing long screw

dislocations.

Slip plane section of a crystal deformed at 500°C. Note many faint
dipole images in central portion of figure.

Slip plane section of a crystal deformed at 750°C (dark field). Narrow
dipoles are at D. Several of the medium length dipoles have their

ends close to edge orientation. Note effect of changing the diffraction
conditions on the apparent spacing of the dipoles.

Slip plane section of a crystal deformed at 50090. Dipole junctions

where the image changes from insidé to outside contrast are at O.

Slip plane sectioﬁ of a crystal deformed at 750°C (dark field). As

the senge of tﬁe Bragg angle deviation is changed, the dipole image

at O reverses.

Slip plane section of a crystal deformed at 750°C. Two expected dipole

Junction imsges are present. The lower dipole may be starting to break

up into prismatic loops at its ends.
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Slip pléne section of a crystal deformed at 500°C. Ihe‘sense of the
{220} diffraction vector is denoted by the arrow head'(dark.field).
Slip plane section of_a crystal deformed df 75050. Some of the
smallest dipoles'are at D;. A dislocation tangle is beginning to

develop where another slip system intersects the plane of the foil.

vSlip plane section of a crystal deformed at 850°C. Several of the

strings of prismatic loops have gaps in the spacing of ioops.
Slip plane section of a crysfal deformed at 1000°C. Many dislocation.
segﬁents of dislocation line have climbed considerably, while others
apparently ha&e remaihed nearly parallel to the plane of the foil.
Slip plane section of a crystal'deformed af 1600°C. The oﬁly stable 3
dislocation pairs remaining in the cfystél are;quite wide and are
accuratelyvin édge origntation. ”Note the large jogs at J.
Dislocation etch pits on a {110} face of a crystal deformed at 600°C.
with a ratio of stress on the {001} system to the stress on the {110}

system with common Burgers vector of 6:1.

8lip plane section prepared from crystal shown in Fig. 15.

Slip plane section prepared from crystal shown in Fig. 15.
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