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EFFECT OF SOLUTE ATOMS ON THE MOTION OF A LOW ANGLE TILT BOUNDARY

by
C. K. Syn, A. Ahmadieh, and J. W. Morris, Jr.
Department of Materials Science and Engineering, University of California

and Inorganlc Materials Research Division, Lawrence Berkeley Laboratory,
‘Berkeley, California 94720.

ABSTRACT

The mopion of low angle tilt boundary has been stuaiedvusing'zinc
crystals of high purity with and without coﬁtrolled amounts of silver as
solute. Impurity and solute atoms segtegated at the originalllocation
of the boundary seems to recapture the bbunaary at liquid ﬁitrogen
temperatdré but such segregation will have disappearéd when the Eoundary
return at room temperature. Discontinuous motion of the boundary at
room temperature.is attributed to the diffusion of impurity and solute

to the boundary dislocations.
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INTRODUCTION
The possibility that a smail—angle boundary'might consist of an
array of dislocations and move under the action of a suitable shear

(1)

stress was first suggested by Burgers and later developed by Schockley

and Réaa.(z) 'Experimental confirmation of this concept was first

obtained by Washburh and'Parker(3)

and then followed by several -other
investigators(4’5’6) for low angle til; Epundarieé-iﬁ zinc crystals.
The experiments were based 6n the application of avprober shear.stress '
acting in the direction of the Burgers vector of the édge dislocations
comérising tﬁe boundary. The motion of such boundafies has since been‘

(7 (8)

confirmed through metallographic and electron microscopy studies.
B#inbridge, et'al.(s) have'shoﬁn that in zincvérystalé of 99.99 wt%
purity, the lquangle tilt boundary motion is steady ;ﬁd requires an
increasing am@unt of stress t§ advance at liquid'nitrdgen temperature;
At room température the motioﬁ was‘discontinuoﬁs and during each jgmp
the boundary moved very rapidly through an appreciable volume of
material. However, Vreeland(6) observed a smodth;:éontinuOus mofion in
crystals °f ﬁigher purity (99.999 wtZ) and zone-refihed.zinc.
We were interested_inVCIAfifying the obSérvatién of these earlier
~ workers. in,addition td higﬁ purity crystals, we used crystals |

containing controlled amounts of silver as an alloying element, and

added an aging'tfeatment to our annealing process qf the crystals.
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EXPERIMENTAL

Singie crystals of high purity zinc (99.999+‘wt%) and alloys
containing 0.05, 0.10 and 0.21 wt% silver were grown inAa graphiﬁe mold
under helium atmosphere by a‘modified.Bridgman technique-at a rate of
0.4 cm/hp; Thé crystals were rectangular 1.3 cm x 0.7 cm and 8 cm long
and were orieﬁted in the direction [1120] with their basal planes
parallel to tﬁe wider faces. The side faces were'parallel to the
prismatic planesf In the case of alloy crystais,.a'réservoir was
designéd in the upper portion of the mold(g) .
gradient aléng_the 8 cm length to about #37%. The toﬁ parts were rembved
by spark cutting'and the samples were cut fo'2.5 cm length by an acid
sawipg tecﬁnique. Then the following sequence of preﬁaration and
annealing.under'He atmosphere was applied: i) l—hr. anneal at 400°C and
furnace cool; ii) side suffaces were acid polished;.iii) cleaved along
the basal plane-to reveal the natural surface of this plane; i&) 1-hr.
anneél at 4006C and furnace cool; v) n2° angle tilt boundary (Fig. 1)
introduced by bending at room temperature; vi) 1l-hr. anneal at 400°C énd
furnace cooled to 200°C; vii) 48-hr. aging at 200°C»fbllowed by air
quench and then stored in liquid nitrogen for tesfiné. The cleaved
specimens were 2.5 cm long, ~0.8 cm wide and 0.2 to 0.4 cm thick, The
width and thickness could not be controlled very closely due to the
difficulty of cleaving and acid polishing;

The observation of the boundary mction was performed by using
essentially the same technique and stressing apparaﬁué as used by
Bainbridge, et al.(s) The displacements of the boﬁndary were measﬁred

by reading the distances moved by the boundary linévon the basal plane

to reduce the concentration
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of the cfystal surface. The boundary in each crystal was allowed to
‘move by é certain distance and then moved backward until it just
passcd the original position by changing the direction éf the exfernal
stress. ‘This reversal was repeated once or twice; ‘The motion of the
boundary was‘followed on both sides of the érystal;' In carefully
prepared specimens the boundary seemed to move as a relatively flat

interface, though occasional bowings were notices.

RESULTS
(4,5)

Most of the earlier observations were réproduced and some new
results were obtained. Representative data at room and liquid nitrogen
temperatures‘are showﬁ’in Figs. 2(a) and Z(b), respectively., The stress
for thevmotion in the reverse direction is plotted Bélow the horizontal
axis and the Aata on the left side of the verticai axis of the coordi-
nates show the motion past the original position. Solid lines show the
behavior of pure and dashed lines those of alloy'cgystals containing-
0.21 wtZ silvér.

The following interesting points are revealed byvthe dété shown in
Fig. 2. i) The initial movement is a rapid and long-distance jump in
all four cases. Such initial jumps.were alsovrecorded by Li, et al.(4)
i;) The boundary motion in the reverse direction becomes smooth and
continues in the pure crystalé at both temperatures but the alloy
crystals show this behavior at liquid hitrogen temperature only. The
reversed motion in the alloy crystals is»discontinqoﬁs at room tempera-

ture. In any case, it requires a gradual or discontinuous increase in

stress to continue the motion. This finding confirms the room tempera-

(6)

ture. results By Vreeland and the liquid nitrogen temperature behavior
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reported by Bainbridge, et al.(s)

‘results at room temperature, 1iii) The boundary apparently remembers its
original»ﬁosition in both pure and alloy crystals at 1iduid nitrogen
temperatﬁres and becomes immobilized whén it returns to this position.
Further ﬁovemént stérts with a jumping motion at a discontinuously
increased étress‘level. However the motion at room temperature is
different and the original position does not impose on increased stress.
This phenomenon Qas not observed in the earlier works. iv) The stress
level on the reversal of the motion is initially sharply reduced when
‘compared with the level before the reversal. This-pﬁenomenon which is

(10)

similar to Bauschinger effect
(4,5)

was also observed in the earlier
reports. v) The stress levels for the initial jump are higher in
alloy crystals than in.pure crystals but a quan;itative trend could not
be established as a function of solute content due to thé wide scétter
in the data. In addition to these pbseryations; a>gradual decrease in
the boundary angle was noticed in all crystals during the movement at

both 77° and 300°K as reported by Bainbridge, et ai.(S)

- DISCUSSION
The initial jump seems to be a breakaway moﬁioh of the boundary
from impurities and solute atoms which have segrégated to the boundary
and have pinnea the dislocations there during the proldnged annealing at
200°C.
The mobility of vacéncieé is strongly suppressed at liquid nitrogen

temperature, Thus the impurity and solute atoms cannot move to the

boundary dislocations during its return trip and only exertAa frictional .

‘resistance to the boundary motion. But when the boundary returns to its

but is in disagreement with the latter's
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original.position, it will Be recaptured by the_éame impurity and solute
atmosphere which is resﬁonéible for the inifial breakaway, thﬁs céhsing
a breakaway.jump with a discontinuous incréaée'iﬁ stress as shown in
Fié. 2(a). In pure crystals the stress increase in such an event is.-
much smaller than in alloy crystals. |

At room temperature (Fig. 2(b)) the situation ié somewhaﬁvdiffereﬁt.
Immediately after the-initial breékawa&, theiimpurity'aﬁd solute atoﬁs
wili diffpée away wi;h the aid of the excess vacancies prgserved'when
thg crystal was quenched from 200°C. Thus when thevbéundary refurns to
its original position, the initial segregation of impurity_and solute
atoms has beeﬁ:eliminated and the boundary‘behaviorvin this region is
simply avcontinuétion of the earlier mode of moveﬁent; |

The discéntinuoﬁs motion in the alloy crystals'at room temperatﬁre
seems ﬁO'be due to the diffusion of solute afoms fo the dislocations in
the boundéfy.v The diffusion is enhanced by the stress field of the

dislocations,(ll)

initiaily'quenched in vacancies, and the
inter-dislocation vacancy flow as a consequence of thé decrease in the
boundary anglé;. Mechanisms of such decreasés have.been discusséd By
Bainbridge,-et all(s) and.will not be repeated heré;"But_the decreasevis
an bbvioﬁs reéﬁlt of the loss of dislocations from the boundary. When a
dislogation is removed from the boundary; the bouﬁdary becomes unstable
and a rather strbng force for climb(lz) will be actedéqn its ﬁwé adjacent

dislocations in the boundafy. Initially these two dislocations and »

eventually all the dislocations in the boundary will tend to rearrangé

themselves to a new equilibrium by either climbing up or down. The

vacancies emitted by the down-climbing dislocations will be abéorbed-by‘-
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the up;ciimbing ones througl the shortest path ;long the bogndafy, The
silver éolute aﬁoms, which are much less mobile‘fﬁén ﬁhe vacancies, will
take édvantage of such a vacancy flow and diffﬁée to ;he.dislocations
creating a situation similar to "strain aging."(13)

In pure:érystals_there will not be enbﬁgh impurify atoms to -cause
such an effect. This will explain the contradictiﬁg room témﬁeiaturev
behaviors in pure crfstalé»as mentioned earlier. Thé'jerky métion
repdr;ed ﬁy.Bainbridge,.et al;(s) seems to be duevfo,tﬁe'higher impurity
cdntent.of ~100 ppm comparéd:with that of <10 ppm in the preéént and
V.Vr;eiand's séudies. | | |

A detailed.discussion in the Bauschinger efféeﬁ is beyond'thg scope
of this report. But any mechaﬁism ascertaining such effeét shoqld be - :

able to éxplain the behavior of the low angle tilt boundary motion.
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~ FIGURE CAPTIONS -

- Fig. l; Geometry of low angle tilt boundary in a:hexagonal cyystal.

Fig.‘>2. She_ar stress vs. displacement in pure (solid line) .a_nd alloy
~ (dashed line) crystals at a) liquid nit_:fqgen‘ and b) room

. temperattire .
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'Fig. 1.
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Fig. 2(a)
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