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xtended plasticity in
commercial-purity zinc

..by..

D.A.C. Williams,” H. Naziri®and R. Pearce"

SUMMARY
90% rolling-reduction of annealed commercial-purity zinc sheet
(grain size 100 - 150 p) results in the fragmentation of the large grains
into, finally, stable micro-grains, 1 - 24 in diameter. The stability of
the micro-grains is due to the presence of soluble and insoluble impurities
which prevent recrystallization.

This micro-grain material is strain-rate sensitive, and elongations of
200% have been obtained at room temperature.

Although this as-rolled, 90% reduction zinc sheet is not super-plastic
according to the current definition, its behaviour has led to the coining of
the phase 'extended plasticity'.

Evidence of grain-boundary sliding is found on examination of the surface
by ecanning elcctron microscopy, while the examination of thin foils and
activation encrgy measurcments support the dynamic softening (recovery) theory;
thus, both these mechanisme must be operating, to a greater or less extent,
to confer on this material the observe mechanical behaviour.

It is finally concluded that it is dangerous to draw conclusions regarding
the mechanism of plastic deformation from surface observations alone.

Investigator: Fulmer Research Institute (Bucks).

H. Naziri, Department of Materials, The College of Aeronautics, Cranfield.
R. Pearce, Department of Materials, The College of Aeronautics, Cranfield.



Introduction

A number of papers have appeared on the mechanical and microstructural
behaviour of polycrystalline zinc and dispersion-strengthened zine alloys.

Chadwick (l) found that the physical properties of rolled zinc were
subject to considerable variation due to the presence of impurities.
Electrolytically-pure zinc, rolled 80% was observed to recrystallize
completely after one month at room temperatur (the Impurities iron, lead
and cadmium were all less than 0.005%). The addition of 0.02% of iron
or magnesium was found to prevent recrystallization.

Ramgey (2) tested hot-rolled zinc sheets of 99.99% purity and found
that sub-grains tended to form, both at elevated temperatures and sglow
strain-rates. In the process of straining the as-rolled material, at 250°C,
recrystallization occurred at 5% elongation. At 200°C, the zine deformed
either by elip or by the formation of a sub-structure and its movement, which
ever was energetically favourable to the individual grains, the sub-structure
being prominent at high temperatures and slow strain rates.

McCarthy (3) prepared zinc and zine alloys by a powder metallurgical
technique. He obegerved a 'dispersion softening' effect, an increase in
ductility for a 15 vol % tungsten alloy compared with pure zinc. These
tests were done at room temperature.
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was explained on the basis of strain-induced
g of the slip

Tromans and Lund (4) prepared zinc-zinc oxide alloys by a very similar
powder metallurgical technigue. Enhanced plasticity was observed at room
temperature in the Zn-Zn0 alloy. Grain-boundary sliding and migration
wag concluded to be the effective deformation mechanisn. The object of
the present work 1ls to study some similar phenomena observed in the course
of other work on commercial-purity zinc sheet and to attempt to elucidate
the deformation mechanism involved.

Material
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The material used was commercial-purity zinc supplied by R.T.Z. Ltd.,
in the form of plate 0.192 in. thick. A spectrographic analysis recorded
the following:

Pb Cad Fe Cu Al Ti Mg
0.8 0.05 0.02 0.002 0.001 0.001 0.001 %



Experlmental procedures
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Material Processing and Tensile Tecting:
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Supplied 5.5 in x 5.5 in x 0.192 in. plates were machined on both
faces to a thickness of 0.1{5 in. The plates were rolled at room
temperaturec in a 'Stanat-Mann' two-high mill. The rolls were 5% in. in
diameter, and the rolling speed was 25 ft/min.
Tensile~test specimens were machined in a 'Tenellk =l
specimen.gauge length was 2.5 1n/O 5% ,001 in.

machine. The

Tensile tests were done in an Instron testing machine at crosshead
speeds varying from 0.002 to 20.0 in/min.

For tests above room temperature an air-circulati.ng oven was modified
to £it in the Instron machine and enclose specimen extensions up to 250%.
The temperature was controlled within £ 1.5°C.

Metallography
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Optical

The gurface of the tensile specimens were examined without using a
nounting medium. Electropolishing with the 'Ellopol’ apparatus and e nro=
prietary electrolyte, suitable for zlnc, was used. The voltage was kept
gsufficiently low (20/2>v) to prevent excessive heating.

An etching technique due to Chadwick (1) was found to be satisfactory.
A large drop of fuming nitric acid was placed on the surface, and about 5
seconds later a drop of distilled water allowed to make contact at the
edge of the nitric acid pool. The subsequent reaction was immediately
quenched under the tap and the area opposite to that at which the water
was introduced was found suitable for study under the microscope.

For the examination of sections, the specimens were mounted in a
cold-getting plastic. The microstructure was observed up to a magnification
of X2000 uvsing an oil-immersion lens.

Scanning electron microscopy
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To study the topographical nature of the surface, electropolishing
was carried out before straining, followed by examination using a Cambridge
Instruments Ltd., scanning electron microscope

Electron probe micro-analysis

To cbtain the distribution of any second-phase particles in the zinc
matrix, micro-analysis was done on an Cambridge Instruments Ltd., electron
probe.



Transmisgsion, thin-Tilm elcctron microscopy
Specimene for thin-film electron microscopy were thinned by a two-
stage thinning technique.

2.30 . mm diameter and 0.008 in. thick disce were spark machined and
dimpled from both sides to a thickneses of 0.002 in. The final thinning
was done using an electropolishing solution - 375 c.c. orthophosphoric
acid in 625 c.c. ethanol - at room temperature, and 10 - 12 volts potential
difference.

Recults

Mechanical

Rolling: The zinc shows an unusual behaviour during rolling. Fig. 1

shows the Vickers hardness ve. percentage reduction and a continual decrease
in hardness is obtained. Fig. 2 chows that ageing of the as-rolled material
occurs; several days are required before an equilibrium condition is reached.
In the first 1000 hours the tensile strength increases from 20 x 10° p.s.i.
to 25 x 10° p.s.1., and the hardness from 4O Hv to 60 H,. To avoid any
discrepancies due to variation in properties on ageing, the material was
allowed to stand at least three daysg before testing.

Tengile teste: Fig. 3 chows the effect of rolling on uniform elongation
(e,)-  TItTwill be scen that below 50% reduction e, is in the range 15-19%,
while over SO%, the uniform elongation rices to 70% increasing finally to

120%. All these tests were carried out at a crosshead speed of 0.2 in/min.

The effect of speed of tecsting on total elongation (et) Tor different
percentage reductions is shown in Fig. L. At the slow speed, the increase
in ey with percentage reduction can be seen, even though the crosssection
of the test piece is diminicshing. At the higher spced, the reduction in
ey indicates an increasing strain-rate sensitivity with increasing rolling
reduction.

An effect of annealing ig shown in Fig. 5. Speed of testing has virtually
no effect on the total elongation for material rolled and then recrystallized
(5 min. at 200°C).

Fig. 6 chows the effect of crosshead speed on zinc rolled 80%. Annealed
material cxhibite virtually no strain-rate gensitivity, while this is not so
for the ag-rolled material. To determine the strain-rate sensitivity
exponent (m), and activation energy (Q), material rolled to 90% reduction were
used. Fig. 7 shows the true stress - true strain curves at room temperature
for various crosshead speeds. The curves are characteristic of those for
the hot worling of metals in torsion. The stress increases rapidly at first
to a peak, falling a little, and graduwally reaching a steady-state region
before fracture. The peak and its width beinc dependent on (16) the strain-
rate and temperature of testing.



The stress-strain curve of a material which exhibits strain-rate
sensitivity may be represented by the relationship:

- 0 = ke

°
where 0 is the true stress, € is the true strain-rate, m the strain-rate
sensitivity exponent and k a constant. The m~value is obtained from:

n = 8(1n0)/5(1r€)

and a value of m = 0.2 was obtained for the as-rolled 90% rcduced material
at 0.43 Tm. In the case of the recrystallized zinc a m-value of 0.06 was
obtained. For superplastic materials, m may be as high as 0.5; m =1

is the condition for pure Newtonian flow.

The determination of the activation erergy (Q), at constant stress,
wag obtained from the relationship proposed by Sellars and Tegart ()).

. . n' -Q
€ = A(sinh Qo))" exp(™/RT),

where A, ¢, n' are temperature independent constants. Results obtained
;rom.thc to-m ional hot-working of a mumber of metals fit closely to this
relationship (17).

The activation energ gy, was obtained from a plot of log €, at constant

clnh @G against 1/T (Fig. 8). This plot gave a Q-value of 21.5 * 1k cal/mole
Microstructures
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Optical microscopy

The original annealed material is chown in Fig. 10. This ie typical
of commercial purity zinc, with an average grain size of 100-15CH and lead
gstringeres indicating the rolling direction. Lead is virtually insoluble
in zinec. The change in microstructure on rolling to 90% reduction is in
Fig. 10. The initially rccrystallized graine become increacingly fragmented
until a very fine micro-grain of 1-20 in size is obtained.

To observe the effect of strain-rate on microstructure, specimens of
as-rolled, 90% reduction, and as-rolled 90% reduction and rbcvyctallvzcd
were ctvalned at crosshecad gspeeds of 0.2 ln/m1n and 20 in/min. Fig. 11
shows the as-rolled material deformed and undeformed. The grain size has
approximately doubled during slow-speed deformation and it has retained its
roughly equiaxed graine (Fig. 11)(X3000). The lead stringers are more

ragmented after slow-speed than high-speed deformation (Fig. 11)(X1000).



Fig. 12 (XEOO) shows the recrystallized material before deformation
and after tensile straining at high and low speeds of failure. Grain
deformation is evident, and the lead stringers appear more prominent after
deformation.

The structure appears more 'disturbed' after high speed deformation.
With the material rolled 90%, the longitudinal, transverse and surface
microstructures were all very similar.  An electropolished, unetched,
surface was examined after straining in increments of 5% elongations.
With inereasing strain, grain boundaries become visible and the grains
were found to be out of focus relative to each other; an indication of
the variation in the surface height of grains.

Electron probe micro-analysis

Fig. 13 chows the distribution of lead particles in the zinc matrix;
lead being the major impurity in this alloy. Lead in a very fine form is
randomly distributed throughout the microstructure while some of the large
agglomerates etill remain.

SSamDng BlcciTon mlcEercony
Samples of recrystallized material, strained to fracture at 0.02 in/min.
and 2 in/min. were examined, and Fig. 14 shows the rccrystallized material
strained at the crosshead speed of 0.02 in/min. Slip lines are evident,
fracture appears to be initiated at the grain boundary triplepoints and
the crack progresses along the boundaries.

Fig. 15 shows the recrystallized material strained at the higher
crosshead speed of 2 in/min. Here, slip lines are again cvident, but on
a Tiner scalc, and duplex slip seems to have taken place. Fracture, again
appears to start at the triple points and progresses along thc boundaries.
Before straining the as-rolled epecimens, the electropolished curface was
scratched with 1/4 p diamond pacste in an attempt to observe grain boundary
digplacement, ii any. Surface of the specimens were examined after straining
at three crosshead speeds - 0.02 in/min., 2 in/min. and 20 in/min. TFig. 16
shows the displacement of scratches with the specimen strained at 2 in/min.
to an elongation of 50%, due to the relative movement of the adjacent grains.
Cavity formation at the grain boundaries is aleo cvident.

Fig. 17 shows a specimen strained at a slower speed (0.02 in/min.) and
to a higher elongation (100%).

Here, scratches are displaced due to extensive movement by the grains,
but the scratches in this case appear to be less well-defined. Also, there
is evidence that a number of grains move as a Yunit' before separating and
moving individually. The vertical grain displacement and the extensive voild
formation are quite remarkable.



Fig. 18 shows a specimen strained at a very high speed (20 in/min)
to fracture. An elongation of only 20% was obtained. Fig. 18 (x100)
shows fibrous cracking perpendicular to the direction of straining and
at higher magnification Fig. 18 (X10,000) intergranular fracture appears
to have taken place. Lack of grain movement is apparent.

In further tests, specimens were strained to fracture, at a fixed
crosshead speed of 0.2 in/min and at different temperatures (-196°C, -55°C,

0°C, 20°C and 70°C). Virtually no elongation was obtained at temperatures
of -196°C and =55°C. Fig. 19 shows the lack of grain movement. However,
voids at the grain boundary triple points are evident. Increasing the

temperature of testing gives higher elongations, and microstructurally,
there appcars tc be an increase in grain size, grain movement and void
formation, Fig. 20.

No evidence of slip is observed under any condition when testing the
as~rolled material; this is borne out in Fig. 21. A recrystallized grain
in a micro~grain matrix was formed by local heating during electropilishing.
The recrystallized grain has deformed by slip, while the movement of the
micro-grains is indicated by the void formation and cracking along the grain
boundaries.

Transmiseion thin-film electron microscopy
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Figs. 22 and 23 (XL42,000) shows the micrograph of the as-rolled, 90%

reduction and as-rolled recrystallized materials. The black spots are
impurity paxticles, probably lead..  In both the  cases the particles are
present at the grain boundaries and in the grains. Fig. 22 (XEl,OOO) is a

micrograph of the as~rolled material at a lower magnification and it should
be noted that the grains are not quite equiaxed. No dislocation networks
were observed, though in a number of cases a few dislocation lines were seen.

Fig. 24 is a micrograph of the as-rolled material, but strained 100%
at room temperature. The particles are stlll observed to be present at the
orain boundaries and in the grains. However, the grains have grown in
i
o

R
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ze and become equiaxed compared with the as-rolled starting material.
cain, no dislocation networks were observed.
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Digcuszion

In the present work, recrystallized grains, room temperature rolled
to 90% reduction, break down to give micro-grains 1 to 24 in size.
Subsequent recrystallization of the as-rolled material is prevented by the
impurities (l). The transition in properties during grein fragmentation
is demongtrated by the change in hardness and elongations with percentage
reduction (Figs. 1 and 3); 40 to 50% reduction appears to be critical and
possibly some change in deformation mechanism occurs at this reduction.

Room temperature corresponds to ~ 0.43 Tm for zinc. However, as
heat is generated in the rolling vprocess there must be a stage, as no cooling



was introduced, where the metal is well above this value and is thug being
Thot rolled'. Immediately after cooling, extreme softness of the cheet

ig very noticeable though this, of course, passes with time. It is suggested
that the grain size finally produced by this rolling procedure 1is due to

the pinning of the substructure formed by the impurity particles and the size
controlled by the particle spacing. Fine particles in a dislocation matrix
have been found to be responsible for a cell-structure of this type (7).

Johnson (6) has divided superplastic materials into two classes (1)
those which are in a special structural condition i.e. fine grain size and
containing one or more second phases, and (2) those for which special
testing conditions are needed, i.e. temperature cycling or some other means
required to make a phase boundary move through a strained material.

The behaviour of this zinc approximates to the special-structural
guperplasticity and so it should belong to class 1.

Controversy exists as to the deformation mechanism responsible for
the superplastic behaviour exhibited by the class 1 materials Two models
which have received support are: a) grain boundary sliding and migration,
and b) a dynamic softening process in the form of dynamic recovery and/or
dynamic recrystallization.

In the first model, a) it is considered that at very high strain-rates
or low temperatures the conventional deformation proceses (slip, twinning and
fracture) operate but with a decrease in strain-rate thete is a transition
to grain boundary sliding and migration (8,9,10,11,12 and 13).

The requirement for maximum ductility on the grain boundary sliding
and migration model is very small grain size, i.e. an increase in grain
boundary area per unit volume so that an increase in sliding area is obtained.

A mumber of workers (10,11,13) have opted for this model after observing
metallographically the displacement of scratches. Furthermore, as voids

were not observed at the grain junctions, it was concluded that grain boundary
migration was the accommodating process. In addition the appearance of

the grains - equiaxed, and rounded has been given as corroborative evidence
(12).

In the present work, Fig. 16, shows micrographic evidence of grain
boundary sliding. The scratches and displaced grains protrude from the
surface. However, extensive void formation with increase in strain is
evident. Further, the greater the straining, the greater is the micro-
rumpling of the surface and the disappearance of the scratches (Fig. 17).
Migration which is generally considered to be the accommodating process to
obviate void formation is evidently absent, and it must be concluded that
gliding ie taking place, whereas migration is not. ‘



Figure 24 is a transmission thin-film micrograph of 90% as-rolled
material subsequently strained 100% in tension. Here there is no
evidence of void formation, though the grains have become rounded, and
equiaxed. In addition, the grains have approximately doubled in size
while particles are still situated both at the grain boundaries and in
the grains. ’

Can these effects be fitted to the grain boundary sliding and migration
model? Stevens (14) has proposed a method for the quantitative measurement
of the strain contributed by grain boundary sliding to the total gtrain,
but the application of this approach was tried unsuccessfully by Holt (13)
at elongations in excess of 50%, due to excessive surface rumpling. 1In
the present work also, the scratches tended to disappear at the higher
strains. Holt concluded that the error in computing the fraction of
grain boundary sliding strain to total strain was of the order of * 30%.
Again, in the present work, particles are situated in the grain boundaries,
both before and after deformation, and these will not be compatible with
grain boundary movement (15).

It has also been found that, by decreasing the temperature, or increasing
the strain rate, ductility is drastically reduced. A specimen (Fig. 19)
examined after testing at -~ 196°C and crosshead gpeed of 2.0 in/min did not
show any slip lines; even though slip has been put forward as the deformation

mechanism under these conditions. No slip-lines are again evident in the
micro-graing (Fig. 21) though the recrystallized grain in the matrix of
micro-graine doeg show slip-lines. It is possible that slip is occurring,

but that the slip-lines are so fine that their resolution is not possible (13).

Fig. 18 showes that the as-rolled material, strained at room temperature
and crosshead speed of 20 in/min. This has fractured in a 'fibrous' manner
when viewed at a magnification of 100 times, while cracks are clearly inter=-
granular at high magnification (X10,000) (Fig. 18).

In model (b), the dynamic softening model, superplasticity is considered
as a phenomenon exhibited while working the material in the region of 0.5 Tm,
and the ability of the softening processes to balance the strain hardening
processes.

By the operation of a dynamic softening process sufficiently rapid to
balance strain hardening, large strains in torsion can be obtained (16, 17).
Dynamic softening can be divided into Aynamic recovery and dynamic recrystal-
lization, and the experimental evidence supporting these processes in the
present results will be congidered. During rolling the zinc sheet, the
dislocation density increases and a sub-structure begins to form. At a
steady state, all other factors remaining constant, a disintegration and
reformation of the dislocation arrays at the equilibrium sgpacing - sub-
gtructure occurs.

Due to the large number of small particles in the matrix, inevitably,
at the equilibrium spacing, the boundaries will be pinned by come of these
particl:s.



Once a equilibrium boundary-spacing is obtained, further dislocations
generated are annihilated at the sub-boundaries in a climb-controlled
process (17). The presumed constancy of dislocations of opposite signs
Trom adjacent grains cancel each other out, in the sub-boundaries.

On rolling, an increase in the reduction merely repeats these processes,
the particles consolidating each new equilibrium spacing. Finally, after
90% reduction, fully-recovered micro-grains of 1 to 24 in size are obtained.

Thus it would appear that by increasing the dislocation sinkage area,
the annihilation of dislocations is increased and leads to increased
softening. Fig. 3 suggests that after a reduction of 50%, an optimum
minimum grain size is obtained. Baged on this model it would appear that
to achieve exceptional ductility, increased dislocation sinkage area; 1 .e.
a very fine grain size ig necesgary.

Fig. 22 (X21,000) shows the micrograph of the as-rolled, 90% reduced
metal with micro-grains of 1 ~ 24 in size. The micro-graing are not quite
equiaxed; they are slightly elongated in the direction of rolling. Very
similar micrographs of Zn - Zn0 alloys extrusions were obtained by Tromans
and Iund (4), and electron diffraction of their extruded materlal QhOWed
that these grains were separated by high angle boundaries (> 20)°.

Thdq the mechanism of this process seems to be: on straining, the
aQ—rolled material at room temperature, a repetition of the dynamic softening
process proposed for rolling occurs In the steady-state region (Fig. 7),
annihilation and reformation of dislocatlon arrays takes place at the
equilibrium boundary-spacing. This generation and annihilation keep in
balance and high uniform strains are obtained. It is now necessary to say
why the grain size increases and becomes equiaxed during deformation, as shown
in Fig. 24, and the following model is proposed basged on an interpretation of
Jonas et al (17) for the observed sub-grain growth which occurs during hot
working. Equiaxed grains are obviously desirable and so, directly deformation
starts, boundary migration occurs, by a continual breaking-up and reforming
at an equilibrium spacing, converting the as-rolled, slightly-elongated grains
to equiaxed ones. The original stable micro-grains are the result of the
presence of particles, which pin the grain boundaries and prevent the sort
of grain-growth observed in pure zinc at room temperature. As deformation
occurs hawever, the particle gpacing 1s increased along the tensile
axis i.e., larger grains are 'allowed! . This, coupled with the lower
energy-state of an equiaxed grain over an elongated grain provides for the
formation of a larger, equiaxed grain-size. The approximate doubling of
the grain size for a material elongated by about 100% suggests a final grain-
size of the right order of magnitude.

“In this investigation electron diffraction studies to obtain the degree of
misorientation between adjacent micro-grains was hampered by the back-
ground effect of the fine dispersion of lead particles present as impurities.
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The hot working behaviour of materials with high stacking~fault
energies and activation energies near that for self-diffusion and creep
have been explained by theories involving dynamic recovery. Materials
with low stacking-fault energies, and activation energies well above the
self-diffusion values have been thought to involve dynamic recrystallization.

The activation energy for this process in the temperature range 20°C
to T70°C, was found to be 21.5 % 1 k cal/mole, a value very near the creep,
self-diffusion ‘and hot working values (17).

Wong et al (18) working on hot extrusion of aluminium, concluded
that dynamic recovery was operating, based on transmission thin-film
micrographs, showing sharp sub-boundaries which they describe as tight
tangles of dislocation; the transmission thin-film micrographs obtained
in this investigation are comparable with those of Wong et al. However,
it seems unlikely that dislocation networks will be revealed in zinc thin-
films at room temperature (O.h} Tm) and so their absence in Figures 22 and
2k, is not surprising. Hayden et al (19), in their study of a super-
plastic Ni-Fe-Cr alloy, suggested dynamic recovery as the mechanism; they
failed to find extensive dislocation networks.

The extended plasticity observed in this work on commercial-purity zinc is
due to dynamic recovery operating during deformation. Grain boundary sliding
occurs on the surface and probably for a depth of a few microns below the
surface, but this is the minor factor. However, grain boundary migration
occurs during deformation,due to the increased spacing of the impurity
particles along the tensile axis coupled with the lower energy state of
equiaxed grains over elongated ones.
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For the as-rolled, 90% reduction, recrystallized material, the strain-
rate sensitivity exponent (m) of 0.06 was obtained. Fig. 5 chows the
elongation versus percentage reduction. Speed of testing has virtually no
effect on total elongation for the material rolled. The shape of the
curve is judged to be.due to grain size effect, i.e. 60% reduction before
recrystallization giving the grain size for optimum ductility.

Fig. 23 is a transmission thin-foil micrograph of the as-rolled 9%
reduction and recrystallized. Particles are evident at the grain boundaries
and in the grains.

To see if the speed of testing is revealed by any difference in micro-
structure specimens were tested at crosshead speeds of 0.02 in/min and
2 in/min. Fig. 14 shows the micrograph of the specimen tested at 0.02
in/min. Slip lines are clearly visible. TFig. 15 of the specimen tested
at 2 in/min also exhibit slip lines, but on a finer scale. There is also
evidence of duplex slip occurring in the specimen tested at the high speed.

In both cases fracture appears to be initiated at the grain boundary
triple pointe and the crack progressing up the boundaries.
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The vunerability of the grain boundaries to fracture is further
increased by the presence of impurity particles in these regions.

Conclusions
(1) Heavily-rolled commercial-purity zinc is composed of micro-grains
1l -2y in diameter and remains in this condition at room temperature.

(2) The impurities - 0.8% lead, 0.05% cadmium and 0.02% iron, particularly
the lead, in the form of finely-dispersed particles, are considered to
stabilize these micro-grains and prevent recrystallization.

(3) The energy transferred to the zinc during rolling is expended in
dynamic recovery which is manifested by the formation of these micro-
grains.

(4) There is no evidence of slip in the as-rolled, 90% reduced material,
while slip is observed in comventional, large grain, recrystallized material.

(5) The strain rate sensitivity exponent (m) for the as-rolled material,
90% reduction material is 0.2 and that for the recrystallized material is
0.06. '

(6) The recrystallized material strain-hardens while the as~-rolled material
does not.

(7) Micrographic evidence from the recrystallized material shows widely
gpaced glip bands for specimens tested at a slow speed, and more closely
spaced slip bands together with duplex slip for specimen tested at a fast
gspeed. Fracture is initiated at the grain boundary triple points in both
the cases.

(8) No slip was observed in the as-rolled material under various different
conditions of testing. Fracture is initiated from the grain-boundary triple
point. :

(9) Surface examination shows that grain-boundary sliding and grain boundary
rotation are occurring.

(10) Examination of thin foils and measurement of the activation energy of
the process suggest dynamic recovery as the mechanism with a grain-size
effect resulting from the presence of the particles and their spacing.

(ll) Extended plasticity in commercial-purity zinc can thus be explained

in terms of the simultaneous operation of both the currently popular
mechanisms (sliding/migration and dynamic recovery), though dynamic recovery
is the more important.

(12) Conclusions concerning mechanisms, and based solely on surface observation
must be viewed with some suspicilon.
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Mag. x 480

Starting Material

Rolled 40%

Rolled 80-907%

Fig. 10 - All longitudinal sections.
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Fig. 11 - All longitudinal sections.



Rolled 90% Reduction and
Recrystallized at 200°C
for 15 mins.

Fig. 12 - All longitudinal sections.

Mag x 200.

Specimen Strained at 0.2in/min.



100 4 sq

Fig. 13 - As rolled 907 reduction material showing

dispersion of lead in a zinc matrix.



Mag. x 500 Mag. x 500

Mag. x 4500 Mag. x 4500

Fig. 14 - Recrystallized and strained Fig. 15 - Recrystallized and strained 50%

5% at 0.02 in/min. to fracture at 2 in/min.



Mag. x 10,000 Mag. x 10,000

iMag. x 20,000 Mag. x 20,000

Fig. 17 - As rolled 907 reduction and

Fig. 16 - As rolled 90% reduction and . . s
strained 100% at 0.02 in/min.

strained 507 at 2 in/min.



Mag x 100

Mag x 10,000

Fig. 18 - As rolled 907 reduction and strained to fracture

(et = 25%) at 20 in/min.



strained at -196°C to fracture (et = 0%)

. o .
strained at -557C to fracture (el = 57)

Fig. 19 - Both specimens strained at 0.2 in/min.

Mag x 12,800

Mag x 8400



Mag x 10,000 strained at 0%c

to fracture (et = 30%)

Mag x 10,000 strained at 20°¢

to fracture (et = 75%)

Mag x 10,000 strained at 70°C

to fracture (et = 1607)

Fig. 20 - All specimen strained at ©.2 in/min.



Mag x 5040

Fig. 21 - As rolled 90% reduction and strained at 0.2 in/min.



Mag x 21,000

Mag x 42,000

Fig. 22 - As rolled 907 reduction material.



Mag x 42,000

Fig. 23 - Recrystallized material.



Mag x 21,000

Mag x 42,000

Fig. 24 — As rolled 907 reduction and strained 200% at 0.002 in/min.



