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Summary

The tensile and compression tests of zinc single crystals oriented for slip in the basal
slip system were performed. During the first stage of the stress-strain curve, the localized
necking was typical to the strain localization in the tensile specimens. Single or multiple
necks were formed along the specimen length. The range of temperature and the strain rate for
the single necking of the sample was determined. It was found that the formation of such
necking depends on strain hardening characteristics and can be predicted by the Considllre
criterion. On the other hand, propagation of the necked area along the sample length was not
predictable by this criterion.

Localized sliding and specimen kinking was indicative of the strain localization
observed for different specimens compressed under the same conditions, i.e., temperature and
strain rate. A decrease in the compression force and in the cross-sectional area with anvils
displacements produced localized sliding. On the other hand, a continuous increase in the
compression force was representative of tests leading to specimen kinking.

1. Introduction

Early tensile tests conducted on the zinc single crystals oriented for slip in one basal
slip system (soft oriented crystals) show that their mechanical characteristics as well as
macrostructures essentially depend on the test temperature. The typical three-stage curve of
the shear stress 1 vs. shear stain y (labeled as A, B and C, respectively, Fig. 1) was registered
only for a narrow range of test temperatures (i.e., 0.40-0.55 Ty, where T, — the melting point),
and it is replaced by a two-stage (A and B) curve at the test temperature close to 0.7 Ty,. This
change is accompanied by a rapid decrease in the work-hardening rate at stages A and B (to
values close to zero) and the increase in the range of easy glide (A) [1-7]. The higher test
temperature (above 0.7 Tm) leads to a decrease in plasticity and an increase in the value of the
‘mean’ work-hardening coefficient of zinc crystals [8, 9]. Pieta [10-12] showed that the
temperature anomalies are closely connected with the processes of macroscopic localization
of slip in the basal system, especially with the transition from single necking to crystal
‘fragmentation’ caused by multinecking with kink bands formation. Moreover, it was shown
that the tendency toward the basal slip localization was not confined to the tensile specimens.
Specimen kinking in a single broad region or in several narrow areas was typical to strain
localization in the compressed zinc crystals [11, 12].
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The present work investigates in detail these strain inhomogeneities during the initial
stage (A) of the t(y) curve of zinc crystals for which deformation proceeds only in the basal
slip system. The influence of deformation rate and temperature as well as the ratio of the
gauge length to the sample diameter (aspect ratio) on the form of strain localization was
investigated. The applicability of the ConsidIIre criterion [13, 14] for such strain localization
was tested. Verification of the applicability of that criterion for strong strain localization, such
as necking, which occurred in zinc single crystal in the regime of single glide deformation, is
important since some experimental results have lead to the conclusion that “Considllre
criterion is almost never exhibited by single crystals deformed in tension and not always by
polycrystalline specimens” [15].

2. Experimental

The experiment was carried out on cylindrical (36 mm) zinc single crystals of
99.995% purity, obtained by the Bridgman method (with the vertical gradient of the
temperature). Crystals were deformed in tension or compression at constant temperature and
strain rate on Instron 1115 and Instron 6025 test machines. Before deformation, each sample
was carefully etched in an HCI solution in water and then chemically polished in HNOj3
solution in water.

Crystals of two initial orientations, i.e., A, = 52°, %o = 38° and A, = 45°, y, = 45°
(where: Ao, Yo, - angle between the crystal axis and the normal to the basal plane of slip
(0001) and the slip direction <1 1 2 0>, respectively) were used in tensile testing and labeled
correspondingly as I and II (table 1). The ends of the tensile samples were affixed into steel
rings with a zinc mold and then inserted into the grips of the tensile machine.

The initial gauge length of the tensile single crystals with orientation I was 20 mm and
with orientation II was in the range of 15 - 60 mm; the aspect ratios of the samples in the two
orientations were 3.3 and 2.5 — 10, respectively. Tensile tests of crystals with orientation I
covered the range of temperatures from 373 K to 673 K and strain rates from 8x10™ to 8x107
s'. The strain rate for the tensile tests of crystals with orientation II was equal to 8x107 s,
and the tensile temperatures ranged from 373 K to 573 K.

Cylindrical single crystals (@6 mm) with orientation 7y, = 30°, A, = 61° (labeled as III)
and initial length equal to 12 mm were compressed in a wide range of temperatures, 293-673
K, and strain rates from 1.3x107 to 8x10~ s'. Friction between the specimens and anvils were
reduced by a graphite lubricant covering the loaded ends of the specimen.

For tensile and compression tests, the total elongation divided by the initial gauge
length and the elongation rate divided by the initial gauge length were used as a deformation
measure and a deformation rate measure, respectively.

Slip lines produced during deformation on the polished specimens surfaces were
examined by optical microscopy.

For selected specimens deformed by tension, the 0002 X-ray pole figures were
measured by the use of the Cu Ka radiation on the Brucker D8 Discover goniometer. The
diameter of discs from which the pole figures were measured was ca. 1 mm. Two sets of
measurements were taken. For the first set, the X-ray intensities were registered for an angular
position of the sample from a range of oo = 0 - 80°, Aa.=5° and rotation around normal
direction (ND), B =0 - 360°, AP = 5°. Measurements were performed in three points located
in the necked zone, far from the neck, and also from the zone in which the neck was formed.
For the other set of measurements the orientation changes were mapped in 43 points
distributed along the tensile axis on the entire length of the zone were the neck was formed.
The distance between the neighboring points was equal to 0.5 mm. For these measurements
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the X-ray intensities were registered for the angular position of the sample o = 0 - 50°,
Aa=1° B=-5-20° AB=1° Fig. 6b.

In the selected regions located along the gauge length of the tensile deformed single
crystal the crystallographic orientations were measured by the use of the electron backscatter
diffraction (EBSD) on a scanning electron microscope (SEM). The microscope used was the
Philips XL-30 SEM equipped with the NORDIF EBSD hardware and the CHANNEL-HKL
EBSD software for registration and fully automated indexing of the electron backscatter
diffraction (EBSD) patterns.

3. Results and discussion
3.1 Tensile tests

The typical force—elongation curves are shown in Figs. 2, 3. Depending on the tensile
test conditions, crystals with orientation I could be deformed up to 200-1000% (Fig. 4a). The
deformation obtained in the stage A of the stress-strain curve lay between 20% to 80% of total
deformation (Fig. 4b, c). Similarly, large deformations in the stage A were observed for
crystals in orientation II, so both selected crystallographic orientations ensured a relatively
high range of deformation occurring primarily by slip in the basal plane. This observation was
confirmed by observation of the slip line pattern formed on the specimens’ surfaces (Fig. 5).
As was verified by selected specimens, rotation of the orientation determined from X-ray pole
figures and from EBSD- patterns was the same as the rotation expected for the slip in the
basal plane (Fig. 6, 7). A very low strain hardening observed on the tensile curves is also
typical for the slip on a single slip plane, Fig. 3.

The plastic deformation was initiated in one or more areas along the gauge length, and
was initially confined to these regions. As such, single or multiple necks formed along the
sample length. Single necking was expected for crystals with orientation I due to their
relatively short length (i.e., 20 mm). However, it was found that single necking was observed
for both crystal orientations and for crystals with significantly different lengths. Single
necking corresponded to samples showing the highest elongation and the highest amount of
strain in the first stage of the stress-strain curve (the A-stage of the plastic deformation). The
test conditions (temperatures and strain rates) for such samples in orientation I are shown in
Fig. 8. The increase in the strain rate from 8x10™ s to 8x107s™' shifted the temperature range
of single necking from approx. 473-523 K to approx. 548-573 K. For the higher temperatures,
multinecking was usually observed. It was found that there is a greater tendency toward
multinecking when the strain rate decreases. This can be correlated to the increased tendency
for the initiation of plastic deformation induced by local heterogeneities of the stress field
occurring with decreasing strain rate. Such heterogeneity acts as a local stress concentrator.
The local stress concentrations can result from imperfections in the sample surface (for
example due to the surface roughness) and/or from some reasons related to microstructure (for
example heterogeneity in the dislocation distribution).

Effect of the aspect ratio on the strain distribution along the gauge length of the
sample is shown in Fig. 9 for crystals with orientation II. For all crystals shown in the figure,
the average deformation was 100%, and the deformation rate was equal to 8x10~ s™. Single
necking and the maximum local deformation were registered for the test temperature 523 K.
For the higher test temperatures, the occurrence of multinecking was a typical behavior,
especially for longer crystals. Susceptibility of the longer specimens to multinecking can be
related to the increase in probability of a local stress heterogeneity which increases with the
gauge length of the specimen.

The deformation was initially localized in the neck region, and local reduction in the
cross section area of the sample increased with deformation. About 90% of deformation was
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localized in the neck region where the maximum reduction in the cross section area occurred.
However, after some further reduction in area the basal slip plane was slightly inclined to the
tensile axis and the neck deepening stopped. Continuation of the neck deepening would
require an additional slip in a non-basal plane, but critical stresses for such slip are much
higher then that for basal plane slip. The deformed region propagated along the gauge length
of the sample until the neck ultimately vanished. The average value of the maximum
reduction in cross section in the neck were equal to 52+17% and 73+8% respectively for
orientations I and II; therefore, the tendency for localization of the deformation in the neck
was higher for orientation II. The prominent value of local deformation resulted in stresses
significantly higher than those in regions with little or no plastic deformation. For example,
for one of the specimens with an average deformation of 80%, the tensile stress inside of the
long neck was approximately four times larger than that acting in the region in which the neck
propagated. This indicates that, due to low strain hardening, the propagation stresses are much
higher than the stresses required for localization of the deformation.

Stresses acting in the area of the very deep neck are high and they could be sufficient
for activation of the non-basal plane slip during high temperature deformation. Such a change
in active slip systems should influence texture and microstructure. The shift of rotation axis of
the texture maximum, like that shown in Fig. 6b, might have been related to the activation of
the non-basal plane slip, but an occurrence of this type slip was not revealed in the
microstructure (Fig. 5). However, for some specimens deformed at high temperature non-
basal plane slip cannot be excluded, so verification of the non-basal plane slip required further
investigation. No increase in the deepness of the propagating neck, as was observed in our
experiment, suggested that, even if the non-basal slip was activated, its amount was rather
small. Nevertheless, the doubtful data were not used for analyses presented in the next
chapter of our work.

3.2. Theoretical analyses of the strain localization

An understanding of the stress state is necessary for analyses of the strain localization
from a mechanical point of view. Since a simple uniaxial stress can be related to the tensile
test, our analyses were limited to the tensile specimens.

ConsidITre first published the criterion for the necking of tensile rods [13]. According to
his criterion, necking of a polycrystalline specimen, insensitive to deformation rate, requires
that the following condition is satisfied:

dP/de<0, (1)
or alternatively

do/de <o, (la)

where: P- tensile load, &- true strain, o- true flow stress. Stnwe and Toth [14] formulated the
ConsidITre criterion using the resolved shear strain v,, the critical resolved shear stress 1, and
the Taylor factor M = 7, /¢ (which is the reciprocal of the Schmid factor for the single crystals

oriented for single slip):
H = (1/1) *(dtee/dyr) < S = (1/M)*(1-(dM/dyy)). (2)
The left hand side of the inequality (2) defines the intristic hardening (H). The right hand side

of the inequality describes the geometric effects (the cross section reduction and the
orientation factor changes) and defines the instability factor (S) depending on the

http://mc.manuscriptcentral.com/pm-pml

Page 4 of 35



Page 5 of 35

©CoO~NOUTA,WNPE

Philosophical Magazine & Philosophical Magazine Letters

crystallographic structure and orientation. For single crystals oriented for single slip, the value
of S can be calculated from the following equation [14]:

1 e cos y sin® 1
—cosA) = Lo o

cos A \/1 —e ¥ sin’ A,

S =cos y( , 3

where: x- the angle between the slip direction and the loading axis, A- the angle between the
slip plane normal and the loading axes, both for the orientation after deformation ¢, y, and A,
that same angles but for the initial orientation.

In the Considllre criterion the strain rate effect was neglected. Such effects should be
considered for metals exhibiting significant strain rate sensitivity (as zinc), so criterion (2)
should be supplemented by additional terms. Unfortunately, the data obtained in the present
work were not sufficient for such analyses, so the strain rate effects were also neglected. As a
consequence, we used inequalities (1, 2) derived under the additional assumption that the
resolved shear stress in the activated slip system . is equal to the critical shear stress T, (the
internal and external states of stress were in equilibrium, hence forward referred as the stress
equilibrium condition).

The ConsidlIre criterion (inequality (1a)) is always fulfilled for a negative hardening rate
(do/de<0). For the positive hardening rate, the Considllre criterion is used to predict the
length of the macroscopically homogenous range of the plastic deformation. The ConsidIIre
criterion (inequality (1)) can also predict the strain localization in the form of Lnders-band for
a drop in the specimen load. In the present work, we decided to check if the criterion in the
form proposed by Stnwe and Toth (inequality (2)) can predict the susceptibility for
pronounced necking as was observed during single slip deformation of zinc crystals.

For orientations II and I the initial value of S was equal to 0.5 and 0.296, respectively. The
effect of the resolved shear strain 7y, in the basal system for the single slip deformation on the
instability factor for both orientations is shown in Fig. 10. Differences in S decreased with
increasing 7y;, but up to a high value of shear the deformed crystals with initial orientation II
had significantly higher S than those with initial orientation I. This indicates that the
susceptibility to localization of strain is higher for orientation I rather than for orientation II.
On the other hand, a higher maximum deformation in the neck was observed for deformed
crystals with initial orientation II; therefore, as expected, the value of S is not related to
deformation in the region of localized deformation (neck). Instead, the maximum deformation
in the neck is determined by the crystallographic orientation that limits the maximum angle of
the lattice rotation during deformation. Such rotation leads the slip direction into a position
parallel to the tensile axis and the rotation angle can be higher for orientation II.

For the investigated crystals, the experimental determination of the function H(y,) was
difficult because necking started at the very beginning of plastic deformation and the neck
developed with further deformation. Generally, the function cannot be calculated directly
from the tensile curve because of the tri-axial state of stress developed in the neck areas.
Calculation of H(y;) under the assumption of uniaxial stresses is possible but can only be
considered as a rough approximation. Generally, this assumption is only fulfilled for the
deformation preceding necking. However, it was quite well fulfilled at the onset of necking
within the areas far from the ends of relatively long, diffused necks like that observed in the
crystal deformed at 523 K (Fig. 9a). This assumption significantly reduces the amount of data
useful for analyses. Assuming uniaxial stresses, the resolved shear stress T, can be calculated
from the equation:
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.2
trz(P/Ao)*coskmh—(eZssinzx())=(P/A0)*cosko\/(1— S %o 4)

2
(y; ¥coshg +cosx0)2 +sin? %0

where A — the cross-sectional areas of the undeformed crystal.

For the assumed infinitely low rate of the deformation (stress equilibrium condition), T,
from equation (4) is equal to 1, and could be directly used for the calculation of H(y,)
according to the left hand side of the inequality in (2). H(y;) functions were calculated for the
selected relationship between the force P and extension. The force decreased with the sample
extension for the initial stage of deformation when the neck was formed and then increased in
the depth, as is shown in Fig. 11a. As an example the decrease in force with deformation in
the initial range of the tensile curve (A1) from Fig. 11a, can be approximated by the equation:
P =0.0197- 0.0002*¢ + 4*10'6*82, where P is in kN and g, the sample extension, is expressed
in %. Fig 11b shows that for a decreasing force, H(y;) < S(y;), so the inequality (2) is fulfilled
and necking is predicted by the ConsidlIre criterion. The necking condition is satisfied from
zero strain so the neck was formed and increased in depth.

For the second stage of deformation (A2 in Fig. 11a), the force was nearly constant or
increased with the specimen elongation depending on the test condition. Based on the
experimental results, calculations for the second deformation range were performed with the
assumption of the deformation under a constant tensile force equal to 2.32x10 kN (i) and the
P increased with € and is approximated as: P = 1.19x107 + 2x10™ ¢ (ii) and as P = 1.98x10 -
2x10* e+3x10° &° (ii1). The actual increase in force is considerably smaller, and the above
equation can be treated as an upper bound. Fig. 12 shows that in this case H(y;) > S(y;). The
inequality in (2) is no longer fulfilled, so according to the ConsidIIre criterion any new neck
could not be formed. As was observed, the neck propagated along the gauge length and the
depth of this propagated neck was not changed.

It should be mentioned that for the ConsidlIre analysis, the stress equilibrium
condition was assumed. From the Schmid law, the specimen locally deforms under the
condition that 1, = 1. The small strain hardening effect of zinc facilitates the deformation
localization. However, as 1, increases due to strain hardening such that 1, < 7, the
deformation must be transferred to other volume elements of the specimen where the Schmid
law is satisfied. Depending on the local value of 1,. and the local stress concentrators, this can
be realized by either neck propagation or by necking in another place of the specimen. Thus,
the initial localization of the plastic deformation in a single slip system in the form of necking
propagating along the specimen with proceeding deformation can be more akin to the Lnders
type localization of plastic deformation than the typical necking observed during the last
stages of tensile tests. The deformation therefore was confined primarily to the area where the
neck was formed or were it propagated. In areas of the diffused necks, patterns of the slip
lines indicated that the necking was not in the form of kinking and was more diffuse than slip
banding, Fig. 5. Our observation confirmed that the difference in the strain along the necked
crystals can be accommodated by some bending of the sample, as was predicted by Gilman
[16]. Kinking (the second form of such accommodation) was observed in some crystals,
particularly with low aspect ratio and/or multinecked, Fig. 13. A similar situation concerning
compression and some form of the strain localization can be expected in compression tested
single crystals. A detailed microscopic description of such a heterogeneous deformation is
very complicated, since it requires knowledge of stress, strain and strain rate distribution on
the length of deformed specimen. However, such an approach is beyond the scope of the
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present work. What is more, the ConsidIIre criterion is not applicable for compression tests
for which the area of the compressed cross-section increases.

3.3 Compression tests

Almost all crystals compressed at 293 K and some of those compressed at 373 K and at
the temperatures from 573 K to 673 K sheared more or less homogenously or barreled (Fig.
14). The changes in the shape of specimens during compression resulted not only from the
eventual tendency to strain localization, but also depended on the constraints at the loaded
ends, due to friction between the specimen and anvils. For deformation in one slip plane, the
homogenous shearing of the specimen demonstrated frictionless conditions at the loaded ends
of the specimen. In such a case, the test can be approximated as unidirectional compression.
On the other hand, barreling of the specimens indicated pronounced friction that induced a
complicated combined state of stress in the compressed specimen.

Some effects of the strain localization was observed for the specimens deformed at
temperatures from 373 K and 423 K to 573 K and 523 K, respectively for the strain rates
8x10™ s and 8x107s™". The strain localization manifested in one of two ways: as specimens
kinking or as localized sliding of the specimen. Both of them indicated nearly frictionless
conditions at the loaded ends of the specimens and differed in the extent of local deformation
and volume of highly deformed material. For specimen kinking, the average local
deformation was lower but the deformed volume was so large that the specimen bent, as
representatively shown in Fig. 14a for the specimen compressed at 373 K. On the other hand,
the localized sliding was limited usually to one, two or three relatively narrow and much more
highly deformed areas of the specimen. Such areas were separated by effectively undeformed
material, and steps were formed on the specimen (Fig. 14). Sometimes both manifestation of
strain localization were formed on the same specimen. A hybrid of strain localization effects
with almost homogenous shearing or barreling of the sample was also observed, but only for
deformation conditions from the boundary of the region limiting observation of strain
localization.

We observed the specimen kinking as the typical form of the strain localization.
According to our knowledge, the term ‘specimen kinking’ was introduced into the literature
by Orowan [17] who observed it in compressed cadmium single crystals. Earlier kinking was
observed in a variety of mineral crystals [18, 19] and later confirmed for metals with hcp or
B2 structure (i.e., Zn and NiAl) [19-21]. On the other hand, the localized sliding (also referred
to as the catastrophic flow) was observed in crystals with fcc [23] and bcc [24-28] structures.
Formation of both types of the microstructure inhomogeneities in compressed zinc was
reported in Ref. [12].

Specimen kinking is a type of reaction that compensates for the non-coaxial position of
loaded faces due to their displacements by a high deformation in one slip plane, concentrated
in the central part of the specimen. An increase in the compression force with anvil
displacement was registered for this type of deformation. The similar character of the force-
displacement curve was typical for tests producing nearly homogenously sheared or barreled
specimens. On the other hand a decrease in the compression force with anvil displacements
was typical for tests producing localized sliding and for the hybrid of them with almost
homogenous shearing of the specimen, Fig. 15. The localized sliding could fulfill conditions
of the ConsidIIre criterion because of the decrease in the compression force and in the local
specimen cross-section area with anvil displacements. Verification of the criterion validity
requires additional experiments. The deformation conditions such as that during localized
sliding were not fulfilled for the tests producing kinked, nearly homogenously sheared or
barreled specimens. All such forms of deformation were observed in different samples
compressed under the same conditions. Therefore, it is very likely that localized sliding can
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be similarly explained as necks formed during the first stage of the stress-strain curve (section
3.2).

The localized sliding was promoted by the test conditions. It was observed only for
some specimens deformed in a narrow range of temperatures and was favored by a lowering
of the deformation rate. For the deformation rate of 1.3x107s” it was realized in the
temperatures from 423 K up to 573 K. The increase in the deformation rate to 8x107s™ and to
8x107s™" narrowed the temperature range to 473-548K and 523-548 K, respectively. Other
samples, deformed under the same conditions, kinked. Also Chan et al. [27] observed the
localized sliding for some single crystals of Nb and believed that such a heterogeneity was not
the typical form of the strain distribution over the sample volume. The above results
demonstrate the sensitivity of the localized sliding to some imperfections of the tests or
inhomogeneities in the sample macro- or microstructure. The decrease in tendency for sliding
observed in our experiment for the higher deformation rates suggests a correlation to sample
perfection rather than to errors of the deformation test itself. As was observed by Pieta [12],
the tendency for the localized sliding increases with perfection of the substructure (a smaller
mosaic) formed during growth of the single crystals. On the other hand, it cannot be excluded
that the type of localization results from the differences in distributions of the deformation
seeds within the samples, e.g. due to even fine differences in the surface roughness of the
examined specimens.

4. Conclusions

1. During the easy glide stage of the zinc single crystals deformation, the neck was formed
and initially increased in the depth. After some amount of deformation the neck deepening
stopped, and the deformation proceeded by propagation of the neck along the sample length.

2. Formation of the neck can be predicted by the ConsidIlre criterion. On the other hand, the
propagation of the necked area along of the gauge length during the first (easy glide) stage of
the deformation is not described by this criterion.

3. The form of the ConsidIlre criterion, proposed by Stnwe and Toth [14], can be useful to
predict the susceptibility of different crystallographic orientation for strain localization

4. Single necking was observed for the specimens deformed in tension in the range of
temperatures approx. 473-523 K and the strain rate 8x10™ s™ and was shifted to temperatures
approx. 548-573 K when the strain rate increased to 8x10” s”'. A multinecking state was
typical behavior for the higher temperatures, especially for the lower strain rates.

5. Localized sliding and specimen kinking were characteristic forms of strain localization for
the compressed specimens. Both forms of the strain localization were revealed in specimens
compressed in the temperatures from 423 K up to 573 K with the strain rate of 1.3x107s7,
The increase in the strain rate to 8x107s™ and to 8x107s" confined that range of temperatures
to 473-548 K and 523-548 K, respectively.

6. The decrease in the compression force and in the cross-sectional area of the deformed
sample with anvil displacements was distinctive for tests producing localized sliding. The
increase in compression force with anvil displacement was observed for tests producing
specimen kinking and for specimens nearly homogenously sheared or barreled.
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Table 1. Details of mechanical tests

Philosophical Magazine & Philosophical Magazine Letters

Orientation Gauge length and the aspect Deformation Test temperature and strain rate
Ao /o (designation) | ratio (in brackets) of the sample | tension / compression
52°/38° (1) 20 (3.3) + /- 373 - 673 K/8*%10*-8%1072 5!
45°/45° (1I) 15-60 (2.5-10) +/ - 373 - 573 K/8*107s™
30°/61° (1II) 12(2) -/ + 293 - 673 K/1.3%10°-8%107 ™!
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