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Abstract

Single crystal studies are useful to extract the deformation behavior of different orientations.
However, single crystals are difficult to fabricate and do not offer a complete spectrum of
orientations. To circumvent this, different experimental approach like micropillar compression
and in-situ testing methods have been developed and are in use. One such method which has
established itself as a reliable and simple tool to help study the deformation behavior of
individual grain in a polycrystalline material is nanoindentation. The focus of the present work
was to study the grain-scale deformation behavior in pure zinc, using nanoindentation as the
deformation tool. Hardness and Young’s modulus were obtained for differently oriented grains
in pure zinc using Berkovich indenter at room and elevated temperature of 150 °C. The basal
grain had the lowest Young’s modulus as compared to other orientations. Interestingly, Young’s
modulus at room and high temperature of 150°C were found to be almost similar. Deformation
behavior was studied in differently oriented grains using a cono-spherical indenter. The study
focused on the behavior viz., slip, twinning, and grain boundary sliding. Basal grains deformed
by 2" order pyramidal slip, whereas prismatic grains deformed by basal slip, 2" order
pyramidal slip, and contraction twinning. It was observed that the slip lines generated because
of the indentation accumulated at the grain boundary. It was found that the accumulation of slip
lines led to grain boundary sliding. Grain boundary sliding behavior at room temperature and
150 °C was also investigated using a cono-spherical indenter. As the temperature increases, the
sliding of grains increases at the point where slip lines accumulate. Basal grains undergo a
complete sliding of the grain. In prismatic grains, it is slip assisted and occurs at the grain
boundary where the slip lines meet. Anisotropy in the deformation behavior stimulated further
investigation in indentation induced creep response. Indentation induced creep was studied

using Berkovich indenter and the creep results show that there is an anisotropy in the creep



response. Basal grain shows a higher creep displacement, than prismatic grains. However, the
recovery post removal of the indenter is the largest for basal grain wherein 50% recovery was
observed. Two different approaches were employed to estimate the creep stress exponent.

Lastly, a more dynamic form of testing was carried out in the form of scratch testing. The texture
of the as received material was kept in mind before scratching. The effect of texture on the
scratch induced wear response was investigated. It was found that the texture affects the scratch
wear response, even at high temperature, wherein scratching on a surface predominantly having
basal grains resisted more to wear than the surface having prismatically oriented grains. An
interesting outcome of the study was the evidence of recrystallization near the scratch lip and
below the indenter. It was found that the recrystallization texture is always basal irrespective of

the orientation of grains in the sample.
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pole figure (IPF) map of the scratch, at 200mN(150°C), showing the

presence of twins and recrystallized grains near the scratch edge.

Effect of load and temperature on the scratch induced recrystallization
for scratches made at (a) 50mN, room temperature; (b) 50mN,150°C;
(c) 150mN, room temperature; (d) 150mN,150°C; (e¢) 200mN, room
temperature and (f) 200mN,150°C.

Area fraction of twins for scratches made at room temperature and
150°C at different loads.
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Figure 7.20:

Figure 7.21:

Figure 7.22:

Figure 7.23:

Figure 7.24:

Figure 7.25:

Plot showing the effect of load and temperature on the percentage of
sub-structured region, deformed region and recrystallized fraction

ED IPF and corresponding grain orientation spread (GOS) map for
scratches made at 200 mN at (a) room temperature and (b) 150°C
showing the recrystallized regions, in dark blue, and deformed regions,

in dark red. The white dotted line is the center of the scratch. Schematic

for scratching is shown in ®, for room temperature and 150°,

respectively.

IPF along ED illustrating the orientations associated with the deformed
region, sub-structured region and the recrystallized region for scratches
made with a load of (a)-(b) 50 mN, (c)-(d) 150 mN and (e)-(f) 200 mN.
(@), (c) and (e) shows the IPF for scratches made at room temperature
and (b), (d) and (f) shows the IPF for scratches made at 150 °C.

EBSD of exposed scratch groove for a scratch made at 150 mN, room
temperature, showing (a) the band contrast image with different
misorientation profiles, and (b) the color IPF map, superimposed on the
band contrast map, showing double twinning with the appropriate 3D
crystal representation of a point in parent grain (P) and the two points
T1, point inside the parent twin, and T2, point inside the secondary twin.
Their positions in the IPF legend, based on the corresponding Euler
angles, are also shown. ® Shows the GOS orientation map of the region
near the double twin.

Band contrast images of the polished scratched groove (a) illustrating
the recrystallized grains and contraction twins (red color boundaries)
and (b) boundaries of different misorientation showing the sub-
structure formation inside the twins and grains and the high angle grain
boundaries.

(a) ED IPF map of the scratched region showing the texture evolution
of the recrystallized grains, (b) grain size distribution of the
recrystallized grains, and (c) hardness, in GPa, of the scratched and

adjoining region.
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Figure 7.26:

Figure. S1:
Figure. S2:
Figure. S3:

Figure S4:

Figure S5:

Figure S6:

Figure S7:

Figure S8:

Figure AllI:

Effect of parent texture on the recrystallized texture for scratches made
with a load of 200mN at (a) room temperature and (b) 150°C.

Various stages in the recovery of a plastically deformed material
Variation of hardness w.r.t orientation (0° < ® < 180°).

Angular relationship between indentation direction and ¢ - axis (0° is
the deviation of indentation direction w.r.t ¢ - axis). The indentation
direction is parallel to the normal direction (ND). RD, TD, and ND are
the sample frame of reference defined during EBSD scanning.
Dynamic recrystallization below the indent at different strain rates.
Definition of the areas used for calculations of the fab values for
equation 7.2.

Schematic showing (i) negative rake angle and (ii) positive rake angle
for a cutting tool. A zero-rake angle is where the rake face is
perpendicular to the worked material.

Misorientation distribution for scratches made under room temperature
condition at load (a) 50mN (b) 150 mN (c) 200 mN; and for scratches
made at 150 °C, at load of (d)50 mN (e) 150 mN (f) 200 mN.

Example for the determination of twinned area. (a) Twinning observed
around 200 mN scratch. (b) The twinned area was isolated from the rest
of the region. (c) The whole image was converted into a black and white
image wherein the area of twin estimated.

(a) Load-displacement and (b) displacement-time curves for different
orientations for a creep hold time of 900 s. (c) The magnified view of
the initial points of the plot (values near the red dots indicate the stress
value at that load and depth). (d) The table shows the CRSS values for
different slip systems (Table 2.3 is reproduced).
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