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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 2nd order pyramidal slip, whereas prismatic grains deformed by basal slip, 2nd 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 
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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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सार 

 

धातु कि कििृकत (डेफोरे्मशन) उसिे उनु्मखीिरण से जुडी होती है और उसे सर्मझने िे किए कसिंगि  किस्टि  

िा अध्ययन ज़रूरी होता है | कसिंगि किस्टि बनाना अपने आप रे्म एि रु्मश्किि एििं र्महिंगी प्रकिया ही नही िं, 

बश्कि, कसिंगि किस्टि सारे उनु्मखीिरण िे नही िं बनाये जा सिते | अतः, इस सर्मस्या िा दूसरा उपाय 

यह है िी इन-कसतु टेश्कस्टिंग िे नरू्मनोिं अथिा र्माइिोकपल्लर  िे नरू्मनोिं पर प्रयोग किये जाये | इसिे अिािा 

नैनोइने्डने्टशन एि सरि और किश्वशनीय प्रयोग साधन है कजससे कि एि पॉिीकिस्टिीन नरू्मने िे किकिन्न 

गे्रन्स रे्म इिंडेंटेशन िरिे उनकि कििृकत िो सर्मझा जा सिता है |    

इस अनुसिंधान िा परर्म उदे्दश्य जस्ता (कजिंि) धातु िे किन्न गे्रन्स रे्म नैनोइने्डने्टशन िी र्मदद से उनिे कििृकत 

एििं यािंकििी  गुणोिं िा अध्ययन िरना है |  बेरिोकिच इने्डण्टर  िे सहयोग से , रूर्म टेम्परेचर एििं १५० 

कडग्री सेश्कियस  तापर्मान पर, कजिंि िे किन्न गे्रन्स िी िठोरता (हाडडनेस) एििं यिंग'स  र्मॉडु्यिस प्राप्त किये 

गए तथा उनिा किशे्लषण किया गया |  दूसरे गे्रन्स िे रु्मिाबिे रूर्म टेम्परेचर पर, बेसि गे्रन्स िा यिंग'स 

र्मॉडु्यिस सबसे िर्म पाया गया था, किनु्त १५० कडग्री सेश्कियस तापर्मान पर और रूर्म टेम्परेचर पर र्मापे 

गए यिंग'स र्मॉडु्यिस रे्म ज्यादा अिंतर नही िं पाया गया | एि िोनो-से्फररिि इने्डण्टर िी र्मदद से किन्न गे्रन्स 

रे्म  श्किप, किकनिंग एििं गे्रन बाउिंडर ी िाइकडिंग जैसे डेफोरे्मशन कबहेकियर िा अध्ययन किया गया था | बेसि  

गे्रन्स र्में डेफोरे्मशन  सेििं ड आडडर  कपरॅकर्मडि  श्किप िे द्वारा पाया गया था, तथा कप्रसै्मकटि  गे्रन्स  र्में 

डेफोरे्मशन  बैसि  श्किप , सेििं ड आडडर कपरॅकर्मडि  श्किप  एििं  िॉन्टर ेक्शन  किकनिंग िी िजह से हुआ था | 

ऐसा देखा गया कि, जो श्किप िाइन्स उत्पन्न हुए थी िह गे्रन बाउिंडर ी पर जािर जर्मा हो गयी |  इस िारण 

से गे्रन बॉउिंडरीस एि दूसरे िे साथ िाइड िर रही थी | इसे गे्रन बाउिंडर ी िाइकडिंग िहते हैं और इसिा  

कजिंि र्में रूर्म  टेम्परेचर  अथिा  १५० कडग्री सेश्कियस  तापर्मान पर अध्ययन किया गया | अध्ययन से यह 

पता चिा कि कजिंि र्में जैसे तापर्मान बढ़ता है , िैसे गे्रन बाउिंडर ी िाइकडिंग िी बढ़ती हैं | बेसि गे्रन पूरी तरह 

िाइड होजाती है िेकिन कप्रसै्मकटि गे्रन्स रे्म िाइकडिंग उसी जगह होती है कजस जगह श्किप िाइन गे्रन 
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बाउिंडर ी से कर्मिती है |  किन्न गे्रन्स रे्म इिंडेंटेशन िरने िे पष्चात यह बात सार्मने आयी कि हर गे्रन कि हाडडनेस, 

यिंग'स र्मॉडु्यिस एििं डेफोरे्मशन कबहेकियर अिग है, और इनिा गे्रन्स िी उनु्मखीिरण से बहुत गहरा 

सम्बन्ध है | इन पररणार्मो से पे्रररत होिर इिंडेंटेशन िीप िा प्रयोग किया गया | इिंडेंटेशन िीप िे प्रयोग 

िे बाद यह र्मािूर्म पड़ा कि सिी गे्रन्स िा िीप ररस्ािंस अिग है और इनिा गे्रन्स िी उनु्मखीिरण से 

सम्बन्ध है |  कप्रसै्मकटि  गे्रन्स  िी तुिना रे्म बेसि गे्रन ज्यादा िीप  कडस्प्लेसर्मेंट प्रदकशडत िरती है | िेकिन, 

इने्डण्टर िे हटाने िे पष्चात, इमै्प्रशन िी ररििरी, बेसि गे्रन रे्म, िगिग ५० %  ति पायी गयी | िीप 

स्टर ेस प्रकतपादि िा सटीि एििं  किश्वसनीय अनुर्मान दो किन्न तरीिो से किया गया | अिंततः, एि डायनाकर्मि 

प्रयोग किया, कजसरे्म इने्डन्टर कि र्मदद से कजिंि रे्म सै्क्रच किया गया | सै्क्रच परीक्षण िरने से पूिड कजिंि 

नरू्मनोिं िा टेक्सचर िा ख़ास ध्यान रखा गया था | टेक्सचर िा प्रिाि सै्क्रच कियर पर िैसे होता है यह इस 

प्रयोग िा िें द्र कबिंदु था | इस प्रयोग से ये देखा गया कि टेक्सचर, सै्क्रच कियर प्रकतकिया पर प्रिािशािी है 

| बेसि गे्रन युक्त सतह िा सै्क्रच कियर प्रकतरोध, कप्रसै्मकटि गे्रन्स युक्त सतह कि तुिना र्में ज्यादा होता हैं | 

कजिंि र्में सै्क्रच िे दौरान ररकिस्टिैजेशन  पाया गया और ये बहुत कदिचस्  पररणार्म था | इिंडेंटेशन सै्क्रच 

िे सहयोग से रीकिस्टिॉईजेशन कबहेकियर िा और अध्ययन किया गया | शोध िे पष्चात ये नतीजा सार्मने 

आया कि चाहे कजिंि िी सतह िा िोई िी टेक्सचर हो, रीकिस्टिाइज़्ड गे्रन्स िा उनु्मखीिरण हरे्मशा 

बेसि ही होता है | 
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disorientation of 85 ± 5° along < 112̅0 > which is highlighted by blue 

boundary, IPF – Z color map shows the crystal orientation of parent 

grain and twinned grain, and encircled region shows the formation of 

new grains.   

57 

Figure 5.4: (a) Orientation dependent optical micrographs in DIC mode for conical 

indentation of different orientation of zinc crystal represented in IPF; 

the inset shows the respective hexagonal lattice cells, (b) Load 

displacement few representative indents with orientations near basal 

(2R_4_P9), near pyramidal (2R_4_P30, 2R_3_P38) and prismatic 

(2C_5_P11).  

59-60 

Figure 5.5: (a) Optical micrograph (DIC – Mode) and corresponding crystal 

orientation of 2C_5_P14 indent (b), (c) corresponding AFM scans 

represented in 2D and 3D respectively (d) depth profile along A and B. 

61 

Figure 5.6: Orientation dependent AFM - indent topography of cono-spherical 

indenter represented in Φ, φ2 space, inset is a visualization of the 

hexagonal unit cells. 

63 

Figure 5.7: (a) Euler angle of the grain and its orientation is represented in IPF 

along with its corresponding hexagonal unit cell; indentation being 

normal to the plane of the paper (b) optical the micrograph in DIC mode 

showing slip lines activated during indentation, inset showing optical 

micrograph at lower magnification (c) slip traces generated using 

MATLAB code for the respective Euler angle, where red-line 

highlights the slip system activated during indentation, and (d) 
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tabulated slip systems corresponding to (c) and angles between them 

and basal. 

Figure 5.8: (a) Euler angle of the grain and its orientation is represented in IPF 

along with its hexagonal unit cell; indentation being normal to the plane 

of the paper, (b) optical micrograph in DIC mode showing slip lines and 

twins activated during indentation, inset showing optical micrograph at 

lower magnification (c) slip traces generated using MATLAB code for 

the respective Euler angle; red, blue and black lines highlight the slip 

systems activated during indentation, and (d) tabulated slip systems 

corresponding to (c) and angles between them and basal. 
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Figure 5.9: (a) IPF – Z coloring shows the twin and its boundary (highlighted in 

blue), having a misorientation of 85° ± 5° about < 112̅0 > . 

Orientations of parent grain and twinned grain are shown in IPF. (b) 

LAM map showing that the deformation is confined along 𝑐 - axis, (c) 

3D AFM image and depth profile along A-A, and (d) SEM micrograph 

highlighting twin and also grain fragmentation below the indent. 

68 

Figure 5.10: SEM micrographs showing the indent morphologies below the indent. 

Magnified scanning electron micrograph of 2C_5_P14 showing dis-

integration of grain (indicated by the white arrow). Inset shows the 

crystal orientations. 

69 

Figure 5.11: (a) Euler angle and corresponding crystal orientation, (b) optical and 

SEM micrographs of the indent, (c) IPF-Z coloring combined with band 

contrast map of EBSD and corresponding LAM map. The arrow 

indicates the un-indexed region due to the shadowing effect. 

70 

Figure 5.12: Elastic compliances obtained for zinc using an ultrasonic technique. 72 

Figure 5.13: Estimation of elastic modulus using the elastic compliances at different 

temperatures for zinc and comparing it with the experimentally 

obtained E values. 

73 

Figure 5.14: Effect of orientation and temperature on the indentation hardness in 

pure zinc. 

74 

Figure 5.15: Variation of hardness w.r.t Dihedral angle (Fig. 12, 13 and 14 of 

Vlassak and Nix (1994)) 

74 
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Figure 5.16: Optical images showing indents, and surrounding microstructure, made 

at room temperature and 150°C for (a)-(b) near prismatic orientation, 

(c)-(d) near basal and (e)-(f) near pyramidal orientations. 

76 

Figure 5.17: AFM topography of indents made at room temperature and 150°C for 

(a)-(b) near prismatic orientation, (c)-(d) near basal, and (e)-(f) near 

pyramidal orientations. 

77 

Figure 5.18: (a) Position of near basal, pyramidal and prismatic orientations 

indicated in IPF and corresponding 3D crystal orientations. (b), (c), (d) 

are load-displacement curves, and (e), (f), (g) are optical micrographs 

showing activated slip systems of near basal, pyramidal, and prismatic 

respectively. (h), (i), (j) are schematics showing activated slip systems 

for perfect basal, pyramidal, and prismatic orientation, respectively. 

79 

Figure 5.19: (a) Extrusion axis inverse pole figure (IPF) and (b) schematic of GBS 

as observed in the indentation and the measurement of step height. Note 

that (b) also indicates the indentation direction with respect to crystal 

orientation. 

84 

Figure 5.20: (a-c) Optical micrographs of indented grains; (d-f) AFM line profile 

with corresponding 3D topography image at different temperatures. The 

black dashed lines show the slip lines and are provided to guide the 

reader. 

85 

Figure 5.21: Effect of temperature on (a) εGBS and (b) indentation stress, σindent, at 

constant strain. 

86 

Figure 5.22: Different mechanisms occurring during indentation leading to GBS. (a) 

Indentation along 𝑐 − axis yields six-fold symmetry and complete 

depression of grain. (b-c) Indentation of near prismatic orientation 

yields GBS at the junction of basal slip trace and GB. Contraction 

twinning can also be observed. 

87 

Figure 6.1: EBSD image showing (a) extrusion axis IPF and (b) normal axis IPF. 

The black dots in the legend shows the orientation of the grains 

considered for indentation. 

92 

Figure 6.2: (a) Schematic representation of differently oriented grains showing 

their relationship with the indentation direction. State of stress under an 

92 
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indenter indenting (b) basal planes and (c) planes perpendicular to the 

𝑐 - axis.  

Figure 6.3: (a) Load-displacement and (b) displacement-time curves for different 

orientations for a creep hold time of 900s. 

94 

Figure 6.4: AFM images for indentation on three different planes (a) and (d) (0001) 

(b) and (e) (101̅0) and (c) and (f) (112̅0). 

96 

Figure 6.5: (a) Stress exponent determined through Bower’s method by plotting the 

double log plot between stress and strain rate. (b) Strain rate sensitivity 

determined through Chinh’s method wherein the curve is fitted 

according to the equation in the plot. 

99 

Figure 6.6: Stress exponent values obtained through different approaches for 

different orientations. 

99 

Figure 7.1: Effect of load and repeated scratching on the wear rate of Zinc; x1– 

wear rate after single-pass, x3 – wear rate after three passes and x5 – 

wear rate after five passes. 

102 

Figure 7.2: SEM micrographs showing scratch wear track for single pass, three pass 

and five passes at (a)-(c) 100 mN, (d)-(f) 200 mN, (g)-(i) 300 mN and 

(j)-(l) 400 mN, respectively. 

104 

Figure 7.3: Material removal parameter (fab) as a function of load for different 

number of scratch passes.   

106 

Figure 7.4: A schematic diagram illustrating the nature of the stress field with 

respect to crystal orientation. 

107 

Figure 7.5: SEM micrographs showing the deformation behavior of Zn in single-

pass scratch at (a) 100 mN (b) 200 mN (c) 300 mN and (d) 400 mN. 

109 

Figure 7.6: SEM micrographs showing the deformation behavior of Zn in three 

passes scratches at (a) 100 mN (b) 200 mN (c) 300 mN (d) 400 mN. 

109 

Figure 7.7: SEM micrographs showing the deformation behavior of Zn in five 

passes scratches at (a) 100 mN (b) 200 mN (c) 300 mN (d) 400 mN. 

111 

Figure 7.8: SEM micrographs showing the severity of deformation inside the 

groove for (a) 100 mN single-pass, (b) 400 mN single-pass, and (c) 400 

mN three passes. 

111 
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Figure 7.9: Wear rate at different temperatures for scratches made on a surface 

parallel to ED and surface perpendicular to ED for (a) 50 mN (b) 100 

mN (c) 150 mN (d) 200 mN. 

114 

Figure 7.10: Scratch wear track for scratches made at different temperatures on a 

surface parallel to ED with load of (a)-(c) 50 mN, (d)-(f) 100 mN and 

(j)-(l) 200 mN. 

115 

Figure 7.11: Scratch wear track for scratches made at different temperatures on a 

surface perpendicular to ED with load of (a)-(c) 50 mN, (d)-(f) 100 mN 

and (j)-(l) 200 mN. 

115 

Figure 7.12: Orientation of crystals in grains with respect to scratch direction for a 

surface (a) perpendicular to ED and (b) parallel to ED. 

117 

Figure 7.13: Deformation mechanisms for scratches on the surface parallel to ED at 

(a)-(d) room temperature, (e)-(h) 100 °C and (i)-(l) 150 °C. 

117 

Figure 7.14: Deformation mechanisms for scratches on a surface perpendicular to 

ED at (a)-(d) room temperature, (e)-(h) 100 °C and (i)-(l) 150 °C. 

119 

Figure 7.15: Scratch wear map for a surface (a) parallel to ED and (b) perpendicular 

to ED. 

119 

Figure 7.16: Early evidence of recrystallized grains observed under (a) optical 

microscope and (b) FEG-SEM in BSE mode. 

121 

Figure 7.17: (a) Extrusion direction inverse pole figure (IPF) map illustrating the 

grain structure and micro-texture of pure Zn, (b) SEM of the scratch, at 

200mN(150°C), showing the evidence of recrystallization in the 

groove, walls and the chip debris and (c) Extrusion direction inverse 

pole figure (IPF) map of the scratch, at 200mN(150°C), showing the 

presence of twins and recrystallized grains near the scratch edge.  

121 

Figure 7.18: 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. 

124 

Figure 7.19: Area fraction of twins for scratches made at room temperature and 

150°C at different loads. 
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Figure 7.20: Plot showing the effect of load and temperature on the percentage of 

sub-structured region, deformed region and recrystallized fraction 

126 

Figure 7.21: 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. 

127 

Figure 7.22: 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. 

(a), (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.  

129 

Figure 7.23: 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. 

131 

Figure 7.24: 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. 

133 

Figure 7.25: (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: Effect of parent texture on the recrystallized texture for scratches made 

with a load of 200mN at (a) room temperature and (b) 150°C. 

136 

Figure. S1: Various stages in the recovery of a plastically deformed material 147 

Figure. S2: Variation of hardness w.r.t orientation (0° ≤ Φ ≤ 180°). 148 

Figure. S3: Angular relationship between indentation direction and 𝑐 - axis (Ѳ° is 

the deviation of indentation direction w.r.t 𝑐 - 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. 

148 

Figure S4: Dynamic recrystallization below the indent at different strain rates. 149 

Figure S5: Definition of the areas used for calculations of the fab values for 

equation 7.2. 

149 

Figure S6: 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. 

149 

Figure S7: 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. 

150 

Figure S8: 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.   

151 

Figure AIII: (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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