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(b), a tool used during the processing (c), and surface appearance
before and after friction stir processing (d.e).
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Fig. 2.5

Schematic of the different combinations of friction stir
processing (FSP).
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Fig. 2.6

Schematic diagram of the friction-stir processed plate: the
location of specimens for various characterization is displayed,
LD, TD, and ND represent the longitudinal, transverse, and
normal directions, respectively, BM, AS, and RS, are base-metal,
advancing, and retreating sides. NZ, and HAZ, depict serially the
nugget zone and heat-affected zones.
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Fig. 2.7

Schematic of the optical microscope: showing the visible light
source, objective, and condenser lenses
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Fig. 2.8

Schematic of the working principles of XRD in 6-20 geometry

78

Fig. 2.9

Schematic of working principles of XRD in Bragg’s Brentano
geometry

81

Fig. 2.10

Difference between the stereogram and the pole figure: (a)
stereogram and (b) pole figure
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Fig. 2.11

Wire-drawn axes and respective IPF, orientation contour will
form near 110 in IPF
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Fig. 2.12

Schematic of the specimen reference frame and crystal reference

frame
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Fig. 2.13 | Schematic of the SEM: a) Front half section, b) electron beam 89
trajectory

Fig. 2.14 | Emission of various electrons from the sample surface, while 920
specimen-electron interaction

Fig. 2.15 | Schematic of the EBSD geometry showing the pole piece of 94
SEM, the electron beam, the tilted specimen, and the phosphor
screen

Fig. 2.16 | Formation of the backscattered Kikuchi patterns by EBSD in 96
SEM

Fig. 2.17 | Twin jet electro-polishing setup and their working principle 98

Fig. 2.18 | Path of the electron beam in TEM when high voltage is applied 101
to the electron source

Fig. 2.19 | Schematic of the imaging and diffraction mode of operation in 104
TEM: (a) diffraction mode, and (b) imaging mode.

Fig. 2.20 | Schematic of imaging technique:(a) bright-field (b) dark-field 106
TEM imaging

Fig. 2.21 | Schematic of DPs in WB condition after suitable tilting, g (220) 108
reflection is a weak beam, and 3g (220) shows a strong beam.

Fig. 2.22 | Relationship between the orientation of the Ewald sphere, and the | 110
position of the Kikuchi lines: 0(g) (A and B) and g(3g) (C and D)
in WB condition.

Fig. 2.23 | Schematic of HRTEM mode of operation (phase contrast 112
imaging).

Fig. 2.24 | Schematic representation of HAADF-STEM or the Z-contrast 113
imaging

Fig. 2.25 | Schematic of STEM EDS detector, and a few other detectors 115
used for the analytical characterization

Fig. 2.26 | Schematic details of tensile specimens (all dimensions are in 118
mm)

Fig. 3.1 X-ray diffraction pattern of the AA7075T7352 Al-alloy. 128

Fig. 3.2 Lattice positions of cubic a-Al (a), hep structures MgZn; (b), 130
AlCuMg (c), and AlCu phase (d).

Fig. 3.3 Precipitation behavior: (a)bright-field TEM micrograph, 132-
(b)corresponding SAEDP along the [111] of Al zone — axis, 133
(¢) dark-field TEM micrograph corresponding to diffraction spot
DF1, (d) dark-field TEM micrograph from diffraction spot DF-2,
(e)bright-field TEM images from another region, (f) corresponding
SAEDPs along the [111]a1 zone-axis, (g) dark-field TEM
images from DF-3, (h) dark —field TEM images from DF-4.

Fig. 3.4 (a) HRTEM image of plate type n precipitate, (b)FFT from the 135
selected region of precipitate, (c) respective IFFT TEM image.

Fig. 3.5 HAADF STEM-EDS of n’ and n_precipitates: (a) HAADF image | 136-
of n’ precipitates joining in the interface, (b, c) analyzed 137
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chemistry in STEM mode, showing Zn map in (b), and Mg map
in (¢), (d) HAADF image of n phase, (e,f,g) analyzed chemistry
in the STEM mode, display Zn rich map in (e), Mg-rich map in
(f), and Zr rich map in (g).

Fig. 3.6

Precipitation behavior: (a) bright-field TEM
images,(b)corresponding SAEDPs~ along [112]a1 zone-axis,
(c)dark-field TEM image from DF-5, (d)dark-field TEM image
from DF-6, (e) bright-field TEM image from another area,

(f) respective SAEDPs~ along [112]al, (g) dark-field TEM
image from spot DF-7.
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Fig. 3.7

Precipitation behavior: (a)bright-field TEM micrograph,
(b)corresponding SAEDP along the[110]a1 zone axis, (c)dark-
field TEM micrograph from diffraction spot DF-8.
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Fig. 3.8

STEM EDS area mapping of precipitates in AA7075T7352, the
presence of the Zn, Mg, and Cu-rich precipitates are observed

142

Fig. 3.9

HAADF STEM-EDS elemental mapping of precipitates in
AA7T075T7352, from the region consisting of spherical, rod,
plate, and lath type precipitates: (a) HAADF Image, (b) Al map,
(¢) Zn map, (d) Mg map, (e) Cu map, (f) Zr map and (g) energy
count map of the region

143

Fig. 3.10

Spectrum of precipitates in AA7075T7352(a), chemistry of
spectrum 1(b), chemistry of spectrum 2

144-
145

Fig. 3.11

HRTEM images (a), respective fast Fourier transform (FFT)
diffractogram (b), inverse fast Fourier transform (IFFT) (c¢), FFT
from region 2(d), IFFT from region 2.
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Fig. 3.12

X-ray diffraction patterns of the as received as well as partially
tensile strained specimens: (a) as received AA7075T7352 Al-
alloy, (b) Partial tensile true straining corresponding to 0.02, (c)
Tensile true straining corresponding to 0.06, and (d) Tensile true
strain corresponding to 0.1,(e-h) enlarged XRD patterns of the
partially deformed specimens between 39° to 44°.
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Fig. 3.13

Precipitation behavior: (a, ¢, e, g,) bright-field TEM micrograph
of the as-received as well as tensile strained specimens D1, D2,
and D3 respectively, (b, d, f,h) their corresponding selected area
electron diffraction

patterns respectively.
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Fig. 3.14

Dislocation behavior of D1 (true strain~ 0.02): (a) diffracted,
111 g-vector when after tilting, (b,c) bright-field TEM micrographg
from the same region, b showing dislocation loops, ¢ displaying
forest dislocation and high-density dislocation tangles, (d,e) weak{
beam dark-field (WBDF) TEM micrograph from 2g, DF-1 and 3g,
DF-2(encircled in yellow) respectively, dislocation loops and tang]|
were observed respectively.
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Fig. 3.15

Dislocation behavior of D2 (true strain 0.06): (a) diftracted, 200 g
vector after suitable tilting for weak beam condition. (b,c) bright-
field TEM micrographs from the same region, showing Taylor
Lattice structures with low and high dislocation density
respectively, (d,e)WBDF TEM micrographs from 2g, DF-3, and
3g, DF-4 (encircled in yellow) showing broad and narrow Taylor
lattices respectively.
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Fig. 3.16

Dislocation behavior of D3 (true strain ~0.1): (a) diffracted, 220
g -vector after suitable tilting. (b,c) bright-field TEM micrographs
from the same region, b showing low-density dislocation cell
structure, ¢ showing high-density dislocation cell structures (d,e)
Weak beam dark field TEM Micrograph from the —g, DF-5 and
-2g, DF-6 (encircled in yellow) diffracted beam, Low and high-
density dislocation cell structures were seen respectively (color
figure online).
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Fig. 3.17

Schematic of diffracted g-vector and Burger vectors of the
dislocation loops projected along the [000] zone-axis.
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Fig. 3.18

Tensile properties of the elongated specimen Ditill the fracture:

(a) engineering stress-engineering strain plot, (b) true stress-true
strain plot (c¢) logarithmic plot of the true stress-true strain (d)
Ludwigson curve fitting of the logarithmic plot (true stress-true
plastic strain), (¢) hardening rate- true plastic strain curve behavior

161

Fig. 3.19

Hardening rate versus true plastic strain plot in the 3™- stage
showing the linear relationship with slight fluctuation

162

Fig. 3.20

Fracture morphologies of the tensile specimen Dj. One sees the
facet/cleavage morphology in Fig. 3.20a. Whereas, dimples and
micro voids, as well as particle cracks, were noted in Fig. 3.20b. O
the other hand, dimple ruptures were seen in Fig. 3.20c.
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Fig. 3.21

XRD pattern of heat-treated 7075 Al-alloy: (a) under-aged (T4)
state, (b) peak-aged (T6) condition, (c) over-aged (T73) state, and
(d) T7352 temper.

165

Fig. 3.22

Orientation distribution function (ODF) @, = 0°, 45°, 65° and 90°
sections (Bunge notation) of the T4 (a), T6 (b), T73 (¢), and T7352,
temper (d).
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Fig. 3.23

Grain size variation of (a, b, ¢, d) T4, T6, T73, and T7352
tempers, (e, f) color-coded grain map/ inverse pole figure of T73
and T7352.

168

Fig. 3.24

Misorientation angle of: (a) under-aged(T4) alloy, (b) peak-aged
(T6) alloy, (c) over-aged(T73) alloy, and (d) T7352 tempered alloy

169

Fig. 3.25

TEM microstructure: (a, ¢, e, g) bright-field TEM micrograph at
T4, T6, T73, and T7352 tempers, (b, d, f, h) respective selected

area electron diffraction patterns (SAEDPs~).
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Fig.3.25.1

Nature of the grain boundary precipitates: (a) T4, (b) T6, (¢) T73,
and (d) T7352 tempers.
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Fig. 3.26

TEM microstructure: (a, b) bright-field TEM micrograph,

(c) diffracted weak beam (2-beam), and, (d) weak beam dark-field
(WBDF) TEM images from “2g” show dense dislocation walls
(DDWs~) and slip-band.
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Fig. 3.27

Variation of hardness (Hv), and residual stress (MPa) of
heat-treated 7075 Al alloy
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Fig. 3.28

Tensile properties: engineering stress-engineering strain behaviors
heat-treated alloy.

178

Fig. 3.29

Logarithmic true stress vs. logarithmic true plastic strain curve
(Log 10 scale): (a) T4, under-aged, (b) T6, Peak-aged, (c) T73,
over-aged, and (d) T7352 temper, deformed after solution treatmen
and two steps of the ageing treatment.

183

Fig. 3.30

Variation of logarithmic strain hardening rate /n(do/de, 6)
concerning logarithmic corrected true plastic strain In(ep+ep):
(a) T4, (b) T6, and (c) T73, (d) Strain hardening rate, do/de, (©)
concerning true plastic strain (gp).
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Fig. 3.31

Fracture behavior, SEM secondary electron images: (a) T4, (b) T6,
(¢) T73, and (d) T7352 tempers.
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Fig. 3.32

Load vs. elongation behavior of AA7075, at T7352 and T73
tempers in the air, and 3.5% NacCl solution.
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Fig. 4.1

XRD Peaks of heat treated (SQ, and T6) alloy: (a) 20 range of
15° to 85°, (a1) 260 range of 39° to 43°, and (a2) 20 range of 46.5°
to 49.5°.

223

Fig. 4.1

XRD peaks after thermo-mechanical processing: (b) XRD peaks
in a 20range of 15° to 85°(full range), (b1) magnified view of 111
reflections showing left shift from TMP-1 to TMP-3, (b2)
magnified view in 260 range of 41.2° to 43°, (b3) magnified view in|
20 range of 46.3° to 48.2°. The top shows TMP-1,middle TMP-2,
and bottom depicts TMP-3.
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Fig. 4.2

Pole figures, 111, 200, and 220 of (a) solution quenched (SQ), (b)
(T6), (c) TMP-1, (d) TMP-2, and (¢) TMP-3.
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Fig. 4.3

Bulk texture, orientation distribution function, (ODF) ®,= 0°, 45°
and 65° sections of (a) SQ alloy, (b) T6 alloy (c) TMP-1,
(d) TMP-2, and (e)TMP-3.
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Fig. 4.4

Microtexture, ODF @, =0°, 45° and 65°sections of T6 (a), TMP-
1(b), TMP-2 (¢), and TMP-3 (d).
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Fig. 4.4.1

Super-imposed grain boundary maps: (a) peak-aged (T6), (b)
TMP-1, (¢c) TMP-2, and (d) TMP-3.
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Fig. 4.4.2

Co-incident site lattice (CSL) boundary fractions of (a) peak-

aged (T6) alloy, (b) TMP-1, (c) TMP-2, and (d) TMP-3.
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Fig. 4.5 Bright-field TEM micrograph of SQ and T6 (a,b), and respective | 236-
selected area electron diffraction patterns (c,d), bright-field TEM | 37
micrograph of TMP-1, TMP-2 and TMP-3 (e, g, 1), corresponding
SAEDPs~ (f, h, j).

Fig. 4.6 Hardness and residual stress for the T4, T6, TMP-1, TMP-2, and | 240
TMP-3 tempered 7075 Al alloy.

Fig. 4.7 Engineering stress-engineering strain behavior of heat-treated 241
(SQ and T6) alloys as well as TMP-1, TMP-2, and TMP-3.

Fig. 4.8 Fitted flow curves using mathematical models: (a) SQ, (b) T6, (c) | 243
TMP-1,(d) TMP-2, and (e) TMP-3.

Fig. 4.9 Logarithmic hardening rate, /n(do/de,) versus true plastic strain 246-
In(eo+ep) plot of the Swift fitted curves (a,b,c), and Ludwigson 49
fitted curves (d,e).

Fig. 4.10 | SEM micrograph fracture surface of: (a,b) SQ alloy, and (c,d) 251
peak-aged (T6) alloy.

Fig. 4.11 Fracture surface after TMP: (a, b) TMP-1, (¢, d) TMP-2, and 252
(e,f) TMP-3.

Fig. 5.1 Optical microstructure after FSP : (a) base-metal (R.S.), 266
(b) Interface, consisting of the N.Z., HAZ, and base-metal, and
(c) nugget-zone.

Fig. 5.2 XRD peaks of (a) as-received, (b) 1pass FSP, (¢) 2pass FSP, 268-
and (d) 3pases of FSP, (e) XRD peaks (111) of 0-Al, after multi- | 271
pass FSP, in 260 range of 38° to 39.5°, peaks in 1pass & 2pass FSP
shifted toward the right, but after 3passes FSP, the peak was

shifted to the left, (f) DTA thermogram up to 773K from three
different zones of the NZ, HAZ, and BM after FSP.

Fig. 5.3 Orientation distribution function (ODF), @, = 0°, 45°, 65° sections| 272-
(a) base-metal, (b) Ipass FSP, (c) 2pass FSP, and (d) 3passes FSP. | 278

Fig. 5.4 Grain size, and misorientation angle plot of multi-pass FSP: 280
(a,c,e) grain size versus area fraction maps, and (b,d,f)
misorientation angle vs. number fraction maps.

Fig. 5.5 Micro-texture characteristics/color-coded grain maps: (a,b,c,d) 281
inverse pole figure map, and (e,f,g,h) KAM map of AR alloy and
after 1 pass FSP, 2pass FSP and 3 pass FSP.

Fig. 5.6 111, 200, and 220 pole figures of (a) base metals, (b) 1pass FSP, 282
(c) 2passes of FSP, and (d) 3passes FSP. Al displays the rolling
direction, and A2 shows the transverse direction.

Fig. 5.7 Kernel average misorientation (KAM) maps of (a) AR alloy (BM),| 283
(b) 1 pass FSP, (¢) 2 pass FSP, and (d) 3 pass FSP.

Fig. 5.8 CSL boundary fractions of (a) AR alloy, (b) 1pass FSP, (¢) 2pass | 284

FSP, and (d) 3pass FSP.
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Fig. 5.9

TEM micrograph of AR alloy: bright field TEM micrograph and
respective SAEDPs along 001 of a-Al (a,b), bright field TEM
micrograph, and corresponding SAEDPs along 110 of a-Al
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Fig. 5.10

Dislocation behavior: (e) bright-field TEM micrograph,
(f) corresponding DPs~, (g, h) WBDF-TEM micrograph from
g and 2g, respectively.

287

Fig. 5.11

bright-field TEM micrograph of the top of nugget-zone (a),
respective SAEDPs (b), dark field TEM micrograph from g (¢),
and DF TEM micrograph from 2g (d).

289

Fig. 5.12

Dislocation behavior from the middle portion of the NZ:

(a) bright-field TEM micrograph, (b) respective SAEDPs in 3-
beam condition, (¢) WBDF-TEM micrograph from "2g", and (d)
WBDF-TEM micrograph from "3g".
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Fig. 5.13

Precipitates morphology and dislocation behavior at the interface
after FSP: (a, ¢) bright-field TEM micrographs, and (b,d)
corresponding SAEDPs~.
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Fig. 5.14

TEM micrograph of as-received specimen: (a) bright-field TEM
images, (b) corresponding SAEDPs~, (c) dark field TEM image.
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Fig.5.14.1

(a, ¢) bright-field TEM micrographs of the top portion of the NZ
and (b, d) respective DPs.
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Fig. 5.15

TEM micrograph, after 2pass FSP, along 111 of a-Al: (a) bright-
field TEM image, (b) corresponding SAEDPs, (c) dark field
TEM micrograph.
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Fig. 5.16

TEM micrograph, after 3pass FSP, along 111 zone-axis of a-Al:
(a) bright-field TEM image, (b) corresponding SAEDPs, (c) dark
field TEM image.
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Fig. 5.17

bright and dark field STEM micrograph of (a, b) AR alloy,
(c,d) 1pass FSP, (e.f) 2pass FSP, (g,h) 3pass FSP.
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Fig. 5.18

Spectrum area mapping of precipitates in AR state: (a) bright-
field STEM micrograph, (b) spectrum of elements from the
selected area of precipitates

300

Fig. 5.19

STEM-EDS elemental mapping of precipitates in AR state: (a)
bright-field STEM micrograph, (b) map of Al, (c) Zn, (d) Mg, (e)
Cu, () Cr, (g) Zr, (h) Si, (i) Mn.
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Fig. 5.20

Spectrum area mapping of precipitates after FSP: (a) bright-field
STEM micrograph, (b) spectrum of elements in the selected area
of precipitates
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Fig. 5.21

STEM-EDS elemental mapping of precipitates after FSP:
(a) bright-field STEM micrograph, (b) map of Al, (¢) Zn, (d) Mg,
(e) Cu, () Cr, (g) Zr, (h) Si, (i) Mn.

303

Fig. 5.22

Changes of hardness in AR alloy (a), after 1 pass FSP (b),
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after 2passes of FSP (¢), after 3 passes of FSP (d), changes of
residual stress along the TD of processed alloy (f), changes of RS
from NZ after multi-pass FSP.

Fig. 5.23 | (a) Engineering stress vs. engineering strain plots for AR alloy, 307-
and after FSP, log true stress vs. log true plastic strain plot 310
calculated from experimental data and flow curve as per
Hollomon, Ludwik, Swift, Ludwigson, and Voce models for
(b) AR alloy, and (c) after FSP.

Fig. 5.24 | Hardening rate (do/de) vs. true plastic strain plot (gp) of 311-
AR alloy (a), In(do/de) vs. In(eo+ep) plot, after 1pass FSP (b), 314
2pass FSP (c), and 3pass FSP(d) showing three stages of
hardening behavior, (e¢) combined In(do/de) vs. In(ep+ep) plot after
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Fig. 5.25 | Fractography of AR alloy (a,b), 1 pass FSP (c, d), 2 pass FSP (e.f),| 316-
3passes FSP (g, h). 317
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