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Figure 2-1. a) The process of deformation by slip is illustrated in whichttgerow of atoms
slides relative to the second row of atoms under the shear Bti&sEhe slip planes and slip
directions are shown for basal, prismatitptder pyramidal and"2order pyramidal sli¢ é . 5.

Figure 2-2. a) Dislocations of opposite sign gliding on the same slip plane, represented by solid
lines. At close distancedid dislocations combine and annihilate, rendering a perfect ciyktal.
Dislocations of the same sign gliding on the same slip plane pile up at an obstacle (i.e.,
grain/twin boundary, or prexisting defect), inhibiting dislocation mobility. A back stressthe

di sl ocation source is eéeeéegeedéacceaceeewlt of

Figure 2-3. A schematic of a twinned region in a crystal is shown as a mirror image to the
crystal lattice. The twinned region and crystal lattice is separated by a twiddogé € € € .7

Figure 2-4. The relationship between the twinning shear and the c/a axial ratio for different
hexagonal metals is shown in this figure. The filled circles are active deformation modes, while
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the open circles are inactive twinning moflet 3§ &é é . . é &€é ééeéeéeéééé.8 .

Figure 2-5. Kink bands in T§SiC; at different length scalea) Image shows an SEM image of
kink bands while,b) shows a brightfield image of kink bands with mobile dislocation walls
labeled, V, in imag¢l0]. c) Kinks in Zn singé crystal after compressed parallel to basal planes
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Figure 2-6. Dislocation pairs of opposite sign nucleate and grow at the tip of an elliptical kink.
The dislocation walls are held apart only under an extapled stress and annifié when the
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stress i s removedééééeééécéeéeeéécéeéceéeéetrléeecéecéeé

Figure 2-8. A typical stress vs. strain curve for materials such as metals or alloys is shown. The
yield stress is indicated by the green circle, at which point, deformation transitions from elastic
to plastic. These two regions are shaded below the curve on stteen axis,
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Figure 2-9. Schematic showing the stress vs. strain behavior in the process of loading, unloading
and reloading.a)El asti c def or mati on ¢ isachieved, atwhich pbintt he vy

pl astic deformation occurs. The matervial cont
achieved. When the | oad gjisrecoveredang thedtqgtal changeéen el a s
strain between initial | oadi n g, Thenadea helow thea d i n g

elastic strain portion of the curve is the elastic strain enéjdypon reloading, the material will
deform elastically until the ste sys is @chieved, and then plastically when the applied stresses
> wil following the trajectory of the plastic region in the stress vs. strain curve in gart (3. .



Figure 2-10. The stresstrain behavior is shown for a typical KNE solid, in whieversible
nortlinear strain results during cyclic loading. The number of cycles required to achieve full
reversibility varies by material, but this exaggerated scenario shows the typical behavior once the
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cyci ¢ threshold has been achi ececeecececec@d® éé é é é ¢

Figure 2-11. a) Schematic of an IKB of length 2a and with 2b, which consists of dislocation
loops confined to multiple parallel plands. Mobile dislocation walls (MDWSs) are shown)
Under sufficient applied load, the MDWs dissociate andleste to fornd) permanenkink
(o ToT U]l F= =SSR 20

Figure 3-1. Schematic of a spherical nanoindetetented into a material surface. The indenter
radius, R, contact radiug, elastic displacementk, total displacement,da and contact depth,
he, are labeled31].é . . éééeééeééeéeéeééeeéeéeée. ... ... 2

Figure 3-2. a) Load vs. diplacement curves where instrumental drift occurred. b) Resulting
indentation stress is plotted against a/R for the corresponding load vs. displacement curve in (a),
illustrating the effect of instrumental drift on the indentation
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Figure 3-3. a) Load vs. displacement cycles are shifted to cycle n, at which point, the contact
radius measurements in the SEM matched those calculated from the nanoindentation data. This
process was done to remove instrumental.d)fThe indentation stress vs. a/R curve is shown
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here with théédéeeeeceéeméoeedéecececeéeecéen?8

Figure 3-4. The area of an indentation stress vs. a/R loogp,Wds calculated by approximating
the area below the loading (black rectangles) aridading (red filled rectangles) curves using
sequences of rectangle partitions, and taking the difference as the area of the loop. The width of
each rectangle corresponded to the change in contact radius as a function of time in increments
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Figure 3-5. a) Typical lift out of indent cross section welded onto copper omniprobe fgjrid.
Schematic of indent cross sectional, which was assumed to have a trapezoidat)sRagbe.
triangle with heighd and widthy used to approximate the taper of the foil at arbitrary depth,
d) Triangle with dimension& andx is similar to triangle in (c). Thus, the value fqrwhich is
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Figure 4-1. Experimental set up of infiltration experiments, in which pure magnesium was
placed on top of a FJAIC perform inside an alumina crucible and heated in a vacuum chamber
with graphite heating elements. The chamiwas heated to 750° C for 1h, and Mg single
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crystals formed upon cool i ng aésé éaé ébéyépér.qdbduct o

Figure 4-2. SEM images of Mg single crystals with, a) hexagonal symmetry and, b) on the
prismatic face, both mounted on an Al mount using silver
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Figure 4-3. SEM image of a) indent made on the (0001) plane abdl indent made on the
(10p0) planeof Mg single crystal . . . . . . . . . . . . . . . ... .. ....38.

Figure 4-4. Load vs. displacement cycles plotted separately in same figure. The cycles were
compared and later shifted to the left to account for drift when indenting on the prismatic face on
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Figure 4-5. a) Load vs. displacement plot of indents loaded to 50 mN and 150 mN from series
A-B. b) Load vs. displacement cycles from the latter portion of a single experiment are compared
with cycle 5 from the same experimeNbte that in these two cases, the nastental drift was
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Figure 4-6. a) Indentation stress vs. a/R plots for locations loaded to 50 and 150 mN, 50 times
and fitted to the solid inclined line corresponding to an elastclulus of 61.5 GPab)
|l ndentation stress vs. al/ R plots éé&&eéé&4cation

Figure 4-7. NI stress vs. a/R plots for locations loaded to, 1) 50 mN, 50 times, 1) 150 mN, 50
times and, Ill) 150 mN, 25 times. Dashed neartical inclined lines are those corresponding to

an elastic modulus of 61.5 GPa. The total change in contact radius (divided by the indenter
radius R) at raximum loading is the sum of a linear elastic change labeled e and a nonlinear
change gévdm bynegpagplestentd the yield strddss of

Figure 4-8. palai s pl ot t e dand dp)aw forghe nested)cyclés Idad to 50 mN

(open red circles) and 150 mN for 50 cycles (solid green triangles) and 150 mN for 25 cycles
(solid blue squares). The values fdr&e indicative of a reasonably good fit. The straight lines
in b) have $bopeas g2 qxBéné éséeéréi ée.s. é(éséeéeé étéeé &4 .

Figure 4-9. a) Crosssectional TEM lift out of location loaded to 80 mN, wherein individual

basal dislocations can be discerned. The distance between dislocations, d, is measured to be 8c
where c is the lattice parameter. Thid equals 4.35°, which is excellent agreement with the
value measured from the SAED (lower inset). Top inset shows a low magnification TEM
showing the location of the LAKB at the edge of the indbphThe kink angle, g was plotted

against the contacadius for the three indents loaded to 50 mN, 80 mN and 150 mN and fitted to

a line. The point at the origin was included and the linear correlation resultéd 0.8 é 45

Figure 4-10. Dislocations are imaged using weak beam bright field beneath, si\Nohdent
approximately 4 em beneath the surface | oaded
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Figure 4-11. a) Schematic of crossection of spherical indentation agpf0001] in Mg. Dashed

lines represent basal planes. The T's represent dislocations in LAGBs (red) and GNDs under the
indenter (green); they must be of opposite si
to 6 ° in this work. When the load is amdi the near vertical dashed lines move outwards to
their new position given by 't he b)sTod vied ofl i nes.
indentation where the LAGBs are assumed to form a circle with diamegteNBan the surface
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is loaded, the dislation segments of lengthsylgr ow t o a radius y = @&a
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Figure 4-12. a)Tn. Vv S 2, and, b) Wy vs. T . All results extacted from Fig. 3 in Ref
[B5e. éeééeééeééeéeéeéeéeéeéeéeéeéeéeeeeeée. 0.

Figure 4-13. Orientation map of (160) plane of Mg single crystal post indentation obtained
using EBSD. Tensile twins are seen around the indented area, which was a typical iohservat
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Figure 4-14. a) Drift corrected load vs. displacement plot at location loaded to 80 mN for 50
cycles along and, b) its corresponding indentation stress vs. a/RNgol&. that the elds

modul us during the first cycle is significant
which was cl eeékcctece@ceraécéeceéeé . éeéeé 56

Figure 4-15. a) Indentation stress vs. a/R plot of nested cycles loaded to a maximum lodd 80 m

for 50 cyclesb) qme/a, plotted againsii’ for the same indent loaded to 80 mN for 50 cycles, and
compared with a similar plot from (0001) plane indentation loaded to 50 mN for 50
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Figure 4-16. Schematic ofindentation on the () plane in Mg single crystal. Under an
applied load, the width of the short axis of the indent must move outward (red dotted lines) by
some distance, x, to accommodate the indenter penetrating into the surface. As the short axis
expands, the twins widen (faded red lines). When the load is removed, the twins and short axis
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Figure 4-17.a) TEM micrograph of an indent cross section loaded to 80 mN for 50 oyclbe
(10p0) plane in Mg single crystal. The twinned region consists of various grains as shown in
figure. bc) Diffraction patterns taken from two grains, of more than 5 grains identified in one
region, shows some variation in the orientations betwldéarent grainge é € é . . é é €60

Figure 4-18. a) Cross section of a 80 mN indent lifted out parallel to twins. The twin is shown
extending to a depth ~Bem beneath the surface of the inddn)tTEM micrograph of a region
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at the bottom i ntéé& & éécéeé & &Vl éné éaén&ddé émndé & 8 .&lé

Figure 5-1. EBSD was used to generate an orientation map of the grains shown here. The
inverse pole figure map is also shtohere. Each pattern was cleaned up with a minimum grain
Si ze 1 (atoleramcesbrialreesé é . € € € €€ €€ éééééééeééeééé &b .
Figure 5-2. SEM images of typical indent craters after spherical nanoidentation on was applied

normal to thea) (0001),b) (10p2),c) (10p1) andd) (10p0) pl aneséeée. . . €68 . eé é e

Figure 5-3. Load vs. displacement curves at select locations from nanoindentation on the a)
(0001), b) (1@2), c) (1®1) and d) (1P0) planes are shown. Each location was loaded 50 times
eééeeéeecééecéecééecéeecéeceéeecéeeceéeecé. 69
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Figure 5-4. Load-displacement curves of the'56ycle as a function of the different orientations.

The width of the hold segment and the width between the start and end of"tiogct® for

(10p0) orientation arevery similar, if not, identical. The loading and unloading curves are
essentially parallel lines separated by a small distance that may have been due to drift or
Creegg 6 éeéééééeéecéecécécéeeeceeéeéeéeéeéecécece. 0.

Figure 5-5. Indentation stress vs. a/R curves the, a) (0001), b) (p2), c) (1®1) and, d)
(10p0) planes of the various orientations. The modulus during the first cycle was a reasonable fit
to the expected elastic modulus from Hertzian analysis in most cases. The (0001) orientation
d i d n astwellfas the other locations for reasons that are unknown. The red lines in each plot
correspond to the elastic moduli in each respective orientation. The slope of the curves after
cycling is much greater than the elastic moduli indicating higher ati$fn after

//////////////////////////////////

Figure 5-6. Nested cycles from the different orientations are plotted. Loops were observed in the
(0001), (1®2) and (1@1) orientations, but not in the (@0) orientation. The (1R) dataset was
shifted to the right by 0.0075 for clarity. a) The lines next to each series are the calculated
theoretical slopes of the elastic moduli for each specific orientation, which correspond to 61.8
GPa for the (0001) plane, 53.6 GPa for thep@lane, 45 GPa for the (j0) plane and 62.6

GPa for the (100) plane. b) The yield stred$,, was determined by fitting a straight line to the
measured linear elastic region and determining where the curve transitions from linear to non
I i ne a&/R)is tlp (total a/R value minus the a/R in the linear elastic region within a nested
cycleg . . é&éecéééeéeééeéecécécécéceeeeeéeée. eér3.

Figure 5-7.0qme/ai s p | ot t e Yandah) Wi Thesvalues far Rin plot (a) were > 0.977

to > 0.99, while those in plot (b) ranged between >0.94and 2@98 & . € € € é é é 76.

Figure 5-8. SEM images kink bouaries taken from cross section lift outs in the progress at
locations on the, a) (0001) plane and, b)p@@Oplanes. ¢) SEM image taken at both edges of
indent made on the (p0) plane shows no kink boundary formed. The lower corners of each
images (aand (b) shows the FIB lift out of the indent in progress. The bulk Zn sample oxidized
before a lift out on the (I1) plane could be attempteck é € € € € € é € é é é é é . 77.

Figure 5-9. SEM images showing attempted lift outs ong2Porientation for TEM anakjs. a)
Lift out is shown welded to an omniprobe needle in the FIB, and, b) shows the sample welded to
an omniprobe grid. The sample showed heavy bending and twisting during thénéing. 78é .

Figure 5-10. Bright field image taken in the area of the kinbundary at the edge of an indent
made on the (0001) plane. Since bending caused ion milling to damage the area of interest, it is
unclear as to whether or not the kink boundary at the edge of the indent is shown in the
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Figure 5-11. Diffraction patterns taken at two locations beneath the indent on the (0001) plane.
a) Pattern taken closer to the middle of indent. b) Pattern taken beneath indent, but closer to area
around the KB. Both patterns are nearly idealtiovith the possibility of very slight
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misorientation between the two. c) Pattern was taken between edge of lift out and area where
kink boundary was believed to be, which may indicate orientational changes or oxél&ti@e.

Figure 5-12. Bright field images of different areas beneath an indent made on thé)(f&ne.
a) Adjacent grains with slightly different orientations amd,Bright field of features beneath
indent such as moiré fringes, holes and possible grain boundaries. The moiré fringesuttay
from diffraction from grains of different orientations, or a result of the imaging conditor80

Figure 5-13. a) Diffraction pattern taken within a grain in Figl3a showing a slightly different
orientation than b) the diffraction pattern takesm grain A in Fig. 512b. c) Diffraction pattern
taken near the interface of grains A and B and the intersection of a possible third grain labeled as
C. d) Diffraction pattern taken from a different area beneath the indent, showing a possible slight
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Figure 6-2. OIM map generatd using EBSD of different grainsT;SiC,¢ é € € é é . é 94

Figure 6-3. SEM images of indentations made on differenSiC, grains.a-b) Indentations on
(0O001) pl ane ue) Indegtatian or2(100) plame wsingp2Em tip. d) Indentation
madeat grain boundary of (0001) and adjacent grain using & 81 te)iSREM image of area
where indent B2 (See Tablel was made using 1@0n and loaded to 500 mN at the beginning

of Pt deposition in the FIB. Image is taken at a 52° tilt, which should chetieeting the indent
trivial. However, as seen in this image, the indent is essentially below the SEM resolution
imtsé 6 6 é. é6éééééeéécécécécécéeeéeeeéeéeé. éeo

Figure 6-4. Load vs. displacement curves faj,location 4 on grain A (refer to Tablel§ on he
(0001) plane andb) location 4 on grain E on the (@0) planes loaded to 550 mN for 50
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Figure 6-5. Indentation stress vs. a/R curves for locations, a) A4 on (0001) and, b) E4pOh (10
planes. The inehter radius was 100 um and the load was 550 mN, as shown in Thble.®8

Figure 6-6. a) Indentation stress vs. a/R curves for nested cycles on the (0001) a®)l (10
planes. The nested sequence for theo@l(®lane was shifted to the left by0015 for clarity.
Dashed lines corresponds to an elastic modulus of 325 GP&, enthe yield stress for a given
nested s e gsReimeyualto the Xotalgppéimear reversible a/R, which is calculated by
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Figure 6-7. qme/ay plotted againsta) (i 2 and,b) Wy at locations A4 (green circles) and E4 (blue
squares) on the (0001) and {10) planes. The maximum load was 550 mN and 50 cycles were
used along with a 108m tip. Also plotted ispe/a vs. 0% and W at location B4 (orange), which

s s ¥ 7 s 7 sz s 7 s £ sz 7 r £ 7 7z £ 7 7

was loadedo 500 mN usinga2dm t épééceeeceéeééééeeeecece.l100
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Figure 6-8. Load vs. displacement curves for, a) location 6 on grain B on the (0001) plane, and
b) location 2 on grain F loaded on the gQ0) planes to 500 mN for 50
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Figure 6-10. Nested cycles for the locatisya) B6 on 0001 and)) F2on 10 p | &n.a03 e

Figure 6-11. a) Load vs. displacement, b) indentation stress vs. a/R and, c) nested cycles are
shown for indent D4 (location 4 on grain D). The maximum applied load was 500 mN for 50
cycl es umiimAn SEM ithdge af this indent is shown in Fig2l6, where cracking
wasclearlyobserved. ¢ é ¢ é ¢ éeéeéecéeéeéeéeéeée. .. eéere

Figure 6-12.a) AFM i mage of area where indent B2 wa:
load (see Fig. ®e for SEM image)The red box is the area where the indent should be with a
distinguishable feature (inset) in the area that resembles the indent. However, the line scan
profiles in b) suggests it may be a surface feature and not the indent. ¢) Atomic force microscopy
(AFM) image of indent B6 loaded to 500 mN for 50 cyclesusinga 21 t i p (3amre Fi g.
SEM image). d) Line scan profile across indent horizontally (profile 1) and vertically (profile

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 6-13. a) Low magnification bright field images taken beneath indent B2, whah w

|l oaded using a 100 em tip at 500 mN. The red
in the image. This image was not taken on zone axis, as seen from the DP in the-a)deiw(b
magnification bright field images taken beneath indent Bévsiwpstreaks parallel to the basal

planes throughout the entire lift out. The zone axis from which images were taken is shown in
inset. The streaks are seen more easily in image (b) due most likely to the strain contrast in the

,,,,,,,,,,,,,,,,,,,,,,

Figure 6-14. Low magnification weak beam dark field TEM image of indent cross section.
Bright spots in the image correspond taxis strain appearing in contrast. Diffraction pattern of

//////////////////////

Figure 6-15. a) High magnification image of streaks in bright field image. The red rectangle is a
region of interest (ROI) in which further analysis was ddmelmage of ROI after Bragg
filtering showing bending of atomiplanes around the streaks with no distortion away from the

,,,,,,,,,,,,,,,,,,,,,,,

streake €6 € éé. . . eeééécecécéeececéeececéecee. ée. éeédmecé

Figure 6-16. SAED patterns a) beneath indent B6 and, b) away from indented region using
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Figure 6-17. TEM sample of indent B5, which was made near a grain the boundary of a (0001)
and adjacent grains. A crack is seen in the image, which resulted from the two grain boundaries

rrrrrrrrrrrrrrrrrrrrrrrrrrrr
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Figure 6-18. Darkfield images of indent B5 showing, a) crack at the grain boundary with
diffraction patterns above the crack (top left inset) and below the crack (top right inset), and b)
kinks that formed at the edge of the indent. The bright regions within the kiekidence for €

"""""""""""""""""""

axisstrain . éeeééééééceececeeceeeéééceceeceeeeéécecedln.

Figure 6-19. TEM sample of indent F2, which was made on theQ)(lane using a 2&m tip
and a maximum load of 500 mN for 50 cycles. Delamination cracks beneath the

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 6-20. a) Collage of TEM micrographs of indent F2which was made on th@0p0)

plane using 21 em tip. Various <cracks, ki nks
dotted line represents the material heiglound the indentation cratdy-c) Brighfield images

beneath indent showing different grains in contrdskagnified images of cracks and voids are

shown as well ase) magnified images of kinks at different areas beneath the
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Figure 6-21. Schematic of ripplocations (red lines) beneatsik, on the (1@0) plane under
a) no applied load, b) loading ant) under applied load sufficient for ripplocations to merge.
When loading without merging, the rippations migrate back, resulting in s2WOnce the

""""

merging barrier is overcome, planes delaminate andé&rack ¢ é € € . . é é é é é dZ&le .

Figure 6-22. Schematic of ripplocations beneathSiC, on the (0001) plan&) Ripplocations
(red lines) with no load appliespaced a distance dpart.b) Ripplocations migrated towards
one another under applied load to a distan@pdrt, without mergingc) Merged ripplocations
align on parallel planes to form a kink boundary (green dotted line) after delaminatién121

Figure 7-1. The indenation stresses were normalized by the shear modulus, G, for each material
and plotted against a/R. a) Each nested sequence resulted from indentation on (0001) using a 100
em tip with the | ar §€sifollonedbyMgsandrtteeis Znl b) A single f r o m
pl ot of G/ G vs. al R i s s38Gwmamaximermioad of 500 ppN.a 2 1

rrrrrrrrrrr

Figure 7-2. Plot of, a) W v s . glas@md, b) W v s (* for/if@éntations on the (0001) plane

of Mg, Zn and TiSiC,, | oaded 50 times at eachsSiC;dNotat i on ¢
Wy does not have uni g/& was calculated som phe plots tleai weree @a
normalized by G. Based on plo))(aore energy is dissipated when comparing the variation as a

f unct i gap Litbefvarighan exists in plot (b) however, which is expected since area of the
normalized loops did not vary from material to material at a given streséan@) Plot W

rrrrrrrr

v s .1 0y)*8G?shows no variation between the different matedats.é é é é é é . é &29

Figure 7-3.a) Wyp | ot t ed agai nst O [88ismpamedwittb\Ww s6yl Jone
in this study. Both plots show the same data set which were gratlucu si ng a 100 e&m
(0001) pl ane (greenp0) apllahC grMmltuiep @amdt me 2(11
plane of TiSiC,. The values for Rshowed a better fit to a line wheng\Was plotted against

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
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Figure 7-4.a)/ G i s plotted against a/ RO) planeonMgst ed
single crystal. These cycles resulted in comparable a/R values for Mg in the (0001) orientation,
shown inb). Note that the loops in (a) shows no distive variation when normalized by G,

which means either series (80 mN or 100 mN) in part (a) caliréely compared with the loops

in part (b) at comparable a/R values. As shown, the loops from the (0001) plane were larger than

"""""""""""""""

Figure Al. a) Indentation stress vs. a/R curve for nedtaps at locations A1l and A4, which
were | oaded to 550 mN for 25 and bplidentatprt | e s,
stress vs. a/R curve for nested loops at locations E1 and E4, which were loaded to 550 mN for 25
and 50 cycles, respectivelyiusi g a 1€0€0é &ére &ééépeeeeééééé. 140



Xviii
Abstract
Investigation othe ReversibleHysteresi€Effect in HexagonaMetal Single Crystalsandthe
MAX Phases
Justin Griggs
Michel Barsoum, PhD
Mitra Taheri, PhD
Hexagonal clos@acked (hcp)materials are abundant in natuasd are of great technologica
importancesince they are used many applications.When cyclically loadedomehcp solids
outline fully and spontaneouslyeversible stressstrain hysteresis loops To date, he
micromechanical origin of these loops unknown. To shed light on the subject, a spherical
nanoindenter was repeatedly indentedp to 50 times in the same locatiemto Mg, Zn and
TisSiC, single crystals of various orientations, followed leyest postindentationtransmission
electron microscop (TEM) crosssectional analysisBased on the totality of the results, the
energy dissipated per unit volume per cynl¢he hexagonal metatan be related to the bowing
outi and back of geometricallynecessary dislocatiofisin most cases in the form of low angle
kink boundaries (LAKBs)- through statistically stored onesKinks were observed after
indentations normal to the basal planes in Mg and Znadsawhen indented normal to the
(10p1) and (Dp2) planes in ZnWhen indented parallel to the basal planes in Zn, if hysteresis
loops formed at all, they were insignificant in area. W{Ep0) planes in Mg were indented,
tensile twins formedThe most probable explanation for the energy dissgat this directions
the growth and contraction of these twilsthe case of E5IC,, hysteresis loops were observed
even in absence &fnk boundarie. No direct evidence for twins or ndrasal slip was found nor
has been reported in literature. Eamde presented in this study supports the existence of a new

type of defect in bulk layered solids known as ripplocationghich combine features of

dislocations and surface ripplégdhatare able to explain the phenomena observed in this study
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on TiSICG, In ways conventional dislocations cannot explain. It is the migration of these
ripplocations that are believed to cause energy dissipation$iCki The energy dissipation due
to ripplocations was found to be higher than the energy dissipation dugldcations, which
may offer a possible signature to distinguish between theHewever, the simplest method to
distinguish between ripplocations and dislocations is to load the basal planesnedigger a

spherical indenter as carried out here. Thenfdion of cracks, normal to the basal planes, are

the unequivocal signature of ripplocations.



CHAPTER 1: INTRODUCTION

Hexagonal close packed (hcp) materials are abundant in nature, and are of great
technological importance sindéey are used in many applications in industsesh asthe
automotive, aerospace, electrical and hardware industries. Their importance is ever more
demanding as it pertains to energy technologies. According to the Inventory of the U.S.
Greenhouse Gas Essions and SinkEl], the electrical and transportation sectacsouns for
the most greenhouse gas emissions annually, with electricity accounting for nearly one third of
all emissions. Within the transportation industigie ofthe largesteductionsn greenhouse gas
emissions will result from a reduction in total vehialeight.

As the lightest structural metatith a density two thirds of aluminum (Al), magnesium
(Mg) and its alloys are promising candidates in reducing the total vehicle weight in automobiles
and aircraft, thereby providing a viable option for improvingl efficiency. Mg alloys are light
weight, provide greastiffness, andhave a high specific strength among their many advantages
[2]. An increasing number of automotive manufacturers are investigating the possibility of
incorporating more Mg into automotive parts by repladdh@lloysand steelith Mg alloys A
major goal in moving forward with Mg incorporationtd automobiles is to reduce the total
vehicle weight by 15 percefg].

Anotherimportanthexagonal material commonlgedis zinc (Zn) It is used to glvanize
steel to protect it from corrosioand alsaused in coatings and alloys. &recyclablehas a low
melting point which meang also hasa low cast temperature atlgereforeless susceptible to
thermal shock, making it very economical as aingsnhaterial. Zinc alloys can offer strength of

up to 60, 000 psj4], and die cast alloys are believed to extend the life of die casting tools.



Household iters, automotive parts and tools of all kinds may contain Zn, which illustrates its
versatility.

In addition to metals, fairly new cerammeetal hybridmateriab known as MAX phases
may show promising applications to these various industries equally wetkedse definition
will be formulated in the subsequent chapters. The MAX phases have attracted attention as a
material to potentially use in fission and fusion reac{br<], especially for nuclear cladding
applications. The MAX phases possess a hexagonal crystal structure as do Mg and Zn, and they
have been the subject of investigations for their unique properties that are common to both
metals and ceramics alike. Focusing on hcp materials in general, when sprselids are
cyclically loaded, they outline fully and spontaneously reversible s$tesisi hysteresis loops.
To date, thenicromechanicabrigin of these loops is unknown. It is necessary to understand the
mechanismsnvolved in the deformation process fully understand the origins of this effect.
There isvariationin themechanical behaviassociated with deformation bEp metalg7] such
that somehcp metals deform more easily by twinning than others, or some slip systems are
active in somehcp metalsthat are not active in othéicp metalsSincethe hcp crystal structure
is a fairly complicated crystal stture to analyze and understandbust crystal plasticity
models for hcp materials are certainly a work in progresperimentaland theoretical research
would help lead tdoetter crystaplasticity modeldor nonbasal deformation moddsom which
consttutive laws for plastic deformatiocould be developed7].

The purpose of this thesis is to contribute to therdic understanding on the origins of
reversible hysteresis loops in strs$sin curves that are observed in some hcp materials.
Beginning with Chapter,2this thesis will discusbackground information on the deformation

and mechanical properties ofxagonal materials specific to this study. Chapter 3 provides an



experimental overview of the techniques, data acquisition and analysis that were used in this
study. Chapters -8 presents specific experimental details, results and discussion from
nanoindetation experiments that were performed on magnesium single crystal, zinc and the
MAX phaseTisSiC,. Chapter 7 provides a comparative analysis betwleematerias used in

this study andChapter rovides asummaryand conclusion of results, as well asautlook for

future work.



CHAPTER 2: BACKGROUND

2.1 Deformation in hcp materials

In comparison to materials with a body centered cubic (bctgce centered cubic (fcc)
crystal structure, @formation of materials with hexagonal closed packed (hcp) crystal structure
is not as fully understoodue to the diverse mechanical behavior of hcp materials, and the
limited understanding of their nonbasal deformation m¢desThe most common deformation
modes observed within hcp materials, especially within metals, are deformation by slip and
deformation twinning. Some hcp materials havso adbeen known to deform by kink band
formation [8-13], which includes a class of materials known as the MAX phasesMHA¥¢
phases are ternary layered carbides and nitrides having the general chemical foympAa,M
where M is a transition metal, A is angkoup element, X is carbon or nitrogen and n =1, 2 or 3.
The MAX phases have an hcp crystal structure with genaséiatios,renderingnonbasal slip
and/or twinningimpossible which in some ways renderanderstanding theideformation
modes Nonetheless, it is essential to understand the deformation modes to better contribute to
understanding the different phenomena observed within hcp materials, and especially the MAX

phases.

2.1.1 Slip in hcp materials

Deformation by slip is a process which involves theonientation of atoms in a
crystalline lattice under a sufficient applied stressufficiently high temperaturéfhis can be
visualized as one row of atoms sliding over an adjacent row of atom&i(se2la) under a
sufficient shear stress. A slip plane is the plane on which dislocations move by glide, and the slip

direction is the direction in the slip plane that corresponds to the shortest lattice translation



vector. Both the slip plane and slipettion constitute a slip system. In order for deformation by

slip to occur, a minimum of five independent slip systems are reqliifgddo satisfy the von

Mises criterion, and slip occurs when the applied stress exceeds the critical resolved shear stress
(CRSS) on the slip system with the highest Schmid factoncpnmaterials, slip occurs in the
<11¢0> direction with the basal slip system being operafiMg in all hcp materials. The
possible slip systems in an hcp crystal are basal slip (0004)%=11prismatic slip
{10p0}<11¢0>, T order pyramidal {1p1}<11¢0> and 2% order pyramidal {1&2}<pp23> slip.

These diffeent slip systems are illustrated in Figli.

T
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N_v
a)
Slip
Modes
b)
Basal Prismatic Pyramidal <a> Pyramidal <c+a>
slip slip slip slip

Figure 2-1. d) The process of deformation by slip is illustrated in which the top row of atoms slides relative to the
second row of atoms under the shear sitk} The slip planes and slip diremtis are shown for basal, prismati€, 1
order pyramidal and"@order pyramidal slip.

Dislocations gliding on the same slip plane may interact while in close proximity relative

to one another. When dislocations with opposite signs interact on the Bpnpéase, they



attract, combine and annihilate resulting in a perfect crystal (see ). Dn the contrary,
dislocations having the same sign interact repulsively at close distances. When dislocations of
the same sign are held up at an obstacle, aaclt a grain boundary, dislocation pile ups may

result as shown in Fig-2b. Dislocation pileups create a back stress on the dislocation source.

N\
1 T
a)
N
T
. L 1 1 1 11| Obstacle
b)
Dislocation
Source

Figure 2-2. a) Dislocations of opposite sign gliding on the same slip plane, represented by rsedidAt close
distances, the dislocations combine and annihilate, rendering a perfect diyddidlocations of the same sign
gliding on the same slip plane pile up at an obstacle (i.e., grain/twin boundary-exigineg defect), inhibiting
dislocation mobility. A back stress on the dislocation source is created as a result of the pile up.

Whenever deformation occurs by slip in hcp materials, the most commonly observed
dislocations are those withexor<c+a> Bur ger 6s vector whensCrewo s s s |
di sl ocations slip onto another slip plane tha
glide on a different slip plane. This phenomenon is observed in some FCC metals, but occurs in
hcp materials via constriction of the screw alcsition, and thus enabling the perfect dislocations

to cross slip at the constriction.



2.1.2 Deformation twinning in hcp

Deformation twinning is another commonly observed deformation mode within hcp
materials. A schematic of a twin is shown in Fig3,2n which a twin boundary separates two
regions in the crystal of different orientatiofisvins in hcp materials reorient the crystal lattice
and form when there are an insufficient number of slip systems to accommeadasestrain.
They can make the cr@dtmore favorable to deform by slip, almdn occur as a result of
annealing or deformation. The most common twinning modes observed in hcp metals are shown
in Table 2.1, where Kand K; are the twin habit planes for the primary and conjugate twinning
modes, and— and — are vectors representing the shear and conjugate shear directions
respectively{14, 16] The {1Qp2} twin is active in all hcp metald4, 16] as seen iifrig. 2-4. In

this figure, the twinning shear is plotted against the axial ratio;-.

Crystal Twinned
Lattice region

Twin plane

Figure 2-3. A schematic of a twinned region in a crystal is shown as a mirror image to the crystal lattice. The
twinned region and crystal lattice is sepgadaby a twin boundary.

The twinning shear, which depends on the c/a axial ratio, largely influences twinning

[14]. The positive slopes in the Fig4correspond to contraction along thexds and negative

slopes correspond to extension along thaxis. Whenever > Vo, the {102} twin is a



contraction twin, and wheh < Vo, the {102} twin is a tensile twin.Tensile twins cause
extension along the-axis and reorient the crystal lattice by ~86° about the;@21directions,
while compression twins caa contraction along theaxis and reorient the lattice by ~56° about
the <1X 0> directionsSecond order twinning may occur, as in the case of Mg in whicp1{10

twins may be followed by {162} twins in Mg [14], resulting in increased total plastic strain.
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Figure 2-4. The relationship between the twinnisgear and the c/a axial ratio for different hexagonal metals is
shown in this figure. The filled circles are active deformation modes, while the open circles are inactive twinning

modeq14].



Table 2-1. The family of primary (K) and conjugate (K twin planes are shown along with their corresponding
shear directions.

K1 K> t t
{10 2} {10pc¢} + <10pp> + <10pp>
{10 1} {10pc} <10p¢> <3002>
{11 2} {11¢t} -<1ico> -<2213>
{11 1} (0002) - <pp26> -<1120>

Basal and prisnmi dislocations interact with {J@2} and {11¢1} twins repulsively in
Mg, Co, Re, Zr, Ti, Hf and Be leading to local stress concentrations due to dislocatiopgpdée
the interfacd14, 17] As a result, conjugate twins or other twins may form, or a crack may form
depending on the cleavage strength of the material. In the case of Zn and Cd, the basal
dislocationinteraction with the {1p2} twin is attractive[14, 17] and leads to the subsequent

growth of the twin.

2.1.3Kink bands in hcp materials

The theory of kinking in metals was first introduced by Orowan (199P) who
proposed a deformation mechanism in metal single crystals different from slip and twinning.
Orowan observed kinking behavior in Cd single crystals when |Igaaediel to the basal planes
undercompressiorfsee Fig. 25¢). Kink band formation is a deformation mechanism observed in
some hcp materials such as in graphli®] and ZnO[19], and also in layer structures such as

mica[12]. Figure 25 shows examples of kinkahds in TiSiC; at different length scales.
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Figure 2-5. Kink bands in TiSiC, at different length scales. a) Image shows an SEM image of kink bandshyhile,
shows a brightfield image of kink bands with mobile dislocation walls labeled, V,adgdfil]. c) Kinks in Zn
single crystal after compressed parallel to basal pl@@3s

The precise mechanism that leads to kind band formationtisinderstoodFrank and
Stroh[21] considered a thin elliptical kink band comprised of two dislocation walls of opposite
sign spaced a small distance thedw to formkink boundariesin the work of Frank and Stroh,
pairs of dislocations of opposite sign nucleate and grow at the tip of a thin elliptical kink, which

has | ength 2U and wi d6).Disl®dionsvdf opposite sign are ditracted e e F

to one another, but aheeld apart under an external applied stress.
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Figure 2-6. Dislocation pairs of opposite sign nucleate and grow at the tip of an elliptical kink. The dislocation walls
are held apart only under an external applied stress and annihilate when the streggad[21].

Using the Griffith approach, Frank and Stroh determined the critical stress at which the

kink band will grow to be

T - —1 T, (2-1)

where itk t he shear stress, G i s thestheditealr modul |
kinking angle, w is a length on the order of b and related to the core energy of a dislocation, M is
a Taylor factor relating the shear stress to the atteds Finally, the critical kinking angle was

determined by Frank and Stroh to be

r —X

T, (2-2)
wherne sUthe | ocal stress needed tpthenthekinke at e a

band willgrow. If a kink band extends to a free surface, then the dislocation walls will be pushed
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apart and become parallel planes, forming the kink bound#iesicro-scale model based on
the work Frank and Stroh was later developed to describe the procesk bakd formation as
well as to help explain a uniqgue phenomenon observed in materials capable of deforming by kink
band formation. Before this micscale model can be introduced, a discussion on elasticity and
mechanical behavior is necessary.

In layeredstructures such as mica and the MAX phases, kink bands are often observed
with delamination between layers (see Figpa2and b), and sometimes with cracks adjacent to or

near kink bands.

2.1.4 Ripplocations

A new deformatiormicromechanismhas beerproposedby Kushima et al[22] for 2D
van der Waals solidsthat theytermed ripplocations. In their study using high resolution
transmission electron microscopy (HRTEM) on $4o ripplocations (see Fig.-2a) were
regarded in the context of 2D van der Waals homostructures and defined as being a local line of
ripple created by an excessive line of atoms that are locally inserted into one layer relative to the
other, thereby crémg a local line of ripple in the van der Waal homostructure. Ripplocations
were described by Kushima et §22] as being topologically equivalent, but energetically
distinct from dislocations in bulk crystals. Some characteristics of ripplocations includes being
localized with core width on the order of a few nanometers, ripplocations ofssgmattract
(see Fig. Z7b) and merge, and the core energy is equal to thecto¢éad)y. The total energy of a
ripplocation is the sum of the elastic bending energy,dud the interfacial energy,sUt was

also inferred in this study on MeShat bonds are not broken when ripplocations form.
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Ripplocations aregheorized aseng capdle of nucleating, migrating or annihilatir{g2] in

response to mech@al loading, thermal or chemical changes.
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Figure 2-7. a) Schematic of a ripplocation in Ma®) Ripplocations of the same sign shown attracting just before
merging[22].

While the study of ripplocations on Mg®as been theorized for 2D layered van der
Waals solils, they are certainly relevant in this study on the MAX phagesitedthe MAX
phases are layered solid® date, no direct evidence of <c + a> dislocations have been reported
in literature on the MAX phases, and yet in numerous studies involving &igenon the (0001)
plane of various MAX phases;axis deformatiorhas been adervedeven in absence of visible
damage [23]. As shown herein ripplocations within the MAX phasedetter explain
observations. If ripplocations do indeed exist in a bulk crystal, it is likely they would be slightly

differentcompared with a 2Mayered van der Waal solid
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2.2 Mechanical behavior

As stiuctural materials are deformed under an applied load, the amount of deformation at
a given load is valuable information for design and construction purposes. The typical data used
to quantify the amount of deformation at a given load is the stress ws.cstree (see Fig.-3).
Although there are different types of stresses, the engineering stresdefined by

— (2-3)

where P is the applied load andi8 the cross sectional area under no applied stress. Similarly, if
a material, such as a rod or bar of lergtlis deformed either in tension or compression, then the
engineering strain is defined as

- — = (2-4)

wherel is the length after deformation. By convention, when materials are deformed in tension,

then U > 0, and when materials are defor med

Yield point

Ultimate stress |----= [ 7—

Yield stress }---- -
Plastic

b region

lastic
region

v

Figure 2-8. A typical stress vs. strain curve for materials such as metals or alloys is shown. The vyield stress is
indicated by the green circle, at which point, deformation transitions from eflagtiastic. These two regions are
shaded below the curvendhe strain axisrespectively
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There are two types of deformation, which are elastic and plastic deformation. Elastic
deformation is temporary and is recovered fully when an applied load is removed, while plastic
deformation is permanent and nm@vesible when an applied load is removed. Typically,
structural materials, such as metals or alloys, deform elastically until yielding occurs, at which
point the onset of plastic deformation occurs. In the ss&am curve (see Fig.-8), this is
manifestby a region that is first linear and then transitions to-liveear at the yield point. The
slope of the line in the elastic region of the stssain curve (see Fig.-8) is the modulus of
el asticity, E, al so known aetwveel siress gnd straimotdeu | u s .
linear elastic region of the stresgain curve is given by:

» Os (2-5)

This holds only in simple tension or compression, but does not apply, for example, in particle
compaction. The stress and strain in E§.&@rrespond to normal stresses and strains.

As structural materials are deformed beyond the yield point, the stress increases to a
maximum (ultimate) stress, and the material continues to deform plastically. The strength of the
material actually increas with increasing plastic deformation until a maximum stress is
achieved. This phenomenon of increasing the strength of a material through deformation is
known as strain hardening (or cold work). The stress vs. strain behavior in this process is shown
sclematically in Fig. 29 under loading, unloading and-leading. After strain hardening has
resulted, the stress required to plastically deform material has increased to beyond the previous

maximum stress (see Fig:92.
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Figure 2-9. Schematic showinthe stress vs. strain behavior in the process of loading, unloading-bratligg. a)
El astic deformati on oy is achieveduan which pointfplasticydef@rhaton ecturseThe |, G
material continues to deform plastically until the & sys is achieved. When the load is removed, some elastic
st r a,iismecovdied, and the total change in strain between initial loading and unloading is the total plastic strain,
lf,!,. The area below the elastic strain portion of the curve is théces&imin energy. b) Upon reloading, the material
wi || def orm el ast,csadcHieyed, amihend | atshtei csatld s swhien t:he appl |
following the trajectory of the plastic region in the stress vs. strain curve in part (a).
The amount of plastic strain within a material is related to the dislocation density by the

following equation:

[ ol (2-6)
where is the shear straindis the average total displacemefimobile dislocationand} is the
total disbcation density. This relationship will be useful in the later chapters in which dislocation
densitiesare correlated with the amount of plastic deformation under a spherical indenter.

Much of the discussion on stress and strain, and elasticity and ipfalséis focused on
the simplest case. In general (i.e., in 3D), stress and strain are related in the following way:

., O - or -, 2-7)
where bothC and S are the stiffness and complignespectively, and represent' 4rder
tensors. Equation-2 can be represented with repeated notation as follows:

- Y o, (2-8)
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in which every strain component depends linearly on the corresponding stress component. Note
that, =, andlf = [ by symmetry, which allows for a reduction in independent
compliances to 21 components. In the hexagonal crystakgteuthere are seven independent

compliances. Equation- could have been expressed in terms of the stiffness a®wellhich

represent the elastic constants. There are 5 independent elastic constants in the hexagonal crystal
structure, namelZi1, Cio, Gz, Ci3, and Ga.

The values for the compliance tensor for a hexagonal material can be used to calculate
the elastic modulus alongspecificdirection. In anisotropic solids, such as in hcp materials, the
elastic modulus varies by orientatiofhe elastic modulus along a direction, d, in a hexagonal

crystal is given by the following equation:
- p e i o i e p ¢ i i (2-9)
wheree« is the cosine of the angle between the direction, d, and-#xéscThis equation is

useful especially when performing nanoindentation on hcp materials siregadtidn may be

applied entirely within specific grains of varying orientations.

2.3  ReversibleNon-linear Strain Model

At this juncture, one model will be discussed that attempted to explain a unique
phenomenori that is, the reversiblplastic deformtion within some hcp materials. References
to other models and a brief description will be introduced in subsequent chapters as needed. In
the previous sections, a model describing kinking was presented as well as discussion on
elasticity and mechanicakbavior. A micrescale model was developed that incorporates both of

these topics of discussion.
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2.3.1 The KNE Model

As mentioned previously, when materials are compressed within the elastic regime of the
stressstrain curve, the curve returns to themaf origin upon unloading. However, some solids
such as sapphirR24], Mg [25, 26] graphite[18], the MAX phased13, 27, 28] have been
reported to exhibit fully reversible nonlinedrasn after cyclic loading. Typically, the material is
deformed with some net plastic strain during the first cycle rendering an open loop or cycle when
the load is removed. During subsequent cycles, the loops become less open until finally
achieving fullreversibility. As a load is applied, the material deforms elastically until the yield
point isreachedat which point the stresgtrain curve transitions from linear to nonlinear until a
maximum stress is achieved. When the load is removed, the curmesr&iuthe point of origin
forming a closed hysteresis loop, shown schematically in Fig. Zhe area of the loop, \Ms
the energy dissipation per unit cycle per unit volume. Details of calculating the area of a loop

will be discussed in Ch. 3.

W, = area of loop

Figure 210. The stresstrain behavior is shown for a typical KNE solid, in which reversible-lm@ar strain
results during cyclic loading. The number of cycles required to achieve full reversibility varies by material, but this
exaggerated scenario shows tigpical behavior once the cyclic threshold has been achieved.
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The aforementioned and other hcp materials that exhibit reversible plastic strain have in
common the fact that each has been reported to deform by kink band formation and have been
designatd to a special class of materials known as kinking nonlinear elastic (KNE) solids. The
term KNE refers to a solid whose deformation mechanism is by kink band formation, has
nonlinear reversible strain, and elastic sincenetplastic deformation occursldtic anisotropy
is a necessary condition for a solid to be KNE, and a good measure of plastic anisotropy in hcp
materials 1is the c¢/ a roratelayered s8lidgll2, 1Bs29]tend eote h a v e
not onlyplastically anisotropidyut also tendo be KNE.

Following the work of Frank and StrqB1], Barsoum et al. [5] developed a microscale
model for KNE solids that serves as an energy dissipative model tobeetbe process of kink
band formation as well as the origins ofuVFrank and Strolj21] theorized the existence of
subcritical kinksas a precursor to kinkingvhile Barsoum et al. [5] provided a model for such a
mechaism. Using the same approach as Frank and J&tp an elliptical kink band of length
2U and width 2b with U >> b was considered
Band (IKB) was invoked to explain the micromechanism responsible for kinking nonlinear
elasticity.IKBs consistof multiple coaxialparallel dislocation loops separated by a distance D
A schematic oainIKB is shown in Fig. 2Ll1a. An IKB can be thought of as a kink band, which
has not dissociated into two mobile dislocation walls (see Fidb2. As a load is applied, the
two disloation walls of the IKB are pushed apart in opposite directions, and upon removal of the
load, the dislocations of opposite sign attract and annihilate. If a sufficiently large load is applied,
then the IKB will dissociate into two mobile dislocation wedkge Fig. 211c), forming a kink

band comprised of two kink boundaries (see Fifj18).
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Figure 2-11. a) Schematic of an IKB of length 2a and with 2b, which consists of dislocation loops confined to
multiple parallel planes. b) Mobile datation walls (MDWSs) are shown. c) Under sufficient applied load, the
MDWs dissociate and coalesce to fornpdymanenkink boundaries.

During loading, the total strain is the sum of the linear elastic and nonlinear reversible
strain, which in a KNE sal, the nonlinear strain is the sum of the strain due to the presence of
| K B sg) dndlstrain due toeversibled i s | o c at ipg [L3]. dhe ltotlsipas in the) KNE
model is given by:

- - - - - - (2-10)

In what follows, it is assumed that can be neglected.
INEQ.21008 i s the axial stress and E is Young?d

of IKBs is given by tle following expression:

) (2-11)
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where Ni's the number of | KBs per uni t vVQisume, 0
defined as in Eq.-2, and k is a factor relating the volume strain due to the W#Bhe axial

strain. Using the following relations,

ww =“ 171 1T (2-12a)

g —— g —— (2-12b)

the strain due to IKBs is determined by

- ) , a . (8)

w h e r, is thelthreshold stres§he energy dissipated per unit cycle per unitmne, W, is the

area of the loop on the strestsain curve in Fig.-20 and is given by

. .
w

T T T T - »n ” d ” ” (2_13)

whereq is the energy dissipated as the dislocation line moves per unit area. It follows then that

q/ b is the critical [1& 88pThuse d shear stress for

© oQ-- —- (2-14)

The above derivation is known as the KNE model, which is a dislocation based and
energy dissipative model developed to explain kinking and nonlinear elastic behaioe.
model, Wy is proportional to the applied stress squafédand also to th@onlinear reersible

strain as observed experimentaly2, 13, 2428, 30]
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CHAPTER 3: EXPERIMENTAL DETAILS

3.1 Instruments and materials studied

An environmental scanning electron microscope, SEM (Rhiipl XL30) equipped with
electron backscatter diffraction (EBSD) was used to generate an orientation map of different
grains, or to confirm the orientation of single crystals used in the various experiments.
Nanoindentation, NI, experiments were perforraethg a nanoindenteM(TS Nanoindenter XP
system, MTS Corporation, Oak Ridge, TiNjo select grains or on single crystals using spherical
tips with hemispherical radii of either 2Im or 100em. A dual beam focused ion beam SEM
(FEI Dual Beam 23pwas ued to measure the radius of the plastic residual marks after
indentation and to prepare cross section lift outs of indents for microstructural analysis in the
transmission electron microscope, TEBEQL 2100 LaB). An atomic force microscope (Park
NX10 AFM) was used to study the surface topography around select indents on the MAX phase.

A list of all materials used in this study is shown in Table Although nanoindentation
experiments were also performed on other materia}®\lTj Cr.GeC, Zr, and Re)ral on other
orientations for the materials listed, this study focused primarily on the ones listed in Tlable 3
The orientations that were focused on primarily for Mg angsit, were the (0001) and the
(10p0) orientations, while the primary orientatiom Zn were the (0001), (pQ), (1Q1) and
(10p0). The averagegrain or single crystal sizes ranged from 200 to > 500em. Specific
experimental details for each material will be covered in subsequent chapters, which include

sample prep, indenter tip sizes, maximum applied load and number of cycles used.
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Table 3-1. Materials used in this study along withe orientationstestedand typical grain/crystal sizes. The red
outline indicates the orientations of primary focus on this study on a given material.

Material Orientation Grain Size E€m)

(0001)
Magnesium (10 0) 50071 700 single
(10 2) crystal

(0001)
(10 0)
Zinc (10 2) 2007 700
(10 1)
(2 0
(0001)
TisSiC, (10 0) 2007 300

(2 0)

3.2 Experimental procedure and data analysis
3.2.1 Indentation stress vs. a/R curves

After each sample wasrepared for NI experiments, continuous stiffness mode (CSM),
nanoindentation experiments was performed on select grains in ZRrSHEC;Tiidentified from
the orientation map, or on Mg single crystals. When run in CSM mode, the NI records the
stiffness similtaneously to the load and displacement. The specific details for each test on each
material will be addressed in subsequent chapters. As a general approach, each test consisted of
loading a given location to a peak load, unloading to a minimum loadndf tor either 25 or 50
times, followed by 5 incremental loading and unloading cycles with the peak loads ranging
between 20 100% of the peak load. A sufficient number of cycdesrequiredto achieve an
equilibrium microstructure defined as one that dowt further evolve with cycling. The
minimum number of cycles to achieve an equilibrium microstructure, varied depending on the

material, but typically fell in the range ofi510 cycles for materials used in this study. Hence,



24

25 or 50 cycles were used this study to ensure the closure of nested cycles following cyclic
loading. The targeted strain rate for each test was™0.1 s

Figure 31 shows a schematic of a spherical nanoindenter tip indenting into a surface.

u.-.: ¢!
(B
::::ﬁ...?i..i':
........ B
Figure 3-1. Schematicof a spheigal nanoindeteindentedinto a material surface. The indenter radius, R, contact

radius,a, elastic displacementt,, total displacement,dy and contact depth,, are labeled31].

The load vs. displacement data was converted to indentation stress vs. indentation strain

curves. Following the derivation given[il], the derivation begins with the Hertz equation:

0 -0 YT¢Qof (3-1)
where P is the indentation loadegEs the effective elastic modulus of the indenter tip and

specimen system, R is the indenter radius ansl the elastic displacement into the surface. The

effecive modulus is given by

(3-2)
whereEandarse the specimen el ast i cjamaaraghewlasticand P

modul us and Poissondsr.ratio of the di amond i n

Using a result by Snedd¢82] for rigid spherical indenters in the elastic regime, the following

holds:
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n N — (3-3)
h; is the total displacement into the surface angl the contact radiust suffices to calculate the
contact depth, & for both the elastic regime and the elgsstic regime so that the contact
radius, a, an be determined. Beginning with the elastic regiraevith be derived first and then
he will be determined for the elastmastic regime.

Using a method by Oliver and Pharr and Field and S{@&in34]involving the slopes of
the loading and unloading portion of the load vs. displacement curve, the valuecéor be

determinedBy differentiating Eq. 3L with respect td, which yields

— ¢o YT, (3-4)
and substituting the result back into Eefl,3he follow expression for the load is obtained

0 -—Q. (3-5)
Note that dP/dh is sinfypthe stiffness of the system and load framgs &nd the stiffness, S, is

given by:

- — - (3-6)

where $is the load frame stiffness reported by the manufacturer to be 5.5 MN/m. Equé#tion 3

can be rearranged filows to give an expression fog im terms of load (P) and stiffness (S):

Q -uv— --. (3-7)
This expression relates the elastic displacement into the sample to the load and stiffness and
holds for the elastic réme. A similar expression can be derived for the elgdtstic regime.

The contact depthhused in the elastiplastic regime follows the work of Oliver and Pharr and

Field and Swaif33, 34} and is assumed to be



26

QN Q —. (3-8)
Equation 37 can be combined with Eq.-8.and R can be expressed in terms of P, S arash
QN Q --. (3-9)

The contact radius is determined from assuming the following relatnship

® ¢YQ Q ¢YQ, (3-10)
where the right hand side of Eq18 holds provided << a and assuming a perfectly spherical
indenter tip.

In the elastic regime .l hy/2 = /2, while in the plastic regime.&  $nce for the most
part, h >> hJ/2. By determining the contact depth, the contact radiusg, can be determined

using Eq. 310. Using Eg. 3l and expressing:in terms ofa and R yields the follow expression:

_ _0 - (3-11)

where the term on the left is the indentation stress, which is plotted againstthis work.

While the precise definition of indentation strain is debatable, in this work we relate the-ratio

to the norlinear strain ¢ee Ch. 4). The conclusions reached in this study using indentation stress

vs. — remain valid for indentation stress vs. indentation strain relationships since there is a

relation between—- and the indentation straimn this work, the usef a/R is preferable to

converting the latter to indentation strain.

3.2.2 Drift correction and Walculations
Because of the relatively large number of cycles used in each location, drift was, in many

cases, unavoidable. This was evidenced as anaseréor sometimes decrease) in total
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displacement, hduring the duration of a specific test. FigurdeBshows a load vs. displacement
curve where instrumental drift occurred. This drift increases the total displacement, which in turn
increases the corgaradius and results in an apparent decrease in the indentation stress (Fig. 3
2b). Two separate methods were used to correct drift, depending on the final indent geometry.
The first method will be discussed here, and second method will be discussedled inethe

later chapters.

QD
=

600 b)

500+
400+
300+

Load (mN)

200+

100+

Indentation Stress (GPa)

0 200 400 600 800 100012001400
Displacement (nm) (a/R)

0

Figure 3-2. a) Loadvs. displacement curgevhere instrumental drift occurred. Resultingindentation stress is
plotted against a/R for the corresponding load vs. displacement cufag iustrating the effect ofristrumental
drift on the indentation stress

When the indents resulted in spherical craters, to correct for instrumental drift, the
contact radius of the spherical crater after indentation was first measured in {8&MIBsgm
The FIBSEM measurementproduced -2 % or + 1% errors depending on whether
measurements were taken at 0° or 52° tilt. After measurements were taken, corrections were
made to compensate for errors, averaged and a standard deviation was calculated. The average of
the measured valgewill henceforth be denoted bgsem This value was compared with

calculated values for the contact radius after each cycle from the nanoindentation data (i.e., using

Eg. 310). The cycle at whichsgma a, T after unloading was the cycle to which thew data
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(load vs. displacement) was manually shifted, before recalculating the NI stress. For example, if
asema a after n cycles, then the load vs. displacement data for cycles i(rb@lyvere shifted to
cycle n. Figure 3a illustrates this process. Indation stress vs. a/R plots were plotted, but now

with the drift removed (Fig.-3b).

a)

O
-

600 ‘ ‘
Cycle n| -

500/
4001
300

Load (mN)

200+
100}

Indentation Stress (GPa)

0

0 200 400 600 800 100012001400
Displacement (nm) @/R)

Figure 3-3.a) Load vs. displacement cycles are shifted to cycle n, at which point, the contact radius measurements
in the SEM matched those calculated from taeaindentation data. This process was done to remove instrumental
drift. b) The indentation stress vs. a/R curve is shown here with the drift removed.

In some cases, when the drift was minimal, no corrections were required. In most cases,
the runs that id drift resulted in indentation stress vs. a/R curves after correction that were
almost identical to the oneghere there was no drjflending credence to the methodology used
herein. Note that equatiregto asgm ensures thahe maximum stresses thaedhen used in later
analysisare accurate

It is important to note that instrumental drift can be corrected using the method described
herein as long as the drift rate was relatively low at the beginning of a test. If the drift rate is high
upon initial badingi as was the case for some indents studied on Mg on the 0001 plane loaded

to 80 mNi it was not possible to correct for drift after a large number of cycles using the method
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described herein. This was especially true wdgmy wassmallerthan thea after the first cycle,
indicating high drift initially. Hence, NI data from those locations was not emphasized or used
for analysis. The TEM data collected from these experiments, however, remains valid and was
used in microstructural analysis.

After the drift corrections were made (if needed), the nested cycles in the indentation
stress vs. a/R curves were plotted and analyzed. Typically, the sequence resulted in closed loops
(see Fig. 34), the areas of which represent.\Whe loop area was approximatey taking the
difference in area beneath the loading and unloading curves using a sequence of rectangle
approximating both areas beneath the curves. This process is stowersimplified
schematically in Fig. -3 with open black rectangles representing #nea beneath the loading

curve, and the filled in red rectangles representing the area beneath the unloading curve.

250

200}

150 -

100+

50 -

Indentation Stress (MPa)

0
0.1150.12 0.1250.13 0.135 0.14 0.145
(@/R)

Figure 3-4. The area of an indentation stress vs. a/R loap,Was calculated by approximating the area below the
loading (black rectagles) and unloading (red filled rectangles) curves using sequences of rectangle partitions, and
taking the difference as the area of the loop. The width of each rectangle corresponded to the change in contact
radius as a function of time in incrementdt s. W, represents the energy dissipated per cycle per unit volume.
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3.3 FIB, TEM and AFM

Crosssections of select indents were lifted out using a standard lift out procedure, which
included depositing a pr ot egbeanvoarreftdranyiregyrer ~
30i 5,000 pA, and welding the sample to a copper omniprobe grid (see-$%4gy. Bepending on
the size on the indent, lift outs, which included the entire indent and part of the surrounding
matrix, ranged begmweiem wi ditOh.em @mce &@&B0sampl e
sample was thinned to electron transparency (~ 100 nm thick) for TEM analysis. The energy
typically used for FIB work was 102 kV, with a spot size 3. In Mg, orientation data was
collected using 200\ in nanobeam mode with a 15 nm spot size and a 5 nm step size. Images
were taken at 200 kV using bright field, weak beam bright field, and weak beam dark field
depending on the image. Weak beam bright field was used to image dislocations which appeared
in contrast under the appropriate diffracting conditions.

b)

y X

Figure 3-5. a) Typical lift out of indent cross section welded onto copper omniprobelyrischematic of indent
cross sectional, which was assumed to have a trapezoidal sh&ght triangle with heightd and widthy used to
approximate the taper of the foil at arbitrary depthd) Triangle with dimensionk andx is similar to triangle in
(c). Thus, the value fot, which is the taper at an arbitrary degthis determined uisg similar triangles.

1
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Dislocation analysis and density calculations were done on, mostly, Mg specimens, to
better understand the microstructure beneath the indeatsalculate the dislocation density
within the TEM samples, the thickness of the sanfglé to be determined. The thickness was
approximated based on the foil geometry and a few assumptions. The first assumption that was
made was to consider the foil to have a trapezoidal -s®dsonal shape, as shown in FieblR
The taper on either sidef the top of the indent was assumed to be the same. From here, the
widths across the top and bottom of an indent were measured in the FIB to give the dimensions
(b1 and B) of the top and bottom bases of the trapezoid. Measurements made using thee~IB wer
corrected to compensate for #2&% error in measurements using binlsoftware. The depth of
the lift out was approximated using the FIB as well.

Since the taper was assumed to be the same on either side of thestegoleg lift out,

the width of tke tapery, was determined using the dimensions of the trapezoid:

0 —. (3-12)
A right triangle (see Fig.-3c) with height equal to the depth of the indehtthe width of the
taper,y, and the length of slope of the tapgnvas used to determine the width of the tapeat
an arbitray height, h, using similar triangles (see Fig58l). Oncex was determined for an
arbitraryh, the length of the base at the heigiwas determined. This process was repeated for
two heights i, and h) to yield the top and bottom bases of a trapezaidand &, which
represented the cross section of the localized region that was analyzed in the TEM. The area of
this trapezoid was computed and multiplied by the length of the region examined to yield the
volume. Finally, this volume was used dislocation density calculations by dividing the total
dislocation line length within a TEM micrograph by the calculated volume yielding an

approximate dislocation density.
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AFM data were collected at select locations 0gSik;, in contact mode. An area
approxi mately 25x25 em around an indent was s
analyzed to investigate the surface around inside the indented region and around an indentation.
Typically the changes in height on the MAX phases were below thaitiesolimit of the SEM,

therefore AFM was used to study these surface effects (see Ch. 6 on MAX phases).
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CHAPTER 4: MAGNESIUM

4.1 Background

Bulk Mg has been showjB5] to deform preferentially bydsal slip or twinning when
different slip or twinning systems are activated. Stu@®€&s43] on Mg single crystal to better
understand the deformation modes have revealed that deformation mechanisms in Mg are a
conplex association of slip systems with>; <c> and <+a> Burgers vectors.

Shin et al.[36] investigated nanoindentation on Mg single crystal in different crystal
orientations and show that different slip systems are activated depending on the crystal
orientation, and concluded that tensile twin formation sometimes accommodates the strain
induced by nanoindentation. The anisotropy of Mg plays a key role in the activation of slip or
twinning systemsKitahara et al.[44] investigated the anisotropic deformation of Mg single
crystals under spherical indentation by studying the deformation structures and concluded that
the interaction between basal slipd twins determined the morphology of indentations, and that
elliptical indentation morphologies resulted from the anisotropic activation of basal slip and twin
systems. Similar to the work herein, Catoor efi4] indented Mg single crystals of different
orientations using a 3.3 um hemispherical tip. For the (0001) orientation, itanatudedi
based on TEM observations of dislocations belosvihdentand an estimate of the geometrically
necessary dislocation densiiy that more than 90% of the plastic deformation must be
accommodated by basal slfpome <c+a> slip was observed, but could only account for a minor
fraction of the total deformiain.

The active twinning modes in Mg are the {ff)<pl01> and the {1p1}<10p¢>
extension and contraction twins respectiéy, 16, 46] Whenever the {101} contraction twin

has been observed in Md, has been the result of double twinning. Barijé#t] performed
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conventionaltension and compression tests on Mg alloy AZ31 bulk samples. It was suggested
that {10p1} and {10p2} double twinning, which accounts foraxis contraction, may cause a
decrease in uniform elongation in Mg and its alloys, and that double twinninganag shear
failure at low strains in Mg and its alloys as a result of strain softening and local twin sized
voids.

While twinning has been observed in bulk samples, there is question as to whether or not
Mg deforms by twinning or perhaps by kinking at deralength scalesZhou et. al[25]
investigated the deformation behavior of polycrystalline Mg, and concluded that Mg could
deform up to at least 4% strain by activation of basal slip alone by madlideation walls and
kink band formation. From this study, Mg was classified as a KNE solid.

Twinning is believed to be another possible mechanism responsible for the hysteresis
loops in stresstrain curves for Mg under cyclic loading. Mann e{48] loaded sand cast Mg to
4% strain in compression and unloaded to study the hysteresis loops that developed, and
concluded that the loops developed progressively after a plastic strain of 0.0001 and the
hysteresis effect was the resulttloe partial reversibility of {192} twins. Partridge and Roberts
[49] investigated the movement of twin boundaries in Mg single crystal under-magntation
and concluded that the stress required to move a twimdaowy is much less than the stress
required to nucleate new twin boundaries. Dislocations were believed to be more easily
nucleated at the twin boundamyatrix interface than the surrounding matrix, which accounts for
the bowing out of twin§49].

In 2009, Capolungo et af50] investigated twirthickering mechanisms in hcp metals
and applied their model to Mg. It was concluded thatp@lOtwin thickening in Mg was

independent of slip, which is consistent with the notion that dislocation interactions with this
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twin type in Mg is repulsivgl4]. The exact role that deformation twinning in Mg plays in the

reversiblestressstrain loops remains open to investigation.

4.2 Sample preparation of Mg single crystals

A Mg (99.8% metal basis, Alfa Aesar) rod was cut in pieces and placed in top of a MAX
phase preform (BAIC) inside of an alumina crucible and heated igraphiteheated vacuum
furnace to 750° C for 1 h. Figurel4shows a schematic of this set up. The inside of the alumina
crucibles were lined with graphite foil to avoid reaction between the Mg and alumina. Alumina
disks were used to cover the crucibletieTlow pressure inside the chamber allowed for
evaporation and condensation of the Mg, which led to the nucleation and growth of a multitude
of Mg single crystal$ as byproducts of infiltration experimeritof the order of 0.5 mm with a
variety of orienations. Energy dispersive spectroscopy (EDX) confirmed that the single crystals

used in this work were pure Mg.

Vacuum

Vacuum Chambe_r T

Heating Elements,

ORE

Figure 4-1. Experimental set up of infiltration experiments, in which pure magnesium was placed on top of a

TiLAIC perform inside an aluminarecible and heated in a vacuum chamber with graphite heating elements. The

chamber was heated to 750° C for 1h, and Mg single crystals formed upon cooling as a byproduct of infiltration
experiments.
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Figure 4-2. SEM images of Mg single crystals wjth) hexagonal symmetry and) on the prismatic face, both
mounted on an Al mount using silver paint.

For this work, the focus was on selecting crystals in which the basal planes were mounted
perpendicular, or parallel, to the loading direction. Saidemtise, single crystals with a
hexagonal or rectangular symmetry (Fig24were chosen and mounted so that loading was
either applied on the (0001) plane, or on the side of the hexagonal crystal ornpthep(a@e.In
the latter, the basal planes wévaded edge orThe surfaces of these crystals were quite shiny
which permitted nanoindentation (NI) experiments to be performed without any polishing
whatsoever. Since polishing was not required on this soft material, the likelihood of damaging

the surfaes in the sample prep process was eliminated.

4.3 Nanoindentation experiments
Repeated NI experiments were performedontinuous stiffness mode (CSM) using a

hemispherical indenter with aradiusoD 0 e m. The | oading rabfe corr
0.1 §*. Each test consisted of loading to a maximum load and unloading to a minimum load of 5

mN for 25 or 50 times in the same location followed by 5 incremental cycles loaded to
approximately 20% 100% of the maximum load with 20% load incremeiitse latter cycles

resulted in a series of nested loops that were further analyzed. A total of 10 locations (see Table

4-2) were investigated on the same Mg single crystal using maximum loads 50 mN and 150 mN.
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Similar experiments were also performed onepasate Mg single crystal in which
loading was applied to 80 mN and 300 mN for 50 cycles; however, the focus of the NI results in
this study was on the 50 mN and 150 mN series since drift could not be corrected very well at
any location in the series loatiéo 80 mN or 300 mN in the (0001) orientation. Typically, a
minimum number of cycles are required to achieve an equilibrium microstructure before
reversibility is achieved. The number of cycles depends largely on the material, and based on
experimental okervations, reversibility is achieved around 10 cycles in Mg. Hence, the number

of cycles used was to ensure that reversibility would be achieved within this study.

Table 4-1. Summary of nanoindentation experiments performed in this work. Series A andaue results using

the same number of cycles at different loads, while series B and C compare results at the same load for different
cycle numbers. In series-B, loading was applied normal to the (0001) plane. Series D and E were performed to
study theeffect of orientation and compare results with serie€.A oading was applied on the (@) plane at
locations in series D and E.

Orientation Series Load (mN) Location Cycles

50 1 50
A 50 2 50

50 3 50

50 4 50

150 1 50

(0001) B 150 2 50
150 3 50

150 1 25

C 150 2 25

150 3 25

80 1 50

D 80 2 50

(10 0) 80 3 5
100 1 50

E 100 2 50

100 3 50

The contact radii of all 10 locations in seriesCAvere measured in the dual beam +IB
SEM. For the most part the indentation marks on the (0001) plane were found to be culde cir

(Fig. 43a). Tobetter understand what was occurring microstructurally below the indenter, cross
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sections of indents in both orientations were lifted out using a FIB and examined using a TEM.
Dislocations beneath the indent were later identifiedgu8ie same technique used by Agnew et

al. [39], with g = [0002].

Figure 4-3. SEM image of a) indent made on the (0001) plane ,andindent made on th€l0p0) plane of Mg
single crystal.

On a separate crystal, loading was applied parallel to the basal planes SBM
equipped with EBSD was used to generate an orientation gham indentation to better
understand the orientation change beneath the indenteMHgb shows a typical indentation on
the (1@0) plane, which is not perfectly circular, but more oval shaped. Instrumental drift could
not be corrected in the same manner as indentation on the (0001) plane as a result. Instead, for
this data series,rift was corrected by first plotting each load vs. displacement cycle separately
in the same figure (Fig.-4) and comparing the cycles to one another. When the load vs.
displacement cycles appeared to be near to identical, they were shifted and supéritapos
verify they were indeed identical. Raw load vs. displacement data was shifted to that particular
cycle at which permanent deformation no longer resulted to correct for drift. Some TEM lift outs

were also examined beneath indents made on tip®) ptane.
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Figure 4-4. Load vs. displacement cycles plotted separately in same figure. The cycles were compared and later
shifted to the left to account for drift when indenting on the prismatic face on Mg single crystal.

4.4 Resultson (0001) plane indetation
4.4.1 Nanoindentation on (0001) plane

Figure 45a plots the loadisplacement curves for two location8A and 2B (see Table
4-1) - loaded to 50 and 150 mN, respectively. The {deglacement curves for cycles 5, 45 and
50 are compared in Fig-3b. When the maximum load was 50 mN, and with the exception of a
small shift to the right, cycles 5, 45 and 50 were identical. When the maximum load was 150
mN, cycles 45 and 50 are so reproducible that they are indistinguishable, and both are stiffer than
the 8" cycle (see Fig. 46b).

Figure 46a plots the indentation stress vs. a/R curves for the two locations shown in Fig.
4-5a. Figure b compares the indentation stress vs. a/R curves for a location loaded to 150 mN,
25 times (2C in Table-4) to locaion 2B. From these and other results it is clear that: i) For
most locations, the initial response was linear elastic, with a slope that corresponded to a
modulus of ~ 61 GPa; ii) Pap events occurred at stresses in the range of ~ 280 MPa to 450

MPa; iii) Past the pojins, the stress drops to approximately 275 MPa and then slowly increases
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with further displacement into the surface. In this region, the hardening rate is of the order of 700

MPa. The popn event that occurred during the first loading cytse an indication of

homogeneous dislocation nucleation in an area of the crystal that had a low defect density

initially. Catoor[45] et al. conalded that the pem events were due to the nucleation of basal

dislocations in the 0001 orientation.
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Figure 4-5. a) Load vs. displacement plot of indents loaded to 50 mN and 150 mN from seBieb)Aoadvs.
displacement cycles from the latterrfjon of a single experiment are compared with cycle 5 from the same
experimentNote that in these two casdise instrumental drift was negligible and no corrections were needed.
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Figure 4-6. a) Indentation stress vs. a/R plots for locations loadé&®tand 150 mN, 50 times and fitted to the solid
inclined line corresponding to an elastic modulus of 61.5 GPa. b) Indentation stress vs. a/R plots for locations loaded
to 150 mN, 25 and 50 times.
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Note that the a/R values in series B and C were essgntialsamearound 1611% for
each locatior{see Fig 46b). In series A, however, loaded to only 50 mN, a/R was around 6.5 %
for each location. In other words, a/R was more or less independent of the total number of cycles,
but dependent on the maximunadts.

Figure 47 plots the nested sequence of NI stresses vs. a/R for three locations loaded to: i)
50 mN for 50 cycles (2A in Table-3), ii) 150 mN for 50 cycles (2B Table 41) and, iii) 150
mN for 25 cycles (2C in Tabk-1). These locations will heeforth be referred to as locations |,
Il and I, respectively. A comparison will first be made between the nested loops | and Il cycled
to 50 cycles each. These curves, like all other locations, are characterized by a linear elastic
region, depicted by th dashed inclined lines, whose slope is identical to that predicted from

Hertz's relationships assuming Esz € 61.5 GPa (see Ch. 3).
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Figure 4-7. NI stress vs. a/R plots for locations loaded to, I) 50 mN, 50 times, I11) 150 mN, 50 times and, IIl) 150
mN, 25 times. Dashed near vertical inclined lines are those corresponding to an elastic modulus of 61.5 GPa. The
total change in contact radius (divided by the indenter radius R) at maximum loading is the sum of a linear elastic
change labeled e and a tiopar change given bgms. In the plot,{, represents the yield stress of each nested

sequence.
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At a yield stressil,, there is a change in slope that also corresponds to the emergence of
the fully, and spontaneously, reversible indentation stress vs. a/R loops. When the load
removed, the NI stress vs. a/R curves return to the point of initial loading, completing the loop.
As in previous work, the loading trajectory is identical in all c§S&} By averagindl, for each
location within each series, (see Tabl)4he average threshold stress after 50 cycles were ~
62.5+0.5 MPa and ~ 67+0.5 MPa after the 50 amd the 150 mN indents, respectively.

Comparing loops Il and 1l in Fig.-4 it is obvious that increasing the number of cycles
results in slightly highed, values and a general stiffening of the loopse average threshold
stress for the 150 mN indentgere ~ 57.6+2 MPa and ~ 67+0.5 MPa after 25 and 50 cycles,
respectively.Gratifyingly, the slopes of the linear elastic regimes are not a function of the
number of cycles or applied load. The hardening rates in Tablaré shown for each location

in sefes A-C corresponds to the ndimear elastic regime, for stresse§n the nested cycles.

Table 4-2. Contact radius for different locations after th& ciycle and last cycles, together with the value of a
measured in the SEMg@y. The yield stresd),, for each location in the nested sequences is also shown ibkbe ta
The hardening rates of the nested loops are listed in the last column. The plots shown i Eogre$pond to
locations labeled I, 1l and lIEntries labeled t, were measured from titled images along with applying the automated
tilt correction fator within the FIBSEM measurement software. This was done since the faint outline of these
indents from their top view made measurements difficult.

Series| Load | Cycles| Loc. | 1% Last asem Oy (MPa) | Fig. Hard.
(mN) (em(em (e€m) labels | Rate (GPa)

A 50 50 1 6.0 6.9 6.6+ 0.3 62 10.8
A 50 50 2 65 | 74 | 65+0.3(1) 64 | 11.2
A 50 50 3 7.7 8.5 | 6.4+ 0.3(t) 63 94
A 50 50 4 7.6 8.4 6.4+ 0.03 62 133
B 150 50 1 10.2 | 10.7 | 10.4+0.2 67 10.0
B 150 50 2 10.8 | 11.7 | 11.1+£0.2 67 [l 1.7
B 150 50 3 10.8 | 12.2 | 11.1+0.2 68 7.7
C 150 25 1 119 | 13.2 | 10.9+0.2 55 7.8
C 150 25 2 11.2 | 12.8 | 11.0£0.2 59 1] 7.6
C 150 25 3 114 | 13.2 | 11.1£0.1 59 1.7
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Loops Il and Il in Figure 4 also compare the effect of the number of cycles on the NI
stress vs. a/R curves. In this case, not surprisingly, the strain hardening rates for locations loaded
50 times, are very similar, if not the same as than those loaded 25 times, with a sma# increas
hardening rate frord.6 to 7.7 GPa. Note that this implies that the cycling is not 100% reversible.
Intriguingly, however, when the locations loaded to 50 mN and 150 mN are compared (compare
loops | and Il in Fig. 47), the strairhardening rate fothe latter, atL1.2 GPa, ishigherthan that
of 150 mN af7.7 GPa. More work is certainly needed to understand this counterintuitive result.

Turning attention back to the nested cycles (F@),4he total strain during a given cycle
is given by:

o

y—=y¥y— V— (4-1)

where 3 is the indentation radius at zero load and the first term on the right hand side is the
linear elastic straindenoted by én Fig. 4.7. The second term is the Aorear elastic strain. In
Fig. 47, e represents the ratioioflent radius due to elastic straia the indenter radius, R, and
gBe/R represents the ratio of tirelent radius due to nelinear strainto R.

Like previous work on KNE solidd 3, 2426, 30, 52, 53]Figure 48a plots the NI stress
squared, i.e(i® vs. qBe/a,; Figure 48b, plots W vs. qee/a, for two locations loaded to 50 mN
(red circles) and 150 mN (green triangles) for 50 cycles, and one locatawdlt@ 150 mN for
25 cycles (blue squares). Least squares fits of the results resultéd .99, indicating a good

fit to a straight line.
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Figure 4-8. qme/a, is plotted againsi) (G and b) W; for the nested cycles loaded to 50 rfdyen red cirtes) and
150 mN for 50 cyclegsolid green triangldsand 150 mN for 25 cycleiolid blue squar@sThe values for Rare
indicative of a reasonablyogd fit. The straight lines i) have slopes® {d for a given serieésee text

4.4.2 TEM beneath (D1) indents
Three TEM liftoffs were prepared, one each for locations loaded to 50 mN and 150 mN

on the same crystal, and one for a location loaded to 80 mN on a separate crystal on the (0001)
plane. While the NI data was unusable due to abnormal drith®@80 mN indent, the TEM
observations remain valid. In every case, a low angle kink boundary, LAKB, separated the parent
crystal from the indented region (top inset FigDa). The KBs were perpendicular to the basal
planes. A diffraction pattern acrosise boundary (lower inset in Fig-98) showed a slight
misorientation. The misorientation angleswere 3°, 4° and 6° for the indents loaded to 50, 80
and 150 mN, respectively. When imaged at higher magnifications (fdg),4ndividual basal
dislocatons in the LAKB were discernible and could be coungdce these dislocations make

up the boundary between regions of different orientations, these dislocations are geometrically
necessary dislocationsrom the micrographs, the average dislocation sgad, in the 3°, 4°

and 6° boundaries were, respectivelyc,12c and 6 - wherec is the elattice parameter. The

kink anglef ., was plotted against the contact radius (Fi§b}for each location and fitted to a
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line through the origin. While more data points are certainly needed at various loads, the linear

correlation shows goodfit to the data points from this study wiitf > 0.98.
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Figure 4-9. a) Crosssectional TEM lift out of location loaded to 80 mN, wherein individual basal dislocations can

be discerned. The distance between dislocations, d, is measured to be 8c where c is the lattice parameter. Thus b/d
equals4.35°, which is excellent agreement with the value measured from the SAED (lower inset). Top inset shows a
low magnification TEM showing the location of the LAKB at the edge of the indent. b) The kink apgkeas

plotted against the contact radius for the three indents loaded to 50 mN, 80 mN and 150 mN and fitted to a line. The
point at the origin was included and the linear correlation resulted>0F08.

If one assumes the Burgers vectmrto be 0321 nm, andf b/d, then the corresponding
misorientations aré using the values of d measured from the TEM microgramladculated to
be 2.9+0.5°, 4.35+0.5° and 5.8+0.5°. These values are in excellent agreement with those
measured from the diffractiopatterns. This result is important because it indirectly confirms

that the dislocations are basal and that their Burgers vector is indeed 0.321 nm.
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The other crucial observation is the fact that amig LAKB was observed in all cases,
which unequivocallyproves that these boundaries move with the indent edges (top inset in Fig.
4-9a). Said otherwise, the LAKB are mobile. Catoor §64].7 who also studied Mg single
crystals with a spherical indentedid not report the presence of LAKBs. However, since these
authors did not cycle their load, it is reasonable to lasdhe discrepancy to the fact that some
cycling is needed to render the LAKBs visible. For the 000l orientdtiey concluded based
on TEM observations of dislocations below the indetitat more than 90% of traislocations
beneaththe indent were sl dislocationsSome < + a> slip was observed, but could only
account for a minor fraction of thietal number of dislocations

Figure 410ab shows a bright field image of dislocations in contrast under the
appropriate diffraction conditions beneath ® 0 e m spheri ca30 mNand &850t er |
mN. Since the 150 mN indent was more heavily deformed, dislocation analysis was done on the
50 mN indent to ensure more accuracy of results. Basal dislocationsawith8ur ger 6 s vec:
well as < + a> dislocations were identified as seen in FiglGh, with a larger density ofax
type dislocations. This observation is consistent with those made by (#&bet al. in which
basal dislocations were more prevalent than+<a> dislocations undea 3  espherical
indenter Under an applied load normal to the basal planesjsstrain must be accommodated
either by the activation ofc<t+ a> dislocdions or twins. Twins were not observed beneath any
indents loaded on the (0001) plan€serefore one has to concludeatc-axis displacement was

accommodated by dislocations with @+a> Burgers vector.
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Figure 4-10. Dislocatons are imaged using weak beam bright field beneadh 50 mN i ndent appr oxi
beneath the surfadeaded for50 cycles, andb) a 150 mN indent loaded for 25 cycles. The 150 mN indent appears
to be more highly deformed.

To accommodate the shape change under a NI, in addition to statisticalty stor
dislocations, SSD, geometrically necessary dislocations, GNDs, (shown schematically in Fig. 4
1la as green T's and red inverted T's, have to be nugleBbeddensity of the lattet, , can
be estimated from thieAKBs surrounding the indennce the dislocations in the boundary are
GNDs Given thatd $/d, and assuming that the LA§ extend to a distance of,da the form

of a cylinder, into the bulk (Fig.-41a),it follows that:

" — —— (4-2)
Thus for indentation loads of 50, 80 and 150 miN, is estimated to be 6x1% 5x10° and
6x10° m, respectively. It is crucial to note here that the signs of the GNDs under the indenter
(colored green in Fig.-41a) have to beppositeof the onesn the LAKBs (colored red in Fig.
4-11a), that have, in turn, to be all the same sign. During the deformation process, they have to

form in equal numbers.



Figure 4-11.a) Schematic of crossection of spherical indentation along [0001] in Mg. laklines represent basal
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planes. The T's represent dislocations in LAGBs (red) and GNDs under the indenter (green); they must be of
The angle across LAKB

opposite sign.
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As a rough approximate to the dislocation density, the total dislocation line length was

divided by the volume givingmaestimate dislocation density. A more accurate density would

require tilting the sample to cause more dislocations to appear in contrast, which was not done in

this study. Details for approximating the thickness of the TEM samples and the method for

calcdating the dislocation densitwerediscussed in Ch. 3. The calculated dislocation densities

underneath the crater of indents 4A and 1C (see Tabjeatk listed in Table-3.

Table 4-3. Dislocation densities for indents 4A and 1C. The calculations uad#rrthe indent were based on the

average dislocation length divided by the volume. *Since indent 1C was heavily deformed, some dislocations were

not accounted for when calculating the density within the indent. Thus, the dislocation count is condimsesbly

by at least an order of magnitude at this location.

Sample | Location Dislocation Density (m?)
4AA Indent 1.3 x 10°

Boundary |[4.8x16°
1C Indent *9.2 x 10

Boundary | 1.05 x 10"

f

(
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4.4.3 Dislocation bowing model

At this juncture the requisitenformation has been attained to make the following
importanthypothesislt is the bowing out of GNDs, in the form of LAKBs, through SSD that is
responsible for the energy dissipated per unit volume per cygleThis is best evidenced by
understandinghat the physics of what is occurring to produce the nested loops mdiffiebent
than the physics is occurring during the classic work hardening regime, i.e. in moving from X to
Y in Fig. 46a, for which the work hardening rate is 700 MPa. In contiadist t i o n , at a
MPa, the hardening rates within the cyciege. the slope of the top portion of each loading
cycle in Fig. 47 1 are at leasain orderof magnitude higher. Since the hardening rate for the
long range movement of the LAKBs through 8 Ds is & 700 MPa, it fo
higher hardenig rates observed during cyclirgmost likelyrelated to the bowing out of GNDs
in the LAKBs While this is not the only possibility, it is the most plausible possibilihe same
conclusion waseached viz. that the W they measured was due to the bowing of dislocations
by Roberts et al[55, 56] when they deformed single crystals of Zn and Mg. Figure 12 shows
some results obtained Roberts e, 56] from their study on MgNote that in their work the
plastic strains were quite small and that since the work was on single crystals that were loaded
along an easy shear direction, the relationships plotted in Fig.day be characteristiof

dislocationdislocation interactions.



50

a) b)
6.0 107 e 5
[ 1 12107
50107 F i [ ]
‘ ] 1.010° | A
4010° | ] o o A
; ] £ 80107} P .
,3.010° L ] < [ ]
z i 2 6010°f ]
£ [ = I = ]
20107 | ] = ol ]
: 1 4010 ,0' T
10107 | ] ol o ]
; ] 2010°F ]
[ 3 ol 4
[0 ) S T H I B PRI BRI B [ ,.-O"'-O'-—- 1
0 0.2 0.04 0.06 0.08 0.1 0.12 0.14 L T T S
0 210 410° 610
(MPa?) T

Figure 4-12.a) . vs. 3, and, b) Wvs.! n.. All results extracted from Fig. 3 Ref[55].

The following calculations are consistent with this idea. The shear $tgaiassociated

with dislocations bowing in a network is given [56]:

[ B — (4-3)
where A is the area sweggshaded green in Fig-#1b) by the I" dislocation in a mosaic block of
volume V, n is number of dislocations which bow per mosaic blauk rg is their average
radius of curvature. Equating,rno the measured change in contact radius in thelinear

regime,qes (Fig. 47) and combining Eqs-2 and 3, it can be shown that:

o= =

(4-4)
whered = b/d is the angle of the LAKBNote g&g is the change in contact radius duettie
bowing of dislocations. Forexamplgsgi s & 1 Om for t he 5 @)amN
a 1.7 nm -7 ffol theilB0 miNiindents (Fig-7). The espective g valuescalculated

from Eq. 44 are0.08 and 0.016. More exact values qifg are used to calculafes shown in

Table 44.

nde
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Now we shift the focus to Wwhich is equal to @ g [56] where the factor of 2 accounts
for the energy dissipated loading and unloadingl@isithe energy dissipadl when a dislocation
sweeps a unit area by a distance b. Making use of -Bcarl noting that near the yield point
defined as the point at which the NI stress vs. a/R curves deviate from linear elasticity #7 Fig. 4

o

i G € ®q, itfollows that:

Wq =201 g = 2 Gd(qme/a0) (4-5)

whereq is a factor that relates the shear stress on the basal pleoethie applied NI stress,

If (is not a function of stress, then plots of V. qme/a, should yield straight lines with
a s | apdglasdbserved (Fig-8b). From the slopes, and noting tiat 62.5+0.5 MPa for
the 50 mN indent and 67+0.5 MPa for the 150 MPa indentaikeagerespective values af
are 0.58+0.03 and 0.61+0.02. Tabld 4ists the values fogq along withf g for each location.
Given the geometry of the setup, these values are probably too high, but nevertheless quite
reasonable given all the simplifying assumptions made and that fact that no adjustable

parameters were used to obtain them.

Table 4-4. Calculationsof g, Ly and the shear strain due to bowihg, are shown.

Series| Load | Cycles | Location q Ln (Em) B
A 50 50 1 0.58 0.55 0.0101
A 50 50 2 0.54 0.55 0.0102
A 50 50 3 0.58 0.49 0.0092
A 50 50 4 0.64 0.49 0.0100
B 150 50 1 0.65 0.56 0.0188
B 150 50 2 0.9 0.64 0.0183
B 150 50 3 0.60 0.65 0.0196
C 150 25 1 0.71 0.64 0.0228
C 150 25 2 0.67 0.64 0.0208
C 150 25 3 0.69 0.63 0.0202
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The bowing out idea is also consistent with the stress trajectory followed by the system
when the maimum stress for a set of cycles is exceeded (i.e. in going from X to Y in (Ba). 4
Il n that case, the hardening rate reverts to
that the LAKB dislocations were freed from their moorings and staxtersibly moving over
reasonably large distances to their new position given by the new maximum load. For example,
according to Fig. 4a as the applied load increases from 50 to 150 mN, the LAKB moves a
di stance of & 5 Om (inFige47). The faathat FAKBs are mabie 5s |
well established and has been documented previously [B7Zand other hexagonal metals.

One of the more intriguing results of this work is the fact tfmta, scales withl® (Fig.
4-8a). This dependence, previously expressed in terms elfirmear strain vsii®, was taken as
evidence for the existence of IKEs2, 58] In that formalism, the number of IKBs was assumed
to be constant and thi& dependence was assumed to arise from IKB growing in two dimensions
in the basal planes. The results of this work suggest a different reason: namely thatinoltim A
in Eqg. 43 are linear functions af. The simplest approach to estimateésito assura Lucke and
Granato's rigid rod mod¢b9], in whichdislocations are assumed to move under a shear stress,

UJ as a rigid rod and displaced a distance, y, that is constant along its whole length ¢&&n by

0w — — (4-6)
where isU& 01.0%nd G is the shear modulus (17 GPa for Mg);id_the length of the
dislocdion segments that are unbreakably fixed at their ends (see-Eih)4In the present
conf i gur agtandbassuminga @ & s@ . 5Ly is estineied from Eq.-8 to be of the
order of 0.54 um to 0.7 um, for locations | and Il the 50 mN and 150rdahts, respectively.
These numbers are quite reasonable indeed. Here ragadjustable parameters are used. Note

that since

Qo
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0 CWww ——,, 4-7)
A, is a function ofd. Knowing Ly, the normal stress neededbimv such segments to a radius of
0.5 um is given by:
y o o— (4-8)

Assuminglyd 0.5 @m,s tdhelnl MPa, which is roughly a
actual yield point measured. The reason for this discrepancy in not cleiartah#) but could be
related to the inhomogeneous state of stress under tlaador the fact that dislocations are
bowing into a high density of SSDs

It is now possible to describe what is occurring under the indenter as it is repeatedly
thrust into My in the (0001) orientation. Initially, none of thg $egments in the LAKB bow out,
which is why in all cases the initial response is linear elastic (inclined dashed linesrrig\t4
dy, some but not all, the dislocation segments start to bow. According to-Bgmai8, the first
segments to bow out will be the longest segments for which the Schmid factor is highest. With
increasing stress, more segments bow out until the maximess s# reached. At that maximal
point, the segments in the L¢aKBg. 4l®. Ithlowse d ou't
that to explain the dependenceqss/a, on 0 oneneed only assume that n in Eq-2 scales
with 0, here again a reasonabksamption.

Equation 47 is important for another reason: It implies that the nonlinear strain, given by
Eq. 44, must bedominatedby the longest dislocation segmesisce it depends on;Ahat, in
turn - since @a 4L (Fig. 411b)- depends o where R is the number of segments per side.
This result also implies that even if the SSDs bow out, their contribution to the total strain can be
safely neglected. The same is true forgWWote that even if the energy dissipated is due to

bowing out ofSSD, they can still be considered since the LAKBs are still required to allow the
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SSD to bow out and thus these solids can still be described as KNE. As discussed in the next
chapter, the presence of dislocatios, the absence ofAKBs does not lead to energy
dissipation.

In summary, from the totality of the results presented in this study, it is concluded that the
origin of the energy dissipated during the fully reversible hysteretic stress vs. a/R cycles
observed in this, and previous, work is mostably, the reversible bowing out of GNDs, in the
form of LAKBSs, through statistically stored ones. This conclusimst likelyapplies to the vast
majority of KNE solids provided they do not twamdtheir c/a ratio is small enough to allow for

plasticityalong the eaxis

4.5 Results on (100) plane indentation
4.5.1 Nanoindentation on (f0) plane
As loading was applied parallel to the basal planes, twins formed beneath the indented

region as shown in (Fig-3b). Instead of being spherical, theemts were oval shaped with long
and short axes. Figure8 shows a typical OIM map using EBSD on the prismatic face of a Mg
single crystal after indentation, which shows the orientation change within the twinned region.
Using the OlMdataanalysissoftwae, the angle of misorientation between the twin boundary
and matrix was found to be ~ 86.7°t£5° about [1120]. This is certainly within the tolerance of

{10p2} tensile twins, whiclrotates the basal planes by ~ 86° about the &2 Hirections.
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Figure 4-13. Orientation map o{10p0) plane of Mg single crystal post indentation obtained using EBSD. Tensile
twins are seen around the indented area, which was a typical observation when indenting on the prismatic plane in
Mg.

The drift correctedload vs. désplacement curve for a location loaded to 80 mN for 50
cycles is shown in Figure-#4a. The load vs. displacement curve was converted to an
indentation stress vs. a/R curve (see Fi$44) using the Hertz equation, as discussed in Ch. 3.
Similar to obserations made on (0001) plane indentation, a-ipovas observed at various
locations under aufficienty high applied stress (~ 276 325 MPa), which Catod#5] et al.
attributedto <a> dislocation nucleation as the first mechanism to initiate during anpdge
a/R values were around 10% for each location loaded to 80 mN and ~ 12% for locations loaded
to 100 mN.

In Fig. 414b, the slope of thinear elastic region corresponds to an elastic modulus ~
25.7 GPa, which is the elastic modulus calculated along g@9]direction using Eq.-9, and
the compliances for Mg (z= 59.3, Gz =61.5, G3= 21.4 and G4 = 16.4 GPa]60]. During the
first loading cycle, the crystal shows behavior consistent with the Hertz equation using a
spherical indenter. The subsequent cycles showedvioehthat was a better fit tthe elastic
modulus along the [0001] direction, which is 61.5 GPa, howd\ues. suggests that by loading
until the popin occurs, theindenation was likely spherical and largelyndenting a single

orientation. When the applil load was sufficient to induce twinning, the initial slope of the
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stressstrain curve upon rading increased from ~ 25.7 GPa to ~ 61.5 GPa. (Compare lines
labeled A and B is Fig.-43b). As a load was applied with subsequent cycles, the mechanical
regponse became coupled with the twins. The simplest explanation is thaths&mheesile twins

rotate the crystal orientation by ~ 86 degrees about theO=ldirections, the indenter, on the
second and subsequent cycles is goirig the material that isloserto the (0001) orientation.

Said otherwise, because the material beneath the indenter after the twins are nucleated is
elastically harder than the initial matras a result of the crystal rotatiaime elastic modulus

must have increased.
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Figure 4-14.a) Drift corrected load vs. displacement plot at location loaded to 80 mN for 50 cycleaathhpits
corresponding indentation stress vs. a/R.fd\ite that the elastic modulus during the first cycle is significantly
lower than thatoneobsr ved when a/R was & 0.09, which was closer

Most importantly, with subsequent loading, reversible hysteresis (see-I5g)4was
observed as in the case of loading normal to the basal planes. However, given the nucleation of
the twins and thelsence of a LAKB, it is reasonable to assume that the mechanism of energy
dissipation is related teither the reversible movement of the twin boundaries, dislocatiam
interactions, or bothThe first conjecturés consistent with a previous study Mann et al[48],

in which {10p2} twins in Mg and MgZn alloys were concluded as being partially reversible
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upon unloadingesulting inreversible plastic strairin their study, snapshots of {{p@} twins
during loading and unlo@tg showed a decrease in the twin width when a sample was unloaded,
lending credence that twin boundaries can indeed move revelsililyis present studythere
are several observatioribat are consistent with the first conjecture. First, the fact ttieat
indentation mark is not circular but oval and thus by necessity when the indenter is pushed into
the surface, the narrow axis of the oval must move out of the way first. The principle of how this
can be accomplished is shown schematically in Fig6.4Jnder cyclic loading and unloading,
the twinsare assumed twiden and contract fully, spontaneously and reversibly.

The second conjectuiiethat dislocation twin interactions is the mechanism for energy
dissipationi can be understood by the fact that<basal and prismatic dislocatiansmaterials
such agLCo, Re, Zr, Ti, Hf andMg interact repulsively with {104} twin boundarieq14]. Since
these dislocationdo not contribute to the growth of twing thesematerials it is reasonable to
assume that dislocation pile ups occur at the-twatrix interface mayantribute partially to the
energy dissipation in the form of back stress on the dislocation sdarcgpite of these

commentsmore work is needed to better understand the originghWhis orientation.
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Figure 4-15. a) Indentation stress vs. affot of nested cycles loaded to a maximum load 80 mN for 50 cycles. b)
ome/a, plotted against® for the same indent loaded to 80 mN for 50 cycles, and compared with a similar plot from
(0001) plane indentation loaded to 50 mN for 50 cycles.
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Figure 4-16. Schematic of indentation on the () plane in Mg single crystaUnder an applied load, the width of
the short axis of the indent must move outward (red dotted lines) by some distance, x, to accommodate the indenter
penetrating into the surface. As the short axis expands, the twins widen (faded red lines). Wherigheroadkd,
the twins and short axis contract to the minimal dimensions (black outlines).

Turning attention back to the nested cycles (Figl54), gms/a, was calculated and
plotted againsti® (see Fig. 415b) for a location (D2) loaded to 80 mN on thep@pQplane for
50 cycles and compared with a location loaded to 50 mN for 50 cycles on the (0001) plane. The

value for R for the 80 mN location we> 0.99, indicating a good fit to a lirEhe hardening rate

within the cycles in Fig.-45a was ~13.6 GPa which was much higher than the strain hardening
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observed during the first cycle (see Figl4), which was ~ 600 MPa. This observatisragain
indicative that the physics is different within the two regimes, as was postulated with
nanoindentation on the (0001) plane. Tabi® 4hows the hardening rates for the various
locations used in this study, which were typically higher than the hardening frai@

indentation on the (0001) plane.

Table 4-5. The yield stresd],, and hardeningates for the incremental cycles indented on the prismatic planes.

Series| Load | Cycles | Location | Uy (MPa) Hard.
(mN) Rate (GPa)
D 80 50 1 45 16.8
D 80 50 2 50 136
D 80 5 3 39 7.9
E 100 50 1 45 120
E 100 50 2 45 16.1
E 100 50 3 37 14.1

4.5.2 TEM observations beneath D) indents

Cross sections of indents to 80 mN for 50 cycles were lifted out and analyzed using
TEM. Figure 417a is a TEM micrograph of orsch indent, which essentially shows the cross
section of a twinned region beneath the indent. This cross section was lifted out along the length
of the indent so that the twins were perpendicular to the lift out. Various grains of different
orientations wre observed to have formed with no apparent LAKB at the edge of the indent.
Diffraction patterns (Figure-47b) showed some of the variation between the different grains.
Since the indent was lifted out along the length, some &> dislocations appearad contrast

and were observed within a select region (not shown in data).
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Figure 4-17.a) TEM micrograph of an indent cross section loaded to 80 mN for 50 cycles on tig fléne in
Mg single crystal. The twinned region consists of various grains as shown in fige)r®iffraction patterns taken
from two grainsof more than 5 grains identified in one regishows some variation in the orientations between
differentgrains.

A cross section was also lifted off along the width of the indent (parallel to the twins) to
investigate the features within the twins. Figur&8a shows the extent of a twin to a depth7* 6
e m, whi-L8b shbws the bolom edge of thertwbDislocations observed beneath the twin
boundary in this lift out appeared to be mostly <a> basal and prismatic dislodzig®tsorthe
TEM micrographs Since the basal planesere normal to the cross sectiai the lift out
dislocationswith an <a> omponentappeaged in contrast in Fig. 4.8a In comparison to
micrographs of lift outs takgmerpendicular (not shown) to the twins, more dislocatvitis <a>
componenivere observed in a similar sized regidinese observations help to support the idea

that dislocatiortwin boundary interactions may contribute to the loops in the indentation stress

vs. a/R curves. This idea is certainly consistent with the notion thaR}{livin boundaries in
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Mg are capable of growing and shrinking, as reported by Mamh [48] in a studyon Mg and
others[16, 61] More work is needed to fully understand the exact role and to what extent the

dislocationtwin interactions contribute to ¥V

a) :
Twin

Figure 4-18.a) Cross section ofeB0 mN indent lifted out parallel to twins. The twin is shown extending to a depth
~ 6-7 em beneath the surface of the indd)NtTEM micrograph of a region at the bottom interface twin and matrix.

In summary, when indenting on the () plane, tensile twins form beneath and around
the indented region, but no LAKBs. These twins are betig¢o either expand and contract under
loading and unloading, and/or interact with <a> basal and prismatic dislocétimthe to and
fro motion of these twins or dislocations that leads to energy dissipatioky4.dt is unclear
from this study whther W, depends on the twin type and material, or if other types of twins in

general will result in similar observations made in this study.
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CHAPTER 5: ZINC

5.1Background on Zinc

Belonging to the space group #ABmc, Zn has an hcp crystal sttue with lattice
parameters a = 2.66 A and ¢ = 4.94 A. Zinc has been subjected to various studies to better
understand its deformation modes and mechanical behavior. Parisof6@{ alvestigated the
deformation modes in Zn coatings and bulk Zn under tension at strains beginning at the onset of
plasticity to macroscopic strains ~ 4%. Bhslip was observed as being the predominant
deformation mode in this study, while nbasal slip can be activated by loading a crystal either
perpendicular or parallel to the basal planes since the shear stress on the basal planes is zero. In a
study by Gilman [20], slip was observed as occurring on the d@p plane in the <140>
directions when Zn was loaded in tension parallel to the basal planes betwéef(@BCC. Slip
in zinc crystals has been observed on the second ordenijolal {1022} planes in the gp23>
directions in a study by Bell and Cal@3, 64]at room temperature as well.

The primary twinning modes in Zn are {41}, {11¢2}, {10p1} and {10p2}; however,
sinceZn exhibits limited ductility, it only twins by the {2} twin [14]. Since zinc has a c/a
ratio of 1.854, waich is greater than the ideal ratio, 1.633, thep@Otwin is a c-axis
compressive twin.Yoo et al. [65] used nanoindentation on zinc single crystal loaded
perpendicular to the basal planes to induce twinning, which again is a result of the large c/a ratio
for Zn since a sufficient compressive stress will induce twinning when loaded perpendicular to
the basal pland$5, 66}

In addition to slip and twinning as deformation modes, Zn has also been known to deform
by kink band formationAs noted aboveQrowan[9] was a pioneer in theory of kinking when he

theorized a new type of plastieformation in metalsvhen heobserved kinks when Zn and Cd
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wiresthatwere compressed parallel to their basal planes. Gi[Blambserved kink bands within

rods of Zn single crystals when compressed partiléhe basal planeg.e. edge o and at

angles greater than 2.5° from the orientation axis. In a study by Rosef®4lirkinks were
observed when Zn single crystals were compressed normal to the basal planes under indentation
and four point bending tests. This same staldp revealed the activation of basal and-bhasal
dislocations with no#bbasal dislocations being diffuse when loading normal to the basal planes.
When loading was applied parallel to the basal planes, Roseribdlineported that noiasal

slip was activated, but no kinkseve formed. The difference between the studies by Gil@lan

and Rosenbaurf64lwas t hat the | oading conditions 1in
sample, leaving free surfaces to accommodate a kink to form, whereas aitéhestudy by
Rosenbaum, loading was applied parallel to the basal planes and locally confined to within the

matrix, which quite possibly inhibited kinking.

Like other hexagonal materials, Zn has been known to exégiptionalmechanical
properties, sth as reversible hysteresis loofi5] in the stresstrain curves during cyclic
loading. Studieq19, 25, 26, 48, 67, 68have investigated this very unique phenomenon on
various hexagonal materials. The large plastic anisotropy in the hcp crystal structure is believed
to be related to this unique mechanical response. ThehactZn can deform by kink band
formation and is also capable of exhibiting reversible-limgar strain suggests that Zn is a KNE

solid (see Ch. 2).

In addition toZn, ZnO is also aKNE solid [13]. In a study on ZnO by Basu et 9],
cyclic nanoindentation was performed on ZnO single crystals on the A-ateh€s using a 13
or 1 em spherical tip. Hysteresis loops were observed when indenting on-plen€ but no

loops were observed when indenting on thpl&ne. The Eplane was found to be twice as hard
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as the Aplaneas determined frolw i ¢ k iedendagonswhich was attribut to the orientation

of the basal planes relative to the indentation direction. The hardness was also a function of tip
size on the €plane. Pyramidal slip bands were observed in SEM images, and pyramidal
dislocations nucleated underpglane indentation imddition to basal dislocations, which were

also as observed by Bradby et [@9], were believedo account for the higher hardening rate.

The hysteresis loops observed in this study was attributed to incipient kink bands (IKBs) (see Ch.

2) in the form ofto-andfro motion of basal dislocations.

In a study by Roberts and Broy#6], Zn single crystals were grown using the Bridgman
method from highly pure cast Zn, and the microstrain in the Zn single crystalstwaisd in
tension using an Instron testing machine with a strain sensitivity 9fBth micro and macro
stressstrain curves were studied and HAorear behavior was observed at nearly zero sfiress
well below the macroscopic yield stress. The mactdiyig process was believed to be a unique
processi noting the sharp transition from micro to macrostrain. Closed hysteresis loops were
observed below the macroscopic yield point, which was noted to fit the prediction that Granato
and Lucke[70] made on the presence of hysteresis loops and being strain amplitude dependent.
Roberts and Browfb6] observectlosed hysteresis loops at strains 5 X #6d found the loops
to be strain dependent, and samples required some permanent strain before closed hysteresis
loops were observed. It was concluded that the reversible strain associated with the closed
hysteres loops were due to bowing of dislocation networks, where the nonlinear strain was the
result of unbowing of dislocations in the netwoYkKhen the results of Roberts and Brown are
plotted plots similar to those shown in Fig:12 are recovered indicatinat the plots shown in

Fig. 412 are valid for more than one hexagonal metal.
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Few nanoindentation studies on pure Zn have been reported in literature, with a recent
study[71] in 2014 investigating the anisotropy of hcptade Mg, Zn and Ti. This study used a
sphericalconical indenter tip with Em radius on select grains of each material, and reported
that the hardness values for Zn varied by a factor of 2 with respect to the orientation of plane of
indentation, and thedndness values for Mg varied by orientation by a factor ~3.6. Limited
details and results were provided from this study, which leaves opportunitresgesigatethe

response of Zn tnanoindentation

5.2 Experimental details for zinc

A polycrystalline zind99.9% basis, Rotometals, San Leandro, CA) ingot with grain sizes
ranging from approximately 20GCFHomx5mM005 em we
mm), hot mounted in resin and ground down usingi8QQ00 SiC grit paper. The smalibes
weremechai cally polished down to 1 &em diameter s
suspension. Since Zn can oxidize rapidly in an aqueous environment, an alcohol based
suspension (DBuspensi on A, Struer s, Westl ake, OH) W
particles was usefbr the final polishingstep. To minimize oxidation, the polished sample was
stored under vacuum until ready for use in the nanoindenter, FIB or SEM. EBSD was used to
generate OIM map of the different grains on which the nanoindentésts would be

performed. Figure8 shows the EBSD patterns of the four grains used in this study.
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Figure 5-1. EBSD was used to generate an orientation map of the grains shown here. The inverse pole figure map is
also shown here. Each pattern wasaded up with a minimum grain size di® andatolerance 5 degrees.

The nanoindentation tests were performed in continuous stiffness mode (CSM) on select
grains using a 100 em radius 1 Bipce theograinsizzes h | o
were significantly larger than the size of the indent, nanoindentation within a single grain was
equivalent to indenting a quasingle crystal. Each test involved loading to a maximum or peak
load (50 mN or 150 mN) and unloading to a minimum load (5 mINjirfdes, followed by a
series of five nested cycles consisting off 2D0% of the peak load. Some tests were loaded to a
maximum of 50 mN to investigate whether or not the applied stress had any significant effect on
the reversible hysteresis effect, vehdll other tests used a peak load of 150 AlNtests on zinc
were performed using 50 cycleBable 51 details a summary of nanoindentation tests used in

the study on zinc.
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Table 51. Various grains were identified using EBSD and the grain oriens#tong with the peak applied loads.
Each location was cyclically loaded 50 times to a peak load, followed by an incremental cycle sequence consisting
of 201 100% of the peak load.

Grain Orientation Location Load (mN)
1
2 50
A (0001) 3
4
5 150
6
1
2 50
3
B (20 2) 4
5 150
6
1
2
C (20 1) 3 150
4
5
6
1
2 150
D (20 0) 3
4

The contact radii of all locations in seriesDAwere measured in a duseam FIBSEM.
For the most part, the indentation marks were found to be quite circular {Eiglrstrumental
drift was corrected (see Ch. 3) as needed. In an atterbptter understand lvat was occurring
microstructurally below the indenter, crosctons of indents in the various orientations were
lifted out using a FIB and examined using a TEM. However, the TEM sample preparation in the
FIB became the ultimate challenfgg reasons that are unknown in their totality. It is possible

thatresidual sessesnay have been present in the samphsch made thinning lamellae to <
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100 nm impossible due teending andwisting during sample preparatiomhuslimited amount

microstructure information could be obtained in this study.
| |
| |

Figure 5-2. SEM images of typical indent craters after spherical nanoidentation on was applied normal to the a)
(0001), b) (102), c) (1(1) and d) (100) planes.

5.3 Results and observations on Zn
5.3.1 Nanoindentation results

Typical load vs. displaceemt curves from select indents loaded on the (0001p2)10
(10p1) and (1@0) planesfor 50 cyclesare shown in Figs.-Ba to d, respectively. Figure%
shows the load vs. displacement curve for the &@le for each of the four locations loaded
150 mN in Fig. 53. It is important to note that the loading and unloading curves for the 50
cycle of the load vs. displacement curvder indentationsmade on the (1@0) plane are

essentially two parhdl linesseparated by a small distan@ge3 nm); a value that isvithin error



69

of machine measurementShis is in contrast to the other orientationshere the 50 cycle

clearly outlines a looguring which energy is dissipated
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Figure 5-3. Load vs. displeement curves at select locatsofrom nanoindentation on the a) (0001), b)p@)0 c)
(10p1) and d) (1p0) planesare shownEach location was loaded 50 times.



