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FIG. 1 (color online). (a) Typical load versus depth-of-
indentation curves obtained by loading several times in the
same location. The inset shows full scale of same results.
(b) Stress/strain curves for data shown in (a). In both cases
only cycles 1, 2, and 5 are shown. Inset (i) is a schematic
of an IKB (see text). Inset (ii) is a schematic of how a micro-
structurally dependent, IKB-based, hysteretic element would
behave on loading and unloading.

setup because (i) they were observed in silica that was
loaded elastically and (ii) the excellent reproducibility of
the load versus depth-of-penetration loops after the first
cycle [Fig. 1(a)]. Note the areas encompassed by the loops
decrease after the first indent, which is clear evidence for
cyclic hardening.

The load/displacement curves were converted to stress/
strain curves [Fig. 1(b)] [13,14](for details see Ref. [9]).
The stress is the normal Hertzian contact stress, and the
strain is the ratio of the contact area radius a to the
indenter radius R. Here again the first loop is open, and
second and subsequent loops are marginally so [Fig. 1(b)].
The deviation of the curves, at the end of unloading
cycles, from the solid straight line drawn in Fig. 1(b) is
an artifact of the experiment. In other words, the unload-
ing curves should follow the straight line ending at the
point at which the reloading cycles start. In general, the
slopes of the first loading stress/strain curves were less
steep than subsequent ones, plotted as a dotted straight
line in Fig. 1(b). The slope of the dashed line corresponds
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to a c33 of 61 GPa; the latter was obtained from ab initio
calculations [15].

A small but clear pop-in is observed at =2.2 GPa
during the first loading in Fig. 1(b). This yield point is a
strong function of the type and grade of mica used. Lower
grade micas, with presumably larger numbers of defects,
tended to have lower yield points. Higher-grade micas
behaved elastically up to quite high stresses, of the order
of 7 GPa.

Simple compression tests were carried out on mica-
containing glass-ceramic cylinders (12.7 mm in diameter,
31 mm long). The stress/strain curves [16] exhibited fully
closed hysteresis loops (not shown) that were quite simi-
lar to those obtained in graphite [10].

Figure 2 is a log-log plot of W, vs o obtained in this
work together with the corresponding values for Ti;SiC,
and graphite, obtained from bulk [8] and nanoindentation
experiments [9,10] similar to the ones shown here (Fig. 2).

Our kink-band-based model can readily explain the
full reversibility of the process, the cyclic hardening, and
the large values of W,. The reversibility is inherent to the
IKBs since, by definition, they are fully reversible [§—10].
The confinement of dislocations to the basal planes [17—
19] allows the dislocation loops to extend over relatively
large distances resulting in large values of W, (Fig. 2).
Note that the glide of dislocations per se cannot explain
this phenomenon since glide is irreversible.

The large values of W, imply that the areas swept by
the dislocation lines must be huge, a conclusion reached
by both Meike [17] and Kronenberg et al [18]. The former
directly observed basal dislocation motion in the TEM
and reported dislocation separations, attributed to stack-
ing faults, of the order of 100 to 500 nm. In the same
paper, Meike showed dislocation segments in mica of the
order of 20 um. Kronenberg et al [18] working with
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FIG. 2 (color online). Log-log plot of W, vs o, for mica,
Ti;SiC,, and graphite. The inset shows the same plot with axes
normalized by either Young’s moduli (bulk) or c¢33. For mica,
c33 is 61 GPa [15].
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biotite single crystals concluded that the activation areas
were “‘enormous’ and were irreconcilable with the dearth
of stacking faults found in TEM foils of deformed
samples.

At higher stresses, the IKBs are sundered and devolve
into parallel mobile dislocation walls. It is the coales-
cence of these walls into kink boundaries that eventually
gives rise to kink bands [20—-22], and simultaneously lead
to the cyclic hardening observed. Given that hardening
has to be dislocation based and kinking is known to occur
in mica [4-7,17-19], it is reasonable to conclude that our
kinking based model, used successfully to explain simi-
lar behavior in TizSiC, [8,9] and graphite [10], is also
applicable here. The most compelling evidence, however,
that the same mechanisms are operative in all three
compounds, is the universal curve obtained (inset of
Fig. 2) when both axes in Fig. 2 are normalized by the
appropriate elastic stiffnesses (Young’s moduli for the
bulk samples and c33 for the nanoindentation results).

Indentations to loads higher than 400 mN resulted in
massive, very sudden, and irreversible penetrations of the
order of 2 um (not shown). Subsequent indentations in
the same location once again resulted in loops that be-
came harder and closed with cycling. In the absence of
such massive pop-ins, and despite the fact that the
Hertzian stresses at the tip of the indenter were of the
order of 4 GPa for the higher loads, typically no trace of
the indentations was found in the field emission scanning
electron microscope (FESEM).

Typical FESEM micrographs of postindentation cra-
ters formed after massive penetrations of the indenter are
shown in Fig. 3. The indenter clearly left an indent with
some cracks emanating from its center [inset of Fig. 3(a)].
The sharp bends, denoted by arrows [Fig. 3(b)] and their
orientation relative to the basal planes, have to be kink
boundaries. The massive rotation of the lattice planes is
unambiguous. At higher magnifications the pileups
around the indenter are revealed to be delaminated basal
planes [inset of Fig. 3(b)]. Note the fine scale of the
delaminations. Such features are ubiquitous in TizSiC,
and have been observed at all lengths scales [20-26].
Figure 3(a) also provides irrefutable direct evidence for
the breakup of the single crystal into smaller grains, a
key assumption in our model. Almost identical micro-
domains were observed in indented graphite single crys-
tals [10].

Delaminations are inherent to the IKB to KB trans-
formation because an IKB cannot dissociate without de-
lamination. Such delaminations at tips of dislocation
walls subjected to shear stresses were predicted by
Stroh [27]. The delaminations most probably occur at
the intersection of dislocation walls and arrays, eliminat-
ing the latter [21]. Note that the dislocation arrays are
also inherent to the overall process; without them, the
various lamellae could not shear relative to each other, the
precursor for all that follows [20,21]. Such arrays have
been observed in mica [28].
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FIG. 3. FESEM micrographs of indents in mica after massive
penetration. (a) Breakup of the pristine sheets of mica into a
multitude of smaller domains (inset shows low magnification
micrograph of the indent and characteristic pileup around
indentation), and (b) higher magnification showing kinks de-
noted by arrows (inset shows typical delaminations).

At first glance any relationship between nanoindenta-
tions and geology may seem far fetched. However, since
the deformation under an indenter, like that of many
rocks, is constrained it is possible to reach much higher
stresses, and thus better mimic geologic conditions, than
would normally be possible. Futhermore, the relationship
between o and W, allows for extrapolations to even
higher stresses with some confidence (Fig. 2). Note that
W, cannot increase indefinitely—an upper limit must
exist when « is of atomic dimensions—further enhanc-
ing our predictive capabilities.

The relevance of the results presented herein to geology
cannot be overemphasized. First and foremost, the iden-
tification of the origin of the HMUs, viz. the formation of
IKBs, operative in NME solids, should rapidly lead to a
much deeper understanding, including the development
of the requisite constitutive equations of this important
class of solids. Needless to add, our model is consistent
with all HMU-based models for which there has been a
flurry of activity lately [1,2,29-31]. For example, based
on this insight the response of NME solids can now be
directly related to the volume fraction of the KB-prone
phase. Such understanding is crucial, for example, in
predicting the “site response” in earthquake engineering,
which in turn has a major influence on designing struc-
tures for minimal damage due to earthquakes [1].

There are other important ramifications. First, since «
is proportional to 1/0? and W, at high stresses appears to
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