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the upper right were obtained from the stress-strain curves generated in this
work. The agreement is good despite the over 6 orders of magnitude range
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plot but with both axes normalized by either the Young’s moduli (bulk) or
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ABSTRACT
Nanoindentations in Kinking Nonlinear Elastic Solids
Anand Murugaiah
Dr. Michel W. Barsoum and Dr. Surya R. Kalidindi

In this work we claim that all solids with high c/a ratios that do not twin are members
of a large class of solids labeled kinking non-linear elastic, KNE, solids. These include
materials such as micaceous solids, layered silicates and rocks that form the bulk of the
earth’s surface, graphite, layered ternary carbides and nitrides such as the M. AX,
phases, layered oxides, super conductors and semiconductors, boron nitride and probably
ice among others. These solids are typically layered and are characterized by fully or near
fully reversible stress strain hysteresis loops exhibiting nonlinear elastic behavior,
hysteresis and discrete memory. Many materials near earth’s surface exhibiting such
behavior are modeled phenomenologically by invoking the presence of hysteretic
mesoscopic units, (HMUSs), whose physical underpinnings are unknown. Similarly the
underlying mechanisms of such response of other materials in these KNE solids are not

well understood to date, even though some of them have been studied for over a century.

Nanoindentation experiments with a spherical indenter were used to probe the
mechanical properties of some of these materials — Ti3SiC,, single crystal graphite, mica
single crystals and layered superconductor - tetragonal YBa,Cu3Og, at very high stresses
at the crystal level. Multiple indents on the same location were carried out to study the
effect of cycling and it was observed that the first indent usually resulted in a permanent

deformation and the subsequent indents resulted in fully reversible, hysteretic response.
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Our results, together with much of the literature on the mechanical properties of these
layered solids, can be explained by invoking the formation of dislocation based incipient
kink bands, IKB’s, that give way to mobile dislocation walls that, in turn, coalesce into
kink boundaries with increasing stress. The IKB’s are fully reversible; the dislocation
walls result in plastic deformation, and the kink boundaries result in hardening. Herein
we show microstructural evidence for kink bands and the formation of a multitude of

subgrains under the indenter.

Remarkably, these dislocation-based mechanisms allow repeated loading without
damage, while dissipating significant amounts of energy during each cycle. Since the
dislocations are confined to the basal planes, they cannot entangle and can thus move
reversibly over relatively large distances resulting in the dissipation of substantial
amounts (up to 300 MJ/m°) of energy (the work done W) during each cycle. The values
of the work done Wy normalized by the corresponding modulus for these solids along the
indenting direction measured herein were in excellent agreement for all these layered
solids, confirming that the same mechanisms are operative for these materials despite

their differences in the nature of their bonding and the stress levels.
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disregard the possibility of fully “reversible” twinning as an alternate, though unlikely,
interpretation. The results of this work are certainly intriguing enough to warrant further

experiments on single crystals of YBa,CusO7.5 to resolve this issue.
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Figure 41: Log-log plot of Wy, versus maximum stress applied for
YBa,Cu30g, bulk TisSiC,® and graphite®, as well as from nanoindentations
in TisSiC,® and single crystal graphite®. The Wy values for YBa,CusOg are
comparable to those of Ti3SiCo,.



Figure 42: Field emission SEM micrographs of indents on a (001)
YBa,Cu30¢ surface containing = 20 vol.% Y,BaCuOs (bright phase in
micrographs) at: a) low magnification showing indent and characteristic
pileup around indentation; b) Higher magnification showing the breakup of
the pristine surface into a multitude of smaller domains as a result of the
indentation, a necessary component of our model.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

This work originally started out to study the deformation behavior of the MAX
phases, TisSIC, in particular, with respect to different microstructures such as fine
grained, coarse grained, oriented grains and more importantly the behavior of single
crystals. To this end, new processing routes were adapted and evolved such as
pressureless sintering, tape casting, sinter forging and hot extrusion, with emphasis on the
former two methods. This work shows that it is not only possible to pressureless sinter —
325 mesh Ti3SiC, powders to full density at 1600 °C, but it is also possible to orient the
surface grains in the process with grain sizes in the order of few hundred microns.
Sintering in the presence of C results in the formation of TiCy, which, in turn, inhibits
grain growth. Similarly, sintering in high Si activities results in the formation of Ti-
silicides at the grain boundaries which also inhibit grain growth. Annealing of the latter
in Ar at 1600 °C, for extended periods rids the samples of the silicides, which in turn
allows for the grains to grow. The advantage of the latter process is that the final grain
size distribution is more uniform from surface to bulk. The commercial availability of —
325 mesh Ti3SiC, and other MAX-phase powders, that can be pressureless sintered to full
density without sintering aids represents a significant and noteworthy step towards

synthesizing various microstructures.
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To study the mechanical properties of single crystals at very high stresses,
nanoindentation experiments were carried out with a 13.5 um spherical indenter. This
work showed that the mechanical response of Ti3SiC, - and other layered solids such as
graphite, mica, layered superconductors and as an extension all solids that have high c/a
ratios that do not exhibit twinning - exhibit fully reversible closed hysteresis response.
This hysteretic, reversible response without microscopic damage is attributed to the
formation of incipient kink bands, which with increasing load levels generate mobile
dislocation walls that eventually collapse into immobile kink boundaries.

The first indentations at high loads often produced some permanent deformation that
signified the formation of kink bands. Repeated indentations in the same location to the
same load level, however, resulted in the development of an equilibrium microstructure
that was evidenced by fully reversible and repeatable load-displacement and stress strain
curves. There was clear evidence of hardening in these repeated indentations lending
further support to the kinking models proposed here to explain the measurements. For the
most part, and despite significant plastic deformation under the indenter at stresses of the
order of a few GPa, no traces of the indentations are found in post-indentation
examination in these materials in a SEM, consistent with the fully reversible nature of the
process. At high enough stresses, pop-ins were observed, resulting in permanent
deformation. In the case of graphite the pop-ins resulted in the rupture of the basal planes
and the indenter caused massive delaminations, kink bands and concomitant lattice
rotations. These pop-ins under the SEM show unambiguous evidence for the reduction of
the domain sizes under the indenter for these materials. In the case of mica, small pop-

ins produced at high enough stresses healed completely. However, much higher stresses
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resulted in large pop-ins that did not heal and were very similar to those observed in
graphite.

A comparison of Wy from the nanoindentation measurements showed remarkable
agreement with corresponding measurements from simple compression experiments
when plotted against stress. This result suggests that the underlying mechanisms
continue to be the same even at the high stress levels experienced in the
nanoindentation experiments. Because the dislocations are confined to the basal planes,
they do not entangle, and thus can move reversibly over relatively large distances. This
feature results in the dissipation of substantial amounts of energy per cycle and accounts
for the increase in Wy with increased stress levels. The proposed mechanism is valid over
a wide range of stresses as seen from the work done vs. stress plots that show very good
agreement over more than 4 orders of magnitude, between nanoindentations and simple

compression experiments.

Nanoindentations on Ti3SiC, reveal three distinct regimes of mechanical response:

(i) Linear elastic response with an Young’s modulus of about 320 GPa, in
directions parallel and normal to the c-axis of the crystal.

(i) Hysteretic, reversible response without microscopic damage that is attributed
to the formation of incipient kink bands, which with increasing load levels
generate mobile dislocation walls, and eventually generate immobile kink
bands. In this regime (up to about 200 mN loads) the first indentations often
produce some permanent deformation that signifies production of kink bands.

Repeated indentations in the same location to the same load level resulted in
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the development of an equilibrium microstructure that was evidenced by fully
reversible load-displacement curves. There was clear evidence of hardening
in these repeated indentations lending further support to the kinking models
proposed here to explain the measurements.

(i) Plastic response with damage i.e. microcracking/delaminations. It is
important to note here that when the samples were loaded parallel to the c-

axis, with the highest load possible, little to no damage was observed.

Back extrapolated yield values were established. The indentation yield points in
directions normal and parallel to the c-axis were estimated to be about 4.5 GPa and 4
GPa, respectively.

The work described here is of paramount importance for two main technological
reasons. First, the fact that KBs can be initiated without apparent macroscopic damage
raises several exciting possibilities. When this process is better understood, it could well
lead to the development of processing methods for TisSiC, for effectively refining a
microstructure (possibly to nanolength scales!) without associated damage. Second,
Ti3SiC,, and by extension the other M,+1AX, phases, can be loaded repeatedly without
damage, while simultaneously dissipating significant portions of the energy during each
cycle. Based on this response it is fair to assume that such surfaces would be highly
resistant to fatigue damage. When taken together with the fact that the friction
coefficients of the basal planes are extremely low [23], the possibility of having high
wear resistant surfaces that are very low friction is a tantalizing prospect. Furthermore,

the prospect of exploring the more than 50 M;:+1AX, phases known to exist [8], and
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innumerable combinations of solid solutions, is a wonderful one indeed, and one that
should prove to be of technological and scientific importance and benefit. The absorption
of energy during loading-unloading cycles could also in principle render the M.1AX,
phases excellent surfaces for applications where vibration damping is desired; an
important consideration for many Micro-Electro-Mechanical Systems (MEMS)
applications.

This kinking-based model also explains the response of graphitic surfaces indented
with a 13.5 pm radius spherical nanoindenter along the c-axis, and polycrystalline
samples to mechanical stress. The model also can account for many aspects of the
deformation of graphite that to date have resisted explanation. The key to the model is the
identification of a fully reversible hysteretic element — labeled incipient kink bands -
comprised of near parallel dislocation walls that are strongly attractive. As long as the
stress level is insufficient to sunder the IKB’s the mechanical response is characterized
by fully reversible hysteretic loops. At higher stresses, the IKB’s give way to mobile
dislocation walls that result in plastic strain. The ultimate coalescence of these walls into
kink boundaries that reduce the domain size account for the cyclic hardening observed.

For the most part, and despite significant plastic deformation under the indenter at
loads corresponding to stresses of ~ 1 GPa, no traces of the indentations are found in
post-indentation examination of the graphitic surfaces in a FESEM field emission
microscope, consistent with the near fully reversible nature of the process. At high
enough stresses, however, pop-ins of the order of 50 um are observed as the basal planes

rupture and the indenter causes massive delaminations, kink bands and concomitant
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lattice rotations. These micrographs show unambiguous evidence for the reduction of the
domain sizes under the indenter

The proposed model also explains the deformation behavior observed in layered
superconductors. When (001) YBCO surfaces were indented with a 13.5 pm radius
spherical indenter, all the telltale signs of KNE solids were observed. An initial elastic
deformation with a modulus cs3 = 172+10 GPa, was followed by a well-defined yield
point that occurred at stresses of the order of ¢44/30 to €44/60. And while the first loop is
open, subsequent loops are fully reversible, reproducible and closed. The totality of the
results presented herein all indicate that the tetragonal phase of YBCO is another KNE
solid wherein the permanent deformation during the first cycle is due to the formation of
MDWs and kink boundaries. The latter reduce the size of the domains available to
initiate new IKBs, which leads to the cyclic hardening observed between the first and
subsequent cycles. Since the IKBs are by definition fully reversible, subsequent loadings
do not lead to any further changes. The energy dissipated per unit volume per cycle is
substantial: increases with increasing stress and results from the to-and-fro motion of
basal plane dislocations.

When Wy was normalized by the appropriate elastic stiffness along the indentation
axis (such as 325 GPa for TisSiC,, 36.5 GPa for graphite, 61 GPa for mica), the results
collapsed on a single universal curve, from which it is fair to conclude that the same
kinking-based mechanisms are operative in all these layered solids. This is a remarkable
conclusion; despite the vast difference in the nature of bonding between the layers, the

underlying physical mechanism for all these layered solids is apparently the same.
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At first glance any relationship between nanoindentations and geology may seem
farfetched. 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. Furthermore, the relationship between o
and Wy — which at high stresses may be a unique function - allows for extrapolations to
even higher stresses with reasonable certainty (Fig. 18). Note Wy cannot increase
indefinitely - an upper limit must exist when a is of atomic dimensions - further
enhancing our predictive capabilities.

The relevance of the results presented herein to geology cannot be overemphasized.
First and foremost, the identification of the origin of the hysteretic mesoscopic units
(HMU), viz. the formation of IKB’s, 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 [6,60,61,84-
87]. 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 structures for minimal damage due to earthquakes [60].
This is especially true since it has been concluded that many of the materials near Earth’s
surface belong to this class of solids [60].

There are other important ramifications. First, since o is proportional to 1/Vo and Wy

at high stresses appears to be a unique function of o (Fig. 18), measurements of a can
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lead to the estimation of the maximal geo-stress any KB-containing geologic formation
had experienced.

Second, the mechanical response of a geologic formation comprised of a layered
mineral becomes not only a function of its composition, but also its thermo-mechanical
history — the more a rock is deformed the more it hardens. Third, the elastic properties of
any layered rocks that deform by KBs measured by ultrasound — which is how much of
the information is obtained in the first place - are of very dubious utility in predicting
their macroscopic response. This is especially true since the ultrasound does not initiate
IKBs; for example, the damping of TisSiC, at room temperature as measured by
ultrasound is not exceptional. Along the same lines, a solid under stress with a high
density of KB’s will have innumerable dislocation loops that in turn will respond to a
perturbation, such as ultrasound, quite differently than the same rock with a different
density of KB’s.

Fourth, the presence of KB’s and the nonlinear nature of the deformation can
significantly amplify the amount of strain energy stored in a rock as compared to a purely
elastic deformation, with obvious implications for seismology. As Fig. 18 shows, if the
deformations are confined, energies of the order of 100 MJ/m?® are possible.

Based on this, and previous [22,46] work it is evident that mechanically anisotropic
solids — where a high c/a ratio is a sufficient, but not necessary, condition — will deform
by kinking, provided they do not twin Thus a good descriptor of these solids is kinking
nonlinear elastic (KNE) solids. KNE solids include layered minerals and ceramics -
including possibly high T, superconductors - NME solids [60,61], the M,.+1AX,, phases

[22,46], graphite [43], hexagonal BN and probably ice [21], among many others. Given
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the diversity and ubiquity of these materials it is clear that IKB’s and KB’s play a much
more important role in our daily life than has hitherto been appreciated.

The cross-fertilization that will ensue, together with the very large amount of work
already existing on these materials much of which will have to be reinterpreted, should
yield to quantum jumps in our understanding of all of them. Furthermore, the fact these
solids, in all their diversity and ubiquity, are subject to the same physics - two dislocation
walls attracted to each other, with dislocations confined to basal slip and complications
arising from twinning absent - is not only truly sublime but one that can be readily
visualized by undergraduate students.

The ramifications of this study cannot be overstated. First, the mechanical response
of graphite - which has been studied for over a century but whose behavior has not been
not well understood to date - is now clearer. This work accounts for most aspects of the
deformation of graphite that to date have resisted explanation. Secondly, the conclusions
from this study also bode well for rapid understanding of the mechanical properties of all
of these layered solids, many of which have been studied extensively over the years. It
now appears that solids with high c/a ratios - a sufficient but not necessary condition -
will deform by kinking.

Third, the implication of this study to geology is enormous, given the fact that so
many geologic materials are layered. Many rocks and most materials that comprise the
earth’s crust, have been classified as nonlinear mesoscopic elastic (NME) solids. The
phenomenon of their reversible hysteresis was satisfactorily explained by the P-M space
model, however, the underlying physics was totally unknown. This work clearly shows

IKBs to be the hysteretic mesoscopic units (HMU) that were used to model their
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mechanical behavior, thus proving that IKBs are responsible for the unique mechanical
response of these solids. As expounded in chapter 5, this study should rapidly lead to a
much deeper understanding of these materials, including the development of the requisite
constitutive equations of this important class of solids. Understanding their behavior is
critical, for example, in the prediction of “site response” in earthquake engineering and
designing structures for minimal damage due to earthquakes.

Most importantly, understanding the physical mechanisms and thus having an in
depth understanding of the mechanical behavior of these materials — individually and as a
group — would be of immense benefit in harnessing these materials to their fullest
potential for various applications.

The results of this work demonstrate the power of instrumented nanoindentation in
general, and spherical indentations in particular, in furthering our understanding of the
deformation mechanisms of KNE solids. The availability of a relatively simple non-
destructive technique, that requires tiny samples to probe such solids at geologically
relevant stresses, is a huge advantage that should lead to rapid advancement in our
understanding and one that should prove of immense benefit. That nanoindentations can
tell us anything about how an earthquake will shake the earth - a 15 orders of magnitude
span of lengths scales - is remarkable.

Lastly, based on this work it is evident that mechanically anisotropic solids — where a
high c/a ratio is a sufficient, but not necessary, condition — will deform by kinking,
provided they do not twin. Thus a good descriptor of these solids is kinking nonlinear
elastic (KNE) solids. KNE solids include layered minerals and ceramics - including

possibly high T, superconductors - NME solids, the Mn.1AX, phases, graphite, hexagonal
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BN and probably ice, among many others. Given the diversity and ubiquity of these
materials it is clear that IKB’s and KB’s play a much more important role in our daily life

than has hitherto been appreciated.

7.2 Future Work

This study has conclusively proven that the mechanical response of layered solids
can be explained in terms of IKBs that devolve to mobile walls at higher stresses and
ultimately form KBs. Most of the work in these materials was performed on single
crystals; it was, however, shown in the case of TisSiC, at least, that polycrystalline
samples also exhibit similar behavior despite the very high stresses under a nanoindenter.
The effect of grain boundaries on the behavior of these solids is an interesting one, as
seldom are these materials used and subjected to, as single crystals. It is thus important to
understand the effects of the grain boundaries, if any, on the response of these materials.

IKBs by definition are reversible and thus observing them or detecting them directly
is non trivial. However, it is possible that they might leave some evidence in the form of
residual impressions such as possible dislocation entanglements near inclusions and
subtle changes in crystal orientations where they could have formed after they have
devolved to mobile walls. These could also be observed in in situ TEM experiments
where the samples are loaded. Thus observing cross sections of the indentations could be
very useful to observe and understand the evolution of IKBs to mobile walls and
eventually to KBs. This would also give very useful information such as the dislocation
distances, the parameters a and B defining the size of the IKBs, with respect to the grain

size and applied maximum stresses.
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Such reversible behavior could also be exhibited by other solids that are not
necessarily layered, such as in rutile phase of TiO,. It would be very interesting to study
the mechanical response of these materials and to relate their response to the formation of
IKBs.

To truly harness these materials to their fullest potential, constitutive equations and
simulations, such as with finite elements, of their response to multi-axial stress states
must be developed. One way to approach this problem would be to model these IKBs as
HMUs, with associated properties and criteria for their nucleation, growth and
dissociation. HMUs have already been studied and modeled, though without knowing
the actual mechanism behind them. Thus modeling with IKBs would mimic reality and
could include fundamental material properties such as dislocation interactions in the
particular solid (such as lattice resistance to dislocation motion, dimensions of the IKB
with respect to the grain size such as o and 3 and so on). This model would be truly
remarkable in that atomistic scale modeling (in the sense of dislocation interactions)
would lead to describing a phenomenon affecting literally on the “global” scale such as in

the case of earth quake engineering.
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APPENDIX A: TAPE CASTING, PRESSURELESS SINTERING AND GRAIN
GROWTH IN Ti;SiC, COMPACTS

A.1. Introduction

The effect of different processing routes, such as reactive hot isostatic pressing
(HIPing) and hot pressing (sinter forging), on the microstructural evolution of Ti3SiC,
were studied previously [11,88]. The reactive hot isostatic pressing of titanium, silicon
carbide and graphite powders resulted in fully dense, predominantly single phase Ti3SiC,
samples with varying microstructures. Eight hours at 1450°C resulted in fine-grained (3-5
pm) samples; longer times (24 h) resulted in coarser (~200 pm) grains. The latter were
also obtained at higher temperatures (1600 °C) and soaking times of at least 4 hrs.
Between the two extremities of fine and coarse grains, a duplex microstructure having
large grains (100-200 pm) embedded in a finer matrix was also obtained at intermediate
processing times and temperatures. The growth rates were anisotropic; growth along the
a-axes was higher than along the c-axis. The presence of TiC in the samples was also
observed to inhibit grain growth. Very large oriented grains were obtained through sinter
forging [18] of porous preforms of TisSiC, obtained by pressureless sintering of cold
pressed powders of Ti, SiC and graphite. The porous preforms were uniaxially
compressed in a graphite channel die; the grains deformed under plane strain conditions
and grew to sizes of the order of millimeters.

Recently, Li et al. [89] reported that mechanically alloyed elemental Ti, Si and C
powders could be pressureless sintered to full density to yield compacts that were 80 vol.
% Ti3SIiCy; balance TiCy. As far as we are aware this is the only report in the literature

on the pressureless sintering of Ti3SiC,-based compacts.
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Finally all of our work to date has been on samples fabricated by reactive HIPing.
This strategy was adopted for two reasons. The first is to ensure that the grain boundaries
of the samples made were as clean as possible so as to allow us to measure the intrinsic
properties of the carbides fabricated. The second was one of necessity; it is non-trivial to
make large quantities of very fine powders at the lab scale without undue contamination
of the powder surfaces. The very recent commercial availability of — 325 mesh Ti3SiC;
powders, however, renders this study possible.

The ultimate objective of this work was to fabricate very large grained, preferably
single crystal, samples of TisSiC,;, with highly oriented microstructures for
characterization of mechanical properties at the crystal level. In the process of this study
we were able to gain insight in the grain growth Kkinetics of Ti3SiC, sintered compacts. To
achieve our objective we employed two techniques. The first was tape casting, followed
by cold pressing and pressureless sintering. Tape casting is a well-established process
used for the fabrication of substrates, multilayered structures such as capacitors, primarily
in the electronic industry, solid oxide fuel cells, etc. [90-95].

Tape casting is a fabrication process for powders to produce thin sheets with an
aid of a binding and plasticizing agent. Tape casting uses a doctor blade, or a thin slit
through which the powder in the form of thick slurry, mixed with the binder and
plasticizer is passed through, as schematically shown in Fig. 43. The slurry thus coming
out is in the form of thin sheet, determined by the thickness of the nozzle/doctor blade.
The slurry then dries, forming a tape that can be sintered to obtain the desired product.

The powder is milled with an appropriate binder, a deflocculant for dispersion of

the particles and a plasticizer for flexibility of the tapes in an appropriate medium such
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water (aqueous) or any other medium such as alcohols. The quality of the tape cast

depends on the choice of the binder, deflocculant, plasticizer and the medium. The slurry
is milled well and the resultant slurry is thixiotropic and shear thinning. The morphology
of the powder should be flaky, thus when the slurry is fed through a narrow opening such

as a nozzle or a doctor blade, viscosity drops due to the shear thinning effect of the slurry.

Viscosity Drops and Particles Orient Along the Direction of Casting

doctor blade
green ceramic tape

/ / ceramic slurry

drying

| > |

glass plate

Velocity at the Nozzle is High

Figure 43: Schematic of tape casting process
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The powder aligns along the direction of the flow and results in an oriented lay-up
of the powder particles on the base. The viscosity of the slurry increases as soon as the
slurry leaves the nozzle of the doctor blade, trapping the grains in a highly oriented lay-
up.

A second approach involved the manual shaking of flaky Ti3;SiC, powders in a die
prior to compaction. A third approach was also tried in which a new method to orient the
particles was attempted by using a device to lay successive thin layers of powders that

were oriented, to the desired thickness.

A.2. Experimental Details

A.2.1 Tape Casting

The Ti3SiC, powders obtained (30ONE2, Vorhees, NJ) were somewhat flaky, and thus
almost ideal for tape casting. The powders were mixed to an aqueous slurry with a 35 wt.
% solid loading, 0.25 wt. % deflocculant (Darvan C®), 0.5 wt. % plasticizer
(Polyethylene glycol) and 3 wt.% binder (hydroxypropylmethyl cellulose). All the
ingredients, except the Ti3SiC, powder, were added to distilled water and magnetically
stirred. Once the binder dissolved, the Ti3SiC, powder was added and the mixture was
stirred with a rotary blade for about ~ 2 h to mix the powders with the binder. The
mixture was then ball milled for 8 h in a ball mill using alumina balls.

Two powders were used; one with an average particle size of 40 um; the other 5 um.
Both powders contained = 5 vol. % TiC. Two different viscosity binders were tried; low,
(60 cps) and high (3500-5600 cps). The finer (5 um) Ti3SiC, powder formed a viscous

thixiotropic slurry which gave good flexible tapes and thus further experiments were
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carried out only with the 5 pm powders and the high viscosity slurry. A doctor blade was
used for the tape-casting; the gap thickness was fixed at around 400 um. The tape was
cast and allowed to dry overnight; the thicknesses of the tapes after drying were = 100
pm. SEM image of one such tape is shown in Fig. 44. The tape was cut into smaller
pieces of 1.5 x 3cm?, stacked (40 to 50 tapes, roughly 10 mm) and warm pressed for 10
minutes at 200°C at 2.5 MPa or 6 MPa. To burn out the binder, the tapes were heated at
the rate of 5°C/min to 500°C for 3 hrs in Ar, before heated directly to 1600°C at a rate of
8 °C/min. The samples were held at temperature for 4 h. The resulting sample surface

was shiny and large grains were visible to the naked eye.

Figure 44: SEM image of the cross section of dried tape.
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A.2.2 Cold Pressing

In another set of experiments, the powders were simply poured in a steel mold and
manually vibrated in an attempt to orient the grains. To avoid delaminations and cracking
during sample ejection from the die, a few drops of methanol were added to aid in
particle packing and increase the green strength. In this case, the pressed samples were
directly heated to 1600 °C at 8°C/min and held at temperature for 4 h.

Another new approach to orient the particles was attempted by using a device to
lay thin layers of powder that were oriented — this was achieved by pressing a thin layer
of powder on the mold surface. Due to the flaky nature of the particles, pressing a thin
layer of the powder aligned the particles — this was evident from the X-ray scans (not
shown). Further layers were laid on top thereby having a controlled layer by layer build
to adequate sample thickness. Fig. 45 shows a schematic of the device consisting of a
plexiglass die with a movable punch and mold. A layer of oriented powder was generated
by squeezing the powder between 2 glass slides that make the particles to lie flat along
their basal planes. This layer of oriented powder was then laid in the die cavity created by
lowering the punch. This is similar to what happens in tape casting, except there was no
binder. The punch was then slightly lowered and a new layer was laid. The process was
repeated till sufficient thickness was achieved. A few drops of methanol was added to
enhance particle packing and green strength. The powder preform was then transferred to

a steel mold, cold pressed and sintered.
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Powder Layers
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Mold moves r

up or down \
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Figure 45: Schematic of the fixture used for layering powder in layers

The grain growth kinetics at 1600 °C were studied by further annealing the samples
in an alumina tube under flowing Ar. On the assumption that the loss of Si results in
TiCy, which, as discussed below, is believed to retard grain growth, we heated three
different powder configurations at 1650°C for 8 h in a graphite-heated vacuum furnace.
First, a cold pressed sample of Ti3SiC, powders was placed in an alumina boat next to a
small mound of Si powder (< 20 um - Elkem Metals Company, Niagara Falls, NY).
Another sample was a compact of a mixture of 10 wt. % Si powder, balance TisSiCo,.

The third sample of pressed Ti3SiC, powders was used as control. All samples were
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sintered in covered alumina crucibles to minimize exposure to carbon from the heating

elements.

Most sintered samples were studied by X-ray diffraction (XRD - model D-500,
Siemens, Karlsruhe, Germany), with scanning step (20) of 0.05° and a scanning rate of
0.1°/s. Cross sections of polished and etched sintered samples were observed under an
optical microscope (OM), and the grain sizes were measured by the intercept method.
Since, for the most part, the grains grow as thin plates, the grain sizes reported here are
the diameters, or longer axes, of the grains. The samples were studied with field emission

scanning electron microscopy (FESEM) and energy dispersive spectroscopy (EDS).

A.3. Results and Discussion

A comparison of the XRD patterns of the as-received powders (Fig. 46a) and those of
a tape-cast and sintered surface (Fig. 46b) makes it clear that the basal planes in the latter
are strongly aligned parallel to the surface. The intensities of most non-basal peaks
almost vanish, while those of the basal planes are pronounced (compare Fig. 46a to 46b).

Typical microstructures of sintered tapes are shown in Fig. 47. Note that apart from a
few large cracks, the samples are fully dense. However, and invariably after sintering in
Ar for 4 h at 1600 °C, the surface grains were significantly larger than the ones in the
center, with the former penetrating roughly 100 to 200 pum into the bulk (Figs. 47a and b).
Further annealing in Ar for 24 h resulted in the growth of the core grains faster than the

surface ones (Fig. 47c).
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200 pm

Figure 47: Typical OM micrographs of polished and etched cross sections of tape cast
and sintered Ti3SiC,: a) Cross-section near corner of sample annealed at 1600 °C for 4
hrs. Note each protrusion represents one tape cast film. b) Same as a, but emphasizing
the differences in size between surface and core grains. White specs in microstructure

are TiCy particles
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Figure 47: ¢) Same as a, after further annealing at 1600 °C for 24 hrs. Note center
grains are now significantly larger. d) Effect of cracks in green body on grain
growth.
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The first 3 rows in Table 2 summarize the aforementioned results. It is important to
note that the cracks observed were formed either during ejection of the samples from the
dies or as a result of binder burnout. This problem does not occur when parts are cold
isostatic pressed (ClIPed) without binder. Fully dense (4.5 Mg/m®) large parts are

routinely sintered and are currently commercially available [96].

Table 2: Summary of grain size results as a function of the various heat treatments

and anneals carried out in this work.

_ _ Cumulative | Temp Surface Core grains
Processing Details ) )
time (h) (°C) grains (um) (um)
Tape Cast (2.5 MPa) for 4 1600 112+44 11+5
+ 24 hrs. 28 1600 157+64 68+33
Tape Cast (6 MPa) 28 1600 120+44 10+6
Press and sinter for 4 1600 300£165 2019
+24h 28% 1600 530£300 30+17
+24h 52 1600 633+320 31+12
Sintering with 10 wt. %
. 8 1650 71+43 74441
Si In compact
Sintering with Si in boat 8 1650 1749 159
+ 24h 321% 1600 175+90 175+90
Control (no Si) 8 1650 13+7 13+7

T This represents cumulative time at temperature.

11 In this case while the cumulative time is 32, the first 8 h were at 1650 °C.

The core microstructures of the sintered tapes were characterized by: i) much smaller
grains than those near free surfaces; and, ii) contained a significantly higher volume

fraction of TiCy (15-25 vol.%) than the starting powders. TiCy is known to be a potent
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inhibitor of grain growth in Ti3SiC, [88] and it is therefore not surprising that, at least
initially, the core grains did not grow as fast as the surface grains. Note that below a
critical volume fraction the Ti3SiC, grains can, and do, grow around and engulf the TiCy
particles. The role of the latter in those circumstances is that of delaying grain growth,
rather than totally suppressing it. This is best seen in Table 2 (core grains in rows 1 and
2); clearly after the initial 4 h sintering, the rate of growth of the core grains is higher
than the surface grains.

Since it is well established that Ti3SiC, reacts with C to form TiCy [97], the likely
source of the latter is the binder. The most compelling evidence for this conjecture is the
OM micrograph shown in Fig. 47d, where it is clear that grains in the near vicinity of
cracks linked to the surface are significantly larger than ones in the bulk. It is thus fair to
conclude that the presence of the cracks allows the binder to escape from the compact
during heating, reducing the activity of C, which in turn reduces the vol. fraction of TiCy.
To further test this hypothesis we compared the microstructures of two tape compacts
warm compacted at two different pressures, 2.5 and 6 MPa. After sintering for 4 hrs. at
1600 °C, they were further annealed for an additional 24 hrs at the same temperature.
The samples that were pressed at 6 MPa had a significantly higher volume fraction of
TiCx and the grains were significantly smaller (compare rows 2 and 3 in Table 2). Based
on these observations it appears that lower compaction pressures (2.5 MPa) allow for
easier binder burnout and ultimately larger grains.

These results prompted us to attempt to align the grains by forgoing the binder
altogether and simply vibrating the powders in the mold. The fact that the powders were

flaky to begin with was deemed to be useful. XRD spectra of the sintered samples made
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by simple tapping (Fig. 46¢) revealed that the alignment was comparable to that obtained
by tape casting. However, optical micrographs of sintered samples indicated that the large
surface grains were not as well oriented as those of tape cast samples; some grains also
had prismatic orientations. Interestingly, the core grains, while still small, were
reasonably well oriented. Careful examination of the sintered compacts indicate that the
TiCx content in starting powders was of the order of = 5 vol. %.

The results of the grain growth study carried out at 1600 °C in Ar, on samples made
from the tapped powders are shown in Fig. 48 and listed in Table 2. In =50 h, the core
grains grow from = 20£9 um to 3012 um; the surface grains grow from 300£165 pum to
630+320 um (Fig. 48). At this juncture the pertinent question that holds the key to
understanding this gradient in grain sizes from the surface into the bulk is: did the surface
grains grow abnormally fast or was the growth of the core grains stunted?

At 1600 °C, the grain boundary velocity parallel to the basal planes in TisSiC; is
estimated to be = 120 um/hr [88]. Because this value was measured on reactively HIPed
Ti3SiC, samples for which the grain boundaries were shown to be free of any second
phases [98], these velocities are believed to approach the intrinsic grain boundary
velocities for TizSiC,. In practical situations however, impingement limits the final size

of the grains to roughly 100-300 um after 4 hrs. at 1600 °C [88].
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Figure 48: Results of grain growth study carried out at 1600 °C in Ar on samples
made from the tapped and cold pressed powders. Dashed line represents sample
sintered initially in the presence of silicon in a vacuum furnace and subsequently
sintered in Ar for 24 hrs.

Comparing these values with those shown in Fig. 48, it is clear that the surface grains
are the ones growing at rates comparable to those in the reactively HIPed samples; the
core grains, on the other hand, are growing at a significantly slower rate. In other words,
grain boundary mobility is reduced in the compacts made from pre-reacted TisSiC,
powders. It is thus fair to conclude that annealing in Ar cleanses and/or somehow

thermally etches the powder surfaces near the compact surfaces prior to densification,
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removing impurities that reduce grain boundary mobilities. Once cleansed, the grains
appear to grow rapidly. In the remainder of this paper we present further evidence
consistent with these notions.

The best evidence can be found in the optical micrographs of tapped and sintered
samples (Fig. 49). Here again surface grains, and those in the near vicinity of cracks are
larger than the core grains (Fig. 49b and c). These results directly show, that, at least
initially, even in the absence of a binder, the grain growth rates at, or near, free-surfaces
are significantly higher from those in the bulk. Note in this case no binder was used, and

thus the beneficial effect of annealing in Ar on mobility is intrinsic to the Ar atmosphere.

Figure 49: Typical OM micrographs of tapped and sintered Ti3SiC, sample sintered at
1600 °C for 24 hrs. a) Top view showing large plate-like grains with their basal
planes mostly parallel to the surface.
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Figure 49: b) Cross-section showing large surface grains. c) In vicinity of cracks, the
grains are larger than the core grains. In all micrographs, the white specs are TiCx.
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An alternate explanation, albeit somewhat far-fetched, is that during cold-pressing
and handling of the samples enough impurities are introduced near the surfaces to result
in a liquid forming at the grain boundaries during sintering. Such a liquid would in turn
greatly enhance grain boundary mobility. To eliminate that possibility we carried out the
following experiment. A Ti3SiC, compact was cold pressed in a steel die. The compact
was then buried in more Ti3SiC, powder and the entire assembly was in turn CIPed. This
resulted in a good bond between the compact and the external powder bed, but clearly did
not eliminate contamination from the die. Annealing this compact resulted in a
microstructure (not shown) where the grains at the compact/powder interface were small,
but the grains at the surface of the ClPed outer layer grew large. This experiment
conclusively proves that; i) cold pressing is not responsible for the large surface grains,
and, ii) the grains only grow large when they are adjacent to free surfaces and/or surface
connected cracks.

In an attempt to orient the grains further without the use of binders such as in tape
casting, the samples were made by building layers of oriented powders, one at a time as
previously described (Fig. 45). The resulting samples had similar or only slightly better
orientation compared to cold pressing. A few micrographs of the sample obtained by this
process are shown in Fig. 50. However, though this process showed promise, it was
discontinued due to the tedious and exhausting nature of the experiments and lack of
reproducibility. The orientation of the powder in a layer depended on the thickness of the
layer: the smaller the layer, better the orientation. However, very thin layers were
difficult to handle and significantly increased the time to build to a certain thickness for

the sample.
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Figure 50: OM micrographs of sintered Ti3SiC, sample made by building oriented
powders layers, one at a time - sintered at 1600 °C for 24 hrs. a) Cross section
showing both large surface grains and smaller core grains. b) Grains near the surface.
The results were similar to tapped and sintered samples
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Despite having clean and large grains at the surface, the problem of TiCy and smaller
grains at the core of the samples could not be eliminated. Thus, to over-come the loss of
silicon and or saturation of carbon in the bulk (thus forming TiCy), some of the cold
pressed green compacts were surrounded by loose TisSiC, powders during sintering in
Argon atmospheres. This was done for two reasons: to increase the activity of silicon
around the sample (thus preventing the loss of silicon), and to maintain the beneficial
effect of Ar cleansing and/or thermally etching the powder surfaces near the compact
surfaces (Fig. 51). The sample seemed to have lesser TiCy, thus it was decided to further
study the effects of silicon on the sintering and grain growth kinetics. Sintering the
samples with silicon in the tube furnace however resulted in reaction of silicon with the
refractory alumina tube, thus destroying the tubes. Thus, the studies were conducted in a
vacuum furnace with graphite heating elements.

The microstructures of the three samples annealed at 1650 °C for 8 hrs in the vacuum
furnace are shown in Fig. 52. The sample containing 10 wt. % Si had no TiCy (Fig. 52a)
Most importantly the microstructure was uniform; the grain size distributions at the
surface (= 71+45 um) and the core (74+41) were statistically indistinguishable (Table 2).
This sample also contained some large voids (Fig. 52b) that probably formed as a result
of the melting of Si aggregates. A closer look at one of the voids in the SEM (Fig. 52c)
reveals the flaky morphology of the Ti3SiC, grains. In some locations, the voids clearly
showed evidence of a liquid phase — probably liquid Si or a silicide phase as shown in

Figs. 52d and e.
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Figure 51: OM micrographs of tapped and sintered Ti3SiC, sample covered with
loose TisSiC, powders, sintered at 1600 °C for 24 hrs. The surface grains are
larger than the core grains. The loose powder surrounding the sample has also
densified, the sample had lesser TiCx.

The sample that was adjacent to a pool of molten Si also showed a uniform grain size
distribution, wherein the grain size distributions, both in the core and at the surface, were
also statistically indistinguishable (Fig. 53a and Table 2, row 8). The average grain size,
however, was smaller than the sample for which the Si was mixed in with the Ti3SiC,

powders.



162

Figure 52: Micrographs of Ti3SiC, compacts sintered for 8 hrs and 1650 °C for
sample where 10 wt.% Si was mixed with Ti3SiC,. a) OM micrograph showing
almost no TiC. b) Large voids in the sample possibly due to Si melting and forming
aggregates.
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Figure 52: c) Backscattered SE image of one of the voids showing the plate like
grains of Ti3SiC,. d) Backscattered SE image in another void showing evidence of a
liquid phase that collected through the tiny pores or conduits
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Figure 52: €) Magnified image of some of the tiny pores

Interestingly enough in some areas, the sintered compact was covered by large grains
of SiC (surface grains in bottom left of micrograph shown in Fig. 53a). This is not too
surprising given that SiC lies in the reaction path when Ti3SiC; is in contact with Si [97].
In contradistinction, the control sample, placed in the vacuum hot press with no Si, was
characterized by a = 200 um thick layer of pure TiCy (Fig. 53b). At 13+7, the core grains
were significantly smaller than the other two runs, once again confirming the potent role
of TiCy in reducing grain boundary mobility. This experiment is also in agreement with
our previous finding that high C activities lead to loss of Si and the conversion of Ti3SiC,

to TiCx [97].
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Figure 53: OM micrographs of Ti3SiC, compacts sintered for 8 hrs and 1650 °C for:
a) TizSiC, compact was placed near, but not in contact with, silicon (note almost
total absence of TiCy). b) Control sample with no Si.
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It is important to note that while the presence of Si eliminated the gradient in grain
size from the center to the core, it did not enhance but rather retarded grain growth.
Even after 8 h at 1650 °C, the grains were still significantly smaller than the surface
grains of the pressed and Ar-sintered samples held for less time and lower temperatures
(compare rows 4 and 7 in Table 2). These observations are important because they
strongly suggest that the grain boundary phase that retards grain boundary migration of
Ti3SIC, powders must be Si-containing. Careful analysis of backscattered FESEM
micrographs together (Fig. 54a) with EDS confirmed the grain boundary phase was a Ti-
silicide, most likely TiSi,; however, Ti3SisCx cannot be ruled out at this time. To confirm
that the phase was a silicide, polished samples were etched in a 1:1:1 by volume of
HF:HNO3:H,0 for a few seconds. OM of the etched samples (Fig. 54b) clearly showed
cavitations at the grain boundaries. When these samples were further annealed for 24 h at
1600 °C the grains grew significantly and rapidly (Fig. 54b and Table 2). The growth rate
(= 150 um in 24 h) was the fastest measured for both the core and surface grains in this
work (Fig. 48 dashed line). As important, post-annealing examination of the grain
boundaries showed them to be clean (Fig. 54b). These results suggest that annealing at
1600 °C for extended periods of time, results in the vaporization and/or dissolution of this

Ti-silicide grain boundary phase.
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Figure 54: a) Backscattered SEM micrograph of cross-section of a Ti3SiC,
compact sintered near but not in contact with Si. Note dark grain boundary phase,
which is most probablyTiSi,. Etching the samples dissolves the TiSi, in the grain
boundaries. b) OM of sample shown in a, after further sintering further in Ar, with
no Si present. There is no evidence for silicide phases.



168

The samples produced by the above methods, though had large grains were not used
for the nanoindentation tests. This was due to the number of steps involved in sample
preparation. Instead samples with very large oriented grains made by hot pressing were

used for the nanoindentation testing.



169

VITA

EDUCATION

Ph.D. in Materials Science and Engineering, Drexel University, Philadelphia, PA, May
2004

MS in Mechanical Engineering, Louisiana State University, Baton Rouge, LA, Dec 1999
BS in Mechanical Engineering , Bharathidasan University, Trichy, India, Apr 1995

PUBLICATIONS

A. Murugaiah, M. W. Barsoum, S. Basu and J. Rabier, “Evidence YBa,CuzOs is a
Kinking Nonlinear Elastic Solid”, submitted for publication

M. W. Barsoum, A. Murugaiah, S. R. Kalidindi and T. Zhen, “Kinking Nonlinear
Elastic Solids, Nanoindentations and Geology”, Physical Review Letters, in press

M. W. Barsoum, A. Murugaiah, S. R. Kalidindi, and Y. Gogotsi, “Nanoindentations and
Kink Bands in Graphite Single Crystals”, Carbon, 42, 1435, 2004

A. Murugaiah, M. W. Barsoum, S. R. Kalidindi, and T. Zhen, *“Spherical
Nanoindentations and Kink Bands in Ti3SiC,”, Journal of Materials Research, 19, 1139-
1148, 2004

A. Murugaiah, A. Souchet, T. ElI-Raghy, M. Radovic, Mats Sundberg and M. W.
Barsoum, “Tape Casting, Pressureless Sintering and Grain Growth in TizSiC, Compacts,
Journal of the American Ceramic Society, 87, 550-56, 2004

M. W. Barsoum, T. Zhen, S. Kalidindi, M. Radovic, A. Murugaiah, “Fully reversible,
dislocation-based compressive deformation of Ti3SiC, to 1 GPa” Nature Materials, 2,
107-111, 2003

HONORS AND AWARDS

Graduate Student Research Award 2003 - Recognition by the College of Engineering
for Graduate Research Achievement, Drexel University

College of Engineering Dean's Award Winner for Best Poster at the 6™ Drexel University
Research Day [One of the top ten out of 450 posters presented], May 2004

First place, American Society of Materials, Philadelphia chapter annual graduate student
poster competition, March 2004

First place, Graduate level research paper competition at the American Institute of
Aeronautics and Astronautics (AIAA) Region 1V Conf., Albuquerque, NM, 1999

Work (micrographs) published on the cover of the Journal of the American Ceramic
Society, April 2004 and again in May 2004

AFFILIATIONS
American Society of Materials (ASM international), The Minerals, Metals, and Materials

Society (TMS), The American Ceramic Society (ACERS), Materials Research Society
(MRS), American Institute of Aeronautics and Astronautics (AIAA), 1998-99



