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Microscale modeling of kinking nonlinear elastic solids
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Recently we identified and classified a class of solids as kinking nonlinear e(E$€) because they

deform by the formation of kink bands. KNE solids represent a large family that include, among others, layered
ternary carbides and nitrides, layered oxides and semiconductors, zinc, cadmium, graphite, ice, and the layered
silicates, such as mica, present in nonlinear mesoscopic elastic solids. Herein we present a microscale model
that accounts for the mechanical response of KNE solids to compressive stresses and apply it to two very
different solids: TiSiC, and graphite. Building on the Frank and Stroh model put forth in the 1950’s for the
formation of kink bands, we developed a comprehensive theory that accounts for the contributions of incipient
kink bands(IKBs) and dislocations pile-ups produced by normal glide processes to the nonlinear strains and
stored strain energies. The theory provides estimates for the densities of IKBs, the dislocation densities, both
from the IKBs and dislocation pileups, as well as the energy dissipated by the motion of the dislocations.

DOI: 10.1103/PhysRevB.71.134101 PACS nunider62.20—-x

I. INTRODUCTION attracted to each other at the effigys. 2a) and 2b)]. They
annihilate when the load is removed. When IKBs dissociate,
gwey produce mobile dislocation wali®DWs), and hence
ifreversible or permanent deformatipRig. 2(c)] and dam-

MAX phases are a new class of layered, machinable, ternaff€ in the form of delaminations. It is the coalescence of
carbides. and nitrides. with the chemica{l formll‘xla+1A5(n obile walls that eventually produces the kink boundaries

whereM is an early transition metal is anA-group ele- that result in KBs[Fig. 2(d)] that have been documented
ment (mostly I11A and IVA) and X is C or N. A prime ex-  extensively in the literature21-2¢
ample of theMAX phases is ESiC,, the properties of which In this paper, we present our efforts to develop a micros-
have been extensively studiéd>'” We also believe that cale model for the mechanical response of KNE solids. We
many of the so-called nonlinear mesoscopic ela@tiME)  applied the model to T8iC, and graphite, two vastly differ-
solids discussed in the geological literafré® are in fact ently bonded solids.
KNE solids® All KNE solids deform primarily by kinking
and the formation of kink band¥Bs). We have shown that
kinking—a mechanism first reported by Orow&im single Il. MICROSCALE CONSIDERATIONS
crystals of Cd loaded parallel to the basal planes—is the
physical origin of the hysteretic, nonlinear elastic, behaviorI
exhibited by these solids.
The loading-unloading stress-strain curves of KNE solids o o
in the elastic regime outline nonlinear, fully reversible, re- ot~ £ ten = E *t &g * epps (1)
producible, closed hysteresis loops whose shape and extent
of energy dissipated are strongly influenced by grain sizewhereo/E represents the linear elastic component, wtere
with the energy dissipated being significantly larger in thedenotes the Young’'s modulus of the material amdthe
coarse-grained materiaThe response is nonlinear and hys- uniaxial applied stress. In the most general case, and in the
teretic(Fig. 1). In prior studies;*we attributed these unique absence of phase transitions and/or microcracking, the non-
characteristics to the formation and annihilation of incipientlinear fully reversible strairey, is comprised of two compo-
kink bands(IKBs). Incipient and regular KBs have also been nents. The first g is due to IKBs and the second—due to
held responsible for the fully reversible and hardening bebasal slip that leads to dislocation pileu@P9—is denoted
havior of KNE solids as diverse as graphite and mica in-asepp. Note here that because of the layered nature of KNEs
dented with spherical indenter at the nanolength séafes.  both strains are fully reversible. In what follows each will be
KNE solids are characterized by a marked anisotropy irdealt with separately.
their plastic properties at the single crystal level. They do not At this juncture it is worth noting that in general the re-
twin, but deform by kinking. We thus postulated that a suf-sponse of KNE solids to cyclic stress is one of two types.
ficient, but not necessary, condition for a solid to be a KNE isType | is one in which the first and all subsequent cycles to
a highc/a ratic®. If c/a is not high then, the solid should the same stress are fully reversitjleig. 1(@)]. Type Il re-
have a lowc,,. In recent papets® it has been emphasized sponse is one in which the first cycle is slightly open—i.e.,
that the formation of IKBs must precede the production ofresults in a permanent deformation—but all subsequent
regular KBs. IKBs are made up of near parallel walls ofcycles to the same stress are fully revers[iflig. 1(b)]. The
opposite sign dislocations that are undissociated, i.e., stilesponse of th&#1AX phases is of type I; that of graphite and

In recent papers;* we have shown that thlAX phases,
mica, graphite, hexagonal BN and most probably ice, can b
classified as kinking nonlinear elasti&NE) solids. The

The total strains;,; can be additively decomposed into a
inear elastic strain and a nonlinear strajy :
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FIG. 2. (Color online Schematic description of the formation of
60 L | a kink band.(a) A thin elliptical subcritical kink nucleus is formed
= | . with 2a>2B. The boundaries are comprised of dislocation walls
E, . (shown in redl of opposite sign, and a uniform spacing Bf (b)
% 40| o 4 ] Formation of an IKB in hardred grains adjacent to softlue)
8 .:i‘ e Cvet 1 grains. The lines in the grains denote basal planes. An IKB is fully
f 9-:4 . c§c2 reversible upon the removal of the loa@) Mobile dislocation
20 | f/‘f’ﬂ : g;gi ] walls formed by the sundering of IKBs. Solid inclined lines denote
A Cyc5 walls that have separated from the source and are moving away
WA s from it. This only happens at higher temperatures and/or high
0 p‘( ﬁ"‘ g stresses(d) Same agc) but after removal of stress, emphasizing
0 0002 0.004 0006 0.008 0.01 0012 0014 formation of permanent kink boundaries that are indistinguishable
Strain from grain boundaries. These KBs, in effect, reduce the domain size

FIG. 1. (Color onling Typical stress-strain curves of KNE sol- and result in hardening.

ids, (a) Ti3SiC, which is of type | andb) graphite, which is of type

Il. linear elasticity, arising from stretching of atomic bonds, and
Uikg andUpp are the stored energy components from IKBs
and DPs, respectivelyHere W, represents the energy dissi-

hexagonal BN for example, is of type Il. The reason for the : . i : i
ated in a complete loading-unloading cycle, consistent with

differences in response is unclear at this time, but may b& ) . J ~J X
ur earlier papersThe rationale for dividing/Vy by two is

related to the ease of delaminations and/or weak grai ; S TS .
boundaries in type Il solids. This comment notwithstandingt at .apprOX|mater h"fllf the energy d|35|p§t|on oceurs dgrmg
ading and half during unloadingReferring to Fig. 3, it

more work is needed to understand the differences. Theéic@" hat the hatched h
distinctions, however, are not important to this work for two '0lloWs that the hatched area represeldig, where

reasons: We only model ttally reversibleresponse, and the =
; . . UnL = Uis + Upp.
permanent strains recorded in the first cycles are usually
quite small. Note thatW, corresponds to the area enclosed by the hyster-

Herein we seek to establish a re|ati0nship betweﬂg esis |OOpS, and is distinct from the definition Uf\“_ Also
andepp and their contributions to the stored nonlinear strainnote that
energy per unit volum&Jy, . The totalstoredstrain energyJ Uws = 1/20¢ )
is defined as théotal mechanical energy input into the sys- NL NL
tem during aloading sequence minus the energy dissipated At this juncture it is useful to separate the discussion and
due to internal friction as a result of dislocation motion. Foraddress the contributions of the IKBs and the DPs separately.

a monotonic loading segment, it follows that To carry out some of the calculations outlined below, a num-
ber of material properties, listed in Table I, are required. The
o W rationale and references for the choices made can be found in
u=w =U g+ Ukg + Upp, .
the Appendix.

where W represents the total mechanical energy input into
the system(total area under the measured stress-strain
curve, W, is the energy dissipated in a complete loading- Frank and Strof? (FS) proposed a model in which pairs

unloading cycle U g is the stored energy component from of dislocations of opposite sign nucleate and grow as a thin

A. Nonlinear elastic strain from IKBs
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Elastic Response while perfect, are mixed and self-organize in walls such that
the screw components alternate, hence reducing their
energy? In graphite the dislocations split into partials, also
reducing their energ?/.

Equation(4) suggests that the stress for kinking decreases
with increasing 2. In reality, 2« is constrained by the thick-
nesses of the individual grains, or domains in which the kink
are being producedsee below Therefore, once a kink
- Uelastic nucleus is formed and the condition for unstable growth is
met[Eq. (4)] the kink will grow rapidly until it meets a grain
boundary. If the kink remains undissociated at this juncture,
we refer to it as an IKB [Fig. 2b)]. IKBs are fully
reversiblet

FIG. 3. Schematic of stress-strain curve upon loading. The The width of the band, 2 is given by?®
shaded area represetilg, =W-o0?/2E-W,/2, whereW is the to-
tal area under the curve aMily is the energy dissipated per cycle 28~ 2a(1-v)
per unit volume. Also shown are the linegg, and nonlineaky, 2Gy,
contributions to the total strain. Note th, =1/20¢y, .

Stress

©)

Assuming the IKBs to be cylinders with rad8 the total
o : : . . energyU kg needed to creatdl, kinks per unit volume is
elllptlca_l kink with dimensions @ and 23, such thqt !, _ given by
>2B[Fig. 2(a)]. It has been postulated that a subcritical kink

can grow by pr.oducing new diglocatiorj pairs. at its gdges, or Gbary, ( b )

conversely shrink by annihilation of dislocation pairs. Spe- Uig = 27BN)—In| — |, (6)

cifically, FS derived the following condition for the unstable . Me

growth of kinks: where (Gbay,/7)In(b/ry,) represents the energy per unit
b 3\6(1 - 0) Tioe length of dislocation line needed to create a kinked region of

Vo= — = ———, (3)  length 2v.° In Eq. (6), for reasons discussed earlier, the

D 2G (1-v) term in the denominator was omitted.

whereD is the distance between dislocations along|[Eig. The strain produced by these kinks is

2(a)]; vy, is the critical kinking angldor shear strain G and ’

v are the shear modulus and Poisson’s ratio, respectiygly. 2ma "y Ny 7)

EkB = ,
is the local shear stress needed to form a dislocation pair; in <8 k

metals it is usually assumed to beG/30. If the same as- herek ¢ h | he IKB sh .
sumption is made herey is small; it is ~0.07 for TSI, W erek represents a factor that relates the shear strain at

and~0.065 for graphite. the grain level to the macrosc_ale uniaxial strain. This factor
The remote shear stress, needed to render a kink would depend on various mlcrostructurall parameters that
nucleus unstable and grow depends enadd is given b§p Woul_d cont_rol the orientations of the IKBs with respect to the
loading axis, e.g., the crystallographic texture in the sample.
o 2bG?y, [ b Here we assumk is equal to 1.
TETE S | — /. (4) At low stresses, it is reasonable to assume that the internal

aTT r
Ye stress is constant and equal to that given by @g. Thus
where 7. and o are the critical shear and axial stresses,combining Eqs(4)—(7) yields

respectivelyr is related to the core energy of the dislocation
and is of the same order as the Burgers vebt& Through- _ \/ G?by, b
out this paper we assume=o/2. FS modeled pure edge Uiks = 2a(1—v)2|n r_yc €IKB -
dislocations, which introduces @ -v) term in the denomi-

nator of Eq.(4). This term was omitted here, and in the Note that the term under the square root is essentially
reminder of this paper, because in;SiC, the dislocations, given by Eq.(4). It follows that as long as the applied stress

(8

TABLE I. Summary of material constants and some values calculated herein. See the Appendix for
rationale and referenceN. is the number of loops per IKB.

GGPa v b@A) r/lb y(rad A @Em 2a@Em) o, (MPa o, (MPa N

FG 144 0.20 3 11 0.07 8+4 3%£1.5 250 216 700
CG 42+39 20x16 130 50 4670
Graphite 4.5 025 14 11 0.065 0.624 0.023 57 23 10

aThis value was estimated from the intercept of the line labeled graphite alongakie and Eq(11).
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is low, theno= ., and Eq.(8) can be used to calculatedif
a is known.

If that assumption is not made, then combining E@$,
(5), and(7) results in

U = / GZ')’C eLs
B 27(1 - v)°Nya® B’

9)

This relationship—which is valid over the entire loading do-
main as long as the total nonlinear strain is assumed to be

due to IKBs alone—can be used to calculéig again as-

suming 2 is known. Interestingly at high stresses and/or for

very fine-grained solidsl,® should be of the order of unity,
a fact borne out by the results shown below.

B. Nonlinear elastic strain from dislocation pile-ups

The number of dislocations in a pileup on a single slip

plane is given bs?

TNT

n=—

Gb’

where \ is the length of the pileup. The presence Nyp
pileups per unit volume, will result in a strain of

Epp= nNDp)\Zb. (10)

Using this equation and assuming the energy required to pro-
duce one dislocation loop per unit length of dislocation line

is =~Gh?/2 it follows that

7Gb

. €pp-

2\ (A

Upp=
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FIG. 4. (Color onling (a) Plot of Uy, versusey, for the three
materials tested herein. The prefactors and strain shifts, presumably

In deriving this equation the length of the average dislocatiojue to DPs, needed to obtain the best agreement between theory and

loop was assumed to ber/2. In this paper) is the grain
diameter{Fig. 2(b)].

Combining Eqgs.(8) and (11) the following relationship,
only valid at lower stresses, is obtained:

7Gb \/ Gy, ( b )
—_— ———In| — . 12
o eppt 2a(1-v)? n (v €IKB (12)

Similarly combining Egs(9) and (11) one obtains the rela-

NL =

tionship
wGb Gy,
U= o P\ g (19

that should be valid over thentire stress regime. As dis-

experiment are shown in the form of an equation, where the expo-
nent on the strain term was fixed at 1(6) Same aga), but em-
phasis on low strain corner. Dashed lines represent the first term on
the right hand side of Eq.12), assuming\ is the grain diameter.
Solid lines are least squares fits of the low stress results from which
r is calculated for the FG microstructupreiz. from second term of

Eg. (12].

coarse-grained I8iC, are shown in Fig. &).

Given that KNE solids possess less than the five indepen-
dent slip systems needed for ductility, initially upon loading
DPs occur in grains oriented favorably for basal slip, the
so-called soft grains. With increasing stress, there is a
buildup of large internal stress€3417-2%nd kinking is ini-

cussed below, for most KNE solids with grain sizes greatetiated in the hard grains. To simplify the discussion, we as-
than =1 um, the first term can be ignored relative to the sume these mechanisms occur sequentially and consider two

second term and E@13) can then be rewritten as
/ Gzy
U ~ -/ _ 1.5. 14
NL 2m(1 _U)gNkag(SNL £pp) (14)

C. Experimental data and analysis

From our experimentg we can readily measutgy, , as a

regimes; a lows regime where Eq(12) is valid, and a sec-
ond regime where Eq13) is. Each is treated separately be-
low.

1. Low stress regime

The dashed lines in Fig.(d) represent the first term in
Eq. (12) based on the values listed in Table I, i.e., assuming
\, to be the average grain diameter. In the case ¢8I, it

function of ey . The results for graphite, fine-grained and is obvious that the contribution of the dislocation pileups to
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TABLE II. Summary of experimental results and calculations. Note in these calculationsrtiialzes
used for the FG and CG 33iC, were 3 and 11um, respectivelyNxg was calculated from Eq7), assuming
B is given by Eq.(5). The average distance between IKBgg = (Nkg) >3, is listed in the last column.

o 2B U Wy Nk 5
Solid (MPa) (um) £IKB (MI/m®)  (MI/m?) (um)~3 (um)
TigSi ~1 assumin
?:GCZ 105 0.012 0.00024 0.007 0.0023 9.3 Nige =1 10%8 rr?‘3
260 0.03 0.0005 0.053 0.021 8.2
365 0.043 0.0006 0.112 0.055 1.9
470 0.056 0.0008 0.20 0.12 15
625 0.074 0.0013 0.49 0.24 1.4
845 0.10 0.0022 1.12 0.47 1.3
915 0.11 0.0023 1.33 0.47 1.2
985 0.12 0.0026 1.65 0.56 11
TisSi ~1.5 assumin
éGCZ 50 0.02 0.00056 0.014 0.002 1.9 Ny =0.3% 1018 ng_g,
100 0.04 0.001 0.047 0.008 6.9
165 0.07 0.0011 0.078 0.02 0.3
200 0.09 0.0015 0.134 0.04 0.3
246 0.1 0.0016 0.18 0.067 0.2
Graphite 36 0.0012 0.0017 0.048 0.01 9.80°2 ~0.01 assuming
Nig =5X 102 m™3
50 0.002 0.0024 0.091 0.025 K0P
63 0.0021  0.00345 0.161 0.041 &a0°
75 0.0025  0.0046 0.256 0.065 x8.0°

aThese values are too high and must be due to the uncertainties in the calculatjgs af the low stresses.

Une in both microstructures is quite small. It follows that the the results obtained are a weak functionrpfand if better
main effect of the DPs is to shift the solid lines to the right. values ofr are available in the future, they would have to be
Said otherwise, at least for ;BiC,, the intercept along the  radically different than those chosen here to alter any of our
axis is a measure of DP activity. This conclusion should beconclusions. Along the same lines, the range efalues is
valid for most KNE solids that tend to crystallize as thin limited; r can vary from a minimum ob to a maximum of
plates for which\ > 2« insuring that the coefficient of the b/y.. Higher values of would result in imaginary energies
first term in Eq.(12) is always much smaller than that of the [see Eq.(12), for examplg.
second term. Even in the case of the submicron-grained Oncer and 2v were determined, 2andNg are calculated
graphite(0.023um, see Table)ltested here, thepp prefactor  from Egs.(5) and (7), respectively. These resulting values
in Eq. (12) is an order of magnitude smaller than thgg are listed in Table Il as a function of stress. The average
prefactor. Needless to add, larger grain diameters, reduce tliistances between IKBs(last column in Table )l was esti-
contribution of DPs tdJy, even further. mated assuming=(1/Ny3, i.e., we assume the IKBs to be
The solid lines in Fig. &) are plots of the second term in uniformly distributed. In all case8 was found to be>2g.
Eq. (12) shifted to the right. These lines were generated as _ _
follows: First the slope of the line shown in Fig(b for FG 2. High stress regime
Ti3SiC, was used to calculaig assuming & to be the value Figure 4a) plots Eq.(14) by fixing the strain exponent to
measured from image analysis, vizu® (Table ). Oncer is 1.5 and varying the prefactor. The excellent agreement be-
determined, the slope of the CG3¥iC, line is used to cal- tween theorydashed lingsand experiment for all three sol-
culate the 2 in that microstructure. The value calculated, 11ids over the entire stress range is gratifying and implies that
pm, is in good agreement with the value of 2letermined  the experimental results are consistent with our model. From
from image analysis, i.e., 20+ 16m (Table ). the prefactors shown in Fig(# and Eq.(14), we calculate
For graphite the slope of the line is used to calculate N,a®=3 for FG TiSiC,, 22 for CG TgSiC,, and 0.5 for
assuming 2 to be that determined from XRD peak broad- graphite. These values are quite reasonable and hover around
ening(see the Appendjx It is gratifying that the values af 1 for the FG TiSiC, and very fine-grained graphite samples.
determined herein for both 3$iC, and graphitg§~11b) are ~ Assuming 2r for the FG, CG and graphite are, respectively,
quite reasonable, and in the case ofSIC, bolstered by 3, 11, and 0.023um, the respectiveN,’s are 9x 10'7,1.3
direct high-resolution TEM micrographé Needless to add, x 10" and 3x 1023 m™. These numbers are in excellent
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agreement with the same values obtained from i) 4nd 020 ' ' ' ' -
listed in the last column in Table II. @ )
To summarize, upon initial loading DPs in the soft grains I , Coar%gic_scfcamm
result in an initial strain; the energy needed to form the pile- 015 | Slopf:“f‘;ffo_“ Slope = L13x10™ 8
ups, however, is negligible compared to that needed to form R>0.99 R*>0.99
the IKBs. It follows that the< axes intercepts of plots such as P /
the ones shown in Fig. 4, yield information about dislocation E om0 | _ . 1
pileups. The slopes of the lines, on the other hand, are related %‘, / Fm;Gsriacmd
to IKB formation. Remarkably, therefore, an almost com- & ’ P
plete picture of the dislocation distributions, density, shapes, 0.50 , Slope = 7.3x10" e
interactions, etc., can be determined from a single KNE solid / R*>0.99
stress-strain curve. wﬁ .
0.0 I L1 n | - PR B
0 1x10° 2x10° 3x10"
D. Dissipated energy o’ (MPay’
The energy dissipated per unit volume per cylewhich o1 ,
arises from the energy dissipated or friction due to disloca- ®
tion motion is another important clue to what is occurring. If I
we assume that a dislocation loop sweeping an arf3
dissipates an energy per unit aréh,then in one cycle y
Ti,SiC, G
g 001} cG -
W, = 2Nk7732%a9. (15) = T
The factor of 2 comes because of the opening and closing of
the IKB loops, i.e., loading and unloading that we assume Graphite
are equal; the number of dislocation loops per IKB i D.
Eliminating 8 using Eq.(5) yields ooty | o S
10 100 1000
Stress (MPa)
WQNka’3 2
Wg= W(Oz - 0a}), (16) FIG. 5. (Color onling (a) Plot of W, versuso?. The intercept of
[

the lines with thex axis is equal to the threshold stress squaged.

. . L log-log plot of () vs maximum applied stress in each cycle.
where oy is a threshold stress below which no kinking oc-

curs. It follows that ifast is a weak function of stress, then work is needed to understand the re|ationshipf)ofo other
a plot of Wy versuso® should yield a straight line with a material properties and its dependence on the state of applied
slope proportional td) and an intercept equal 0%. The  stress and microstructural variables. This work is ongoing.

excellent linear relationship shown in Fig(ah indirectly Assuming Q for graphite, FG and CG T8iC, to be

confirms that to be the case. Note thawiiN, were a func-  ~0.001, 0.02, and 0.01, respectivéRig. 5(b)], N.a can be

tion of stress, the exponent on the latter would>b2. calculated from Eq(16) and the slopes of the lines shown in
Multiplying the square of Eq(9) by Eq.(16) yields Fig. 5a). At 16, 5, and 0.7, respectively, these values are in

excellent agreement with the values calculated from Rig. 4
o 12 (see previous sectipnThis independent check on the values
= 2b(1 ~v) Uy, Wa for o> a. (17)  of Ny in the different solids lends even more credence to
(ent — €pp)*(0? = 0}) our model.
In principle, for an ideal system with monosized grains,
This is a powerful expression because it allows us to calcue; =~ o.. One way to measure, is from plots such as those
late 2 without knowing the atomistic details of the IKBs, shown in Fig. %a). Least squares analysis of these plots,
i.e., Ny, a or B. It is important to note that this relationship results ingy's for graphite, CG and FG T8iC, of 23, 50,
assumes thaiVy results from IKBs alone, which is a good and 216 MPa, respectively. The corresponding values_of
assumption as long as the first term on the right-hand side afalculated from Eq(4) are 57, 130, and 250 MPa. This
Eqg. (13) is significantly smaller than the second. Figufg)5 agreement has to be considered excellent given the many
plots a log-log of the right-hand side of E4.7) as a function  simplifying assumptions made and in view of the fact that
of applied stress for both J$iC, and graphite. The results is calculated using the average grain size, whilés more
show that() is a function ofo. As a first approximation itis dependent on the size of the largest grains in the distribution.
not unreasonable to equdtd b to the critical resolved shear Consistent with this notion is the fact that the agreement
stress for dislocations gliding on the basal planes. This combetweenc; for the FG material is better than the one for the
ment notwithstanding, it is hereby acknowledged that moreCG with its wider grain size distribution. Note that the value
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A sities in the various samples are weak functions of stress.

, — TiSiC, o ] The response of the two j8iC, microstructures to stress are
150 |- a . . also different; the density of IKBs are between 4 and 5 times
: AN TLAIC  hSiC higher in the FG material. The IKBs in the FG material,

however, are=3 times slimmer than in the CG samples and
the main effect of increasing the stress is to incre@se

— > Kinking J

E Nonlinear Solids ] In Ti3SiC, the spacing between dislocationsn a wall is
e Siw e GaN ] 43 A. The number of dislocation loops per IKB in the FG
oF S0 . ] and CG samples is, respectively, 700 and 4670. Thus the
o 78 ] total dislocation densities, in the FG and CGSiC, micro-
| za0—*8ca ] structures, are=4x 10 m™2 and =~9x 10 m™?, respec-
Mica | @ Me ] tively. These values are quite reasonable and fall in between
© Graphite | Be BN ] those of well-annealed metal crystals and heavily cold-rolled
B 2 5 & & 4 ¢ ones? Note these numbers do not include the DPs. They are
c/a also in good agreement with the value 0ok20'* m™2 deter-

mined from transmission electron microscope micrographs
FIG. 6. (Color onling Plot of ¢, versusc/a for non-KNE (solid ~ of bent areas in mic&

squarep and currently known, or suspected KNE soli¢solid In graphite, D=21 A and the average number of dis-
circles. Solids that fall to the right of the near vertical line should locations per IKB is 20, for a total dislocation density
be KNE solids. of =1x 10" m™% a value that is roughly 20 times higher

than typical values in heavily cold-rolled met&fsAt this
point it is not clear whether this result is plausible because of
the nature of graphite, or is a reflection that some of the
microstructure—which would be more relevant for calculat-St'ain measured is a result of the fact that the samples were

ing o—the latter would be=~100 MPa and thus in better porous, ie., d_ue t_o sample compliance. We believe it is most
agreement with experiment. likely a combination of both. Clearly more work is needed

Two other factors can play an important role in reducingn€re: _ _ _
ov. First, the presence of potent nucleation sites for IKB for- Some final comments: We would like to point out that the
mation. In the FS model the local stress required to nucleatBlly reversible nature of the IKBs permits us to contemplate
a dislocation dipole i$5/30. The presence of flaws and in- & heretofore impossible task: the development of a thermo-

clusions, for example, could act as potent stress concentrdynamic model that explicitly includes dislocations. We be-
tors that in principle should reduas. lieve this paper is a first, but important step, in that direction.

Second is the loss of constraint. Since the formation ofurthermore as noted above, we postulated that a sufficient

IKBs is essentially a buckling phenomenon, it is greatly en-condition for a so_lld to be a KNE is solid is a higia ratio
hanced when the grains are not constrained or confined. F&Nd/or a lowcy,. Figure 6 plots the latter values for a number
example, KBs form preferentially at the corners of cubes, ©f Solids, some of which are known to kink and others that
and the mechanical properties are strong functions of th@"€ not. Based on this map it would appear that KNE solids
state of stres&:17 Similarly, the thresholds for the formation lie to the right of the |nc_I|ned vertical line and hence consti-
of IKBs under spherical nanoindentations are several time&/t€ @ huge class of solids.

higher than the compressive strengths of the maténsie

of 2« used to calculater; for the CG samples was Lim
[i.e., that determined from the results shown in Fid)# If
instead the @ used is the one determined from the

havg also recently shown that poroug3iC, samples can ACKNOWLEDGMENT
dissipate more energy, on an absolute scale, than fully dense .
ones® Given that the graphite tested here 420 vol. % This work was supported by the Army Research Office

porous, the lows, value measured is not too surprising.  (Grant No. DAAD19-03-1-0218

The excellent agreement between the widths of the grains
obtained from Fig. &) and the actual average width is quite APPENDIX
gratifying and lends great credence to the FS model. The
agreement observed between theory and experiment shown The room-temperature Young’s, shear, and Poisson’s ra-
in Fig. 4(a) over the entire stress regime, with essentially notios of Ti;SiC, have been measured several times and it is
fitting parameters is even more remarkable considering theow fairly well established that these values are, respec-
wide range—over three orders of magnitude—of grain sizegively, 340 GPa, 144 GPa, and G2The dislocations are
examined and the huge differences in bonding betweeperfect and mixed with a Burgers vector is 3.02®.The
Ti;SiC, and graphite. In the former the bonds are a combi-dislocations arrange themselves in walls with alternating
nation of covalent, metallic, and ion#;32in the latter the  screw components®®

bonding between the basal planes is van der Wda\ore- Typically the grains in T4SiC, grow as thin hexagonal
over, graphite is elastically hugely anisotropic, whilgSiC,  plates®!? Given that the IKBs grow with their long dimen-
is quite isotropic sion 2« parallel to thec axis, the relevant microstructural

It is important to put the numbers calculated in Table Il in parameter is thevidth of the grains and not their length. Two
perspective. Based on these results the total dislocation deifi#3SiC, microstructures were tested; one in which the grains
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were fine, equiaxed with an average thickness of 3#ib The graphite used was commercially availaljerade
and a narrow grain size distributidh The average diameter 1SO-36, Toyo Tanso, USA, Troutdale, QRThe average
of the grains\ was 8+4um.!® The second was coarse- grain, or crystallite size, determined from x-ray diffraction
grained with a wide grain size distribution. The average grairline broadening was 0.028m. Its density was 1.83 Mg/
width was 20+16um;'® the average diameterh was  which implies it was=20 vol.% porous.
42+39 um.*® The details of how these samples were made Partials exist in graphite and their Burgers vector is 1.42
and their microstructures can be found elsewhere. A.27 Young's modulus for polycrystalline graphite 10 GPa
In both casesy, was calculated using E@3) assuming was determined from the slopes of the initial unloading por-
Tioc WasG/30. B was calculated from Ed5). Note that the tions of the stress/strain curvisig. 1(b)]. This value is typi-
maximum value of is b/, or =15b, before the term under cal for the polycrystalline graphite used here. The shear
the square root in Eq$4) and(8) becomes negative. modulus was taken to be equaldg, or ~4.5 GP&’
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