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Abstract Increasingly, the essential, robust character
of many nanoscale devices requires knowledge of their
fracture toughness. For most brittle materials the tech-
nique of choice has been indentation mechanics but lit-
tle insight into the fracture mechanism(s) has resulted
since these have generally been treated as brittle frac-
ture dominated by the true surface energy. Linear elas-
tic fracture mechanics approaches have been invoked to
describe indentation fracture but do not address why the
surface energy from fracture toughness is most often
slightly or even substantially greater than the true sur-
face energy. In the present study we invoke a crack
extension force correlation that demonstrates why this
is the case at least in fracture measurements based on
indentation mechanics. The proposed correlation is dif-
ferent from previous ones in that it focuses on observa-
tions of indentation-induced dislocation activity prior
to fracture. Allowing the resistance side of the crack
extension force analysis to incorporate small amounts
of plasticity gives a relationship that is consistent with
22 relatively brittle intermetallics, semiconductors and
ceramics. This explains why measured strain energy
release rates can be 2 to 5 times as large as surface
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energies measured in vacuum or calculated by pseud-
opotentials using the local density approximation.
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Why are fracture toughness and hardness values
highly correlated (Veprek and Argon 2002; Yonenaga
2005) in many hard materials? We propose that disloca-
tion activity precedes fracture by indentation in almost
all crystalline, single-phase materials in the absence of
grain boundary failure. This leads to a correlation func-
tion for predicting mode-I or mode-II fracture tough-
ness, Kic or Ky, that is validated by independently
determined dislocation shielding models (Huang and
Gerberich 1992; Li 1986; Lin and Thomson 1986). Pre-
viously hardness and fracture toughness correlations
were basically linear-elastic fracture mechanics based
upon hardness representing a stress and using measured
crack lengths. These defined an applied stress intensity
which, with a constant, correlated the measured frac-
ture toughness to other measures of fracture toughness
(Anstis et al. 1981; Evans and Charles 1976; Lawn and
Wilshaw 1975). This says nothing about the resistance
side of any fracture toughness relationship. What is new
here is invoking a plasticity-based dislocation shield-
ing argument for some of the most brittle of materials
undergoing indentation fracture. This is described as
a crack extension force on the driving force side and
as a crack-tip shielding force on the resistance side.
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In the simplest of terms, the crack extension force at
instability is balanced by the total dislocation shielding
resistance that is represented by the plastic displace-
ment of the nucleated dislocations. This total resis-
tance can include both the shielding of the indenter
tip (a back stress) and the shielding of the crack-tip.
Therefore it is possible to estimate fracture toughness
using the hardness, H, and indentation modulus, E,
values that are routinely determined with nanoinden-
tation. The proposed model is consistent with 22 rel-
atively brittle intermetallics, carbides, nitrides, oxides,
silicides, and semiconductors as well as diamond with
K values less than 8 MPa m'/2.

Given the relatively recent findings that nanoscale
structures can be both harder and tougher than their bulk
counterparts (Gerberich et al. 2003b, 2006; Yonenaga
2005), there is considerable interest in using
intermetallics and semiconductors in photonic and
microelectromechanical system (MEMS) applications
as structural members (Moody et al. 2006). It is there-
fore necessary to address the reliability, and thus
fracture toughness, of these macroscopically brittle
materials at the nanoscale. Recent studies (Veprek and
Argon 2002; Yonenaga 2005) have examined the rela-
tionship between hardness and fracture toughness of
such materials but have not given significant insight
as to why such correlations might be appropriate to
single crystals. Considerable plasticity by dislocation
slip does occur easily in intermetallics (Ghosh 2004)
undergoing indentation. However accepting disloca-
tion plasticity for semiconductors, oxides, silicides, and
carbides at room temperature is somewhat more diffi-
cult to envision. Nevertheless, room temperature dis-
location plasticity in single crystal silicon has been
observed via TEM images during nanoindentation
(Minor et al. 2005). It has also been observed during the
TEM-in situ compression of individual silicon nano-
particles preceding cleavage fracture (Deneen Nowak
et al. 2007). Additionally there is ample post-mortem
TEM evidence in both silicon carbide (Page et al. 1998)
and molybdenum disilicide (Boldt et al. 1992) that dis-
location activity precedes crack formation in nano- and
micro-indentation. If fact, new research shows that dis-
location plasticity can emanate from sharp surface con-
tacts at even nano-Newton loads (Cross et al. 2006;
Minor 2006), and is more prevalent than previously
imagined.

The proposed concept then is that all the materials
presented here have dislocation activity. This leads to a
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theoretical construct in which the applied crack exten-
sion force is resisted by a corresponding force from
emitted dislocations. Such dislocation shielding con-
cepts are not new (Burns 1986; Gerberich et al. 2003a;
Li 1986), but we are not aware of any attempts by inves-
tigators in the intermetallics and ceramics communities
to couple these two concepts for extremely brittle mate-
rials. For example Lawn and Wilshaw (1975), Evans
and Charles (1976), Anstis et al. (1981) among many
others found correlations between Ki., E and H, but
these required knowledge of the crack lengths involved.
The most popular of these correlations quoted in many
textbooks is

E/H)'? P
Kpe = TELDE (M
where P is load, c is crack length and n = 0.016
which is taken to correct for the difference in Ky val-
ues measured by indentation versus conventional ten-
sion or beam bending methods. The underlying fracture
resistance mechanism of the indented material includ-
ing any possible role of dislocation plasticity is not
considered with this analysis. This may be partly due
to the unavailability of fracture toughness information
until recently (Ghosh 2004; Yonenaga 2005) and partly
due to few dislocation studies that have accompanied
fracture results obtained by indentation (Boldt et al.
1992; Page et al. 1998). In this theoretical construct,
we have attempted to use hardness data taken at rel-
atively low loads so as to measure the yield stress,
oys, based upon Tabor’s general criterion that yield
stress is one-third the material’s hardness. Addition-
ally, every attempt was made to obtain fracture tough-
ness values from single crystals or large grain poly-
crystals where indentation-induced cracks were con-
tained within a single grain thus minimizing the likely
hood of additional energy dissipation mechanisms such
as non-local dislocation activity or unaccounted for
microcracking. Furthermore, single crystals with two-
phase microstructures common in some intermetallics,
such as TiAl, were avoided. As such, data reported rep-
resent closely the fracture resistance of single phase,
single crystals with relatively low initial dislocation
densities.

For the intermetallics, most data come from Ghosh
(2004) for Sn-based systems while the semiconduc-
tors, nitrides and carbides come from multiple sources
mainly assembled by Yonenaga (2005). A range of frac-
ture toughness and hardness values for diamond and,
hence, yield strength was obtained from four sources
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Table 1 Data for 22 semi-brittle materials are given where E is elastic modulus, p is shear modulus, v is Poisson’s ratio and b is the

Burgers vectors for the most likely slip system

Material E (GPa) v i (GPa) b (nm) H (GPa) oy (GPa) 1y (GPa) Kic /MOysb Reference
(MPam!/?) (MPam!/2)

AuSny 71 0.312 27.1 0.59 05 0.17 0.11 2.5 0.052 1

AlggTinsMng 174 0.108 79 0.284 - 0.32 0.21 35 0.085 2

CugeSns 97  0.309 37 ~0.57 344 1.15 0.76 2.8 0.156 1

Ni3zSng 118  0.318 44.8 ~0.60 3.4 1.13 0.75 4.2 0.174 1

NiAl 200 031 76 0.288 4 1.38 0.89 5.3 0.168 3-5

Cu3Sn 123 0.319 46.7 0.55 4.22 1.41 0.94 5.7 0.19 1

ZnSe 65 028 253 0.245 1.1 0.37 0.24 0.9 0.048 6-8

InAs 65 033 259 0.26 2.63 0.88 0.59 0.3 0.077 8,9

InP 99  0.36 302 0.25 449 1.5 1 0.44 0.107 8,10

Zn0O 161 0.36 50 0.18 4.7 1.57 1.05 0.6 0.119 8

GaAs 123 031 415 0.245 55 1.83 1.22 0.51 0.136 6,11

GaP 147 031 49.7 0.236 7.73 2.58 1.72 0.65 0.159 8

Ge 103 0.28 489 0.244 7.12 2.37 1.58 0.6 0.168 8

Si 160  0.218 60.5 0.235 12 4 2.67 0.7 0.238 6,8,12,13

GaN 287  0.17 116 0.196 10.2 34 2.27 1.10,0.8 0.278 6,8

MgO 242 0.18 129 028 9 3 2 1.2,2.5 0.329 6,7

MoSi, 400 0.15 175 0.293 8.7 2.9 1.93 3 0.386 14,15

AIN 345 022 133 0.192 17.7 5.9 3.94 2.9 0.388 8,16

Al,O3 393 023 170 0.387 28 9.33 6.22 2.5 0.682 6,8

aSiC 430 015 192 0.188 33 11 7.34 3332 0.63 6,8,17

Diamond 1050  0.072 478 0.252 80,100 26.7,35 17.8 53 1.79 6,18-21

CVD S.C. diamond 1050  0.072 478 0.252 153 51 34 8 2.48 21

Yield strengths are presented both as the hardness conversion, H /3, and as a shear yield, ys, of two-thirds oy described by Johnson
(1987) as the maximum reduced stress criterion. The last column represents the correlation function as described in Fig. 1. Reference
numbers refer to: 1—Ghosh (2004); 2—Kumar (1993); 3—Bergmann and Vehoff (1995); 4—Gerberich et al. (2003a); 5—Kitano and
Pollock (1993); 6—Drory et al. (1996); 7—Mecholsky et al. (1976); 8—Yonenaga (2005); 9—Louail et al. (2006); 10—KIlose et al.
(2002); 11—Margevicius and Gumbsch (1998); 12—Gerberich et al. (2006); 13—Gerberich et al. (2003b); 14—Boldt et al. (1992);
15—Wade and Petrovic (1992); 16—Terao et al. (2002); 17—Espinosa et al. (2006); 18—Bates (2006); 19—Drory et al. (1991);

20—Ruoff (1979); 21—Yan et al. (2004)

(Bates 2006; Drory et al. 1991; Ruoff 1979; Yan et
al. 2004). Data for 22 semi-brittle materials with Kj.
values ranging from 0.3 to 8 MPam'/? are given in
Table 1 (Bates 2006; Bergmann and Vehoff 1995; Boldt
et al. 1992; Drory et al. 1996, 1991; Espinosa et al.
2006; Gerberich et al. 1993, 2003b, 2006; Ghosh 2004;
Kitano and Pollock 1993; Klose et al. 2002; Kumar
1993; Louail et al. 2006; Margevicius and Gumbsch
1998; Mecholsky et al. 1976; Ruoff 1979; Terao et al.
2002; Wade and Petrovic 1992; Yan et al. 2004; Yone-
naga 2005). In addition to listing toughness, hardness,
modulus and yield stress, Table 1 also presents shear
modulus, u, Poisson’s ratio, v, and Burgers vectors, b,
for the most likely slip system. Yield strengths are pre-
sented both as the hardness conversion, H/3, and as a
shear yield, tys = 20ys/3, following Johnson (1987)
as the maximum reduced stress criterion. The last col-
umn, (poysb) 172 represents the correlation function as
described below.

First consider a dislocation line of unit length that
develops as a result of the shear stress produced by the
indenter. It has a force per unit length, F', of

F = tb, )

where t is the resolved shear stress on the slip plane
and in the direction of the slip vector with b the Bur-
gers vector. Since the corners of a Vickers or Berkovich
diamond are generally the stress concentration that ini-
tiates fracture, one can also assume that this will gen-
erally favor dislocation nucleation. The assumption is
that emitted dislocations represent a back force on the
indenter tip that is nucleating them. As the crack begins
to nucleate, these same dislocations represent a back
force on the emerging crack nucleus. As N disloca-
tions have been emitted prior to crack extension, the
resistive force per unit length on the crack tip is

Fr = Ntb. 3)

To first order this represents dislocation shielding.
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Next consider the extension force on the putative
crack. Assuming that the crack front is subjected to
pure mode-II deformation, the extension force is equal
to the strain energy release rate, Gy, as given by

2

K2
G = (1 _ v2) ! ga - (1 _ vz) e, (4)

where the Poisson’s ratio term, (l — v2) represents
plane strain conditions. Here E is the elastic modu-
lus, a is the crack length and t is the applied stress. It
is assumed that the crack front is of unit length thereby
giving Eq. 4 in units of an extension force per unit
length of crack front. At instability, the first order cor-
relation function is found by equating Eqs. 3 and 4,
i.e., the crack extension force is equal to the dislo-
cation resistive force. Using the isotropic relationship
between Young’s and shear moduliof £ = 2u (1 + v),
converting shear to uniaxial yield stress, and substi-
tuting the experimentally validated theoretical relation
between mode-II and mode-I fracture toughness, Ko ~

(2/\@) Kie,

_i | N uoysb
KIC = 3 —(1 — U) . (5)

For the correlation function, the relatively constant term
(4/3) /N/(1 — ) is left out and the result in Fig. 1
gives an exceptional correlation for 22 semiconduc-
tor, oxide, carbide, silicide and nitride data including
diamond. The correlation covers more than an order
of magnitude of fracture toughness values, which rep-
resents more than two orders of magnitude in crack
extension force as seen from Eq. 4. Furthermore, the
line is nearly the best fit linear relationship for Eq. 5
when one assumes (4/3) /N/(1 — v) to be constant
for these materials. While this might not seem so real-
istic for the nitrides and diamond, extensive plasticity
under indentation of single crystals has been seen in
SiC (Page et al. 1998), MoSi; (Boldt et al. 1992), MgO
(Drory et al. 1996) and the semiconductors. For the six
intermetallics, the yield strengths are considerably less
and the plasticity greater for equivalent strengths giving
rise to larger fracture toughness values. The mean yield
strength of the intermetallics was 0.9 GPa while that
of the more brittle material was 3.9 GPa discounting
diamond. With a greater value for (4/3) /N/(1 — v),
one can also fit Eq. 5 through the intermetallic data
although the scatter precludes a definitive functional
relationship. Ignoring the 4/ (3«/ 11— v) term for the
moment, to arrive at the linear correlations of Eq. 5
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in Fig. 1, the values of N are 808 for the intermet-
allics and 12 for the more brittle materials. It is sig-
nificant that this number of 808 shielding dislocations
for the intermetallic fit represents an average fracture
toughness of 3.6 MPam'/2. In an earlier study (Huang
and Gerberich 1992) of a large grained, thin film Fe—Si
alloy, transmission electron microscopy in situ load-
ing led to an applied stress intensity of 4 MPam!/%. An
exact solution of the number of shielding dislocations
was obtained. This calculation gave 950 dislocations
while the number observed in the transmission electron
microscope under load was 1178. Given that N is in the
square root of Eq. 5, either of these values would only
shift the curve negligibly compared to the data scatter.
Additional data on intermetallics would be appropri-
ate as the current scatter does not dictate a definitive
slope. However, it is emphasized that this correlation is
predominantly based upon the fact that in indentation,
dislocation nucleation preceded cracking and hence
fracture toughness. Such a correlation may not be as
robust in fracture induced by other states of stress.

Validation of the correlation function represented by
Eq. 5 is possible by considering dislocation-shielding
models. One such model (Huang and Gerberich 1992)
utilized both Li’s (1986) and Thomson’s (1986 ) anal-
ysis of equilibrium dislocation arrays to evaluate the
grain size effect on brittle fracture. This gave

Kie =~ rf\/z L ®)
T 41 —-v)/d

where d is the grain size and the first term involves the
friction stress, while the second is the dislocation shield-

ingterm. Equation 6 was applied to the intermetallic Niz Snyg

havingamean grain diameter of 32 um (Ghosh 2004). To
shift the correlation line of Fig. 1 to Ni3Sny, the value of
N would have to be 640. Using this in Eq. 6, the calcu-
lated value of K. was 4.36 MPam'/? compared to the
measured value of 4.2 MPa m'/2_ It should be mentioned
that the length scale for single crystals would be the plas-
tic zone size whichis2.12 times the contactradius (John-
son 1987) rather than the grain size. From this one can
eventually show that hardness is proportional to fracture
toughness to first order.

Returning to the original premise that dislocation
activity precedes fracture and provides dislocation
shielding, one should be able to demonstrate that G >
2y where ys is the surface energy. One could argue
that many of the Ky values converted to Gy via Eq. 4
are equal to 2y rather than being greater by treat-
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Fig.1 The proposed model is consistent with 22 relatively brit-
tle materials. The average yield strength of the 6 intermetallics
(open squares) was 0.9 GPa, while their average fracture tough-
ness was 3.6 MPam!/2. Ignoring the Poisson’s factor, the number
of dislocations, N, necessary for the intermetallic fit was 808. The
average yield strength of the more brittle material (open circles)
was 3.9 GPa discounting diamond. The number of dislocations
necessary for this fit was 12

ing Gic as 2yefr, where yefr is equal to ys as reported
by Messmer and Bilello (Messmer and Bilello 1981).
For GaAs, using a sessile drop experiment in vacuum
(Kota et al. 2006), the value of ys is 0.45 ] /m2 com-
pared to the value of yefr equal to 0.9 J/m? taken from
fracture experiments (Messmer and Bilello 1981). Sim-
ilarly, for CdTe yefr is 1.0 J/ m?2 (Mecholsky 2006)
while the sessile drop experiment gave y; to be 0.18
J/m? (Kota et al. 2006). For much harder materials
such as diamond, the values of Table 1 give yefr to be
15-30 J/m? while a pseudopotential calculation gave
¥s of 5 J/m? (Hong and Chou 1998). This strongly sug-
gests that for the brittle materials of the lower data set
in Fig. 1, that yef can be 2 to 5 times as large as the
true surface energy. In summary, a correlation with the-
oretical underpinnings couples fracture toughness and
hardness (yield strength) in a broad array of materials
subjected to sharp contacts. It is suggested that this may
lead to a more in-depth understanding of friction and
wear in high hardness materials.
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