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ABSTRACT

A brief description of the determination of the surface
fracture energy and the fracture toughness from a Hertzian
indentation test is given. A number' of theoretical and
experimental problems are discussed. Results obtained on a
variety of nuclear fuels and nuclear-waste-containment
materials are reviewed and compared with values measured by
other techniques. The Hertzian indentation test yields
reliable fracture parameters.

I. INTRODUCTION

The brittle nature of ceramics limits their range of applic-
ability. It is, therefore, important to know how to measure fracture
properties, and to understand them. Nuclear fuels and nuclear-waste-
containment materials are classical examples. The fracture properties of
both classes of materials are a primary design consideration. Cracks in
nuclear fuels, which result principally from thermoelastic stresses
produced by the large thermal gradients, must be considered in modeling
because the cracks can act as fast paths for fission gas or even, in the
case of a relatively nonplastic fuel, an accelerated fuel-cladding
mechanical interaction. CracScs in a waste material due to thermoelastic
stresses or handling can result in more available surface area for
leaching, and hence, material degradation.

Environmental effects on fracture can be critical, especially in the
slow-crack-growth region. Both nuclear fuels and waste-containment
materials are used in very hostile environments. They are subjected to
high radiation fields and, in the case of nuclear fuel, large temperature
gradients. Radiation can disorder crystalline phases or create gas
bubbles, which result in swelling. Compositional changes will also
occur. Therefore, the effects of these important processes on the
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fracture properties must be
failure is to be avoided.

assessed and understood if catastrophic

The Hertzian indentation technique has been successfully used to
measure the fundamental fracture parameters of surface fracture energy Yp
and fracture toughness Kj c in a wide variety of materials whose small
sample sizes precluded the possibility of conventional fracture-toughness
measurements. In particular, the technique has been used to measure Kj c
for both nuclear fuels and certain nuclear-waste-containment materials
(glasses and glass-ceramics) in order to ascertain the effects of
compositional changes and irradiation.

This paper will review briefly the principles of the Hertzian
indentation technique. Some of the theoretical uncertainties and
inadequacies, along with some of the experimental problems, will be
discussed. Finally, the fracture properties of nuclear fuels and nuclear-
waste-containment materials, as measured by the Hertzian indentation
technique, will be summarized. The values of Kj c determined by this
technique will be compared with values determined by other tests, as the
results become available. Radiation effects will not be discussed in this
paper, but will be considered elsewhere in these proceedings in another
paper by Weber and Matzke.

II. HERTZIAN FRACTURE TEST

Warren [1] and others [2-5] have analyzed the relationship between
load and crack extension in the Hertzian indentation of a solid surface by
a spherical indentor. The situation is illustrated in Pig. 1a, in which a

la) (b)

Tig. 1 . Hertzian indentation geometry: (a) Cross-sectional schematic
illustration and (b) micrograph of a Hertzian ring crack in
OP 98/12 waste glass, revealed by etching with HF solution
[io]. The surface scratches were made to provide flaws for crack
initiation.



spherical indentor of radius R under a load P produces a circular contact
area of radius a on the flat surface of a specimen. The contact radius a
can be calculated, if the stress is purely elastic, from

(1)

with

k = ?6- (1 - E/E1], (2)

where E and B' are Young's moduli and v and v' are the Poisson's ratio of
the sample and indentor, respectively.

Cone cracks of length c, which appear as rir.gs of radius r on the
surface (?ig. 1b), form whenever the load approaches or exceeds the
critical load ?c. A well-developed cone crack obtained in a glass is
illustrated in Fig. 2. Pc is defined as the load at which the probability
of failure equals 50%. It is determined from plots of fracture prob-
ability against load as shown in Pig. 3, which gives data for three sizes
of spherical steel indentors on a nuclear-waste glass designated
SM 58 LW 11 [6].

If the material contains an adequate flaw population, with flaws
larger than a threshold size, then Warren [i] has shown that the surface
fracture energy yp is related to Pc by

Pc~0-v
2)

(3)

where 8 is a constant and (a/c11) [<j>'']~2 is the crack extension function,
which has been numerically evaluated for different values of r/a and v
[i]. The fracture toughness is related to Yp, assuming plane-strain crack
extension, by

= 2 (4)

The model outlined above generally gives Kj c values in good agreement
with those obtained by other techniques, in spite of several conceptual
and experimental difficulties. First, it is assumed that the process is
totally elastic. Sometimes the ring crack is accompanied by some obvious
quasi-plastic deformation [7] • However, it is likely that some micro-
plasticity, in the form of dislocation nucleation in the elastic-plastic

Fig. 2. Side view of Hertzian cone crack in a glass.
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Pig. 5. Probability of fracture for Hertzian indentation of SM 58 LW 11
waste glass with steel spheres [6].

zone, can always be activated in most materials, even very brittle ones.
Mcroplasticity can certainly affect crack initiation. Second, no exact
analytical expression exists for the stress intensity factor of a cone
crack [ B ] ; therefore, a simple approximation to the crack geometry nast be
made, and only an approximate value can be assigned to 6- It has been
pointed out that different values of 8 may apply to the initiation process
(during which slow crack growth occurs) and to the growth stage [9J •
Third, microstructural features can further complicate the calculation of
3 by causing the crack to be far from ideally flat. Crack branching, for
example, ia a possibility in many materials. Both the flaw size and flaw
distribution clearly play an important, but not clearly understood, role
in crack nucleation. Warren [i] has shown that there exists a minimum
value of effective flaw size which must be present in the contact region
to nucleate a Hertzian crack. Indeed, a final surface preparation, such
as coarse polishing, which produces flaws is sometimes necessary [io] in
order to nucleate ring cracks. Finally, it should be mentioned that the
crack-extension function is a very sensitive function of r/a for
r/a < 1.12.

The crack produced when the critical load is applied is likely to be
very sharp, and detection of such a crack is a significant experimental
problem that can lead to large uncertainties in the determination of Pc.

Acoustic emission has been used to define the critical load in ThC^ [ii],
but for some materials and conditions, cracking occurs without acoustic
emission. Conversely, acoustic emission bursts are not always accompanied
by visually observable cracks. Polishing and etching techniques have been
used to reveal ring cracks that were not initially observable.

In addition, the technique suffers from the same deficiencies common
to other indentation and conventional fracture testing techniques. The
environmental effects on slow crack growth can be significant.
Unpublished work by the authors at the European Institute for Transuranium
Elements indicates that Pc for ThC>2 increased over a long period of time
(~1 month) after the sample was placed in the dry atmosphere of a glove-
box. The introduction of water vapor reduced Pc. It is clear that great
care must be taken to control the humidity during sample preparation and
testing. Other problems include frictional effects between the sample and
the indentor and the effect of the residual compressive surface stress
caused by -oolishing the sample prior to indentation. Finally, the



analysis is very sensitive to the values of E, E', v, and v' at the test
temperature. Accurate data are not always available.

III. OXIDE NUCLEAR FUELS

The Hertzian indentation technique has been used to measure Yp and%

KjQ in U02 [a] and U02 containing additives [12]. It has also been used
to study ThO2 at room temperature [ill and at up to 400°C [13], and ThO?
containing additives [12]. The effect of He irradiation on K I c has also
been investigated [14]« Furthermore, y-p was measured in ThOo for well-
developed cone cracks under conditions of stable crack growth [9]. In the
latter experiment, good agreement was obtained be'tween the measured cone
crack dimensions, as obtained from serial sectioning, and the calculated
shape based on Warren's analysis [1]; this agreement inspires confidence
in the analytical procedures. There are also some indentation data on the
mixed oxide, (TJ,Pu)02 [i"5].

All these oxides had grain sizes of approximately 20 von, and for the
most part, no plasticity was observed except when small indentors were
used. The notable exception was a U02 + ZrO2 sample, which exhibited
extensive plasticity. Good agreement is observed with Auerbach's law,
Pc = AR, as illustrated in Fig. 4, which was obtained for hardened steel
spheres indenting a U 0 2 > Q Q surface [8]. The compiled fracture data are
given in Table 1 . It should be mentioned that all of the hyperstoichio-
metric material contained U^Og and that the additives in UOo did not form
a complete solid solution with the U02.

The agreement is very good between the value of yp quoted in Table 1,
which represents the surface fracture energy of an unrelaxed surface, and
values obtained from calculations or high-temperature measurements of the
"thermodynamic" surface energy made by techniques such as multiphase equi-
librium techniques or grain-boundary grooving (see Ref. 8). There have
been no other determinations of Kj c in these oxir^s which can be compared
with the Hertzian indentation results. It is likely that the small pores
act as flaws, and hence the use of the analysis is valid. A firm conclu-
sion concerning the increase of y-p with increasing oxygen-to-metal ratio
or with additions of Wb20^ and ZrO2 to U02 cannot be drawn for two main
reasons. 'First, the experimental uncertainties, which arise primarily
from the uncertainties in v, are too large. Second, both systems were
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Table 1. Summary of room tenvperature fracture data for oxide fuels.

U0 2 ^

U0 2 <

Material

U02.00

U01.989

"°2.012

U02.030

lT02.052

H 1 mol.« Nb2O5

>• 1 mol./S ZrO2

Percent of
theoretical
density

97.3

97.3

97.3

97.3

97.3

97.5
98.0

(j/m2)

1 .8+0.3

1 .65+0.3

1.90+0.3

2.05±0.3

2.20+0.3

2.2±0.4

(2.6+0.6)

KIc

(m/mV2)

0.91

0.87

0.93

0.P2

0.90

1.01

(1.10)

Bef.

8

8

8

8

8

12

11

ThO2 92.0 2.5+0.2 1.07 11

ThO2 + 1 mol.# Nb205 98.0 2.6±0.4 1.17 12

(U,Pu)02>00 94.6 2.0±0.3 0.94 15

two-phase. Tt is, however, safe to conclude that no large difference in
fracture properties of the oxide nuclear fuels can be expected for dif-
ferent compositions. It is interesting to note that the decrease in W and
increase in Yp i n ^2+x with increasing x compensate each other to produce
a Kj c that is rather independent of x.

The Hertzian indentation technique has been used to measure the tem-
perature dependence of Yj> of ThOo from 20 to 400°C. No obvious plasticity
was observed, and Auerbach's law was followed. The temperature dependence
of YTJ is shown in Fig. 5. The data, obtained with spherical indentors of
preheated A12O^, unneated ALpO^, or unheated strael [8], indicate than yp
decreases with increasing T. This substautiateg the idea that the
difference between YT? values determined from indentation techniques at
room temperature and those measured at high temperatures is due to the
difference between a relaxed and an unrelaxed surface, i.e., a surface
where the surface atoms have taken up their equilibrium sites to minimize
the surface energy in contrast to a fracture energy.

IV. ADVANCED NUCLEAR FUELS

Hertzian indentations have been used to measure the fracture
properties of several advanced LMPBR candidate fuels: (U,Pu)C [7],
(U,Pu)C0>900<1 [7], (U,Pu)C0#8N0.2 [16], (U,Pu)N [16], and the (U,Pu)(c,N)
and (U,Pu)N system doped to simulate 3 and 10 at.5? burnup [16]. In
general, the (U,Pu)f! and the (U,Pu)(C,0) samples exhibited elastic
behavior and the ring cracks were transgranular. The as-fabricated pores
(densities varied from 92.5 to 95.0^ of theoretical) probably acted as
initial flaws; Auerbach's law was observed. The (U,PU)(C,N) and (U,Pu)N
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Table 2. Summary of room temperature fracture data for advanced fuels.

(u
(u

Material

(U,Pu)0

,Pu)(Co>gOo

,Pu)(C0>8N0

(U,Pu)N

.1)

.2)

Percent of
theoretical

density

93.5
95.0

94.0

92.6

(j/m2)

7.85+1

5.1511

4.8 ±1

8.6 ±1

.6

.2

.2

.7

K Ic

1.69

1.49

1.40+0.

2.05+0.

2 )

15

40

Ref.

7

7

16

16

exhibited some plasticity, and (UfPu)N exhibited more. The data are
presented in Table 2. The data on MCN and IW systems doped with simulated
fission products have not been included because the addition of the
simulated fission products affects y^ or Kj c to £ 20$ only, a difference
which is smaller than that between the different advanced fuels.

Differences in the microstructure, i.e., grain size and the presence
of a second phase, preclude an exact comparison of the \<p values. It is
worth mentioning, however, that the surface fracture energies of the
carbides are much higher than those of the oxidea; this difference
probably reflects the effect of stronger covalent and partially metallic
bonds in the carbides. A. comparison of the MC [M = (U,Pu)"|, which
contained a MCg phase and had a grain size of 12 \m, with the 60-pm grain-
size M(C,O) is not possible since it is not clear whether grain siae has
an effect on fracture. There are also a variety of ways the MC2 platelets



could act as obstacles to crack propagation, hence increasing KIc. The
values given in Table 2 do, however, obey a relationship of the form
K I c a (F,/H)

1'2, which was predicted on the basis of an elastic-plastic
indentation process [17]» This may be significant.

Permanent plastic deformation, grain-boundary separation, and/or
cleavage were frequently observed to interfere with formation of the
Hertzian cone cracks in the advanced fuels. The o-decay of Pu produces
He, which can diffuse to and accumulate along grain boundaries during
reactor operation or heat treatment. Linkage of the He gas bubbles caused
the fracture mode to change from predominantly transgranular to
predominantly intergranular. Therefore, one should proceed cautiously
when extrapolating room-temperature fracture parameters to the LMFBR
operating temperatures.

V. NUCLBAR-WASTE MATERIALS

An extensive effort is under way to develop materials to contain
high-level radioactive wastes. As mentioned in the introduction, the
fracture properties of these materials are very important in their
selection. There exist, therefore, Hertzian indentation data on a wide
variety of these materials, primarily glasses or glass-ceramics.
Furthermore, unlike the nuclear fuels, these materials have been subjected
to other techniques to measure the fiacture properties and so there is a
reasonable data base within which to compare the values obtained by
different techniques. Tt is expected, however, that the fracture
properties of glasses will be very sensitive to the environmert and to the
size and distribution of flaws.

Routbort and Ilatzke [18] used the Hertz ".an indentation technique to
assess the effects of composition and irradiation of a nuclear-waste boro-
silicate glass, and Offermann and Richter [19] compared the results of
Hertzian indentation tests with the Kj0 values measured in double torsion
for several glasses. The effects of segregation phenomena and of partial
crystallization have been studied in a borosilicate glass [6], whereas the
effect on Kj c of disordering of the crystalline phase by radiation damage
xras studied on a Cm-doped celsian glass-ceramic [20]. Finally, Hertzian
and Vickers indentation tests [10] were used to compare the fracture
properties of several nuclear-waste glasses.

As expected, there is evidence that flaw statistics plays a more
important role in these glasses than in the porous nuclear fuels. Figure
6 shows that Auerbach's law is only an approximation for the borosilicate
waste glass designated VG 99/12, the composition of which is given in Ref.
18. The fact that the curve does not intercept the origin could be ex-
plained if the existing flaws were smaller than the threshold flaw size
(calculated to be 27 ym for a 7-mm-diam indentor) [18]. On the other
hand, many glasses do follow the Auerbach relation, as illustrated in Pig.
7 for the glasses ?rcc 76-68 and SM 513 LW 11, whose compositions are given
in Refs. 6 and 10. The MCC 76-78 glass contained pores and the
SM 513 IM 11 has 3ome crystalline phase; both porosity and the discontin-
uity produced by the crystalline phase can act as crack initiation
sites. T'he deviation from .̂uerbach behavior shown in Fig. 8 for a celsian
glass-ceramic, B1-3, is also consistent with the idea of a minimum flaw
size [20], since the threshold flaw size required to nucleate a ring crack
increases with R.

Table 3 presents a summary of most of the available data. The compo-
sitions are given in the references cited. In general, the K T c values for
the nuclear-waste glasses are comparable to, or higher than those of,
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commercial soda-lime glass. It is clear that since there are no signif-
icant differences in the fracture toughnesses of the various waste
glasses, the room-temperature K-|-c value of the unirradiated glass is not
a major selection criterion.

It is very satisfying to note that the Hertzian and the Vickers
indentation techniques, when performed in the same environment, give
practically identical values of Kj c. Certainly one obtains a sense of
confidence in the validity of the many assumptions concerning crack
geometry, contact conditions, and elastic or elastic-plastic fracture
mechanics analysis that are necessary in order to convert the results
of each test to a fracture toughness. The excellent agreement "between
Hertzian and Vickers indentation tests also alleviates concern that the
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Table 3- Compariaon of K j c values (in twi/m-' ) obtained for glasses bv
different techniques in air and dry nitrogen.

VG

GP
GP
GP

MCC

SM

SM

Material

98/12
+ corrosion products
+ rare earths
+ alkali metals
+ Pb
+ Mo

98/12
98/12 cryst.
98/26 cryst.

76-68

58 LW 11
homogeneous
strongly streaked

513 LW 11

Hertzian

Dry N 2 ̂

1.15+0.10
1 .20
1 .20
1.25
0.95

1.01

1.13

1 .16
0.91

1.23,
1.11 (air)

Air

0.78

0.78

0.97
0.93
0.99

0.94

1 .11
0.93

1 .02

KIc

Vickers

Dry ^2 '

1.17

1.14

1.14

1 .22

1.21

Double
torsion
Air

—

0.85

0.65

—

0.98

Ref.

6,10,18

10

10,19

10,21

6,10
6,10

10,19

B1-3 glass-ceramic 0.93 1.41 1.33,

0.95

(2)

'(3)
10,19,21

Glovebox atmosphere, less than or equal to 20 t>pm H20 and 02.
2Ref. 19.

'Ref. 21.



two typeg of tests may have emphasized a surface and a volume property,
respectively.

The values of K l c determined from Hertzian tests for the glasses lie
between 0.95 and 1 .15 MN/m-V^. These values are in agreement with the
fracture toughness as measured by double-torsion and short-rod tests on a
number of nuclear-waste glasses of similar composition [22]. In most
cases, the correlation between the Hertzian K j c values and the K j c values
determined by double-torsion tests on the same material is good. The 30$
discrepancy between the double-torsion Kj c and the Vickers K j c measured
for MCC 76-68 is the sole inconsistency.

Tt should be mentioned that the Hertzian tests were performed in a
dry Wj> atmosphere, and the double-torsion tests were conducted in air-
Indeed, one would expect Kj0 to be lower in the presence of humidity, as
was observed in the Vickers indentation tests. Many materials show a
decrease in K j c in the presence of humidity [17,23,24]. The effect of ^ 0
has been explained on the basis of hydrolysis at the crack tip which
weakens the intrinsic bond strength [24]• A study of the loading rate
dependence of P c in fused quartz lead to the conclusion that molecular
diffusion of H20 along the fracture interface is rate controlling [24].
All of the K j c values measured in air by the double-torsion technique are
smaller than those obtained in dry N2 by the Hertzian technique, as
expected.

Although the data on the waste glasses have contributed to•technology
by answerirg important questions such as whether simulated fission
products ex'fect Kj c, they have uot yielded any essential understanding of
the physics and mechanics of slow crack growth and fracture. However,
there are some interesting observations to be made. It is noted that the
fracture toughness of VG 98/12 is unaffected by all additions except
1.31 wt.% Pb, which lowers Kj c by ~20$. This decrease was explained on
the basis of the replacement of Si-0 bonds by Pb-0 bonds, which are ~$0%
weaker than Si-0 bonds [18]. The presence of a crystalline phase,
cristobalite, in SM 58 LW 11 (designated as strongly streaked material in
Table 3) lowers K.-^Q slightly. It was suggested that this may be the
result of a tensile stress field introduced by the crystalline phase
[6]. It may be anticipated that future K I c studies in nuclear materials
will not only yield design data, but will provide insight into the crack
initiation and growth process. In particular the effects of temperature
and radiation can be expected to provide exciting results.

VI. SUMMARY

Although the Hertzian indentation test may not be as convenient or
as fast as the Vickers test, the fracture parameters determined for
nuclear-waste glasses by the two techniques are in excellent agreement.
Furthermore, the Kj c values determined by the Hertzian technique are in
good agreement with those measured in double torsion. Therefore, the
fracture parameters measured by the Hertzian technique are reliable and
the principal fracture-mechanics assumptions that are required for the
analysis of the data are probably valid. The technique has been used to
obtain K-|-c data for a wide variety of nuclear fuels. Values of Kj c are
larger for a carbide than for an oxide, probably as a result of the
stronger covalent bonds of the carbide. The dependence of Kj c on R/H is
in accord with the accepted idea of an elastic-plastic zone. The K T C

values for several nuclear-waste glasses have been measured and found to
be nearly independent of composition.
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