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Abstract

The Hertzian indentation technique has been used to determine the fracture

toughness, Kjc of two borosilicate glasses developed to contain high-level

nuclear waste. For the product VG 98/12, adding selected groups of fission

products leaves KIc unchanged, but addition of Pb lowers K- by ~ 20%.

Radiation with 77 MeV ct-particles to a dose of ~ 10 a/cm increases Kj

by ~ 75%. For the product SM 58 LW 11, the fracture toughness was measured

on pieces taken from different parts of a large cylinder to investigate the

effects of segregation phenomena and of partial crystallization and forma-

tion of small cristobalite inclusions which decrease Kjc by ~ 25%.

Work partially supported by the U.S. Department of Energy.
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I. Introduction

The Hertzian indentation technique in which a spherical indentor is

pressed with a measured load onto the polished surface of a specimen at a

given rate until a "iing crack forms has been shown to yield valuable infor-

mation concerning the fracture properties of small samples for which no

other procedures are practical. For example, the technique has been used

to determine the effect of radiation damage on the fracture toughness of a

l ? 3

borosllicate glass, a celsian glass-ceramic, and a nuclear fuel, ThO2»

It has also been utilized successfully to determine the surface fracture

energy and the fracture toughness of some nuclear fuels for which large

samples required to measure these properties using more conventional tech-

niques are not available, i.e., (U,Pu)N4 and (U,Pu)C.5

The fracture properties of a nuclear waste containing material have

received limited attention, in spite of the fact that deleterious effects

could occur if the fracture toughness were severely lowered during the

storage period. This could lead, for example, to premature fracture re-

sulting in an enhanced leaching rate. Indeed, the fracture toughness can

1 9

be affected by radiation damage and by compositional changes, the latter

occurring, for example, as the result of segregation due to thermal

gradients or radiation.

Therefore, in this paper, the effects of radiation and compositional

changes on the fracture toughness as determined from the Hertzian indenta-

tion technique of a borosilicate glass without nuclear wastes (VG 98/12)

and with simulated fission products (GP 98/12) will be reviewed. The



-3-

results will be compared to those obtained on another glass with waste

products SM 58 LW 11 which because of segregation during cooling from the

melt contained a gradient In composition, primarily a crystobalite phase.

II. Experimental Details

Materials

Two types of borosilicate glasses designed to contain high level

nuclear waste (HLW) were investigated. The first product (Versuchsglas VG

98/12), was produced at the INE, KFK Karlsruhe. Laboratory scale samples

were employed which were fabricated by melting well-mixed powders in cru-

cibles at 1200°C, 2h and casting into cylinders of about 25 mm dia. and

20-40 mm length. These samples were cooled from 600 to 100°C over a period

of 17h. The second material designated as SM 58 LW 11 was used as pieces

obtained from a large scale cast cylinder which cooled by natural convec-

tion and showed liquid/liquid segregation phenomena followed by crystalli-

zation of cristobalite (cooling time 72 h).

The compositions of the glasses are shown in Table 1, Both the base

glass VG 98/12 without simulated fission products and the versions contain-

ing either 15 wt.% simulated fission product oxides (for GP 98/12) or

11 wt.% low enriched waste concentrate, LEWC of the Eurochemic reprocessing

plant Mol (Belgium) were used.

The main difference between the two products is the relatively high

content of Li2O in SM 58 FR replacing part of the Na2O of the VG 98/12.

The waste composition is also different due to the specific properties of
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the Eurochemlc waste. The latter contains Na2<), F and SOo and less fission

products than the nominal HLW used for GP 98/12. The most abundant fission

product is Zrf added in the form of ZrC^. A specific feature of the

product SM 58 LW 11 is its liquid-liquid demixing at temperatures below

900°C giving rise to one crystalline form of Si02, cristobalite, on further

cooling. Since the experiments are performed at room temperature,

cristobalite exists in its low temperature form. During the transition

from the high temperature to the low temperature form at about 150°C, a

volume decrease of about 15% occurs. Further crystalline phases connected

to cristobalite formation which were present were small quantities of

rutile (TiO2) and perovsklte (CaTiOj), and very minute quantities of

I^TiSiOcj and unsoluble precipitates of RuC^.

This liquid-liquid demixing and the subsequent crystallization lead to

a segregation causing streaks in the final product. Figure 1 shows a

section of a cylinder. The streaks are clearly visible. Figure 2 shows in

more detail that the brighter colors in the streaks are due to formation of

cristobalite crystals up to 100 urn in size. Because of the higher density

of cristobalite, stresses originate and the matrix around the cristobalite

is under tension. For the experiments, the homogeneous product, the most

cristobalite-rici. zones and an intermediate region were selected for mea-

surements. These were designated homogeneous, strong streaks and slight

streaks, respectively.
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Technique

7 8
The Hertzian crack technique has been described in detail before.'0

The tensile elastic stress field which results from indenting the glass

surface with a spherical ball produces ring cracks which are detected by

acoustic emission and by optical microscopy. The experiments were per-

formed at room temperature in a glovebox containing a dry (0.01% H2O)

nitrogen atmosphere.

For irradiations, the specimens were either exposed to 77 MeV cx-

particles produced by the cyclotron of the KFK, or bombarded with mass-

separated ions in the Institut fur Angewandte Kernphysik (IAK, KFK).

Rutherford backscattering (RBS) spectra with 2.8 MeV He-ions were performed

at the Van de Graaff accelerator of the IAK.

To evaluate fracture surface energy, Yf. and fracture toughness, Kjc,

the critical load to fracture, Pc, and the crack radius, r, must be

known. P was determined from plots of fracture probability versus load as

the load that leads to a 50% probability of fracture. Circular ring cracks

were formed whenever Pc was approached or surpassed, similar to those shown

before for other materials (e.g., 4,7,8). Their radii, r, were measured in

the optical microscope. From the ratio r/a, with a • calculated contact

area between indentor and sample (see 7,8), the crack extension function

(a/c") [<!>"]" can be obtained from Refs. 7 and 8. The fracture toughness

is then calculated from the equation

r 2P E -,1/2
K *
Ic I. 0kR(a/c"Mr]
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where 0 - 8w3/27 ~ 9.18 is a numerical constant and k is a measure of the

elastic mismatch between indentor and specimens. To calculate

k - (9/16) [(1-v2) + (1-v'2) (E/E')J, the elastic moduli E and E« and the

Poisson ratios v and v' of sample and the steel indentor (primed symbols;

with E' « 210 GPa and v1 - 0.29) must be known. For VG 98/12, a measured

value of 72.1 GPa was used, for SM 58 LW 11, a measured value of 88.2 GFa

was taken. The measured v for SM 58 LW 11 was 0.229 and v » 0.2 for VG

98/12 was assumed.

III. Results

Figure 3 shows the probability of formation of a Hertzian ring crack

as a function of applied load P, obtained on the base glass (VG 98/12) for

one indentor size (R » 3 mm). The critical load deduced is shown in Table

2, where also the composition of glasses obtained by adding selective

groups of additives to the base glass VG 98/12 are shown. These variations

are called ABRA 2 to ABRA 6 and contain either corrosion products, rare

earths, alkali metals or lead. All glasses had polished surfaces and the

indentor radius R « 3 mm was kept constant. The corrosion products were

added because they occur in HLW by dissolution of steel, the rare earth and

the alkali metals represent typical groups of fission products with high

abundance, and PbO was added because it is sometimes used to simulate

actinldes and because bombardment with Pb-ions is often used to introduce

radiation damage. In reality Pb does not occur in solidified waste. The

critical loads deduced from Fig. 3 are used to calculate fracture toughness
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values which are summarized in Table 2. Note, that only one indentor

radius was used for the ABRA-series of glasses. Parallel work with VG

98/12 had shown that a linear relation between Pc and R is obtained as

predicted theoretically. Therefore, error limits are given for the Kjc~

value of the base glass VG 98/12 but not for the glasses of the ABRA

series.

Results for the three types of the second glass product, SH 58 LW 11,

without streaks, with slight streaks or with strong streaks are shown in

Figs. 4-6. Figure 4 shows the probability for fracture for three different

steel identor radii for the homogeneous glass product, whereas Fig. 5 gives

the comparison for the product which underwent demixing as shown in Figs. 1

and 2. The resultant plot of critical load versus indentor radius is shown

in Fig. 6. Straight lines passing through the origin are indicated up to

R - 3 mm whereas the slope changes for bigger indentors. Experiments on

regions of this glass containing various flaw size distributions indicate

that the deviation from a straight line intersecting the origin (Auerbach's

Law) is due to flaw statistics becoming important for the larger inden-

tors. Theory' predicts that the size of the flaws necessary to initiate

crack formation increases with the indentor radius. If insufficient flaws

of appropriate size are available, crack formation depends on flaw statis-

tics thus giving rise to a smaller slope in a plot of fracture probability

versus applied load and thus to a higher apparent Pc. For the calculation

of KIc, only the results for indentors with R - 1.5 and R - 3 mm were

used. The values of KJc obtained were 1.16, 1.02, and 0.91 MNm"
3^2, for
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the homogeneous material, the material with slight streaks and the material

with strong streaks, respectively. The relevant results are summarized in

Table 3.

The effect of radiation, studied on samples bombarded with a-particles

in the cyclotron or with Pb ions in a mass-separating accelerator, showed

an important toughening of the glasf VG 98/12. For bombardment with

200 pAs of 77 MeV He-particles, KIc increased from 1.8 to 3.1 MNm~
3^2.

Fombardment with lead ions of 300 keV energy (corresponding to a range of

~ 0.2 pm) reduced KIc to ~ 1.5 MNm~
3'2 but this value was still higher than

that of the glass ABRA 6 containing chemically added lead.

Rutherford backscattering of the base glass, as shown in Fig. 7, or of

the fission product (FP) containing glass as shown in Fig. 8, proved that

the nominal composition corresponded well with the measured one. As shown

in Table 4, the different elements contained in the glass give rise to

different contributions in the RBS spectrum: the higher the atomic number,

the larger the relative contribution. Also, the higher the mass, the lower

the energy loss in scattering. The calculated spectra, shown as thin

lines, are based on Table 4 and show good agreement with the measured spec-

trum for the base glass whereas agreement is achieved for the FP containing

glasn GP 98/12 only whenever an adjustment is made for the fission products

as is shown by the thin full line and the thin dashed line in the lower

part of Fig. 8. Agreement between calculation and experimental spectrum is

obtained, if the reasonable assumption is made that most of the rare

•etals, Ru, Rh and Pd are not detected because they are precipitated in
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inclusion8 and that part of Te and Cs, as volatile elements, were lost

during fabrication.

Figures 7 and 8 also contain spectra from leached glasses. Leaching

was performed in autoclaves in water at 200°C which gives rise to a

pressure of ~ 15 bar. The purpose of these experiments was not to study

the kinetics of growth of leaching layers which is known to be complex but

rather to determine the composition of these layers. Later work will study

the effect of such layers on fracture properties.

As shown in Fig. 7, surface peaks appear at the masses of Ti and Ca

indicating layer formation with enrichment in Ti and Ca by about a factor

of 3 and a thickness of about 0.5 pm, in good agreement with a determina-

tion based on the interference colors of the layer formed. Some depletion

in Na for about the same depth is apparent while Mg becomes enriched. The

fission product containing glass, leached for the same time and shown in

the middle of Fig. 8, shows a Ti peak of similar properties as the base

glass whereas any Ca peak is much less pronounced. However, both the light

and the heavy fission products show one peak each, the one for the heavy

fission products being more pronounced. The peak at channel 500 is due to

uranium. The enrichment is again by about a factor of 3. At longer leach-

ing time, the peaks become wider with a width of about 0.8 urn. Note in

this respect that a depth of 1 jim as indicated in Fig. 8 corresponds to
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about 260 keV or 51 channels, based on energy loss data reported

q
previously. At the longer annealing times, the enrichment in uranium is

still visible but amounts to only a factor of 2. The heavy fission product

and the light fission products give rise to peaks that overlap, the enrich-

ment in heavy fission products is again a factor of ~ 3 whereas the light

fission products are enriched by about a factor of 5. Peaks for Ti and,

more pronounced for Ca, are also indicated. The Ca peak is wider Chan the

Ti peak pointing to a Ca-rich subsurface layer. Depletion in Na is pro-

nounced and extends to at least 1 pm.

Preliminary studies on leaching experiments with ion bombarded glasses

(Pb and Xe, 300 keV, doses of between 5xlO12 and 5xl015 ions/cm2) indicated

that no dramatic change in layer thickness and at the most very small

changes in layer composition occurred.

IV. Discussions and Conclusions

The present experiments confirm previous work^ that for small indentor

radii, good and reliable results can be obtained for waste glasses. Addi-

tion of selected groups of elements to the glass VG 98/12 leave Kj c largely

unaffected. The only major effect was observed by adding 1.23Z PbO (ABRA

This value applies to the position of U or to the 2.6 MeV of energy
remaining. The energy loss, dE/dx depends on energy and increases with
decreasing energy. For example, 1 pm - 335 keV at 1.5 MeV remaining
energy, or at the Si surface position. Note also that dE/dx for the glass
and layer may be different which in the final analysis should be taken
into account.
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6) which decreased KIc by approximately 20%. However, depending on its

valence, lead in a glass can be either an intermediate or a modifier while

most of the other additions only modify the glass network. The single bond

strength of lead as an intermediate is some 30% lower than that of SiO2.

Hence, the addition of lead might form intermediate bonds resulting in less

resistance to fracture because of decreased bond strengths.

The effect of irradiation with He was very pronounced in VG 98/12. An

increase of 75% in Kj was observed, a very positive result indeed for the

long time beha-ior of waste glasses. It should be mentioned that 77 MeV a-

particle irradiation results in a uniformly damaged region, at least

500 um thick. This region is characterized by ionization rather than dis-

placement damage. Therefore, the results may be an example of radiation

toughening by ionization damage. Bombardment with 300 keV Pb ions causes

a decrease in Kjc, which however was still within the experimental scatter

and the resulting KIc was still larger than that for the Pb-containing

glass. Layers formed by leaching could easily be analyzed with Rutherford

backscattering. Layer thicknesses and their composition could be measured

reliably in a short time. Further work will deal with the influence of

such layers on the fracture behavior.

Small amounts of cristobalite decrease KIc of SM 53 LW 11 by ~ 252

depending on the amount of crystalline phase. Further experiments and

detailed microscopy will determine whether this rather unusual decrease in

KIc is due to the tensile stress field surrounding the crystalline phase.
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Figure Captions:

Fig. 1. Section through a full size cylinder of the glass product

SM 58 LW 11 showing streak formation during cooling.

Fig. 2. SEM micrograph of streaked area in the SM 58 LW 11 product of Fig.

2 showing crystallization of cristobalite.

Fig. 3. Probability of fracture for Hertzian indentation with spherical

steel indentors of radius R - 3 ram on the base glass V>G 98/12 and

the product ABRA 2 (containing corrosion products), ABRA 3 (con-

taining rare earths), ABRA 4 (containing alkali metals) and ABRA 6

(containing PbO).

Fig. 4. Probability for fracture for Hertzian indentation of the homo-

geneous product: SM 58 LW 11.

Fig. 5. Probability for Hertzian fracture in either homogeneous glass

SM 58 LW 11 or in areas with slight streaks or in areas with

strong streaks, corresponding to the microstructure of Fig. 2.

Fig. 6. The critical load for crack formation as function of steel

indentor radius for the three types of waste glass SM 58 LW 11 in

Fig. 5,.



Fig. 7. Rutherford backscattering (RBS) spectrum of waste glass VG 98/12

in as-received condition or following leaching for 25 mln at 200°C

in H2O. For the as-received condition the calculated spectrum is

shown with thin or dashed lines.

Fig. 8. RBS spectrum for the fission product containing waste glass

GP 98/12. The lower curve shows the spectrum of the as-received

glass together with the calculated spectrum (thin lines). For the

discrepancy at about channel 470, see text. The two upper curves

show the effect of leaching in H20 at 200°C for 25 and 90 min.



Table 1: Compositions of the waste glasses
(concentrations in aol. Z of the oxides)

SiO2
B2°3
AloOo
Li2O

J

Na2O
MgO
CaO
T1O2

A12°3
BaO
CeO2
Cr2°3
Cs2O
Eu2O3

Fe.90o
Gd2O3

La90o
Na2O
Nd90o
NiO
MnO2

Mo02

PdO
Pr2°3
Rb2O
Rh2O3

RuO2

SrO
TeO2

Y2°3
ZnO
ZrO2
P2°5
SO,
F J

uo,

VG 98/12

58,5
11.0
1.6
—
17.5
3.2
4.6
3.6

100.0

SM 58 FR

62.73
11.70
0.75
8.29
4.95
3.37
4.52
3.69

100.00

GP 98/12

54.9
10.3
1.5
—
16.4
3.1
4.2
3.4
93.8
—
0.30
0.44
0.05
0.23
0.09
0.10
0.01
0.11
—

0.36
0.10
0.22
0.90
0.33
0.10
0.05
0.04
0.53
0.07
0.24
0.11
0.06
—
1.02
0.44
—
—

0.28
100.00

SM 58 LW 11

57.14
10.65
0.69
7.55
4.51
3.07
4.12
3.36
91.09
0.54
0.04
0.06
0.11
0.03
—
0.63
—
0.02
3.20
0.05
0.34
0.42
0.12
0,04
0.01
0.01
—
0.07

0.03
0.02
0.01
0.01
0.39
<0.01
0.40
2.36
—

100.00

for Tc.

GP 98/12 contains 15 wt.% fission product oxides, SM 58 LW 11 contains
11 wt.% low enriched waste concentrate, LEWC, of the Eurochemic Mol
(Belgium), both simulated, hence not radioactive.



Table 2: Tabulated results for the base glass VG 98/12
and Its modifications.

Material

VG 98/12

ABRA 2

ABRA 3

ABRA 4

ABRA 6

Designation

Base glass

With corrosion

products

With rare

earths

With alkali

metals

With lead

1

0

1

.08

.49

.70

Additive
(wt.Z)

—

0.23 Fe2O3

0.10 NiO

0.10 Cr2O3

CeO2 0.36

Pr2O3 0.06

Nd2O3 0.06

0.14 Rb2O

0.91 Cs2O

1.31 PbO

sm2o3

Eu2O3

Gd2O3

410

408

441

476

270

[N]
3 mm)

± 20

± 20

± 30

± 50

± 70

[MNm-3/2]

1.77 ± 0.15

1.8

1.8

2.0

1.4

A value of E of 72.1 GPa, measured for the base glass, and an assumed value of
v = 0.20 were used for all calculations.



Table 3: Elastic mduli, indentation parameters, fracture
surface energy and fracture toughness for SM 58 UW 11

E[GPa](a)

v(a)

Pc/R [N/mm]

r/a

(a/c") [*"]~2

Yp [Jin ]

KIc [MNm"3/2J

Homogeneous

88.2 ± 0.4

0.229 ± 0.001

72 ± 3

1.21 ± 0.06

1325 ± 100

7.5 ± 0.9

1.16 ± 0.07

Material

Slight-streaked

—

—

52 ± 2

1.25 ± 0.06

1275 ± 100

5.6 ± 0.7<c)

1.02 ± 0.06(c)

Strong-streaked

88.3 ± 1.3

0.226 ± 0.004(b)

41 ± 2

1.25 ± 0.08

1275 ± 150

4.4 ± 0.8

0.91 ± 0.08

v 'These values were computed from the longitudinal (25 MHz) and transverse
(5 and 10 MHz) sound velocities measured using the echo overlap tech-
nique. The measured densities were 2.61 gm/cm .

^"'Recent measurements have shown that Poissons ratio is very sensitive to
the amount of crystalline phase and can be as low as 0.175.

^Calculated using v = 0.23 and E * 88 GPa.



Table 4: Contribution to Rutherford-backscattering npectra

Component

0
Si
Na
B
Ca
Ti
Al
Mg

Xe
Pb

P
Fe,Ni,Cr
Mn (for Tc)
Rb.Sr.Y

Zr
Mo

Ru,Rh,Pd
Te.Cs
Ba,La

Ge.Pr.Nd
Sm.Gd.Eu

U

at.X

59.2
17.2
10.3
6.6
1.3
1.1
0.9
1.0

ion bom-
bardment

0.27
0.13
0.07
0.14
0.31
0.27
0.29
0.17
0.16
0.41
0.06

0.09

Scattering yield,
relative to Si

0.33
1.00
0.62
0.13
2.04
2.47
0.86
0.74

14.9
34.3

1.15
2.94 - 4.00

3.18
6.98 - 7.76

8.16
9.0

9.8 - 10.8
13.8 - 15.4
16.0 - 16.6
17.2 - 18.4
19.6 - 20.9

43.2

Contribution to
RBS-spectrum

Relative to
Si

1.14
1.00
0.37
0.05
0.15
0.16
0.04
0.05

__
—

0.02
0.03
0.01
0.06
0.15
0.14
0.17
0.17
0.15
0.42
0.06

0.23

Z

25.0
21.9
8.1
1.1
3.3
3.5
0.9
1.1

__
—

0.4
0.6
0.2
1.3
3.3
3.1
3.7
3.7
3.3
9.2
1.3

5.0

2

1.

1,

1.
1.

1.

Energy
following

in
MeV He

0.74
1.14
1.00
0.46
1.34
1.44
1.12
1.04

I.. 78
1.85

1.20
.48-1,53
1.50

.66-1.68
1.68
1.70

.71-1.72

.77-1.78
1.78
1.79

.80-1.81

1.87

remaining
scattering
MeV for

2.8 MeV He

1.03
1.59
1.40
0.63
1.89
2.02
1.56
1.45

2.49
2.60

1.68
2.06-2.14

2.10
2.33-2.35

2.36
2.38

2.40-2.41
2.48-2.49

2.50
2.50-2.51
2.52-2.53

2.62

15 wt.% fission product oxides correspond to 2.4 at.% because of their high atomic
weights.

The scattering yield is proportional to the square of the atomic number, Z . The energy
following scattering at the surface increases with the atomic mass, M. Therefore, the
contributions of a small amount of heavy atoms, such as Pb, appears as pronounced peak
at high energies.



Fig. 1. Section through a full size cylinder of the glass product
SM 58 LW 11 showing streak formation during cooling.

Fig. 2. SEM micrograph of streaked area in the SM 58 LW 11 product of Fig.
2 showing crystallization of cristoballte.
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taining rare earths), ABRA 4 (containing alkali metals) and ABRA 6
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in H20. For the as-received condition the calculated spectrum is
shown with thin or dashed lines.
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Fig. 8. RBS spectrum for the fission product containing waste glass
GP 98/12. The lower curve shows the spectrum of the as-received
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