Crack pathsin a borosilicate glass under triaxial loading
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ABSTRACT. The growth of 3D star-like cracks in a porous bdlioate glass, with a
“mirror- mist- hackle” aspect due to the dynamicathcter of their propagation was induced
in cylindrical specimens by “cold-to-hot” thermahacks inducing triaxial tension. Pores
were identified as the crack initiation sites. Tinermechanical simulations were done to
analysethe stress field. Crack initiation at mid-heighiprh the center of the specimens was
predicted, in accordance with the observations. Ppbes-induced stress concentration was
found to depend on the local stress triaxiality,vesll as K for an annular crack initiated
from a pore.

INTRODUCTION.

Blocks of vitrified nuclear waste for deep undergrd storage are prepared by pouring a
mixture of waste with molten sodium-borosilicatesg into steel canisters. During cooling,
sharp temperature gradients produce tri-axial kenstresses, responsible for multiple
cracking. When stored underground for hundredseafry, the canisters might not remain
water-tight, allowing leaching of the fractured ggeby water and the release of radionucleides
in the environment. Crack initiation and growth g¢glindrical specimens of an inactive
analogous glass during “cold-to-hot” thermal shod¢kat induce a triaxial tension field
representative of the loading conditions duringglbalocks cooling was thus investigated.

EXPERIMENTAL AND NUMERICAL PROCEDURES

Experimental procedures

The material investigated is a non-translucent S®N&ss, an inactive analogue of the
industrial product, containing mainly SiQ15,5weight %), BOs (14%), NaO (9,9%), many
other oxides, plus Ruthenium and Palladium pagijdie replace some heavy radionucleides.
It is flawless, thanks to a slow cooling processt, liike the industrial glass, it contains a
distribution of more or less spherical pores, iglsiiem gas bubbles trapped in the solidifying
liquid, whose diameter ranges from 100 to &®0 The thermo-elastic properties were
measured between 20°C and the glass- transitiopeeture, which is 502°C [1]. Relaxation
tests have shown that below 350°C, viscous effaots negligible during the short time
fracture tests reported below.

36 to 45mm-high and 80mm-high cylinders, 40mm iantkter were machined. These
cylinders were equipped with three thermocouplegd)lin the center of each base and on the
side, at mid-height. They were cooled in a freelzeing more than 12h and then submitted to
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a “cold-to-hot“ thermal shocks, by quenching itoiran oil bath pre-heated at a temperature
ranging from 290 to 320°C. During quenching, thecsmens were kept vertical, so as to
preserve the axial symmetry of the thermal and rmeiclal fields. The signals from the three
thermocouples were recorded, to be used as boundangitions in finite element
simulations. After the thermal shocks, longitudiaall transverse sections were prepared for
some observations of damage with an optical digitikoscope, also used for fractographic
observations of broken specimens.

Numerical procedures

An axisymmetric F.E. model was developed to sinmuldhe thermal shocks, with
0.2mm*0.2mm-large quadratic elements at mid-heighing the symmetry axis and a
progressive enlargement towards the upper/lowee facd the outer surface, where the
element size was 1*1mm. Figure 1 shows the corretipg mesh and the position of four
elements, denoted by A, B, C and D, where the @&wnlwf stresses has been analysed in
detail. Point A is near the upper edge, point Bh@e inside the specimen, point C is at mi-
height and mid radius, while point D is at the eemf the specimen.
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Figure 1: a) Axisymmetric F.E. model used to sineithe thermal shocks

b) cylinder with an annular crack initiated fronsaherical pore c) detail

Starting with a uniform temperature of -20°C, a Bumte period in air was first simulated,
to take into account the time needed to take tleeisgen out of the freezer and prepare it for
oil quenching. During this period, convective hegahsfer with air at 20°C, with a convection
coefficient of 10Wrfik™* was simulated along the external boundaries. p&i®d had a very
limited influence on the temperature field, sinke butside temperature raised by 3 to 5°C at
most, while the inside temperature remained unacb@dndhen the temperature evolutions
captured by the thermocouples glued on the uppeérl@aner face during quenching were
imposed along these faces, while the temperatyptiec by the thermocouple at mid-height
was imposed there. For the other points along ithee furface, a linear interpolation between
the three signals was made. The influence of teatpex on the elastic and thermal properties
of the glass was taken into account, as detail¢tl]in

Some simulations of thermal shock were also doitle an annular crackitiated from a
central pore, at mid-height (figure 1b and c). Bhress intensity factor was computed, using the G-
theta method, for various pore sizes and varioaskdengths
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The influence of stress triaxiality on the stresmaentration near a spherical pore was
investigated, using the finite element model shamrfigure 2a, representing one eight of a
pore in a cube (5 times as large as the radiuseohole) with symmetry conditions enforced
on the three faces that cut the pore and unifomesses applied in one, two or three
directions, as illustrated by the colored arrows.

Figure 2: Models used to compute a) the stressectration near a spherical pore h)atong the
front of an annular crack initiated from a porelenuniaxial, biaxial or triaxial tension

The stresses along the edges cutting the pore extracted and the stress concentration deduced
from the values in the first element near the pdte influence of stress triaxiality on trstress
intensity factor for an annular crack initiatedrfrehe pore was investigated, using the mesh shown o
Fig. 2h

EXPERIMENTAL RESULTSAND NUMERICAL ANALYSIS

Preliminary computations.

Figure 3 shows the contours of the first princigplakss at three moments of a thermal shock
with AT=294°C. A weak tension first appears near the dfehe specimen at 45° to the
symmetry axis, then the tension peak is progrelssoisplaced towards the inside and rises.
Finally the maximum tension occurs at mid-heightloe symmetry axis.

L oomeon 5.158+07 9.70E+07 1.08E+08

5.51E+06 4.30E+07 9.248+07 1.03E+08

T_Zs 6.02EL06 T_SS 4.658+07 T_385 6.78E+07 9. JEE+0
- - - 8.32E+07 T:48$

8.538+06 4.41E+07 9.25E+07

| | 8.04E+06 | | 4.16E+07 T.BEE+07 B.J4E+0)
7.558+06 2.91E+07 8.22E+07
7.D6E+06 3.66E+07 £OILE4DY
€.SBE+06 2.42E+07 1.20E407
€.09E+06 3.17E+07 6.69E+0 )
5.60E+06 2.92E+07 &.1/E+07
5.11E+06

2.678+07 5.09E+07

5.BEE+D
4.62E+06

I 4.13E+06

3.64E+06

2.438+07 B 4-s3=+07

5.15E+07

| |
2.18E+07 4.16E+07
1 4. 84E+07

1.938+07 3.708+07 i
o 4.12E+07
3.15£+06 | asmron 3.248+07
3.61E+07
| | e B 2-7ss+07
B 2175406 = B 2-10Ee0y

e 1.198+07 2.328407
1.68E+06 2.maEry
9.24E+08
1.208+06 2. 0UES0Y
6.97E+06
7.06E+05 1.56E+07

4.50E+06

2.17E+05 1.05E+07

2.03E+06
2. 728405 5.3VE+06
_4.4sE+05 1.05E+05

Figure 3: contours of the first principal stressatious moments ot a shock
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More precisely, the evolution of the three printigiaesses have been computed at four places
in the cylindrical specimen, denoted by A, B, C(dee fig 1a) and are plotted on fig 4.

b
3) 607 ) 160
4E+07 8,E+07 -
S 2,E+07 ——1stPS o )
Qc; -=-2ndPS goE7 I%rgdps
g 0,E+00 3rdPS 4,E+07 3dPS
40 60 0
2E+07 g .
£ & 2,E+H07
-4,E+07 0.E+00 |
6,E+07 2 E+07 20 40 80
time (s) ' time (s)
C) 1,2E+08 d)1,4E+08
~1,0E+08 - 1,2E+08
& 8,0E+07 | - S 1,0E+08 -
© 6,0E+07 s PO
@ i}
£ 4,0E+07 i —=—2nd PS 6’8E+87
* 2,0E+07 3rd CP & HOEROTH 2y
! f VN 2,0E+07 { £
0,0E+00 : : \ 0,0E+00 £ : : :
0 20 40 60 80 0 20 40 60 80
time (s)

time (s)
Figure 4: evolution of the three principal stresaepoints A, B, C, D foAT=344°C

Peak stresses occur earlier near a free surfaterewoading is non-proportional- but are
smaller than at points located deeper inside. Neacenter-point, loading is proportional and
the principal directions are 8, and z. The stress state and triaxiality are cuifferent from
one place to the other. Only one principal stressways positive at point A, two at point B,
while points C and D experience triaxial tensidrtta time. The stress concentration near the
pores thus varies, depending on their positioménspecimen, as shown below.

Goodier [2] provided analytical expressions of g8teesses near a spherical pore in an elastic
infinite medium under uniform loadingzor a Poisson’s ratio=0.3, he stress concentration factor
near a pore is 2.04, 1.36 and 1.5 for uniaxial il@gxial and equitriaxial tension, respectively.tBu
these results are not valid near the edges of mees in which stress gradients exist. The stress
concentration near pores in the specimens was dghiakiated numerically, by applying the three
principal stresses computed at A, B, C or D at pedite of the first principal stress in flawlesagg
on the boundary of the F.E. model shown on FigRigure 5 compares the evolution of the first
principal stress at A, B, C and D. The stress cotmagon factor, Kinduced by a pore at each point is
also indicated, as well as the resulting localsstié; times the peak value of the first principal stress)
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Figure 5: Compared evolution of the first p'ﬁ“relcslpa‘ess and of Kt at points A, B, C, D
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Kiwas found to decrease from 2.24 to 2.13, 1.77 mxadlyf 1.73, going from point A to point D.
Pores should thus be less detrimental under ttidixéan uniaxial loading. This is confirmed by the
comparison of the stress intensity factors compédedn annular crack initiated from a pore under
uniaxial, biaxial or triaxial tension (figure 6).
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Figure 6: Influence of triaxiality on or an annular crack initiated at a pore.

But even taking into account the potential presesfca pore at A, B, C or D, the local amplified
stress is still predicted to increase from 128 83,1209 and finally 231MPa (fig. 5). Damage
initiation, is thus expected near the center oftylmders, if pores can be considered as isolated.

A change in height of the specimens, for fixed ierboundary conditions, changes the
stress state in the critical area, as illustratedigure 7. For short specimens (H< 36mm), the
radial and hoop stresses are predominant in théercéhg 7a) and vice versa for high
specimens (fig 7b). Upward thermal shocks on c@isdhus constitute a convenient way to
apply triaxial tension to a brittle material, wighpossibility to vary the relative proportion of
axial, radial and tangential stresses by chandiadeight-to- diameter ratio of the specimens.
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Figure 6: Radial stress profiles at mid-heightdpH=30mm and b) H=80mm. C) Peak
stresses as a function of H.
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Experimental results and discussion

The condition and results of the thermal shockssaramarized in Table 1 where the height
of the specimens, the amplitude of the thermal lstaod the peak first principal stress at the
center-point, D, are indicated.

Table 1: results of thermal shock experiments

Test n° 12 6 8 2 7 10 9 5 11 4

H (mm) 45 | 36.6 45 40.4 40.5 45 45 45 45 44.6

AT (°c) 286 | 314.5| 291.3 327.3 322.8 301 320 3445 296 341.9

damage none Micro Fracture from the bulk| Edge scaling from
cracks pore clusters

peak P.S.| 90 | 90,5 97.1| 1013 99.4 1005 1055 11p.5 98.7 413.
at D Mpa

A transition from “no damage” to complete fractimemany pieces with a strong audible
noise occurred within a quite narrow range of ptaisile stress in the center (a parameter
more pertinent than the thermal amplitude to commecimens with different heights). No
damage was detected for a peak principal stressvi@MPa, while specimens loaded above
105MPa fractured. Between these two values, specimepecimen variations were observed
and seem to be related to the heterogeneity ofgistebutions.

One of the most severe thermal shocks (unfortupabel a thermo-couple-free
specimen) induced a complex internal 3D star-likeck pattern, with a typical “mirror, mist
and hackles” pattern at mid-height along the symyretis at the initiation site, as illustrated
by figure 7. The mirror zone was 2.5mm in diameted surrounded two pores responsible
for crack initiation. Beyond this flat zone, craskgmentation into a very large number of
tilted and slanted parts occurred. Note that thiercation point does not coincide with the
change from a predominant axial stress to a predsmmbitangential or radial stress, which
occurs for a much larger radius (see fig 6b ).

Figure 7: fractured specimen due to a thermal skotkAT= 310°C a) main fracture
b) transverse section c) longitudinal section althregline drawn in b)

The reasons for the transition from the mirrorifegke, penny-shape crack) to the mist and

then hackles pattern have been discussed by mahprau3-4] and lie in the dynamic
character of crack growth in brittle materials. Aba given crack growth rate, the direction
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of maximum hoop stressgg(r,0) ahead of the tip does not correspon®+6 any more, but
to a finite angle, which depends of the crack ghovette [5]. In addition as the crack velocity
approaches its terminal value (a fraction of Rayleivaves speed) energy dissipation by the
acceleration of a single crack becomes insufficéamt segmentation into many cracks occurs.
The stress intensity factor for a crack initiatedni a pore, at mid-height of a cylinder,
during such a thermal shock has been computed doous pore sizes and various crack
lengths. The results are plotted as a functionnoé ton fig. 8a, while fig. 8b shows the peak
value of K as a function of the crack length.
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Figure 8: a) Kfor a crack initiated from a pore, at mid-heighaaylinder, forAT=291.3°C
b) peak value of Kas a function of the crack length #5f=341.9°C.

K, exceeds I (0.85MPalm) very early, for very small cracks and the crddking force
keeps on increasing with the crack length, unslradius reaches 10mm, so that a sharp
acceleration should occur. Dynamic effects caneddse expected.

An additional reason can however be put forwardtli@r observed tilting and twisting of
the crack: due to the triaxial tension in the speti, the crack experiences two positive T-
stresses: one parallel to its fromt; and one tangentialges. Such positive non-singular
stresses are known to make the straight crack yagtable [6]. The former should favour
crack tilting and the latter crack twisting.

Fracture also occurred for test n° 5, but in trees two crack initiation sites were
identified. A pore gave rise to a penny-shapelgrac&g7mm in diameter (fig. 9a) inclined by
35° with respect to the axis. A more or less cacumirror zone” with a similar diameter,
almost normal to the axis, but somewhat shiftednfithe center and from the mid-height
plane, was also observed (figure 9b). Many seconciaicks were observed on a longitudinal
section (fig. 9¢)
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Scaling at nearly 45° to the axis, near the uppelower edges occurred in some
specimens. Fractographic observations (Fig.10)aledethat pore clusters were responsible
for this kind of damage. Finite element computagiconfirmed that stress concentrations in-
between neighbouring pores are higher than neasdated pore and rise as the distance
between the pore decreases.

Figure 10: Scaled specimen n°7 a) side view b)gdister at the origin of scaling

An increase in the number of fragments was noteaedhe thermal amplitude increased.
Work is now in progress to measure approximatetyftke surface exposed by fracture for
each specimen and to compare it with predictiorsetbaon a Griffith-style approach, after
computation of the peak elastic energy associatddthe transient stresses and strains. Such
an approach was successfully applied previouslgn@alyse the damage induced by “hot-to-
cold” thermal shocks inducing biaxial tension imtdisks of the same glass [1].

CONCLUSIONS

“Cold-to-hot” thermal shocks on cylinders conskua convenient way to apply triaxial
tension to a brittle material, with a possibilityp tvary the relative proportion of
axial/radial/tangential stresses by changing thghtdo- diameter ratio of the specimens.

Pores in a brittle material are more or less denital, depending on load triaxiality. It is
less harmful under triaxial tension than under iailbar uniaxial tension.

The dynamic character of fracture in glass, resipte$or fragmentation makes crack path
predictions impossible from a quasistatic analg$ithe stress field. However, previous work
suggests that the developed surface of the cragktrbbe estimated from the elastic energy
associated with the transient stresses and str8unsh an estimate will be attempted and
compared to on-going measurements of the totahserdf glass fragments.
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