Relation between structural disorder and fracture mechanisms
in an alkali borosilicate glass : a molecular dynamics study
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Abstract. Molecular dynamics simulations were implemented to model fracturing in simplified glasses
representative of actual nuclear glasses. The application of a faster thermal quenching algorithm allowed
us to simulate a disordered and depolymerized structure constituting a model of a glass irradiated by
deposited nuclear energy. At the same time, Vickers indentation tests were performed to measure the
fracture toughness of a glass specimen of the same composition that had received a large dose of elastic
energy. Numerical calculations showed an increase in the plasticity of the more rapidly quenched glass
that can be attributed to a reduction in the average degree of polymerization of the glass, especially
around boron atoms. The increased plasticity delays crack propagation because a larger number of
plastic dislocations is required. This observation at the scale of the glass nanostructure is proposed to
account for the experimentally observed fracture toughness.

Introduction

Nuclear glasses [1,2] used for the containment of long-lived radioactive waste arising from spent fuel
reprocessing are intended for disposal in deep geological formations over periods of several thousand
years. Over time the glass will be subjected to internal irradiation by the presence of radioactive
elements, as well as to aqueous alteration. It is important to determine the fracture behavior of nuclear
glasses and the influence of irradiation on crack propagation because exchanges between the glass and
the environment occur via the exposed surfaces of the glass, especially cracks.

This study thus applied the method of classical molecular dynamics to elucidate the fracture
mechanisms in simplified nuclear glasses subjected to external tensile stress. The effect of irradiation
was taken into account indirectly by fabricating and fracturing depolymerized and disordered structures
representative of glass that had received a significant elastic energy deposit [3]. These structures were
obtained by accelerating the quenching rate as they were formed [4].

Experimentally, a glass specimen of the same composition as the simulated glass was subjected to
1°B(n,a)’Li irradiation to deposit elastic energy of the same order of magnitude as received by actual
nuclear glasses. The fracture toughness of this glass was measured by Vickers nanoindentation and
compared with the fracture toughness of the unirradiated glass.

Simulation method
Glass fabrication and fracturing by classical molecular dynamics. “SBN14” glass (67.7% SiO; —
18.1% B,03 — 14.2% Na,0) has the same molar ratios as the constituents of the actual nuclear glass.



Empirical interaction potentials were recently fitted to accurately reproduce the structures and the
mechanical properties of SiO,-B,03-Na,O glasses over a wide range of compositions [5]. These are
Buckingham pair potentials with the following analytical formulation:
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where rj; is the interatomic distance between atoms i and j. The first term on the right corresponds to the
Coulomb energy. The g; and g; terms are the charges of atoms i and j, respectively. The second term
represents the repulsion of atoms as their electron clouds merge. It contains two adjustable parameters
depending on the nature of atoms, Bj; and pj;. The last term is a dispersion term involving the adjustable
parameter C;; dependent on the nature of the interacting atoms.

The parameter fitting method was detailed at length in reference [5]. To obtain a better representation of
the glass structural and mechanical properties over a wide composition range, we added a dependence
between the ion charge and the glass composition. This dependence is important to accurately reproduce
the nonlinearities associated with the boron anomaly [6,7]. The ionic charges used for simulation of
SBN14 glass are indicated in Table 1. The calculations were performed with the DL_POLY 3 code [8].

Table 1. Charge values for simulation of SBN14 glass

Osi O ONa Jdo
SBN14 glass 1.868 1.599 0.450 -0.967

SBN14 glass was prepared as follows. Initially, a liquid comprising 100 000 atoms was equilibrated at
5000 K for 100 ps. The time step was 1 fs. The initial glass density was chosen lower than the
experimental density to take into account the glass contraction during cooling. The liquid structure was
quenched at a rate of 5 x 10*? K/s while maintaining a constant volume; the temperature was lowered in
100 K steps from 5000 K to room temperature. The resulting solid structure was relaxed for 20 ps in the
NPT ensemble at room temperature with zero external pressure to determine its equilibrium volume.
The final glass relaxation was obtained in the NVE ensemble by maintaining the volume equal to the
previously determined equilibrium volume; this step lasted 5 ps.

Born-von Karman periodic boundary conditions were applied along the three directions during the glass
preparation. The full Ewald sum [9] with 10™ precision was used for the Coulomb interactions.

The simulation cells containing the glassy structures were fractured as follows. Atoms were first
removed in order to notch one face of the simulation cell as shown in Figure 1. The notch was 30 A
deep and 20 A high. The notched samples were relaxed at 5 K for 50 ps before being fractured.

Periodic boundary conditions are applied on the X and Y axes but are eliminated along the vertical Z
axis to allow the application of the tensile stress. To avoid surface effects following the elimination of
periodic conditions on the Z axis, two layers are frozen at the top and bottom of the simulation cell. In
these layers, which are 11.5 A thick (slightly greater than the potential cutoff radius), the atom positions
are fixed and do not conform to the equations of motion of classical molecular dynamics.

To fracture the samples a tensile force is applied by imposing progressive displacements in the Z
direction on the atoms of the frozen layers. A displacement is applied at each time step with a strain rate
of 4 x 10°® fs. The temperature is maintained at 5 K throughout the duration of fracturing to avoid
adding thermal effects to the tensile effects.
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Fig. 1. Glass sample before fracturing

Preparation of glass specimen representative of irradiated glass. As it was not possible to
completely irradiate the glass samples by displacement cascades [3,10] for reasons of computation time,
we adopted a method based on accelerating the quenching rate. This technique produced glass with
lower density than before, and with a lower degree of polymerization and a greater degree of disorder.
The effect of the accumulation of displacement cascades was thus qualitatively reproduced [3]. The
glass disordered and depolymerized by acceleration of the quenching rate is considered a model for
glass irradiated by deposited elastic energy.

Experlmental fracture toughness measurement. SBN14 glass specimens were irradiated by

198 (n,a)"Li reaction of a neutron flux in the Osiris reactor [11]. The total ballistic energy received by the
glass was estimated at 2.38 dpa with the SRIM code. The fracture toughness of the pristine glass and
irradiated glass was measured by Vickers indentation with loads ranging from 75 g to 400 g. For a given
load, if the size of the indentation is characterized by a diagonal d, the hardness H is measured by the
formula:
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where F is the force applied and d is the length of the indentation diagonal. When cracks appear at the

corners of the indentation, the mean crack length ¢ is measured with an optical microscope and the
fracture toughness is calculated [?Omm6ka! McTouHMK cCHUIKH He HaiineH.]:
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where a is the half-length of the indentation diagonal, and E is Young’s modulus.

The fracture toughness of unirradiated SBN14 glass was measured by averaglng the values obtained for
25 indentations (for loads between 75 g and 200 g): 0.76 + 0.06 MPa- m™2. The fracture toughness of
irradiated SBN14 glass was determined by averagmg the values obtained for 20 indentations (for loads
between 200 g and 400 g): 0.88 + 0.06 MPa-m

Fracturing of SBN14 glass by classical molecular dynamics

Stress/strain curves. The stress/strain curve to failure is plotted in Figure 2 for the |n|t|al and fast-
quenched SBN14 glass specimens. The stress/strain curves exhibit a classic shape[**Omméka!



HcTounnk cchliIKH He HaiigeH.], with a linear stress increase versus strain for small (elastic)
deformations, followed by a plateau in which the stress varies little while the strain continues to
increase, and a decreasing leg where the stress diminishes to structural decohesion. The last two stages
correspond to plastic deformation of the structure.
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Fig. 2. Stress/strain curves for fracturing of initial and fast-quenched SBN14 glass specimens

Young’s modulus was estimated from the slope of the initial linear portion of the stress/strain curve.
Young’s modulus for the initial glass was 74.0 GPa, relatively near the experimental value of 82 GPa.
At atomistic scale the fracturing of simulation cells comprises four phases: nucleation of cavities,
growth of cavities, coalescence of cavities, then decohesion. Cavity nucleation begins during the elastic
deformation phase and continues during the plastic deformation phase, while cavity growth corresponds
to the plastic deformation phase. Coalescence and decohesion occur during the sudden drop in the stress
level.

Atomistic mechanisms responsible for fracturing. To analyze the structural changes that accompany
glass fracturing, the radial distribution functions of the Si-O and B-O pairs were plotted at different
moments.

The evolution of the Si-O radial distribution functions is shown in Figure 3. Only the first peak of the
function is indicated, as the subsequent peaks do not show any significant changes.
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Fig. 3. Si-O radial distribution functions at different moments during fracturing



Figure 3 is separated into two parts for clarity. In Figure 3a, between 0 ps and 24 ps, the maximum peak
value can be seen to decrease and shift toward greater radii. This indicates stretching of the Si-O bonds
together with increasing structural tension. Coalescence and decohesion of the structure occur between
24 ps and 40 ps. The Si-O radial distribution function gradually recovers its initial shape. The growth
and subsequent coalescence of cavities creates new free surfaces within the structure, relieving the local
stresses responsible for the deformation of the Si-O bonds.

The B-O radial distribution functions are plotted in Figure 4. Only the first peak of the functions is
shown in the figure; the subsequent peaks do not show any significant changes. The distances between
tricoordinate boron and oxygen atoms are shorter on average than the distances between tetracoordinate
boron and oxygen, which explains the existence of two sub-peaks. The peaks are distinctly separated
because the calculations were performed at low temperatures.
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Fig. 4. B-O radial distribution functions at different moments during fracturing.

A difference is visible in the behavior of B-O bonds depending on the boron coordination number. The
[IB-O bonds behave qualitatively like Si-O bonds: they stretch initially because of the local tensile
stress application, then return to their original state following the creation of new free surfaces during
the cavity coalescence.

The BIB-O bonds behave differently. No significant stretching appears between 0 and 40 ps. The height
of the first maximum of the peak corresponding to the B!B-O bonds at the end of fracture is simply
observed to increase, reflecting an increase in the concentration of tricoordinate boron atoms compared
with tetracoordinate boron.

The environments of tricoordinate boron atoms are thus less deformed than the environments of
tetracoordinate boron atoms. The following explanation is proposed: the local degrees of freedom are
greater around BOs entities because of smaller the number of chemical bonds that bind them to the
polymerized network. They are free to reorient themselves, and can thus adapt more readily to external
stresses.

Effect of fast quenching

The same approach was applied to the fast-quenched glass. The stress/strain curve is shown in Figure 2.
As aresult of fast quenching, a reduction of about 30% is observed for the initial slope corresponding to
Young’s modulus (Young’s modulus was 51.6 GPa for the fast-quenched glass), as well as a
lengthening of the duration of the plastic phase. The cavities formed are systematically more numerous
in the fast-quenched glass, which contains a larger free volume fraction that facilitates cavity nucleation.
At a structural level, fast quenching increases the concentration of 3-coordinate boron atoms to the
detriment of 4-coordinate boron atoms. This phenomenon explains why plastic deformation processes
are more numerous in the fast-quenched glass, because tricoordinate boron atoms are involved in plastic
flow.



Comparison with experimental findings

The simulation shows an increase in plastic deformation in the rapidly quenched glass specimens
combined with a decrease in the MIB/®IB ratio. This results in delayed fracturing.

Experimentally, Vickers indentation measurements showed increased fracture toughness of the glass
after being subjected to a large number of atomic displacements by deposition of elastic energy.
Comparing these results suggests an explanation for the increase in fracture toughness under irradiation.
The average degree of polymerization diminishes in glass subjected to elastic energy deposition, thereby
increasing its plasticity by facilitating local reorganization. Ultimately the energy required to propagate
a fracture in the glass increases, which explains the greater fracture toughness.

Conclusion

Molecular dynamics simulations were implemented to model fracturing in simplified glasses
representative of actual nuclear glasses. The application of a faster thermal quenching algorithm allowed
us to simulate a disordered and depolymerized structure constituting a model of a glass irradiated by
deposited nuclear energy. At the same time, Vickers indentation tests were performed to measure the
fracture toughness of a glass specimen of the same composition that had received a large dose of elastic
energy.

Numerical calculations showed an increase in the plasticity of the more rapidly quenched glass that can
be attributed to a reduction in the average degree of polymerization of the glass, especially around boron
atoms. The increased plasticity delays crack propagation because of the larger number of plastic
deformations required. This observation at the scale of the glass nanostructure is proposed to account for
the experimentally observed fracture toughness.
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