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Summary. A model has been developed to predict crack growth velocities in IG-SCC, at
stress and ion variation. The model is a coupling between Fick’s second law and a newly
developed cohesive element with degradation of damage resisting properties, implemented
into a user element in ABAQUS. High stresses at the crack tip are assumed to drive the
corrosion process and change the diffusivity. The stress and ion concentrations are varied
which shows that higher stresses or higher ion concentrations gives thicker oxides and
higher crack propagation velocities.

1 INTRODUCTION

The current trend for extended life of many Nuclear Power Plants is to extend beyond
the originally planned operation time. The extended service time makes it increasingly
important to understand the ageing processes of materials®. Intergranular Stress Corro-
sion Cracking (IG-SCC) is one of the most commonly recognized degradation phenomena.
From a phenomenological view it is well-known and has been investigated for a long time
but due to its complicated nature it is still not completely understood. In particular a
coupled mechanic and corrosion model is for the degradation process. Earlier research on
IG-SCC mostly focused on identifying the material and corrosion behavior trough exper-
iments and parameter fitting equations®,®. The currently presented work is based on a
multi-physics model, created to mimic one of the more accepted mechanisms of IG-SCC*.
In which the exposure to water allows oxides to penetrate along grain boundaries (the
rate is governed by strain, time, ion concentration etc.). The oxide weakens the mechan-
ical strength of the grain boundaries and the boundaries will eventually crack due to the
applied stress leaving new virgin material exposed. This process will repeat itself and
cracks will grow continuously, see Figure 1la.
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2 Model

The model is based on the coupling between the equilibrium equation and the diffusion
equation. This coupled equations are inserted into an FE cohesive element®,%. The
equilibrium equation is coupled with the diffusion equation

dc d*c ow
i D(UT)@ — h(e,nr") (1)

where D(nr) is the diffusivity as a function of irreversible normalized traction nr[1, 0], ¢ is
the concentration of ions and h(c, 7}") is the adsorption rate of the ions to the boundaries,
i.e. the crack and crack tip faces. The crack mouth has the boundary condition (BC)
of constant concentration, no other BC is applied, see Figure 1b. The diffusion model
in Equation 1 describes the transport of ions from the crack mouth to the crack tip. In
Fick’s second law the cross section area and length is influencing the diffusion, meaning
that longer travel distances will experience more concentration loss. The diffusivity is
defined as

D(nr) = (Ds — Di)nr + D (2)

where the diffusivity function D(nr) has the requirement to change from the diffusivity
of the ions in the undamaged grain boundary material D, to the diffusivity of the ions in
the liquid D;. A simple definition of h(c,n/*’) was assumed
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Figure 1: (a) lons diffusing inside the crack tip create oxides on the crack walls and at
crack tip. Constant far field stress promotes the process. (b) Schematic figure showing
ions passing through the crack from the mouth to the tip by diffusion. The red ele-

ments represent failed elements while the blue elements are not yet failed (with different
diffusivity).
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h(e,ng™) = ™ (1 — exp(—ny(n7™)c)) (3)
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where ¢ is the maximum adsorption rate and n;(n5®’) is a function depending on
the reversible normalized traction, which is changing the angle of the exponential slope
resulting in a different adsorption velocity at specific ion concentrations.

2.1 Degradation implementation

The oxides fracture properties are obtained by changing the Traction Separation Law
(TSL) of the cohesive element. The fracture energy ¢ is controlled by the amount of
oxidation, which in its turn is linked to the amount of ions adsorbed at the surface

¢ x /h(c)dt = ™ (4)

The relation between the fracture energy and the amount of ions is assumed to be linear
using kfad[> 0,00)]. It is subtracted from the initial energy ¢™

Qb _ ¢znz . kfadcad (5)

where the oxide fracture energy is a minimum limit and the initial energy is a maximum

limit ¢ [¢oxd) ¢1m] ;

3 Applications to DCB specimen

The double cantilever beam (DCB) was used to test the multi-physics cohesive ele-
ments. The DCB is constrained at the bottom node of the cracked side of the specimen
and a constant force is applied to the corresponding upper node. The model is force
controlled and the geometric dimension for the DCB model is a = 5 pm, L = 10 pm and
b =2 pm. The fracture energy is ¢ = 20 J/ um? and the maximum cohesive traction is
T = (0.2 MPa. The bulk elements are elastic with the Young’s modulus E = 200 GPa
and the Poisson’s ratio v = 0.3. The energy for the oxide material is reduced to half of
the initial traction and a tenth of the fracture energy. Figure 2a shows the oxide start and
crack tip position for the simulated crack growth. The thickness of the degrading oxide
is the distance along the grain boundary where the element is not completely damage
yet but has adsorbed ion. The oxide thickness is obtained from Figure 2a as the vertical
distance between the two curves. The oxide thickness is constant except for the start of
the computation. Figure 2b presents the velocity for the oxide start and crack tip. The
stress and ion concentration are varied in the simulations with results in Figure 3a and
3b. As expected higher stresses or higher ion concentrations gives thicker oxides.
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Figure 2: (a) Crack tip and the oxide start positions for the growing crack. (b) Velocity
of the growing crack tip and the oxide start position.
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Figure 3: (a) Influence of stress level on the oxide thickness. (b) Oxide thickness for some
different ion concentrations.
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