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Abstract. Intergranular stress corrosion cracking (IGSCC) is a fracture mechanism in
sensitised austenitic stainless steels exposed to critical environments where the intergranular
cracks extends along the network of connected susceptible grain boundaries. A constitutive
model is presented to estimate the maximum intergranular crack growth by taking into
consideration the materials mechanical properties and microstructure characters distribution.
This constitutive model is constructed based on the assumption that each grain is a two phase
material comprising of grain interior and grain boundary zone. The inherent micro-mechanisms
active in the grain interior during IGSCC is based on crystal plasticity theory, while the grain
boundary zone has been modelled by proposing a phenomenological constitutive model
motivated from cohesive zone modelling approach. Overall, response of the representative
volume is calculated by volume averaging of individual grain behaviour. Model is assessed by
performing rigorous parametric studies, followed by validation and verification of the proposed
constitutive model using representative volume element based FE simulations reported in the
literature. In the last section, model application is demonstrated using intergranular stress
corrosion cracking experiments which shows a good agreement.

1. Introduction

Austenitic stainless steels due to their superior corrosion resistance, excellent mechanical properties
and good weldability have consistently been used in power generation plants and oil and gas industries
[1-3]. Intergranular stress corrosion cracking (IGSCC) is a dominant failure mechanism in sensitized
austenitic stainless steels subjected to critical environments where intergranular cracks extend along
susceptible grain boundaries. Sensitization refers to the precipitation of chromium carbides at grain
boundaries which is accompanied by the depletion of chromium in the vicinity of these regions and
therefore susceptibility to IGSCC [4-7]. The susceptibility to sensitization and the kinetics of
sensitization are strongly dependent on the geometry and crystallographic structure of the boundaries
[8]. Grain boundary structure has commonly been classified in the framework of coincidence site
lattice (CSL) model, which attributes a X (sigma) notation to each grain boundary. This describes the
orientation relationship between the crystal lattices of the adjoining grains in the grain boundary and
can be obtained using two-dimensional electron back scattered diffraction (EBSD) technique [9].
Based on the CSL model grain boundaries are often classified into two groups of low sigma (X < 29)
and random (X > 29) or high angle grain boundaries. High angle grain boundaries (X > 29) that are
frequently been referred to as random boundaries have higher susceptibility to sensitization than those
with low sigma [10,11]. It has been observed that under similar mechanical loading and environment
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conditions, intergranular cracks have tendency to propagate more slowly in microstructure with higher
fraction of low X (X < 29) boundaries [12]. From the correlation between intergranular crack path and
boundary characters it can be deduced that random grain boundaries are more prone to chromium
carbide precipitation while low X boundaries show more resistance [8,12,13]. Generally, coherent twin
boundaries with a {111} habit pane have been found to be the only resistant feature to sensitisation
phenomenon [8,13].

Several predictive methods have been developed to define the relations between intergranular crack
propagation and the grain boundary properties. These predictive approaches determine the probability
if crack arrest and distribution of arrested crack lengths for a given microstructure. These models can
be categorized into percolation based models [10,11,14-30] and mechanics based modeling
approaches [31-35]. Most of these predictive models were either analytical or FE based which require
high amount of computational power and time.

In this study, a multiscale constitutive model has been presented for intergranular stress corrosion
crack propagation in metals with emphasis on type 304 austenitic stainless steel. The presented model
is computationally robust as it is based on homogenization technique and will save ample amount of
computational time and resources. The proposed constitutive model takes into account the material’s
microstructure character distribution (GBCD) such as grain size and fraction of boundaries with
different characteristics obtained by EBSD, and predicts the maximum intergranular crack length. The
constitutive model assumes each grain to be a two phase material comprising of grain interior and
grain boundary zone. Grain interior is modeled using crystal plasticity theory while grain boundary
zone is modeled by proposing a phenomenological constitutive model motivated from cohesive zone
modeling approach. Overall, the response of representative volume is calculated by volume averaging
the individual grain behavior. In the first part of this paper, a brief outline of the constitutive model is
discussed. In the second section, the validations and verification of the proposed constitutive model is
presented by comparing with representative volume element based FE simulations reported in the
literature. In the last section, model application is demonstrated using post-mortem stress corrosion
experiments.
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Figure 1. Schematic of multiscale constitutive model showing how scales are bridged.

2. Constitutive model

A brief outline of the constitutive model is discussed in the following. A detailed description of the
model and implementation will be reported later in a full journal article. The grain structure is
assumed to be truncated octahedron or Kelvin cell with 14 faces comprising of 6 hexagons and 6
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tetragons. Each individual grain is considered as a two-phase material consisting of grain interior and
the grain boundary zone as a thin shell (4 um) encompassing the grain interior. Grain interior is
modeled using crystal plasticity theory [36—42] while the grain boundary zone is modeled using a
phenomenological constitutive model motivated from cohesive zone modeling approaches (please see
references there in [36—42]). Schematic of the constitutive model is shown in Figure 1.

In the following we only present details of the calculation of overall response of the grain and a
brief description of the models for both grain interior and grain boundary zone.
The stress conjugate to strain before fracture initiation is given by

0=350g+ (1- ‘f)a'yb

where & is the volume fraction of the grain interior region and is given by
$=v
gb
where g, and g, are the stresses in the grain interior and grain boundary zone. Vg, and Vg, are
volume fractions of grain interior and grain boundary zone, respectively.
Each phase, i.e. grain interior and grain boundary zone are assumed to have same deformation
gradient

F=Fg,=Fgy

Once the crack is initiated stresses are computed using the following relation
Eij=IEij1 )2
e e EO_Eij,‘J.)
o=¢- 2.718 Ogi + 1- f)o'gb

The first term of the above equation accounts for unloading of the grain interior instantly after the
initiation of a crack, i.e. when the crack propagation starts. Where p and £ can be estimated from
experiments. ¢ controls the damage evolution and p links directly the rise in normalised impurity
concentration with drop in strength and strain to failure.
Polycrystalline response is computed using classical Taylor type averaging method. The homogenized
stress response is computed through arithmetic averaging of overall grains.
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Constitutive model has the capability to use microstructure character distribution data obtained by
EBSD such as mean grain size and the grain orientation relationships in the form of Euler angles.
Grain interior is modelled using the following hardening model [36-42]

o ] B,

T.—T

5 a

hyp =M (a2 p)

As can be seen the above equation requires 4 parameters of h,, hs, 1., Ts t0 be identified from
experiments,

The constitutive relation for grain boundary zone is given in Figure 1. In the following, we present
the list of expressions for the constitutive model without going into the detail of derivations.

The relationships for f(&;;) and g(e;;) are given below.

Before grain boundary crack initiation the following equation is dominant
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while instantly after grain boundary crack initiation the following relationships are dominant.
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where

&j1 = Strain at o, £9=Enp = Normal strain at complete failure
g9=pg = Shear strain at complete failure

All simulations presented in the following are based on the code developed in the research group using
FORTRAN language and all the simulations are based on local model. Total number of grains used in
the model are 200. Grain misorientation was randomly distributed using experimental EBSD data
reported in [46] and is not repeated have for brevity.

3. Parameter identification for type 304 austenitic stainless steel

The material data used in this analysis is a mill annealed type 304 austenitic stainless steel
(UNS30400) plate with a chemical composition of (wt.%) 18.15Cr—8.60Ni—0.45Si-1.38Mn-0.055C-
0.032P-0.038N-0.005S. The constitutive model requires several parameters to be determined
experimentally. These are uniaxial tensile test data along with the microstructure character distribution
data such as mean grain size and grain orientations. The tensile properties were obtained according to
the ASTM standard for sheet, strip, flat wire and plate [43].

The HKL-EBSD system used was interfaced to a Philips XL-30 FEG-SEM. Channel 5 software was
used to characterize the data, applying Brandon’s criterion in the CSL model framework [44,45] to
define grain boundary character. A 15 threshold was used to identify high angle grain boundaries
(HAGB). A minimum misorientation angle of 2° was implemented to distinguish low angle
boundaries. Grain boundaries having Y < 29 were considered as resistant boundaries, with the low
angle grain boundaries (LAGBs) (3:1) included. Information on the details of the tensile experiments
and microstructure characterizations are published elsewhere [46,47].

The materials mechanical and microstructure data reported in [44] and [47] are for fully sensitized
austenitic steel at room temperature. Since the experiments were performed in air the pu parameter is
set to 1, i.e. no degradation of properties in the absence of corrosive environment. The identified set of
parameters is listed in Table 1 and a comparison of stress-strain data is shown in Figure 2.

Table 1. Parameters identified through uniaxial tension test data on Austenitic steel at room

temperature.
1(a) Grain Interior
ho (MPa) 19 (MPa) 15 (MPa) hs (MPa)
10. 10.5 24.8 0.1

1(b) Grain Boundary

dgb (mm) Ngrain o (MPa) €o ija

N~

0.005 200 1100 0.3 0.05
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Figure 2. Comparison between uniaxial experimental [46] and simulated response of austenitic steel at room
temperature
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Figure 3. Effect of resistant grain boundaries number fraction (left; present model) and FE based RVE study
reported in the literature (Musienko and Cailletaud [35]).

4. Model capability and validation

One of the features defined in the constitutive model is the incorporation of grain boundary characters
based on their Y value, i.e. resistant and susceptible grain boundaries as has been discussed in section
3. Using these fractions of resistant and susceptible grain boundaries, constitutive model randomly
distributes the grain boundaries in the representative volume of the microstructure being considered in
the constitutive model. For the results discussed below parameters used are the same as Table 1 while
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for u a constant value of 0.1 is used.

To show the model capability of capturing the effect of fraction of resistant and susceptible grain
boundaries, uniaxial tests were performed in the corrosive environment by assuming the value of p
equals to 0.1 for susceptible grain boundaries and 1 for resistant grain boundaries. It can be inferred
from Figure 3 (left) that as the fraction of resistant grain boundary increases the failure curves shift up,
i.e. material is more resistant to failure. To qualitatively compare the overall stress-strain response,
finite element based RVE results on a similar material are plotted from Musienko and Cailletaud [35]
which shows a very similar stress-strain response. To analyze the effect of fraction of resistant grain
boundaries on crack growth rate, crack fraction as a function of time has been plotted in Figure 4
(left). It can be inferred from Figure 4 (left) that as the fraction of resistant grain boundary increases
crack growth rate decreases. To qualitatively compare the overall crack growth trend, FE based RVE
study reported in literature (Musienko and Cailletaud [35]) is shown in Figure 4 (right) showing
overall trend in crack growth is similar.
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Figure 4. Effect of resistant grain boundaries number fraction on crack fraction (left; present model) and FE
based RVE study reported in the literature (Musienko and Cailletaud [35]).

In order to show the effect of exposure time and load on crack growth rate, experimental double bent
beam (DBB) test [46] performed on fully sensitized microstructure using constant loads of 100 and
260 MPa are simulated. Three different exposure times of 144, 288 and 432 hours were used during
simulation. Based on experimental data [46] it is assumed that { and p are a function of exposure time
and are given by

¢(t) = ((1 - sech?(a,t)).b;)
u(t) = (sech?(ast)). by

where a; and b, are material parameters to be identified from experiments.

Figure 5 shows the comparison between experimental data and simulated response. Results show a
good agreement between experimental and simulated data. Parameters identified from experiments are
a; = 0.08/hr and by = 8.

5. Conclusion

We presented a multiscale constitutive model for intergranular stress corrosion cracking. Model takes
into account the grain size, and grain orientation relationship using a crystal plasticity theory. Grain
boundary zone is modeled using a cohesive based constitutive model. Constitutive model has the
capability of using EBSD data to define grain size, orientation and distribution of grain boundary types
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(resistant and susceptible). Conventional uniaxial tests in air and corrosive environment were
simulated and showed a good qualitative agreement with finite element based simulations. In the last
part, double bent beam experiment in corrosive environment was simulated and showed a good
quantitative agreement with experimental data.
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Figure 5. Crack length v/s exposure time for two different constant loads during IGSCC
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