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ABSTRACT

Corrosive environments combined with high
stress levels and susceptible microstructures can
cause the intergranular stress corrosion cracking
(IGSCC) of Alloy 600 components on both
primary and secondary sides of pressurized water
reactors, One of the factors affecting the IGSCC
is the intergranular carbide precipitation
controlled by the heat treatment of Alloy 600.
The present study is concerned with the analysis
of elastic stress fields in the vicinity of M7C3
and M23Cg carbides precipitated in the matrix
and at a grain boundary triple point. The local
stress concentration which can lead to IGSCC
initiation was studied using a two-dimensional
finite element model. The intergranular
precipitates are more effective stress raisers than
the intragranular precipitates. The combination of
the elastic property mismatch and the precipitate
shape can result in a local stress field
substantially different than the macroscopic
stress. The maximum local stresses in the
vicinity of the intergranular precipitate were
almost twice as high as the applied stress.

INTRODUCTION

Alloy 600 is a solid solution nickel-based
alloy (Ni-15Cr-10Fe and with other minor
alloying additives) which is widely used for
steam generator tubing, control rod drive and
pressurizer nozzles in nuclear power plants.
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Corrosive environments combined with high
stress levels and "susceptible™ microstructure
cause the intergranular stress corrosion cracking
(IGSCC) of Alloy 600 components. Particular
examples are the steam generator heat exchanger
tubing for nuclear power plants on both primary
and secondary sides (outside and inside diameter
surfaces). In the past two decades the grain
boundary chemistry, grain size, and intergranular
and matrix carbide phase precipitation have been
studied extensively in relation to IGSCC [1-18].
The role of the grain boundary carbides in the
process of intergranular fracture is not yet fully
understood. Experimental results show that
depending upon the carbide morphology and
volume fraction, and the type of corrosive
environment, the effect on the IGSCC
susceptibility is either beneficial, detrimental or
neutral.

A mechanical theory proposed by Bruemmer
and Henager [12,13] explained the effect of
carbides on IGSCC in terms  of
microdeformation mechanisms. The interface
between the matrix grain boundary and the
carbides is the principal source of dislocations.
Dislocation motion is initiated at grain boundary
carbides and grain boundary intersections (triple
points). Second-phase particles are a good source
of dislocations because of the presence of an
elastic discontinuity at the particle-matrix
interface. Localized stress relief by microplastic
deformation is more homogeneous where a large
number of second-phase particles exist, and leads
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to more uniform distribution of strains in grain
boundary regions.

The present study is concerned with the
analysis of elastic stress fields in the vicinity of
second-phase particles precipitated either in the
grain interior or at the grain boundary triple
point. Residual stresses due to the thermal
expansion  coefficient mismatch are not
considered. It is the elastic stress concentration
at a second-phase particle which can lead to the
local microplastic  deformation and in
consequence influence the IGSCC susceptibility
of the alloy.

MODELING OF CARBIDE
PRECIPITATES

Carbide morphology

The morphology of carbide precipitates is
relatively well documented. The grain boundary
precipitates in solution annealed and heat treated
Alloy 600 are predominantly a mixture of M7C3

and M23Cg with neither of these two carbides

clearly dominant [1,15-16]. Four classes of the
grain boundary carbide precipitate morphology
were reported: fine  discrete particles,
semicontinuous precipitates, coarse
semicontinuous precipitates, and large discrete
precipitates [1, 8-10, 18]. The average precipitate
size and density depend on the heat treatment
[9,13]. The observed range of the average discrete
precipitate length was from 1 to 3 pm, and the
average distance between precipitates was 0.7 to
2.5 ym [9].

Carbides of the M7C3 type have a hexagonal
crystal structure and hardness of 236 HV [9, 19].
The crystal structure of M23X6 (X is non-
metallic) is face centered cubic [9, 20].

There is no reported data on the orientation
relationships between M23Cg and Cr7C3 and
the matrix in Alloy 600. However, the
mechanism of formation and growth of M23Cé
carbides in austenite have been reported [21-25].
The carbides nucleate with longer axes parallel to
<110> of the austenite within the boundary
plane. The carbides are in parallel orientation
with one of the matrix grains at a triple point
and create a high-angle grain boundary with other
grains. At longer aging times the carbides are
embedded in the matrix of the grain with which
they are in parallel orientation as a result of the
grain boundary migration. Grain boundary triple
points are very favorable sites for massive
M23Cg formation. The information regarding

the mechanism of formation and orientation

relationships with the matrix for carbides of the
M17C3 type is not available in the literature.

The single crystal elastic constants and thermal
expansion coefficients for M7C3 and M»>3Cg
carbides are not available. Elastic moduli for a
Fe3C carbide were cited as E=268 GPa and
v=0.28 [26] (E is Young's modulus, v is
Poisson's ratio). The moduli reported for carbide
ceramics are much higher (e.g., for silicon
carbide E=430 GPa, for boron carbide E=430
GPa, for tungsten carbide E=605 GPa [27]). In
general, the precipitates have a higher stiffness
than the metal matrix.

Two-dimensional finite element

model

Based upon the carbide-matrix relationship
discussed in the previous section, a model of a
second-phase particle at the grain boundary triple
point is proposed (Figure 1). The second-phase
particle is in parallel orientation with grain A in
the figure. The grain boundaries are assumed to
be of <001> type. The grain orientations were
selected as ®A=0°, ®p=45°, and PC=22.5°
since they provide for the maximum elastic
mismatch between the grains [28]. Grains A and
B have, therefore, a disorientation of 45° with
the grain boundary plane parallel to the (100)
plane of grain A. Grain boundaries A-C and B-C
have a 22.5° disorientation and are close to the
(110) planes of grain C and (010) planes of grain
B, respectively. The condition for the M23Cé
carbide growth is therefore satisfied since the A-
C interface is a (110) plane. Also the “egg-
shaped” carbide is embedded into grain A with
which it is in parallel orientation. The
disorientation angle of 45° is close to the most
probable disorientation angle (mean
disorientation angle is 40.74°) between grains in
a random polycrystal [29].

The finite element model contained 2519
nodes and 836 eight-node quadrilateral elements
(Figure 1). Meshing was done using the Patran
preprocessor, and the finite element analysis was
done with the ABAQUS package. The stress
tensor invariants (i.c., von Mises stress and
hydrostatic pressure) were requested as the output
since they are relevant to the theories of crack
initiation, The hydrostatic pressure is defined as
Om=0ii/3, von Mises stress G'=Cjj - om9ij,
where ojj is the stress tensor and & is the
Kronecker's delta. The external load was applied
by defining the displacements on the top and
right edges of the system in such a way that the
resultant average normal stress on each loaded
edge was equal to 1.0 (arbitrary units).




By changing the orientation of grains two
cases were studied: a carbide embedded in a grain
(intragranular  precipitate) and a carbide
precipitated at the grain boundary triple point.

Precipitat bedded in sotropi

matrix -

The anisotropic elastic ~properties ~were
assigned with all three grains having the same
orientation ([001] direction parallel to the
horizontal direction in Fig.l) simulating
therefore an inclusion embedded in a single grain
or in a highly textured material. The single
crystal elastic properties of Alloy 600 were used
(C11=232 GPa, C12=148 GPa, C44=1159 GPa
which translates to approximately E=200 GPa
and v=0.3 [31]). The precipitate was simulated
as having a high stiffness ie., E=400 GPa,
v=0.1. The system was loaded in equi-biaxial
tension (plane stress condition). The von Mises
and hydrostatic stress fields are shown in Figure
2 (hydrostatic pressure is defined to be positive
when it acts towards the surface upon which it is
applied).

As seen in Fig.2 the applied load is supported
mostly by the inclusion. Both the hydrostatic
pressure and von Mises stresses have the highest
concentration factor inside the inclusion
K¢=1.22. The von Mises stress field inside the
inclusion is not uniform. The highest stresses in
the matrix are observed at the location where the
grain boundary intersects the precipitate and at
the highest curvature of the precipitate. The
stress concentration in the matrix is relatively
low, K¢=1.08.

Precipitate at grain boundary triple

point

Grains A, B, and C were assigned the
orientations 0, 45, and 22.5° respectively and the
single crystal elastic constants of Alloy 600
(C11=232 GPa, C|2=148 GPa, C44-1 15.9 GPa
[31]). The precipitate was assigned the elastic
modulus E=400 GPa and Poisson's ratio v=0.1
representing therefore a hard carbide particle. The
effects of the stress state, i.e. uniaxial vs. equi-
biaxial loading were studied. The analysis of
residual stresses in Alloy 600 components
(residual stresses due to manufacturing are much
higher than applied stress) showed that those two
states of stress, i.e. uniaxial and equi-biaxial, can
be considered as "typical”" [32-33]. The stress
fields for the uniaxial load are shown in Fig.3,
for the equi-biaxial load in Fig.4. When the
system is loaded in the uniaxial mode (Fig.3)

the hydrostatic pressure in the matrix shows a
variation from tensile to compressive with a
stress concentration factor of K¢=1.97 and the

ratio of the maximum to minimum stresses
Omax/Omin=-15.5. The stress field is aligned

with the direction of the applied load and the
maximum stresses occur at the precipitate/matrix
interface. The stress concentration factor for the
von Mises stress in the matrix is K¢=1.67. The

von Mises stress variation in the matrix is
Omax/Omin=3.65. Both the von Mises stress

and the hydrostatic pressure are concentrated
along the boundary between grains A and C. The
stress fields inside the inclusion are not uniform.
The stress fields due to the equi-biaxial loading
(Fig4) are more uniform. The highest
hydrostatic pressure occurs inside the inclusion
(K¢=1.23). In the matrix the hydrostatic pressure

is concentrated along the grain boundaries
(Kc=1.05). The von Mises stress is highest

inside the inclusion (Kc=1.26) with some

concentration in the matrix along the grain
boundaries (Kc=1.1).

CONCLUSIONS
Elastic stresses in the grain boundary regions
cansed by the elastic properties mismatch
between a carbide precipitate and a nickel alloy
matrix were studied by finite element modeling.
The effects of precipitate location i.e.,
intragranular vs. intergranular, and external
stress state on the stress fields around the
precipitate  were analyzed. An intragranular
carbide precipitate is not as effective a stress
raiser as a carbide precipitated at a grain boundary
triple point due to the contributing effect of
strain incompatibilities between the grains in the
latter case. The precipitate with the effective
elastic modulus higher than that for the
surrounding grains (which is the case for all
of carbides present in stainless steels and
nickel based alloys) supports more load than the
matrix, i.e. the stresses inside the precipitate are
higher than in the alloy grains. The shape of the
inclusion plays a role in the stress distribution in
the grain boundary regions; sharp corners raise
stresses more effectively than oblong-shaped
precipitates. Equi-biaxial loading provides for a
more uniform distribution of stresses than
uniaxial loading. The high stress fields are
confined to the vicinity of the grain boundary
precipitate (their range is much smaller than the
size of the precipitate) and therefore for the large
spaced grain boundary carbides their elastic
interactions are insignificant. For Alloy 600 the
highest stress concentration factors observed were




Kc=1.97 for the hydrostatic pressure and Kc=1.67

for the von Mises stress and were caused by the
uniaxial loading applied along the longer axis of
the precipitate. Thus, the tip of the precipitate
where those concentrations occur is the favorable
place for the initiation of microplastic
deformation.
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FIGURE 1. MODEL OF CARBIDE PRECIPITATE AT GRAIN BOUNDARY TRIPLE POINT
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