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Abstract It is widely accepted that thermally induced
grain boundary chromium depletion in austenitic alloys
such as austenitic stainless steels and Ni base alloys can
lead to inter-granular stress corrosion cracking (IGSCC) of
high temperature components during service. Numerous
experimental studies of the phenomenon have been repor-
ted and many models have been developed to predict
chromium depletion under different pre-service treatment.
However, there are debates on some fundamental issues in
modelling and the interpretation of experimental observa-
tions. This article attempts to clarify some of the issues
through numerical calculations and examination of the
literature on grain boundary chromium depletion.

Introduction

Inter-granular stress corrosion cracking (IGSCC) and inter-
granular attack (IGA) have been an issue of concern in high
temperature pressurised water reactor (PWR) tubing com-
ponents made from austenitic alloys, such as austenitic
stainless steels and nickel base alloys, for many years.
Chromium depletion from grain boundaries in these alloys
due to the formation of grain boundary Cr-rich carbides, such
as M,3C¢ and M;C3, is known to be responsible for IGSCC,
though the behaviour of the chromium depleted zones in
nickel base alloys and stainless steels may be different due to
the different base of the materials. The alloy development
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approach to minimise this problem seems to be either
reducing the carbon content of the alloy (e.g. from 304, 316
to 304L, 316L) thereby reducing the Cr-rich carbide formed
or increasing the chromium content (e.g. from Inconel 600 to
690). However, processing of the material plays an important
role as well. A good example is the application of heat treated
Inconel 600 (Inconel 600TT) instead of mill annealed
(Inconel 600MA). For a given composition of the material,
the processing procedure and service conditions determine
the precipitation kinetics and the amount of phases formed.
Consequently, they determine the grain boundary chemistry.
There are many experimental studies on the effect of pro-
cessing, especially heat treatment, on Cr depletion from
grain boundaries. For example, Kai et al. [1-3] have pub-
lished detailed investigations of grain boundary Cr depletion
profiles and the evolution of grain boundary Cr content in
both Inconel 600 and 690 heat treated at various tempera-
tures for a series of time durations. Experimental observa-
tions on stainless steels, such as 304 and 316, are also widely
available [4, 5]. In order to be able to predict the effects of
processing procedure on grain boundary Cr depletion and
therefore the susceptibility to IGSCC of austenitic alloys,
various computer modelling techniques have been devel-
oped by a number of groups and many of them have been
demonstrated to be able to predict grain boundary Cr
depletion profiles very well [6—11]. However, there is some
debate on the Cr depletion mechanism. In this article,
attempts are made to clarify some of the issues through
numerical calculations and examination of the literature on
grain boundary chromium depletion. A new model for pre-
dicting carbide interfacial Cr concentration has been pro-
posed and is compared with some existing models.

At this point, some comment needs to be made about
sensitivity arguments used in the context of nickel based
alloys. It is acknowledged that normal sensitisation applies
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to the reduction in passivation of iron due to the reduced
chromium concentration at the grain boundaries. Clearly
this applies strictly when iron is present in proportions of
60-70%, as is the case for austenitic steels. Since there is
only approximately 10% iron in the Inconel alloys, other
rapid grain boundary corrosion mechanisms must be at
work. Rapid corrosion mechanisms undoubtedly occur in
Inconel alloys because these alloys suffer accelerated grain
boundary attack in acidic solutions [12] and this attack has
been related to Cr depletion at the grain boundaries.

A clue to the alternative mechanisms can be found in the
work of Thomas [13] where the electron microscope was
used to view structure and composition in the grain boundary
crack tip regions. Complex oxides of nickel and iron were
observed, and so it is clear that nickel can also become more
sensitive to oxidation in regions where Cr is depleted. This is
the reason why in this article we propose that grain boundary
Cr depletion is equally important for inter-granular sensiti-
sation in both austenitic steels and nickel based alloys.

Review of theory
The reaction theory

It is commonly accepted that grain boundary Cr depletion
and thereby the susceptibility to IGSCC of austenitic alloys
are often related to grain boundary Cr-rich carbide precipi-
tation. Therefore, one common description and explanation
of the Cr depletion phenomenon is based on the precipitation
reaction of the carbides (referred to as the reaction theory
thereafter). The models developed by Stawstrom and Hillert
[6], Was and Kruger [7] and Bruemmer [8] are representative
examples of this theory and have been applied successfully
in analysing grain boundary Cr depletion profiles. The basic
theories are summarised below.
For a reaction of the form:

iA +jB < AB,, (1)
the following equation exists [8]:

A;B;

[ i ]]j =K. (2)
(A]'[B]

where [X] stands for the activity of X and K is a temperature
dependent constant known as the solubility product. For
precipitates A;B; under standard condition, the activity is
unity. Therefore, the above equation can be simplified to:

Af[B)=—. (3)

In addition, the activity of an element is proportional to its
concentration, [A] = 7,x* and [B] = ygxB. 7, and yp are
the activity coefficients and x2 and x2 are concentrations of

A and B, which are in thermodynamic equilibrium with the
second phase, i.e. interfacial concentration rather than the
bulk concentration. Therefore,

1
A _
X = . l/l" (4)

YA [K (VBXP ) j}

When Eq. 4 is applied to Cr-rich grain boundary carbides,
A can be Cr and B is carbon, we have:

o 1 _ 1 1
Y= VA ,V//iKl/i c\/i
Yer [K (VC'XS)]:| Yerke ()

(4a)

r

The interfacial Cr content is inversely proportional to the
interfacial carbon concentration to the power of (j/i). This
means that interfacial Cr content increases as carbon con-
centration decreases.

It is well know that the diffusivity of carbon in austenitic
alloys is several orders of magnitude higher than that of
chromium. Therefore, it is commonly accepted that the
distribution of carbon in a bulk material can be regarded as
uniform throughout. The concentration of carbon is at
maximum before any carbide precipitation takes place. As
soon as any carbides form, they will take carbon from the
matrix and carbon content in the matrix decreases. The
decrease in carbon content continues until the equilibrium
state is reached and the carbon content is equal to the
solubility limit. As carbon concentration is uniform in the
material, the same situation holds for grain boundaries as
well. According to Eq. 4a, the grain boundary chromium
content therefore increases progressively due to the
decreasing activity (or concentration) of carbon. Thus, it is
concluded that grain boundary chromium content is at the
minimum at the instant of grain boundary Cr-rich particle
nucleation; it increases as the precipitation continues and
approaches the maximum when the carbon content
approaches its solubility limit. The self-healing or desen-
sitisation is denoted by the grain boundary chromium
concentration increasing to a certain critical level. Before
self-healing, sensitisation or chromium depletion increases
as the width of the depleted zone increases, though the
minimum grain boundary chromium content increases (or
the depth of the grain boundary chromium depleted zone
decreases) all the time. This explanation is schematically
shown in Fig. 1 where (a) presents chromium concentra-
tion profiles near grain boundaries as a function of time,
showing the depth of the depleted zone decreases
(X1 <Xm2 <Xn3), while the width first increases (w, > wy)
then decreases (w, > wj3) and (b) shows the depth of the
chromium depleted zone decreases gradually with anneal-
ing time at all temperatures, & is a measure of grain size
(after ref. [6]).
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Fig. 1 Results of grain boundary chromium depletion according to
the precipitation reaction theory

In summary, grain boundary Cr depletion is character-
ised by (1) the grain boundary chromium content is at the
minimum at time 7 = 0, i.e. grain boundary chromium
content increases as heat treatment time increases; (2)
sensitisation and desensitisation are characterised by the
width of the depleted zone alone, i.e. the wider the depleted
zone, the more severe the sensitisation.

The kinetic theory

Experimental observations show that there is a delay in
reaching the minimum chromium concentration, i.e. the
minimum chromium concentration will only be reached
after a finite time rather than at the beginning of precipitate
growth [1, 2, 14-17]. Although one may argue that there
are errors in the measured grain boundary chromium con-
centration due to effects such as electron beam broadening
and shifting in transmission electron microscopy, the width
of the chromium depleted zones compared to the size of
common spot size used in determination of grain boundary
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chromium concentration suggest that the delay in reaching
the minimum is a real effect. It is important to realise that
we are dealing with para-equilibrium. The thermodynamics
dictate that the grain boundary Cr content should be con-
stant at a given temperature, but it takes time for this sit-
uation to establish itself.

From a kinetic point of view, grain boundary chromium
contents are determined by the amount taken by the grain
boundary carbides and the amount diffused to the grain
boundary from inside the grains. At earlier stages, carbides
grow faster and the net result is a decrease of grain
boundary Cr content. There is a point where carbide growth
is sufficiently slow that the amount of Cr taken by grain
boundary carbides is exactly balanced by that diffused to
the boundary and the grain boundary Cr content reaches its
minimum. After this point, the Cr diffused to grain
boundaries exceeds that taken by the carbides and the net
result is an increase in grain boundary Cr content. This is
known as the kinetic theory. The phenomenon was realised
many decades ago and is in agreement with the widely
accepted depleted zone theory [18]. Recently, Sahlaoui
et al. [9] and Yin and Faulkner [11] have proposed new
approaches to model grain boundary chromium depletion
based on this concept. For example, Yin and Faulkner
claimed that their model can predict not only grain
boundary chromium concentration profiles but also the
evolution of the minimum grain boundary chromium con-
tent in agreement with experimental observations in Inco-
nel 690. This interpretation of the grain boundary
chromium depletion is illustrated in Fig. 2 where (a) shows
chromium concentration profiles near grain boundaries
showing both the depth and width of the depletion increase
(X2 < X,,,1 and w, > wy) and then decrease (x,,» < X,,3 and
wy, > w3) with increasing heat treatment time; (b) grain
boundary chromium concentration as a function of time at
different temperatures showing the concentration decreases
to a minimum and then increases gradually in Inconel 690
(after ref. [11]).

The Yin and Faulkner model [11] is based on the error
function solution of diffusion law and Zener’s relation of
particle growth. The model has been successfully applied
to Ni base alloys and austenitic stainless steels and has
been shown to have some advantages over other existing
models [19]. The grain boundary solute concentration is
determined using the following equation [11]:

XGB — )vafglg;cma;: (5)

where V = (1 — V;) Vj is the volume not occupied by the
grain boundary carbides, V,, the volume of the material
considered, V; the volume fraction of the precipitates, xgg
the grain boundary solute concentration, X, the
concentration far away from the grain boundaries. k is a
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Fig. 2 Results of grain boundary depletion according to the precip-
itation kinetics theory

constant depends on the diffusivity and grain size
according to the following equation:

a2 b/2 c/2
. X y Z
"‘0/ e (2\/17z>dx0/ i <zm>dy0/ i (2\/17t>dz’

(6)

where a, b and ¢ are the three dimensions of the grain.
The average concentrations of the elements are deter-
mined by the initial concentration and the volume fraction
of the precipitates. From mass conservation, the following
relation holds,
Vo Vo(1—Vp)

_ ViVo
AU N.
Yoy =¥ TN

(7)

where N is the number of solute atoms in the molecule of
the precipitates (e.g. 23 for Cr and 6 for C in Cr,3Cg) The
left hand side of the equation is the total moles of solute
atoms in the volume. The first term on the right hand side is
the moles of solute remaining in the matrix, while the
second term is the moles precipitated. Therefore,

- NszVoz 1
x—<x0— 7 >1_Vf. (8)

It is clear that the grain boundary chromium content can be
determined if the volume fraction of carbides is known.

Yin and Faulkner [11] constructed a function to describe
the dependence of volume fraction of precipitates on time
based on Zener’s relation:

B2

VSN 9)

Vi = Vf,max
/2 ~+ Imax

where Vinax 1S the maximum volume fraction of the pre-
cipitates at the temperature of concern and f,c is a
material constant describing the kinetics of precipitation.
Equation 9 satisfies the conditions that (1) V; = 0 atr = 0O;
(2) V¢ = Vimax When t — oo. Figure 2b is generated using
this theory.

To summarise, the kinetic theory predicts (1) there is a
delay in reaching the minimum grain boundary chromium
concentration, i.e. grain boundary chromium concentration
decreases and then increases with increasing heat treatment
time; (2) the sensitisation and desensitisation is character-
ised by both the width and the depth of the depletion zone,
i.e. the severest sensitisation occurs when both the depth
and the width are at their maxima.

Limitations of existing models

One of the assumptions made in developing the reaction
theory models is that the grain boundary is completely
covered by a continuous layer of carbides with flat surface,
i.e. a carbide film with uniform thickness as illustrated in
Fig. 3a. Under such circumstances, the grain boundary
chromium concentration as commonly referred to is actu-
ally the interfacial concentration at the carbide—matrix
interface, that is, the concentration at locations marked
with a cross in Fig. 3a. In contrast, the kinetic models, such
as the Yin and Faulkner model, are dealing with a situation
illustrated in Fig. 3b and the grain boundary chromium
concentration referred to here is the chromium concentra-
tion between the adjacent grain boundary carbides, as
marked with a cross in Fig. 3b. These two grain boundary
chromium concentrations and their evolution with treat-
ment time can be different.

Although many authors have compared the reaction
theory model predictions with experimental measurements
and have claimed the predictions are in good agreement
with measured grain boundary chromium concentration
profiles, this kind of comparison should be treated with
care as experimental grain boundary chromium concen-
trations are measured at locations as indicated between
adjacent grain boundary carbides as assumed in the Yin
and Faulkner model. For example, Kai et al. [1, 2], Was
et al. [7, 14], Bell et al. [5], and Bruemmer et al. [20] all
specifically pointed out that the results they reported are
made between adjacent carbides. Bruemmer et al. [20]
emphasised that the profiles were measured between
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Fig. 3 Grain boundary
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kinetic theory model;
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carbides that were more than one micron apart. Indeed, any
direct measurement of interfacial chromium concentration
is deemed to be interfered by the carbides and therefore any
direct comparison with the reaction theory model will be
difficult. This explains the inability of the reaction theory
models to correctly predict the time delay in reaching the
minimum grain boundary chromium concentration as
reported by many authors mentioned in “The reaction
theory” section and the good agreement have achieved by
the kinetic models in predicting both grain boundary
chromium concentration profiles and their evolution.

The reaction theory models discussed above have other
shortcomings. As discussed above, the width of the chro-
mium depleted zone is used to characterise if a boundary is
sensitised without specific reference to the depth of the
depleted zone in the reaction theory based models. As long
as the depleted zone is wide enough for corrosive mole-
cules, such as the sulphur-bearing species, which cause
corrosion in the same manner to both stainless steels and
nickel alloys and are products of the chemical reaction of
sodium thiosulfate in acidic environments [2], to find a
path to get into the material, the depth of the depleted zone
determines the degree of corrosion within the path.
Therefore, the depth of the depleted zone (or the minimum
grain boundary chromium content) is more relevant to be
used for characterising a grain boundary. Sourmail et al.
[10] have recently pointed out that these models do not
guarantee a flux balance of solute atoms to the carbides.
Indeed, the flux of solute atoms to the grain boundaries and
grain boundary carbides are not considered in the reaction
theory models and this is the main difference from kinetic
theory based models. Sourmail et al. [10] therefore pro-
posed a model where carbon activity is calculated using a
thermodynamic software, MTDATA, and the interfacial
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chromium concentration is then obtained by solving the
flux balance equations at the interface of carbides. As a
complete coverage of grain boundary by a carbide film is
still the basis of their model, the results are not in good
agreement with experimental observations, though the
model predicts the time delay in reaching the minimum
interfacial chromium concentration.

It should be noted that both the interfacial and grain
boundary chromium concentrations are important in con-
sidering susceptibility to inter-granular stress corrosion
cracking if the grain boundary carbide distribution is dis-
crete. In such a case, the possible paths for corrosive
molecules to get deep into the material are carbide free
grain boundary sections and the interface between grain
boundary carbides and the matrix. The corrosion resistance
of the former is determined by the grain boundary chro-
mium concentration and the latter is determined by the
interfacial chromium content. The grain boundary chro-
mium concentration and its evolution can be predicted
using the kinetic theory based models discussed above,
such as the Yin and Faulkner model. The interfacial
chromium concentration can be forecasted using the reac-
tion theory based models. However, as the assumption that
the grain boundary is covered by a thin carbide film has
been used in all these models and the radius of curvature of
grain boundary carbides is finite in the reality, a new
model, which considers both capillary effect and flux bal-
ance of grain boundary carbides is desirable.

New model theory

The capillary effect of particles is an important phenome-
non, which has to be considered in precipitation studies. It
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has effects on the critical nucleus size (the interfacial solute
concentration at the surface of the nuclei must be lower
than that in the matrix) and particle coarsening. As Cr
depletion is closely related to the grain boundary carbide
precipitation, the capillary effect should also be considered
in Cr depletion models.

The capillary effect is described by the well-known
Gibbs—-Thomson equation and one of the widely used forms
is as follows [21]:

29V,
X = Xoo exp( ;?7?) (10)
r

where x; is the interfacial concentration of a particle with
radius of curvature of r, x_, is such a value when r = oo or
as commonly referred to as the equilibrium concentration, )
the interfacial energy, V, the molar volume of the
precipitate phase, R the universal gas constant and 7T the
absolute temperature. However, this is only a simplified
version. Generally, for a precipitate of the form A;B;Cy...,
the general form of Gibbs—-Thomson equation is [22]:

i j k
2yVy K B\ /xC

The solubilities are related to each other via the solubility
product equation:

AH AS> (12)

() (2)6S) o =exp( g+

where AH and AS are the formation enthalpy and entropy
of the phase and can be determined using thermodynamic
phase calculation software such as MTDATA and Thermo-
Calc or by experimental measurements. Therefore, the
number of unknowns (x2, xB, x€,...) in Eq. 11 is equal to
the number of elements in the precipitate phase and
therefore Eq. 11 is not enough to find all the unknowns
alone even for the simplest binary systems. Fortunately, the
growth of the precipitate particles requires that the amount
of atoms of different elements diffusing to the particle must
satisfy the ratio dictated by the chemical formula of the
phase. This yields the commonly known flux balance
equations:

dVa =dVg =dVe = ... (13)

or

DA(XA —xf) :DB()EB —x?) :DC(XC —xrc) — (a4
%i—xﬁ %j—xf‘ %k—x?

where dV,, dVg and dV are volume increases due to the
increase of elements A, B and C, respectively. D is the
diffusivity, x the average concentration and V, the molar
volume of the matrix. Equation 14 provides n — 1
independent equations (n is the number of elements in

the precipitate phase) and therefore can be used together
with Eq. 11 to form a set of simultaneous equations. In
principle, the set of equations can be solved for x; and all
the unknowns be found. However, the order of the equation
is i+j+ k+... and therefore can only be solved
analytically for very simple precipitates, such as MX
(M = metallic elements, X = C or N) particles. For more
complicated precipitates, such as M,3C¢ in common steels
and Ni based alloys, numerical methods have to be used.
For MX particles, as the diffusivity of carbon or nitrogen is
several orders of magnitude higher than that of the metallic
elements, their distribution can be regarded as uniform
throughout the material and unrelated to the particle size,
i.e. xoo = X = X. In such a case, taking M as A and X as B,
Eq. 11 yields

29Vy| xi‘/l !
o e = () a9

or

o
irRT |

M

S

M
X X5, €XP

(16)
Note that i = 1, and we have

V]
=M exp| 70|,
| ¥RT |

(17)

This is equivalent to Eq. 10.

As discussed above, the interfacial solute concentration
can be determined using Eqs. 11 and 14 provided that the
average concentration of all elements is known. For the
average solute concentration in the matrix, Eqs. 8 and 9
can be used. For particles with finite radius of curvature,
the radius is also required to determine the interfacial
concentration and is described using the Zener’s relation
[23]:

r=pvi (18)

where f is the growth rate.

This model provides an alternative to the reaction theory
approach to predicting interfacial solute concentration with
an advantage in the capability of the inclusion of the
capillary effect.

Results

Interfacial concentration as a function of particle radius
The set of simultaneous equations formed according to
Egs. 11 and 14 for various types of precipitates have been
solved using the Newton—Raphson approach. The forms of

particles studied include AB, A,B, ABC, A;B; and A,3Bg¢
to represent some common phases in steels and Ni base
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alloys such as VN (vanadium nitride), Laves Phase
(Fe,Mo), Z phase (CrNbN), carbides (Cr,C3 and Cr,3Cg).
In all cases, the Newton—Raphson approach gives satis-
factory solution when checked against the original equa-
tions and the exact solution for the simplest case of VN.

Figure 4 presents the results for VN where interfacial
vanadium and nitrogen concentrations being plotted as a
function of the radius of curvature. The symbols in the
graph are exact solutions of the Gibbs—Thomson and flux
balance equations using the Newton—Raphson approach for
conditions shown in Table 1. Lines are plots of the sim-
plified Gibbs-Thomson equation, Eq. 10. As commonly
known, the diffusivity of nitrogen is a few orders of
magnitude higher than that of vanadium and nitrogen can
be considered as uniformly distributed. Figure 4 clearly
demonstrates this point. The interfacial concentration of
nitrogen (circles, right hand side axis) is practically the
same at interfaces of particles with all radii of curvature
and is equal to the average nitrogen concentration, 0.00211
or 2.11 x 1073 in the figure. On the other hand, the
interfacial vanadium concentration (squares, left hand side
axis) clearly shows the capillary effects: interfacial con-
centration increases sharply with decreasing radius of
curvature, especially when the radius of curvature is less
than about 10 nm. For particles larger than 100 nm in
radius, the capillary effects are small and may be
neglected.

The lines in Fig. 4 are plots of Eq. 10 with x, taken as
the corresponding interfacial concentration with radius of
curvature set to 10° nm or 100 pm. For nitrogen (dashed
line), the interfacial concentration predicted using Eq. 10
substantially differs from the exact solution. However, for
vanadium (solid line), Eq. 10 applies very well. The
parameters used are shown in Table 1. Note that fig-
ure 1.47 has been used for all elements as what really
matters here is the order of magnitude of the diffusion
coefficients.

100 4 | O Exact solution for A 130
‘ approximation for A

O exact solution for B 4238
------ approximation for B

>

26

24

. 122
@O0000 005 000-0000006

interfacial concentration, xf (1073

1 . . : . . 20
101 100 10! 10% 10° 104 10°

particle radius, » / nm

interfacial concentration, x4 (10719

Fig. 4 Interfacial concentration of elements at the interface of type
AB particle with vanadium nitride (VN, A=V; B =N) as an
example
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The same trends have been found for Cr,;Cq (Fig. 5)
where carbon diffuses much faster than chromium (see
Table 1). In fact, the same situation applies to Cr,C; and
NbCrN as well. Therefore, it is concluded that when the
diffusivities of the elements are substantially different, the
interfacial concentration of the faster diffusing element is
equal to the average, irrespective of the particle size, while
that of the slower diffusing element(s) shows capillary
effects and can be described by the simplified Gibbs—
Thomson equation, Eq. 10 or more generally Eq. 16.

Figure 6 shows the solution for Laves Phase particles
where the two main elements have similar diffusivities.
The symbols are exact solutions of the Gibbs—Thomson
and flux balance equations. The lines are plots of the
simplified Gibbs—Thomson equation, Eq. 10. The simpli-
fied Gibbs—Thomson equation applies to neither of the two
elements when the diffusivities are similar and the only
way to find the interfacial concentrations is by solving the
Gibbs-Thomson equation and the flux balance equations.

Interfacial concentration as a function of average
concentration

Figure 7 shows the interfacial concentrations of chromium
and carbon at the interfaces of M,3Cg¢ particles with suffi-
ciently large radius (100 pm) of curvature (xj,f) as a
function of the average carbon concentration in the matrix.
The parameters used are the same as in Fig. 5 (see Table 1)
except that the average carbon concentration varies. Sym-
bols are exact solutions of the Gibbs—Thomson and flux
¢ ) is a plot

balance equations. The dashed line (xC; = Xaverage

of X3t = X erage- The line labelled (xj; cal) is the value of
xSt calculated using the solubility product equation

(Eq. 12). For carbon, x$, equals to (or more precisely
slightly smaller than) the average carbon concentration
until the equilibrium is reached and decreases when the
average carbon concentration decreases. For chromium,
gff increases with decreasing average carbon concentra-
tion, in agreement with the conclusions from the reaction
theory. The vertical dashed line indicates the true equilib-
rium state, while the vertical solid line represents a para-
equilibrium state during the precipitation reaction. When
the average carbon concentration decreases, the para-
equilibrium approaches the true equilibrium state.

During precipitation process, the carbon concentration
in the matrix decreases gradually due to the formation of
carbide. At any instant, the system is in a para-equilibrium
state where the interfacial concentrations at the carbide
interface (of infinite radius of curvature) are governed by
solubility product equation and can be determined using
the vertical para-equilibrium concentration line in Fig. 6.
As precipitation progresses, more and more carbon is taken
by the carbides and average carbon concentration (or

X
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Table 1 Parameters used in Figs. 4, 5, 6

Parameter A B Da(m®>s™  Dgm?®s™") X s AH+TAS T y Vo v,
(unit) @at. fry (at. fry  (J mol™") K Jdm> @mol™  (m®mol™
Figure4 VN 147 x 107" 147 x 107" 0.0024 0.00211 200261 873 0.5 1.12 x 107 9.05 x 107°
Figure 5 Cr C 147 x107'® 147 x 107" 02 0.00611 883000 873 0.5 1.83 x 107*  9.05 x 107°
Figare 6 Fe Mo 147 x 107'®* 147 x 107"®  0.0024 0.00211 120000 873 0.5 1.68 x 107> 9.05 x 107°
O exactsolutionfor A 410 -~ e . 7102
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Fig. 5 Interfacial concentration of elements at the interface of type
A,3Bg particle with chromium carbide (Cr,3Cq, A = Cr; B = C) as
an example
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Fig. 6 Interfacial concentration of elements at the interface of type
A,B particle with laves phase (Fe,Mo, A = Fe; B = Mo) as an
example

activity) decreases. As a result, the interfacial chromium
concentration increases gradually. This is the same as the
results from the reaction theory, Eq. 4. When the volume
fraction of carbides reaches its maximum, interfacial car-
bon concentration reaches its solubility limit and interfacial
chromium concentration reaches a maximum. This is the
final equilibrium state.

Interfacial and grain boundary concentration

The new model for predicting interfacial solute concen-
tration in “New model theory” section has been applied to
a nickel base alloy (Inconel 690, Ni-28.57% Cr-9.35% Fe)
to model the interfacial chromium concentration at the

average C concentration. xC
> “average

Fig. 7 Interfacial concentrations at interface of M,3Cg¢ particles with
sufficiently large radius of curvature (x;,r) as a function of average
carbon concentration
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Fig. 8 Grain boundary/interfacial chromium concentration as a
function of heat treatment time at 600 °C for a nickel base alloy,
Inconel 690

interface of M,3Cq as a function of heat treatment time.
Figure 8 shows the results for a heat treatment temperature
of 600 °C (dashed and dash-dotted lines), together with
experimental measurements (symbols) after Kai et al. [1]
and the predictions made by Yin and Faulkner (solid line)
[11] using the grain boundary chromium depletion model
also described here in “The kinetic theory” section. The
para-equilibrium interfacial chromium concentration, as
predicted by the new model with a particle radius of cur-
vature of 100 pum (Fig. 8 dash-dotted line), is at a mini-
mum at the beginning of precipitation and increases
gradually with time as is expected from the reaction theory.
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The rate of increase is dependent on the precipitation
kinetics; that is the increase of volume fraction of the
carbides. Although the longer term experimental mea-
surements can be matched by adjusting the growth rate, the
predictions are much lower than the experimental results at
shorter times. When capillary effects exist, i.e. the radius of
curvature of the particle increases gradually with increas-
ing heat treatment time rather than being infinite right from
the start of nucleation, the interfacial chromium concen-
tration predicted using the new model (Fig. 8 dashed line)
is very high at the beginning of precipitation. In fact, the
nucleation theory states that the interfacial solute concen-
tration at the surface of a particle of the critical size should
not exceed the average solute concentration in the matrix.
Therefore, at the start of precipitation, the interfacial solute
concentration is close to the average. As the particle grows,
the capillary effect decreases and there is a drop in inter-
facial chromium concentration. When the decrease in
capillary effect is balanced by the increase in the para-
equilibrium interfacial concentration, the interfacial chro-
mium concentration reaches the minimum and then
increases on further heat treatment. Although the inclusion
of the capillary effect in the new model reveals the delay in
reaching the minimum interfacial chromium concentration
and gives higher interfacial chromium concentration at
shorter times as compared to the para-equilibrium interfa-
cial concentration, the drop in concentration is very sharp
and the actual values of concentration are still much below
the experimental measurements.

Discussion

The Gibbs-Thomson equation is essential to the under-
standing of the interfacial solute concentration and to
precipitation kinetics modelling where it is used to calcu-
late the interfacial solute concentration and subsequently
the solute gradient at the surface of precipitates. Differ-
ences in interfacial solute concentration at larger and
smaller particles due to the capillary effect are the driving
force for the coarsening phenomenon in later stages of
precipitation. Although the simplified Gibbs—Thomson
equations are commonly used and referred to, the interfa-
cial solute concentration should be determined generally by
solving the simultaneous equations formed by the Gibbs—
Thomson equation and the flux balance equations. With
reasonable selection of the initial roots (such as the average
concentrations), the simultaneous equations can be solved
satisfactorily using the simple Newton—Raphson method.
The simplified Gibbs—Thomson equations, Eqs. 10 and 16,
can only be used if one of the elements in the formulation
of the precipitates has substantially higher diffusivity than
the others. In such a case, the interfacial solute

@ Springer

concentration of the slower diffusing element can be
determined by taking the para-equilibrium interfacial
concentration as x., rather than the final equilibrium
interfacial concentration. This may be useful in modelling
of various carbides and nitrides in austenitic alloys where
carbon and nitrogen diffuse several orders of magnitude
faster than the metallic components. Under such circum-
stances, the metallic components are the rate controller of
the precipitation process and the growth of the particles can
be calculated from the concentration gradient of the
metallic components alone. However, for all intermetallics
where all components are metallic elements and the dif-
fusivities are similar, the interfacial concentrations must be
found by solving the simultaneous equations.

It is commonly accepted that grain boundary chromium
depletion in austenitic alloys is caused by the formation of
grain boundary carbides, such M,3C¢ and M;C5. Therefore,
grain boundary chromium concentration is dependent on the
grain boundary carbide coverage, volume fraction and intra-
granular carbide precipitation. Models for predicting grain
boundary chromium depletion in austenitic alloys based on
precipitation reaction theory, such as these by Stawstrom and
Hillert [6], Was et al. [7] and Bruemmer [8], have difficulties
in explaining the experimental measurements because the
models predict a different chromium concentration as com-
pared to that of experimental measurement, which is com-
monly made from scans on particle-free region of grain
boundaries rather than across the surface of the carbides. The
flat interface models predict no delays in reaching the min-
imum grain boundary chromium concentration. When the
capillary effects are considered as in the new model for
predicting the interfacial chromium concentration proposed
in this article, the interfacial model predicts an initial drop in
grain boundary chromium concentration. However, the
delay in time is very short and the predicted interfacial
chromium concentration at short times is much lower than
experimentally measured grain boundary chromium content.
Sourmail et al.’s predictions [10] for austenitic steels without
the consideration of capillary effects are also much lower
than experimental concentrations.

Nucleation theory states that the rate of nucleation is
dependent on the saturation level, diffusivity and temper-
ature. At low temperatures, nucleation may take a long
time to complete. Therefore, it is natural to think that the
particles are discrete at least at initial stages of precipita-
tion and the distribution of particles becomes denser and
denser as more nucleation takes place and the particles
grow, as shown in Fig. 3b. As precipitation continues, the
carbides may or may not form a continuous coverage of
grain boundaries depending on the carbon content, nature
of grain boundaries, grain size and temperature. For
example, larger grain sizes give higher probability of
forming a complete coverage while small grains may not
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have sufficient carbon supply for the formation of a com-
plete layer of grain boundary carbides. In the situations of
discrete grain boundary carbide distributions, there are two
chromium concentrations, which both are important to the
inter-granular stress corrosion cracking. One is the inter-
facial chromium concentration at the interface of carbides,
which can be predicted using the interfacial model
described in this article (the new model proposed in this
article). The other is the average chromium concentrations
taken from particle-free boundaries, which has been
referred to as grain boundary chromium concentration by
Yin and Faulkner [11] and can be predicted using the Yin
and Faulkner model described briefly in “The kinetic the-
ory” section. The difference between the interfacial and
grain boundary chromium concentrations implies that there
is a chromium concentration gradient along grain bound-
aries required by the capillary effect. Therefore, the
experimental measurements can vary with locations and
are different in the interfacial and grain boundary regions.

The susceptibility of the grain boundaries to inter-
granular stress corrosion cracking depends on the higher
one of the two chromium concentrations. For a corrosive
molecule to find the continuous path to the inner material
through the grain boundary and particle-matrix interface
linkage, both concentrations have to be lower than a critical
level. From this point of view, sensitisation can be defined
as when the higher of these two chromium concentrations
are lower than the critical level and self-healing means this
concentration becomes greater than the critical value.

Although it is not the scope of this article to discuss
means to eliminate or to reduce the level of sensitisation in
austenitic alloys, it should be mentioned that the grain
boundary carbide coverage presented in Fig. 3 and grain
boundary carbide precipitation kinetics can be affected
greatly by grain size, grain boundary character distribution
and grain boundary impurities. Therefore, grain boundary
engineering approaches, which can be used to control grain
size, grain boundary impurity and grain boundary character
[24-29], can significantly change grain boundary chro-
mium concentration evolution and consequently affect the
susceptibility to IGSCC of the material. Studies on these
effects are of great interest.

Conclusions

Intergranular stress corrosion cracking caused by grain
boundary chromium depletion has been a concern in
nuclear power plant austenitic stainless steels and nickel
base alloys. This article provides a better understanding
and a more accurate model of grain boundary chromium
depletion in these alloys and related issues such as IGSCC
and grain boundary carbide precipitation.

The interfacial solute concentrations at the interfaces of
precipitates in austenitic alloys should be determined
generally by solving the simultaneous equations formed by
the Gibbs—Thomson equation and the flux balance equa-
tions as in the new model proposed in this article. In sit-
vations of carbides and nitrides, the interfacial
concentration of the metallic component can be determined
using the simplified Gibbs—Thomson equation without the
need of solving the simultaneous equations. The interfacial
carbon and nitrogen concentration is practically equal to
the average and the para-equilibrium concentration of the
metallic component can be determined from this average
using the solubility product equation.

Distinction must be made between the interfacial chro-
mium concentration at the interface of grain boundary
carbides and the grain boundary chromium concentration
measured at points between adjacent grain boundary car-
bides. The former can be predicted using the interfacial
models proposed in this paper (the new model, kinetic
theory based) and by others (the reaction theory model)
while the latter can be forecasted using the Yin and
Faulkner [11] grain boundary chromium depletion model
which is also a kinetic model. If the grain boundary is
completely covered by carbides, interfacial chromium
concentration can be regarded as the grain boundary
chromium concentration. In the case of discrete grain
boundary carbides, both interfacial and grain boundary
chromium concentration should be considered when con-
sidering grain boundary chromium depletion.
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