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1. Introduction

Austenitic stainless steels possess wide applications in 
industry owing to their superior corrosion resistance and 
mechanical properties. However, exposure to temperatures 
around 500–900°C reduces the corrosion resistance of the 
material making it vulnerable to intergranular corrosion 
(IGC), i.e. sensitization.1) Despite many decades of research 
into the topic, there is still a lack of a quantitative tool that 
can predict the presence of sensitization on the basis of steel 
composition and heat treatment history.

Acid immersion tests have been used for a long time to 
measure sensitization. These simply involve subjecting the 
sample under examination to a test medium, which attacks 
the Cr-depleted zones. Corrosion rates are evaluated quali-
tatively by microscopic observations or weight loss.2) These 
are used as industrial acceptance tests and are standardized 
in ASTM A262-15. Electrochemical potentiokinetic reacti-
vation (EPR), can also be used to measure the degree of sen-
sitization. either using single loop (SL-EPR) or double loop 
(DL-EPR) tests. These tests are non-destructive, rapid and 
provide a quantitative measure of sensitization. In the SL-
EPR method, a polished sample is polarized for 2 minutes 
at 200 mV vs SCE. The potential is then decreased at a rate 
of 6 V/hr to the corrosion potential. This causes the reactiva-
tion of the specimen by the breakdown of the passive film 
covering the chromium depleted regions. The drawbacks 
of the SL-EPR method are that it requires measurement of 
the specimen grain size and the reactivation behaviour is 
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sensitive to surface finish.1) This led to the development of 
DL-EPR test method. In this method, the sample is polarized 
anodically through the active region into the passive region, 
causing the formation of passive layer. The second loop 
involves the scanning in reverse direction, by decreasing the 
potential to corrosion potential thus causing the breakdown 
of passive film on the chromium depleted regions. The ratio 
of reactivation current density (Ir) to the activation current 
density (Ia) gives the degree of sensitization (DOS). The 
normalization of DOS with grain size is not necessary and 
a 600-grit surface finish provides reliable data.3)

It has been suggested that sensitization is due to the pre-
cipitation of chromium-rich grain boundary carbides that 
have a detrimental effect either through chromium depletion, 
local stresses, soluble segregate formation, or microgalvanic 
effects.4–6) However, the initial depletion of chromium adja-
cent to grain boundaries onto which (CrFe)23C6 carbides 
(also known as M23C6) have precipitated is now widely 
accepted as the primary cause of sensitization.7–9)

Clearly, therefore, sensitization needs to be studied 
in terms of the characteristics of the chromium depleted 
zones.10) They are 1) the depth of the chromium depletion, 
and 2) the width of the depleted zones.10–12)

Regarding the depth and width of the chromium depleted 
zones, Stawstrom and Hillert13) developed a simple model 
for grain boundary precipitation in 18Cr-8Ni-C (wt.%) 
stainless steel, but this neglected multicomponent effects, 
i.e. the effect of nickel, both in the thermodynamic and 
kinetic modelling. Hall and Briant developed a simple 
thermodynamic and kinetic model to predict chromium 
concentration profiles.7) The effect of multicomponent sys-
tem was neglected by considering only chromium in the 
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thermodynamic calculations. Was and Kruge14) realized that 
to accurately model the thermodynamics of carbide precipi-
tation, considering only binary interaction parameters was 
not sufficient enough and introduced a ternary interaction 
parameter in the free energy expression for the Ni–Cr–Fe–C 
system to model quaternary Ni–Cr–Fe–C system. They 
developed an integrated thermodynamic and kinetic model 
to predict chromium concentration profiles. However, mul-
ticomponent effects were not completely taken into account 
by considering approximate single ternary interaction term 
for a quarternary system. Bruemmer12) developed a theoreti-
cally based empirically modified model for the quantitative 
prediction of degree of sensitization. He correlated chro-
mium depletion characteristics directly to DOS as measured 
using DL-EPR tests. However, the chromium concentration 
in the austenite at the interface with the carbide was calcu-
lated based on reaction theory, which does not guarantee the 
flux balance of solute atoms at the chromium carbides. Also, 
interface chromium concentrations were not measured , but 
rather the concentrations on the grain boundaries between 
the carbides. Sahlaoui15) developed a two-stage diffusional 
model taking into account dechromization and rechro-
mization. The use of two stage description violates the 
assumption that the carbide-matrix interface should remain 
in local equilibrium during diffusion-controlled growth. 
Also, inaccuracy in predictions of Cr concentration profiles 
was observed due to the assumption that precipitation has 
finished by the time self-healing begins. Sourmail et al.16) 
modelled grain boundary precipitation of carbides consid-
ering multicomponent effects with the use of MTDATA 
software for thermodynamic calculations. The interfacial 
Cr concentration was calculated by solving flux balance 
equations at the carbide-matrix interface. Nevertheless, no 
correlation between the calculated depletion characteristics 
and DOS was made.

It is clear, therefore, that a study relating experimen-
tally measured degrees of sensitization to grain boundary 
chromium concentration profiles predicted on the basis of 
multicomponent thermodynamic and diffusion effects has 
yet to be published. Using such an approach, this paper 
demonstrates that DOS can be quantitatively related to heat 
treatment parameters through a chromium depletion factor 
that considers both the depth and width of predicted chro-
mium grain boundary depletion profiles. Such an approach 
is required if we are to quantitatively predict the presence or 
absence of sensitization after industrial processing.

2. Experiments and Methodology

2.1. Materials
The investigated material was a 3 mm thick commercial 

austenitic stainless steel of type EN1.4310 obtained from 
Outokumpu Stainless Oy, Tornio, Finland. The chemical 
composition of the steel in wt.% was Fe-16.80Cr-6.36Ni-
0.95Si-0.105C. The material was first solution treated and 
homogenized at 1 100°C for 2 hours followed by water 
quenching.11) After this, the alloy was subjected to the heat 
treatments given in the Table 1 using a Gleeble 3800® ther-
momechanical simulator, i.e. heated to a peak temperature 
(PT) of 700, 760 and 820°C, held for different times (HT) 
and then cooled rapidly to room temperature.

2.2. DL-EPR Test
DOS values for the initial solution treated and for the heat 

treated samples were measured with the help of double loop 
electrochemical potentiokinetic reactivation testing accord-
ing to the standard EN ISO 12732,3) which also describes 
the limits of the DOS values defining highly sensitized, 
slightly sensitized and unsensitized states. Before the test, 
the samples were polished to a 600-grit finish. The DOS is 
not sensitive to surface finish as the forward, anodic polar-
ization scan causes the dissolution of all the surface irregu-
larities and establishes a passive film.17) Polarization in the 
reverse direction causes the dissolution of this passive layer 
at any chromium depleted regions, which are susceptible to 
corrosion, and produces a reaction current peak. The ratio 
of reactivation current density to activation current density 
gives the DOS. The peak current density depends on the 
extent of Cr depletion.18) 0.5M H2SO4 +  0.01M KSCN was 
used as the medium for the test at ambient temperature with 
a scan rate of 6 V/h.

3. Results

The values of DOS obtained from the DL-EPR tests are 
plotted against time at the various peak temperatures for 
the investigated alloy in Fig. 1. All data points are means 
of two measurements which differed by at most 1% on the 
DOS scale. Therefore, error bars are not drawn. For all the 
holding temperatures, the magnitude of DOS increases with 

Fig. 1. % Degree of sensitization values from DL-EPR tests for 
isothermal treatments (ST means solution treated and 
quenched, DOS =  0). (Online version in color.)

Table 1. Heat treatment parameters used in the Gleeble 3800® 
thermo-mechanical simulator.

Heating rate to peak 
temperature (°C/s)

Peak temperature 
(PT, °C)

Holding time 
(HT, mins)

50 700 1, 10, 20, 30, 40, 80

50 760 1, 5, 10, 20, 30, 40

50 820 1, 5, 10, 20, 30, 40
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time at an ever decreasing rate, showing signs of saturation 
for the longest times. It can be seen that the DOS is highest 
for all times when holding at 760°C. It seems, therefore that 
the precipitation of chromium carbides is faster at 760°C 
than at either 700 or 820°C implying that 760°C is closest 
to the temperature for the fastest precipitation kinetics, with 
700°C having slower kinetics due to slower diffusion and 
820°C a lower driving force. The precipitation kinetics are 
considered in detail below.

4. Modelling

Grain boundary precipitates will form at certain nucle-
ation sites on the boundaries and can be expected to grow 
with the aid of both matrix and grain boundary diffusion into 
one or both grains as shown in Fig. 2.19,20) Grain boundary 
diffusion of chromium should reduce the incubation time for 
precipitate nucleation on the boundary and in this work, it is 
assumed that the grain boundary nucleation of M23C6 starts 
immediately after reaching the isothermal temperatures so 
that the modelling problem can be reduced to one of car-
bide growth in an austenitic matrix. As will be shown, this 
approach seems to provide a satisfactory agreement with 
the DOS results. The mobility of the substitutional alloy-
ing elements along the grain boundaries is much higher 
than that through the austenite matrix21,22) so that the grain 
boundaries can be expected to operate as collector plates 
for the substitutional atoms diffusing through the matrix 
to the grain boundaries.23) The high mobility along the 
grain boundaries also means that only low concentration 
gradients are required in the boundary plane to transport 
the substitutional atomic flux arriving from the matrix. 
It is reasonable to suppose, therefore, that the chromium 

concentration profile perpendicular to a grain boundary will 
not vary much with position along the boundary. Assuming 
the precipitate growth is diffusion controlled rather than 
interface mobility controlled, the chromium concentration 
profile perpendicular to the grain boundary should be very 
similar to that which would exist ahead of an M23C6 pre-
cipitate film covering the boundary and advancing under 
diffusion control as shown in Fig. 2(b). Growth can then 
be modelled one dimensionally, which is the approach used 
here.15,16,24) For the sake of the growth calculations, the ini-
tial half-thickness of the M23C6 film dp is taken as 0.05 nm. 
This consideration of 1D model (continuous precipitation) 
neglects the capillary effects as the curvature of individual 
nuclei and their radii are not considered in the calculations. 
Thus effecting the variation of interfacial concentrations and 
the solubility line during the growth of nuclei and resulting 
in the absence initial decrease in Crint during the growth of 
chromium carbides.

Growth of the grain boundary precipitates was mod-
elled using the diffusion module in Thermo-Calc, i.e. 
TC_DICTRA, which is a tool for simulating diffusion in 
multicomponent alloys. The simulations assume local equi-
librium at the austenite - carbide interface and are based on 
a numerical solution of multi-component diffusion equa-
tions combined with thermodynamic predictions of the 
carbide composition and the local equilibrium conditions 
at the carbide - austenite interface.25) The simulations were 
performed using the MOBFE2 mobility database and the 
TCFE7 thermodynamic database. Multi-component model-
ling was concerned, taking into account the elements Fe, Cr, 
Ni, Si and C in the bulk concentrations given in section 2.1.

A schematic isothermal section through the Fe–Cr–C 
ternary phase diagram can be seen in Fig. 3. The tie-line 
that governs the composition at the interface changes as 
growth proceeds. As C is an interstitial element and its 
diffusion coefficient is much higher than that of the other 
alloying elements, it was assumed that the activity of car-
bon is constant throughout the material. This iso-activity of 

Fig. 2. (a) M23C6 precipitates on a grain boundary (g.b). The 
arrows show the diffusion flux of Cr towards and along the 
g.b. (b) the one dimensional representation of g.b precipi-
tation assumed in the modelling.

Fig. 3. Simple ternary phase diagram showing the change of equi-
librium during precipitation.
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C is used to attain the conditions required for the assumed 
initial local equilibrium condition. The tie line that satis-
fies the bulk mass balance (final equilibrium) does not 
correspond to the isoactivity of C. The initial composition 
at the interface is governed by the operative tie-line that is 
obtained by the iso-activity line for C that passes through 
the bulk composition of the material, which is given by zi 
in Fig. 3. As precipitation proceeds, C activity decreases 
and the interfacial Cr concentration in the austenite increase 
(zi to zn) as indicated by the arrow. Figure 3 is a simplified 
Fe–Cr–C ternary representation of reality, which actually 
involves the elements Fe–Cr–C–Ni–Si. In multicomponent 
systems, there are an infinite number of possible tie-lines 
governing the growth and finding the operating tie-line 
becomes difficult. To determine the composition on either 
side of the carbide - austenite interface in such cases, the 

following iterative method is used. Interfacial velocity v
p

γ  

(where p is carbide precipitate and γ is austenite phase) 
and activity guesses are made and the conditions of local 
equilibrium at the interface are estimated to give the inter-
facial compositions (c ck

p
k, γ) that can be used as boundary 

conditions. A check is then made as to whether the flux 
balances at the interface are satisfied, i.e. whether the rates 
of consumption of the various elements k at the advancing 
interface are delivered to or removed from the interface by 
the diffusive flux. In other words, whether the following 
equation is satisfied:

 v c c J J
p

k
p

k k
p

k
� � ��� � � �  ........................ (1)

where Jk
p , Jk

γ  are the fluxes of component k at the carbide - 
austenite interface during the current time step and ck

γ  and 

ck
p are the concentrations of element k either side of the 

interface in the austenite and carbide phase respectively. If 
the flux balance equations are not satisfied, new interfacial 
velocities and activities are tried until the conditions are met 
and the operative tie-line is found. The procedure is then 
repeated for all time steps.26)

In defining the modelling conditions, it is necessary to 
take into account the soft-impingement of the precipitates on 
different grain boundaries, i.e. the overlap of the diffusion 
fields that occurs during precipitation. This was achieved 
in the present one-dimensional model in a simple way by 
choosing an appropriate austenite width from which C can 
be withdrawn, i.e. da in Fig. 4. It seems appropriate, as 
suggested by Sourmail,27) to assume da is one sixth of the 
grain diameter. As soft-impingement is a three-dimensional 
problem, assuming a simple cubic grain shape, means that 
it is appropriate to attribute a sixth of the grain diameter to 
each one-dimensional calculation volume, as six faces draw 
C from the same grain.27) In the present case, the mean linear 
intercept grain diameter was measured to be 72 μm giving 
da =  12 μm.

5. Discussion of Modelling Results and Comparison 
with Experiments

The calculated Cr concentration profiles across the 
carbide - austenite interface at the end of the isothermal 
treatments are of the form shown schematically in Fig. 5. 
Crint is the chromium concentration in the austenite at the 
interface. This value is a result of the local equilibrium 
condition assumed to exist at the mobile model interface. It 
depends on the isothermal holding temperature and changes 
with holding time as illustrated in Fig. 5. Following28) Crcrit 
is a critical chromium concentration that determines an 
effective width (Wcrit) of the chromium depleted zone at 
the grain boundary. The width Wcrit initially increases with 
isothermal holding time and then decreases at longer times 
when the self-healing phase of sensitization becomes opera-
tive.28) Sahlaoui29) suggested that only Wcrit is needs to be 
considered in to explain depletion characteristics and DOS. 
However, both Crint and Wcrit are considered in characteris-
ing the Cr depletion and explaining DOS in this work. The 
concentration profiles of chromium, carbon, silicon and 

Fig. 4. Treatment of numerical simulation across the carbide-
austenite interface.

Fig. 5. Schematic calculated Cr concentration profiles in the austenite ahead of the M23C6 boundary film at the end of 
isothermal holding for a) different hold temperatures T3 >T2 >T1, b) different holding times t1 <  t2 <  t3. (Online 
version in color.)
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nickel obtained using DICTRA for the isothermal holding 
temperatures and times used in the experimental determina-
tion of DOS can be seen in Figs. 6–9.

In Fig. 6, a significant increase in Crint, i.e. decreasing 
depth of the chromium depleted zone, with increasing tem-
perature is predicted. Crint also increases with holding time, 
but only slightly over the time range involved. The width of 
the chromium depleted zone, Wcrit, depends, of course, on 
the choice of Crcrit. As discussed below, the most appropri-
ate value of Crcrit in the present study was found to be 12 
wt.% Cr, which is marked in Fig. 6. The figure shows that 

there is a significant increase in Wcrit with increasing time, 
increasingly so as the temperature rises.

Carbon is depleted from the austenite over larger dis-
tances than chromium, as expected, Fig. 7. As shown in 
Fig. 8, silicon is rejected from the growing carbide into the 
austenite. However, a slight increase in silicon concentra-
tion in austenite is observed adjacent to the interface. Of 
course, the activity of Si decreases away from the inter-
face, but the interactions of Si with Ni and Cr cause the 
Si concentration profile to take on the shape seen. As the 
solubility in the carbide of Si and Ni is minute, both Si 

Fig. 6. Cr concentration profiles across M23C6 carbide - austenite matrix interface at (a) 700°C (b) 760°C (c) 820°C. 
(Online version in color.)

Fig. 7. C concentration profiles across M23C6 carbide - austenite matrix interface at (a) 700°C (b) 760°C (c) 820°C. 
(Online version in color.)

Fig. 8. Si concentration profiles across M23C6 carbide - austenite matrix interface at (a) 700°C (b) 760°C (c) 820°C. 
(Online version in color.)
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and Ni are rejected, while Cr is absorbed, from ahead of 
the advancing interface. Cr and Ni both reduce the activ-
ity of Si, but the effect of Ni is responsible for the initial 
increase in Si concentration with increasing distance from 
the interface.

Returning to the chromium profiles in Fig. 6, the varia-
tion of Crint and Writ with temperature and holding time can 
be seen in Fig. 10. Neither Crint or Wcrit alone correlates 
with the experimentally measured DOS values in Fig. 1, 
as shown for example in Figs. 11(a), and 11(b). Following 
Bruemmer3 it is reasonable to assume that the degree of sen-
sitization will depend not only on the width of the chromium 
depleted zone as defined by some critical chromium concen-
tration, but also on the depth of the depletion profile, which 
could be defined as Crint or (Crcrit −  Crint), for example. It 
is possible to conceive of various depletion parameters that 
combine the terms Wcrit, Crcrit and Crint. Three such depletion 
parameters are (Crcrit −  Crint)·Wcrit, (Crcrit/Crint)·Wcrit and 
Wcrit/Crint. Statistical analyses of the correlations between 
the experimentally measured DOS values and these poten-
tial depletion parameters based on a variety of definitions of 
Crcrit showed that the best correlation is obtained with the 
following depletion parameter:

DP Cr Wint crit� �� � �12

i.e. using Wcrit values defined by Crcrit =  12 wt.%. The 
non-linear correlation between this parameter and the exper-

Fig. 9. Ni concentration profiles across M23C6 carbide - austenite matrix interface at (a) 700°C (b) 760°C (c) 820°C. 
(Online version in color.)

Fig. 10. Variation of Crint and Wcrit at 12 wt.% Cr with tempera-
ture and times at isothermal temperatures. (Online ver-
sion in color.)

imental DOS values is shown in Fig. 11(c). The correlation 
is clearly superior to that in Fig. 11(b), i.e. that based on 
Wcrit alone. With the exception of one data point at the DP = 
22.3 nm.wt%, the DOS data points lie in a scatter band that 
is + /−  4 DOS percentage points. The relationship between 
DOS and DP is seen to be non-linear, as might be expected, 
since very long heat treatment times eventually lead to self-
healing, i.e. a decrease in DOS.

It also seems that, for the present heat treatment condi-
tions at least, the modelling of the precipitation process and 
development of Cr depleted zones can be reasonably done 
by assuming that precipitate growth starts immediately 
without any incubation time. The inclusion of an incubation 
time might reduce the scatter observed in the DOS - DP cor-
relation, but would be more reasonable to consider for low 
temperature heat treatments.

In this paper, concentration profiles away from grain 
boundaries in sensitized material have been calculated using 
thermodynamic and diffusion models and the results related 
to the degree of sensitization obtained from DL-EPR tests. 
In this way, it has been possible to access element concen-
tration profiles right up to the M23C6 - austenite interface. As 
can be seen from Fig. 6, for example, the predicted profiles 
are very narrow, extending down to less than 5 nm. The 
experimental verification of these would require extensive 
atom probe tomography measurements or STEM analysis 
and the depletion trends can be examined, which has been 
outside the scope of this work.

In the above analysis, for simplicity, any possible effect of 
the C, Ni or Si concentration profiles on the electrochemical 
properties of the Cr depleted zones and thereby DOS values 
have been ignored. Their inclusion in a statistical analysis 
would only be possible with a much wider data base of 
alloy compositions and treatments. Their inclusion would 
be made simpler if a fundamental model for the effects of 
concentration gradients on measured DOS were available.

Further work is required to explore the validity of the 
above approach using other stainless steels with different 
chemical compositions. It is possible, for example, that the 
critical chromium concentration defining the width of the 
chromium depleted zone depends on the bulk alloy compo-
sition. Also, any possible effects of the Ni and Si concentra-
tion profiles at the grain boundaries on the measured DOS 
have been ignored.
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6. Conclusions

The degree of sensitization of an Fe-16.80Cr-6.36Ni-
0.95Si-0.105C austenitic stainless steel subjected to iso-
thermal heat treatments for times up to 80 mins at 700, 

Fig. 11(c). Variation of measured DOS as a function of DP = 
(12 −  Crint)·Wcrit. (Online version in color.)

760 and 820°C has been experimentally determined using 
DL-EPR testing and the results analysed in terms of the Cr 
concentration profiles obtained using thermodynamic and 
one-dimensional diffusion calculations. For the first time, 
such calculations have been made taking into account the 
multicomponent interaction effects of all the above alloying 
elements on the local M23C6 carbide - austenite matrix inter-
face equilibrium, the atomic mobilities, and the flux balance 
at the interface. The experimental measurements show that 
sensitization, as measured by DOS vs time, is fastest at 
760°C while it occurs at similar, slower rates at 700 and 
820°C. The thermodynamic and diffusion analyses show 
that DOS follows a non-linear correlation with a depletion 
parameter that depends on the width of the calculated Cr 
concentration profile at the critical Cr concentration of 12 
wt.% and the Cr concentration at the M23C6 - austenite inter-
face calculated assuming local interface equilibrium and an 
interfacial flux balance for all alloying elements.

The approach adopted in the present work shows prom-
ise for implementation into a software tool for predicting 
precipitate growth, depletion profiles and sensitization as a 
function of composition and thermal history.
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