




Figure 3.3: Cr concentration profile as a function of depth from the grain boundary
of a Fe-15 at.% Cr alloy irradiated to 1.82 dpa at an irradiation temperature of 290◦C
and a dose rate of 3.4× 10−7 dpa/s, as reproduced from Ref [10].

Figure 3.4: Cr concentration profile of a simulation of a Fe-15 at.% Cr alloy
irradiated to 1.82 dpa at an irradiation temperature of 290◦C and a dose rate of
3.4× 10−7 dpa/s.

conditions for a grain size of 64 nm, we obtained the Cr concentration profile shown

in Figure 3.6. This simulation resulted in a Cr concentration that was much less

than in the experiment.

Further, we set out to reproduce results from a set of experiments performed by

Wharry et al. performed on four different alloys: T 91, HCM12A, HT9, and a Fe-9

wt.% Cr model alloy [45]. The samples were all irradiated to various doses at 1.2×10−5
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Figure 3.5: Cr concentration profile as a function of depth from the grain boundary
of a Fe-6 at.% Cr alloy irradiated to 1.82 dpa at an irradiation temperature of 290◦C
and a dose rate of 3.4× 10−7 dpa/s, as reproduced from Ref [10].

Figure 3.6: Cr concentration profile of a simulation of a Fe-15 at.% Cr alloy
irradiated to 1.82 dpa at an irradiation temperature of 290◦C and a dose rate of
3.4× 10−7 dpa/s.

dpa/s at different temperatures. To simulate these experiments, we modeled a grain

size of 0.3 µm. We first simulated an annealing at 790◦C for T 91, 750◦C for the

Fe-9Cr model alloy, 770◦C for HCM12A, and 760◦C for HT9. Then, we simulated

irradiation at the prescribed dose and temperature at a dose rate of 1.2×10−5 dpa/s.

We then calculated the change in the Cr concentration at the sink and compared
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Table 3.1: Results from simulations of experiments performed by Wharry et al. [45]

Alloy CCr(wt.%) Dose (dpa) Temp. (◦C) ∆CCr(wt.%) [45] ∆CCr(wt.%), Sim Difference (wt.%)
T 91 8.37 1 400 0.74 1.15 0.41

3 400 1.49 1.15 -0.34
7 400 1.62 1.15 -0.47
10 400 0.87 1.15 0.28
3 300 0.62 0.69 0.07
3 450 1.72 0.81 -0.91
3 500 1.35 0.37 -0.98
3 600 0.64 0.02 -0.62
3 700 -0.43 0.00 0.43

Fe-9Cr 9.0 1 400 0.61 1.27 0.66
3 400 0.78 1.27 0.49
7 400 1.43 1.27 -0.16
10 400 1.54 1.27 -0.27

HCM12A 10.83 3 400 0.86 1.65 -0.79
HT9 11.63 3 400 0.69 1.84 -1.15

it to the average change in Cr concentration at grain boundaries obtained in the

experiments. The results from these simulations are available in Table 3.1.

From this series of simulations, certain trends can be determined from the model.

The segregation of Cr is already saturated at a dose of 1 dpa, whereas the experimental

Cr concentrations continue to increase with increasing dose up to 7 dpa, and then

decrease for higher doses for T 91. The Fe-9 wt.% Cr model alloy did not exhibit this

saturation behavior at all. The enrichment of Cr compared reasonably well at lower

temperatures, but at higher temperatures the predicted Cr concentrations deviated

from the experiment. The model overpredicted the Cr enrichment for the high Cr

alloys HCM12A and HT9, suggesting there are other concentration dependent factors

not accounted for in the model.

3.2 Sensitivity Analysis

Following the method of Wharry et al., we also performed a sensitivity analysis of

the input parameters [46]. To determine the effect each of these parameters had on

model predictions, a sensitivity analysis was performed for the various parameters

where the model sensitivity was defined as the derivative of the Cr concentration at

the free surface with respect to an input parameter, ∂CCr

∂P
[46]. This sensitivity is

approximated as the ratio of the change in the concentration of Cr at the free surface

to the change in the value of the parameter, δCCr

δP
.
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∂CCr

∂P
≈ δCCr

δP
=
C

′
Cr − CCr,ref

P ′ − Pref

(3.1)

where C
′
Cr and P

′
refer to the varied concentration and parameter value,

respectively, and CCr,ref and Pref are the reference values. A more meaningful value is

the fractional change in the concentration of Cr at the free surface and is referred to

as the significance, SCP [46]. This is expressed as

SCP =
C

′
Cr − CCr,ref

P ′ − Pref

× Pref

CCr,ref

(3.2)

Using this definition, the significance of the input parameters were calculated

by modeling the irradiation of an Fe-9 at.% Cr alloy to 15 dpa at 320◦C, and

then reducing the value of the parameter in question by 0.01% and re-running the

simulation at the same conditions. The significances of the various parameters are

shown in Figure 3.7.

Figure 3.7: Significances for the various parameters in the model, following the
method by Wharry et al. [46].
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From Figure 3.7, it is clear that the migration energies are the most significant

input parameters. Further, the model is more sensitive to the migration energies

for vacancies than to the migration energies for interstitials. It is also apparent

from Figure 3.7 that a perturbation in the migration energy increases the migration

energy gap for one of the elements and decreases it for the other. This is also the

case for a perturbation in the migration energy of the two defect types for the same

element. This effect is consistent with equation (2.47), where decreasing the Cr-

vacancy migration energy increases the migration energy gap and decreasing the

Cr-interstitial migration energy decreases the migration energy gap. The opposite

holds for the Fe-vacancy and Fe-interstitial migration energies.

After discovering the model’s sensitivity to the migration energies, we investigated

the effect of small changes on the migration energy gap from equation (2.46). We

calculated this value range of values of EFe
mV, as shown in Figure 3.8. The values for

the other migration energies were held constant at the values shown in Table 2.1.

Figure 3.8: Values of

(
dCrv

dFev
− dCri

dFei

)
for varying values of EFe

mV

From Figure 3.8, the value is negative for values of EFe
mV less than 0.6264 eV

and positive for greater values. Thus, the values chosen for the migration energies

will determine the enrichment or depletion of Cr at the surface. To gain a better

understanding of how the migration energies affect the final Cr concentration at the

surface, simulations were run for various combinations of EFe
mI and EFe

mV, as well as
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combinations of ECr
mI and ECr

mV. We simulated a 2 µm thick foil with an initial uniform

Cr concentration set to 9 at.%. The foil was irradiated to 3 dpa at 1 × 10−5 dpa/s

and 400◦C. The input parameters values were the same as shown in table 2.1, with

the exception of the values of the migration energies in question. Figures 3.9 and

3.10 show the results obtained from these simulations. The change from depletion to

enrichment as predicted by equation (2.47) is also represented in these figures.

Figure 3.9: Final Cr concentration at the free surface as a function of the migration
energy of interstitials and vacancies in Cr. The red line marks the the crossover
from depletion to enrichment as predicted by the migration energy gap from equation
(2.47).

As predicted by the initial sensitivity analysis, the migration energies had a

significant effect on the final Cr concentration at the surface. With changes in

migration energies as small as 0.08 eV, Cr concentrations varied from almost complete

depletion with 0.54 at.% Cr at the sink to near complete enrichment with 98.14 at.%

Cr at the sink. Figures 3.9 and 3.10 show how sensitive this model is to the values

chosen for the migration energies. Further, the change from depletion to enrichment

as governed by the migration energy gap is consistent with equation (2.47).
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Figure 3.10: Final Cr concentration at the free surface as a function of the migration
energy of interstitials and vacancies in Fe. The red line marks the the crossover from
depletion to enrichment as predicted by the migration energy gap from equation
(2.47).

Using this sensitivity study, we chose values for the migration energies that

produce results consistent with reported values of segregation. These values are

displayed in table 2.1.

3.2.1 Dose Dependence

To investigate the effect of dose on the segregation of Cr, we simulated a 2 µm grain

of an Fe-9 at.% Cr alloy and irradiated it to various doses at 400◦C and a constant

dose rate of 1× 10−5 dpa/s. The resulting dose dependence is shown in Figure 3.11.

Comparing this plot to the experimental values measured by Wharry et al., it is

apparent that our model does not accurately represent the dose dependence observed

from experiments, where the onset of Cr enrichment as well as the saturation occurred

at a lower dose than experimentally observed [45].
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The lack of consistency between the model and the experimental data could be

due to the lack of microstructural evolution in the model, where the nucleation and

growth of dislocation loops, which act as very strong defect sinks, which reduce the

flux of defects to grain boundaries and increase the dose required to cause segregation

as well as to reach steady state segregation [46]. The saturation of Cr enrichment is

due to reaching a steady-state compositional gradient, and the back diffusion of Cr

down this gradient, the first term in Equation (2.27) balances the defect-flux induced

flow of Cr toward the sink, the second two terms in Equation (2.27) [34].

Figure 3.11: Final Cr concentration at the free surface as a function of dose at a
dose rate of 1 × 10−5 dpa/s and at 400◦C. The experimental values come from the
systematic study performed by Wharry et al. [45].

3.2.2 Dose Rate Dependence

We looked at the dose rate dependence on the segregation of Cr as well, simulating a

2 µm grain of an Fe-9 at.% Cr alloy and irradiating it at various dose rates to 5 dpa at

400◦C, as shown in Figure 3.12. The blue line represents the current model, with the

thermal equilibrium boundary conditions, and the red line represents the model using

a black sink boundary condition, where the interstitial and vacancy concentrations

are set equal to zero at the sink. At low doses, the concentrations of interstitials

and vacancies introduced through irradiation are not high enough to overcome the
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concentrations from thermal equilibrium. Thus, the back diffusion of Cr dominates

and there is very little Cr segregation. This behavior is not present when a black

sink is modeled, as the concentration of defects at the sink is zero. As the dose rate

increases, the concentrations of defects introduced from irradiation becomes greater

than those from thermal equilibrium, and the Cr segregation increases. As the dose

rate increases to very high doses, the recombination of defects begins to become

prevalent as compared to the production of defects, thus the amount of segregation

begins to decrease. The ratio of recombination to production as a function of dose

rate is shown in Figure 3.13.

Figure 3.12: Change in Cr concentration at the free surface as a function of dose
rate.

3.2.3 Temperature Dependence

To investigate the temperature dependence of Cr segregation, we simulated a 2 µm

grain of an Fe-9 at.%Cr alloy and irradiated it at various temperatures to 5 dpa with

a constant dose rate of 1×10−5 dpa/s, as shown in Figure 3.14. Once again, the blue

line represents the current model, with the thermal equilibrium boundary conditions,

and the red line represents the model using a black sink boundary condition, where

the interstitial and vacancy concentrations are set equal to zero at the sink. At

low temperatures, depletion is predicted, as vacancy-mediated diffusion dominates.
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Figure 3.13: Ratio of the recombination rate to the production rate as a function
of dose rate.

As the temperature increases, the segregation behavior changes from depletion to

enrichment, and the model matches the experimental values reasonably well. As

the temperature increases above about 450◦C, the amount of segregation begins to

decrease. This is due to back diffusion of Cr as the thermal concentrations of vacancies

increase and the induce back diffusion of Cr. As such, the first term in Equation (2.27)

balances the defect-flux induced flow of Cr toward the sink, the second two terms in

Equation (2.27) [34]. Once again, this behavior is not present when a black sink is

modeled, as the concentration of defects at the sink is zero. Further, at very high

temperatures, the large defect concentrations also lead to high recombination rates,

as shown in Figure 3.15.

To understand why we get depletion at low temperatures, we followed the method

used by Wharry et al. by making an Arrhenius plot of the ratio of the diffusivities

of Cr to Fe as a function of temperature, as shown in Figure 3.16 [46]. At low

temperatures, the ratio of the vacancy diffusivity of Cr to Fe is higher than that

of the interstitial diffusivity ratio, therefore the vacancy diffusion dominates driving

Cr depletion. The ratio of the interstitial diffusion of Cr to Fe is greater at higher

temperatures, and interstitial diffusion dominates, leading to Cr enrichment. The
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Figure 3.14: Final Cr concentration at the free surface as a function of temperature
irradiated to 5 dpa at a dose rate of 1 × 10−5 dpa/s. The experimental values come
from the systematic study performed by Wharry et al. [45].

Figure 3.15: The ratio of the recombination rate to the production rate as a function
of temperature.

temperature where the segregation of Cr crosses over from depletion to enrichment

is predicted to occur around 200◦C by the Arrhenius plot, and this is consistent with

the plot of the temperature dependence. We also investigated how a small change in

one of the migration energies would affect this temperature dependence, and with a

change as small as 0.05 eV, the temperature dependence was greatly altered.
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Figure 3.16: Ratio of the diffusivities of Cr to Fe as a function of temperature.

3.3 Concentration Dependence

A series of simulations were run to better understand the dependence of Cr enrichment

on bulk Cr concentration. In these simulations, a grain size of 2 µm was modeled for

Fe-Cr alloys with varying concentrations of Cr. The alloy was then irradiated to 5

dpa at 400◦C at a dose rate of 1 × 10−5 dpa/s. The change in the concentration

of Cr at the sink as a function of initial Cr concentration is shown in Figure

3.17. Comparing this to experimental results measured in the systematic study by

Wharry et al., the concentration dependence of the model appears to be opposite

of these experimental results [45]. The reason for the increasing segregation with

increasing bulk Cr concentration is due to the segregation terms in the model scaling

with Cr concentration, and the back diffusion terms scaling with its derivative.

Therefore a high bulk concentration requires a higher peak at the boundary to

achieve balance. The concentration dependent thermodynamic factor was not enough

to account for the experimentally observed behavior; thus, other concentration

dependent parameters, such as migration energies and diffusivity prefactors, could

be the answer.
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Figure 3.17: Change in Cr concentration at the free surface as a function of initial
bulk Cr concentration. The experimental values come from the systematic study
performed by Wharry et al. [45].
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Chapter 4

Conclusion

The results of experiments to study RIS in FM steels are difficult to understand

with qualitative arguments. Therefore, it is necessary to use models to predict this

behavior. Using input parameter values obtained from ab initio calculations and a

model developed by Wiedersich et al. [47], a program was written to gain insight into

the effect of RIS on FM steels.

By performing a sensitivity analysis, it became apparent that the model is

extremely sensitive to the input parameters, particularly the values chosen for the

migration energies. In further study, by changing the value of migration energies by

as little as 0.08 eV, the enriched Cr concentration at the sink could vary by more

than 90 at.%.

Within some experimental regimes, the model has reasonable values given the

chosen input parameters. For example, at intermediate temperatures, the model

appears to compare well to experimental measurements. The temperature dependence

of the model compared well with experiments, with a peak segregation occuring at

about 450 ◦C, and a lack of segregation at higher temperatures due to the balancing

of the back diffusion and defect flux terms.

The lack of accuracy in the dose dependence is likely due to microstructural

evolution, such as the nucleation and growth of dislocation loops, which act as very
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strong defect sinks, reducing the flux of defects to grain boundaries and increasing the

dose required to cause segregation as well as to reach steady state segregation. The

model predicts the dose for the onset of segregation much too low, as well as the dose at

which saturation occurs, which is due to the balancing of the back diffusion and defect

flux terms. The concentration dependence has the opposite effect from experiments,

due to the segregation terms scaling with the Cr concentration and the back diffusion

terms scaling with its derivative. Therefore a high bulk concentration requires a higher

peak at the boundary to achieve balance. The concentration dependent α value was

not enough to account for the experimentally observed behavior. Other concentration

dependent parameters, such as migration energies and diffusion prefactors, could

provide the solution to this issue. With a careful selection of input parameters,

accurate results could be determined from this simple model; however, considering

the extreme sensitivity , this model may not be the best choice to model RIS.

4.1 Outstanding Issues

In moving forward with this work, it is necessary to have a more in depth analysis of

how concentration dependent parameters, such as migration energies and diffusion

prefactors, affect the resulting Cr concentrations. Further, it is important to

include other physical characteristics into the model, such as cascade effects, self-

clustering of interstitials and vacancies, dislocation loops, voids, and grain boundary

misorientations. It is also necessary to look at the effect of precipitates, particularly

carbides, on the Cr segregation behavior.
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