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ABSTRACT 
Radiation induced segregation (RIS) has been frequently reported in structural materials such 

as austenitic, ferritic, and ferritic-martensitic stainless steels (SS) that have been widely used in 
light water reactors (LWRs). RIS has been linked to secondary degradation effects in SS 
including irradiation induced stress corrosion cracking (IASCC). Earlier studies on thermal 
segregation in Fe based alloys found that metalloids elements such as P, S, Si, Ge, Sn etc. 
embrittle the materials when enrichment was observed at grain boundaries. RIS of Fe-Cr-Ni 
based austenitic steels has been modeled in the U.S. 2015 fiscal year (FY2015), which identified 
the pre-enrichment due to thermal segregation can have an important role on the subsequent RIS. 
The goal of this work is to develop thermal segregation models for alloying elements in steels for 
future integration with RIS modeling. 

Thermal segregation and RIS of P in α iron and various steels has been extensively studied 
and therefore has been chosen as the first element to study. Two approaches have been used for 
thermodynamic modeling. The first approach is an empirical approach which fitted experimental 
segregation data into the simple McLean equation, and obtained a composition-independent 
segregation energy. The second approach is based on the concept the grain boundary segregation 
transition (GBST). GBST is such a transition when components have strong repelling interaction, 
the segregation energy or driving force for solute segregation is so large that there will be sharp 
change from a low segregated state to a high segregated state. The second approach calculates 
partial molar surface energy of grain boundaries (GB) as a function of temperature and 
composition. When partial molar surface energy of each component equals each other, then 
equilibrium is reached. Unlike the first approach, the experimental segregation data is never used 
to fit model parameters.  

The kinetics modeling coupled with thermodynamic calculation provided insight on the 
mechanism for P segregation. It essentially consists of two steps: on one hand, at GBs, the 
formation of Fe3P and the repelling interaction between Fe and Fe3P provided large driving force 
for P segregation, leading to full coverage of Fe3P at GBs for most high P alloys under 
equilibrium conditions; on the other hand, the segregation is also controlled by kinetics. The 
transportation of P in bulk is through the diffusion of P, not the Fe3P.  The diffusion of P in bulk 
depends on two factors: temperature and bulk composition of P. The lower temperature and/or 
the higher bulk composition of P, provided larger supersaturation for segregation, therefore, the 
large driving force for diffusion. The fast diffusion of P in α iron in temperature greater than 
700~800°C allows fast build-up of P segregation at GBs, but at low temperature (<500°C), the 
kinetics is very slow and the equilibrium can rarely be reached. A similar case can be applied to 
the low P alloy. Therefore, extra caution is needed to interpret experimental data from low 
temperature and low P alloys.  
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Thermodynamic and Kinetic Modeling on Thermal 
Segregation of Phosphorus in α Iron 

1. Introduction 
Structural materials such as austenitic, ferritic, and ferritic-martensitic stainless steels (SS) 

are widely used in light water reactors (LWRs). However, the combined long-term neutron 
irradiation and thermal conditions impose great challenges on the stability of materials. For 
example, a variety of microstructural and microchemical changes have been reported in 
austenitic SS core internals of LWRs, primarily including a high density (1022–1023 m3) of Frank 
loops (< approximately 20 nm), precipitates (e.g., Ni/Si-rich γ’, G-phases and carbides), and 
cavities, as well as chemical segregation at grain boundaries (GBs) and dislocations [1-5]. These 
changes lead to material degradation such as irradiation-assisted stress corrosion cracking 
(IASCC). IASCC has been linked to the depletion of Cr at the grain boundary as a result of 
radiation-induced segregation (RIS) [2]. RIS modeling of Fe-Cr-Ni system has been subjected to 
several prior studies [6-13]. Recently, Yang et al. [14] has developed an improved RIS model 
based on Perks model [15] by integrating computational thermodynamics (CT) [16] into the 
modeling of compositional dependent diffusion coefficients and thermodynamic factors, and 
interstitial binding model [13] into the modeling diffusion flux of interstitials. One of the major 
findings resulted from the improved model is that the elemental segregation in the steady state is 
the result of not only preferential coupling of elements with defects but also the composition 
gradient in the vicinity of the grain boundary that was formed during the transient state. The 
latter is the major cause for the oscillatory behavior of segregation profile (such as a W-shape) in 
the vicinity of the GB. While Yang’s study shows the composition gradient that formed from the 
transient state has an important role in the steady-state microchemistry at defect sinks, Busby et 
al. [17] found that the pre-existing Cr-enrichment at grain boundary due to thermal segregation 
also leads to the oscillatory behavior of segregation profiles during the subsequent irradiation. 
Similarly, Cole et al. [18] found Cr and Mo in 316SS under different cooling rates had already 
enriched to various levels at grain boundary before the materials being exposed to irradiation 
environments. The higher the enriched levels lead to the more pronounced W-shape profile 
during the subsequent irradiation. Nastar et al. [19] did a mean-field RIS kinetics simulation and 
also found a W-shape profile of Cr when using a pre-enriched Cr profile as input. It becomes 
evident that pre-enrichment of element at GBs due to thermal segregation has an important role 
in determining the subsequent RIS profile as well as the microchemistry at GBs [17-19].  

Earlier studies on thermal segregation of metalloid impurities in Fe based alloys found that 
metalloids elements such as P, S, Si, Ge, Sn etc. embrittle the materials when they enrich at grain 
boundaries [20]. This work aims at developing a computational model to describe 
thermodynamics and kinetics of thermal segregation of alloying elements in austenitic and 
ferritic steels. This model will be eventually coupled with the RIS model to provide a complete 
description of complicated, multi-elemental segregation under both irradiation and thermal 
conditions.  

2. Literature review and methodology 
Among various elements, thermal segregation of phosphorus at GBs of ferritic alloys is one 

of the most widely studied subjects and has been known as a primary contributor to the temper 
embrittlement of low-alloying steels [21-28]. Not only thermal segregation, the irradiation 
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enhanced P segregation at GBs has been also connected with irradiation enhanced embrittlement 
of pressure vessel steels of nuclear reactors [29-35].  Therefore, thermal segregation of P was 
selected as the first system to be investigated using the currently developed models. While the 
reported experimental results on P segregation at the GB of α iron differ from one work to the 
other, due to the presence of other impurity elements, the different cooling rates (eg., furnace 
cooling or water quench) and aging periods, etc., there are general trends that can be captured 
from the experimental results, as summarized in the following: 1) The segregation levels of P 
increases proportionally with the bulk concentration; 2) The segregation levels of P decreases 
with the increasing aging temperature; 3) The chemical state of P at GB is dominated by Fe3P; 4) 
P segregation at GBs occurs in merely a few or even only one atomic layer; 5) Both small angle 
and low Σ symmetric boundaries correspond to low levels of P segregation. Although the grain 
boundary structure has an important role in the segregation process, the current modeling will 
focus on thermodynamic and kinetic aspects of P segregation at random high angle GBs, where 
the segregation level is the greatest. The future refinement of the current models will include the 
GB structure modeling such as the work of Field et al. [7]. 

2.1 Thermodynamic model 
McLean [36] developed a theory to describe the thermodynamics of equilibrium segregation. 

The McLean segregation equation describes the relationship between surface composition, bulk 
composition and segregation energy. For an A-B system, with A as the solvent and B as the 
solute, the surface composition is described as Eq. (1): 

𝑥𝐵
𝜑

1−𝑥𝐵
𝜑 = 𝑥𝐵

1−𝑥𝐵
exp (∆𝐺𝐵

𝑠𝑠𝑠

𝑅𝑅
)  (1) 

𝑥𝐵
𝜑 is the surface composition and 𝑥𝐵 is the bulk composition. ∆𝐺𝐵

𝑠𝑠𝑠 is the segregation 
energy. R is gas constant and T is temperature in Kelvin. The McLean equation has two 
assumptions: 1) the segregated atoms are non-interacting, and 2) the components have equal 
atomic size. The McLean equation is generally applied to a dilute solution where the 𝑥𝐵 is 
neglible. Fowler [37] introduced interaction energy (Ω) between adjacent adsorbate atoms into 
segregation energy such that they attract (negative Ω) or repel (positive Ω)  each other. The 
general formula of Fowler segregation model is described by Eq. (2): 

𝑥𝐵
𝜑

1−𝑥𝐵
𝜑 = 𝑥𝐵

1−𝑥𝐵
exp (∆𝐺𝐵

𝑆𝑠𝑠+Ω𝑥𝐵
𝜑

𝑅𝑅
)  (2) 

If Ω is zero, the Fowler equation reduces to the McLean equation. As Ω becomes more and 
more positive the segregation shows progressively sharper rises as the temperature falls until 
eventually the rise in segregation is discontinuous at a certain temperature. An analog is an 
immiscibility gap in a phase diagram. Such a discontinuity can be correlated the concept called 
grain boundary segregation transition (GBST) at which the solute coverage at GBs changes from 
a low segregated state to a high segregated state. Guttermann [23] further developed the Fowler’s 
theory into a multicomponent system. The surface composition of a solute in a multicomponent 
system can be written as Eq. (3):  

𝑥𝑖
𝜑 =

𝑥𝑖
𝜑exp (

∆𝐺𝑖
𝑅𝑅 )

1−∑ 𝑥𝑖𝑖≠𝑀 +∑ 𝑥𝑖exp (
∆𝐺𝑖
𝑅𝑅 )𝑖≠𝑀

  (2) 
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“i” and “M” respectively denote alloying and matrix elements. Although the Guttmann’s 
segregation equation resembles the McLean’s one, however, there is a major difference between 
the McLean’s and Guttmann’s model. ∆𝐺𝐵

𝑠𝑠𝑠 in the McLean equation is independent of 
composition 𝑥𝐵

𝜑. If applying the McLean equation to a multicomponent system, the segregation 
energies of individual solute elements equal to those in the respective binary alloys and are 
independent of bulk and surface composition. However, in Guttmann’s equation, the segregation 
energy of an individual element is a function of composition. The compositional dependency is 
described as Eq. (3): 

∆𝐺𝑖 = ∆𝐺𝑖0 + 𝑅𝑅𝑅𝑅 𝑓𝑀
𝜑𝑓𝑖

𝑓𝑖
𝜑𝑓𝑚

  (3) 

 ∆𝐺𝑖0 is the segregation energy in the respective M-i binary, which is independent of 
composition. 𝑓𝑀

𝜑 and 𝑓𝑀 are the fugacity of M in surface and bulk, respectively. Similarly, 𝑓𝑀
𝜑 

and 𝑓𝑀 are the fugacity of i in surface and bulk. The fugacity is dependent on the surface and 
bulk composition.  

Not only the choice of segregation energy, but also the choice of the segregation system is 
important in describing the thermodynamics. The majority of experimental data in literature was 
using auger electron spectroscopy (AES), which measures the enrichment of elements at GBs. 
However, it cannot tell the chemical state of the elements. Suzuki et al. has used XPS to discover 
that the chemical state of P at GBs is in the Fe3P state [26, 27]. Hashimoto et al. [38] used first 
principle calculation to derive the lowest energy state and confirmed the findings from Suzuki. 
Kaptay [39] recently modeled the phosphorus GB segregation based on the Fe-Fe3P system using 
the Butler model [40]. The Butler’s model is essentially the Guttmann’s model, but originally 
developed for the surface tension of liquid solution. The reason Kaptay choose Fe3P over P is 
because the factor that segregation usually occurs in a system with phase separation, i.e., a 
system with a positive mixing energy to form a solution. However, in Fe-P system, the mixing 
energy in body centered cubic (BCC)[Fe,P] is negative, suggesting no segregation should occur. 
Nevertheless, if the negative mixing energy was used to create the Fe3P cluster, and the 
interaction energy between Fe and Fe3P remains positive, then the segregation of P would occur 
in the form of Fe3P. His model was able to reasonably describe the P segregation at 1450°C, and 
predict a grain boundary segregation transition at which point the coverage of Fe3P goes from a 
low segregated state to a high segregated state. Although with favorable comparison at high 
temperature, the Fe-Fe3P model was not validated by the experimental data at low temperature.  

In this work, equilibrium segregation was modeled using two approaches: The first approach 
dealt with the Fe-P system and fitted experimental segregation data into the simple McLean 
equation, from which composition-independent segregation energy can be obtained. The second 
approach dealt with the Fe-Fe3P system, and is based on the concept the grain boundary 
segregation (GBST). Diffusion modeling of P was then coupled with thermodynamic modeling 
in both approaches to describe the kinetics of P segregation. Finally, preliminary modeling based 
on the Fowler/Guttmann’s model was also performed to understand the effect of ternary 
interaction energy on the equilibrium segregation in the Fe-Cr-P and Fe-Ni-P system.    
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2.2 Kinetic model 
Materials thermodynamics dictated the maximum solute segregation at GBs, however, it 

cannot tell us how long for the system to reach the maximum segregation. In this work, we also 
developed a kinetic model based on foreign atom movement in an appropriate potential, which 
aims at giving a consistent description of the segregation equilibria, the time and temperature 
dependence of surface concentration and in-depth concentration distribution. The frame work of 
kinetic models is referenced to the work by Hofmann and Erlewein [41]. Only some basic 
equations and information are described here. The model assumes negligible interface 
evaporation and the GB enrichment limited to the first monolayer. The potential gradient for GB 
segregation adopted from Hofmann and Erlewein’s work is schematically shown in Figure 1. 

 
Figure 1: Assumed free energy versus depth for segregant atoms at the surface and in the 

bulk  

Atomic fluxes based on reaction rate theory were used to describe the attainment of 
concentration distribution, avoiding difficulties with the solution of a diffusion equation in a 
potential gradient. The flux equations were described by Eq. (4a~d): 

𝐽12 = 𝑎1−2𝑋1𝑊12𝜗1 exp �− ∆𝐺𝐷−∆𝐺𝑆
𝑅𝑅

�  (4a) 

𝐽21 = 𝑎1−2𝑋2𝑊21𝜗2 exp �− ∆𝐺𝐷
𝑅𝑅
�  (4b) 

𝐽23 = 𝑎1−2𝑋2𝑊23𝜗2 exp �− ∆𝐺𝐷
𝑅𝑅
�  (4c) 

… 

𝐽𝑖,𝑖+1 = 𝑎𝑖−2𝑋𝑖𝑊𝑖,𝑖+1𝜗𝑖 exp �− ∆𝐺𝐷
𝑅𝑅
�  (4d) 

Where 𝑎𝑖 is the atomic jump distance, 𝑋𝑖 is the concentration of solute atoms in layer “i”, 𝜗𝑖 
is the solute atom oscillation frequency and 𝑊𝑖,𝑖+1 is the jump probability factors of the solute 
atoms. In a first order approximation, all jump frequencies are assumed to be equal as well as the 
jump distances. The deviation for 𝑎1 and 𝜗1from this assumption will be accounted by 
segregation energy. ∆𝐺𝐷 is the activation energy for diffusion, and it will be derived from the 
experimental diffusion coefficient. ∆𝐺𝑆 is the segregation energy, which will be derived from 
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either experimental data or the thermodynamic theory discussed in Section 2.1. The jump 
probability factor was assigned using the following relationship based on Hofmann’s work: 

𝑤21 = (1 − 𝑋𝑆
𝑋𝑆
𝑀)𝑋𝑆

𝑀
 (5a) 

𝑊12 = 1 − 𝑋2 (5b) 

𝑊23 = 1 − 𝑋3 (5c) 

𝑊𝑖,𝑖+1 = 1 − 𝑋𝑖+1 (5d) 

Where 𝑋𝑆 is surface composition and 𝑋𝑆𝑚 is the maximum allowable surface coverage 
Computational codes for calculating thermodynamics and kinetics of thermal segregation have 
be implemented using the wolfram programing language and the Matlab.  

3. Results and discussion 
In this section, modeling results will be presented in the following sequence: 1) 

thermodynamic and kinetic calculation of thermal segregation in Fe-P; 2) thermodynamic and 
kinetic calculation of thermal segregation in Fe-Fe3P; 3) thermodynamic calculation of Fe-Cr-P 
and Fe-Ni-P.  

3.1 Thermodynamic and kinetic calculation of thermal segregation in Fe-P  
3.1.1 Thermodynamic calculation  

Erhart and Grabke systematically studied P segregation in Fe-P, Fe-Cr-P, Fe-C-P and Fe-Cr-
C-P systems [22]. The samples were made from melting high purity elements, solutionized at 
1050°C for 1h, followed by water quench, tempering treatment at 850°C for 1h, and then 
furnace-cooled to the aging temperature. The specimens were held at the aging temperature for 
different periods of time and then water quenched for AES analysis.  The AES analysis was done 
at the GBs interfaces which were obtained through fracturing at -120°C. The GB composition 
was derived from the peak ratio of P and Fe, which has been described in detail [42]. Based on 
the experimental measured GB compositions, and assuming no chemical interaction between 
elements, they were able to derive the segregation energy of P at GBs of α iron as -34300-21.5*T 
J/mol, by fitting the experimental data back into Eq. (1). The segregation energy so derived is 
independent of the bulk and surface composition. The calculated phosphorus composition at GBs 
is plotted as a function of alloy composition and temperature in Figure 2(a) and (b), compared 
well with the experimental data from Erhart and Grabke. The results calculated from thermal 
segregation models suggested that the segregation of P at GB increases with increasing bulk 
composition and decreasing temperature, which is in good agreement with experimental 
observation. The good agreement is not surprising since the segregation energy (-34300-21.5*T 
J/mol) was obtained through the fitting with experimental data.  
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Figure 2: The equilibrium segregation of phosphorus at grain boundary (a) as a function of alloy 
composition (bulk phosphorus content) at 500oC, and (b) as a function of both alloy composition 
(wt%) and temperature, compared to the experimental data from Erhart and Grabke. 
 

3.1.2 Kinetic calculation  
The kinetic simulation were performed for the alloys in Sec. 3.1.1. Based on the model 

description in Sec. 2.2. The most important input quantities are the diffusion coefficient of P in α 
iron and the GB segregation energy. The same segregation energy -34300-21.5*T J/mol was 
used in kinetic simulation. The phosphorus diffusion coefficient in α Fe has been measured 
experimentally, i.e., 1.38*105 exp(-3.4 eV/kT) cm2/s in the temperature range (932– 1017 K) and 
8*105 exp(-3.2 eV/kT) cm2/s in the temperature range (783– 923 K) [43]. The P diffusion is 
much larger than the self-diffusion coefficient. Indeed, at 870 K, the self-diffusion coefficient is 
10−20 m2/s, while the diffusion coefficient of P in ferromagnetic BCC Fe is 10−17 m2/s [43]. This 
fact could be associated with diffusion involving interstitials rather than vacancies. Domain and 
Besquart did ab-initio calculation on the diffusion of P in α iron [44]. They found that the 
diffusion coefficient of P based on a vacancy mechanism, although less than the experimental 
measurement of P in α iron, had already been larger than the self-diffusion coefficient by one to 
three orders of magnitude. Due to the lack of quantitative description of the interstitial diffusion 
of P in α iron, we will use experimental diffusion coefficient data of P in α iron in this work. We 
had simulated the GB composition of P as a function time, temperature, and bulk composition. 
Critical results are now presented.  
 

For an alloy with a high P composition of 0.33 wt% P at 723K(450°C), the calculated 
concentration profile of P as a function of distance from GB is plotted in Figure 3 (a). The red 
curve denotes the profile at 0.1h and the blue curve at 10000h. The results suggested at the 
earlier stage of segregation, there is a depletion regime of P at the sub-GB region. This is 
because the segregation energy leads to a large flux from sub-GB region to GB plane, while at 
this time, the flux into the sub-GB regime was supplied by continuous diffusion from the bulk. 
For longer times, the GB segregation gradually reaches equilibrium, and the depleted region 
gradually disappears until the steady state is established.      
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Figure 3: The composition of P at GBs (a) at 450 oC  for Fe-0.33wt%P as a function of distance 
from GB for the 0.1h and 10000h periods; (b)  as a function of time for alloy Fe-0.33 wt%P and 
Fe-0.003 wt%P at 723 and 1073K (450 and 800oC), respectively.  
 

In Figure 3(b), the P composition at GBs as a function of time was calculated for Fe-
0.33wt%P and Fe-0.003wt% P alloys at 723 and 1073K (450 and 800°C), respectively. The 
plateau in each curve suggests the equilibrium segregation is reached. The results show that the 
equilibrium segregation at 800°C is reached within 0.01~0.1h, while the time to reach 
equilibrium at 723K(450°C) is 103 h for high P alloy and 106 h for low P alloy. The equilibrium 
segregation level predicted from the kinetic modeling is well consistent with the thermodynamic 
calculation in Figure 2 (b), indicating the self-consistence of the two models. However, based on 
the kinetic simulation, an immediate question is whether the experimental data at 723K(450°C) 
obtained from Erhart and Grabke’s work [22] were truly reaching equilibrium segregation 
values. Although they didn’t give the annealing time for alloys at each temperature, it is 
impossible for the annealing time to be 106 h. Even 103 h for the high P alloy is unlikely. 
Therefore, the segregation data for low temperature and low P alloys in Erhart and Grabke’s 
work are considered as non-equilibrium segregation, and the segregation energy derived from 
these data are also questionable.   

3.2 Thermodynamic and kinetic calculation of thermal segregation 
in Fe-Fe3P  

3.2.1 Thermodynamic calculation  
Modeling P segregation at GBs based on the Fe-Fe3P system follows the work done by 

Kaptay [39]. The goal on one hand is to reproduce the calculated results for high temperature 
(1723K), on the other hand to predict the segregation at low temperature (723K ~1073K) where 
the experimental data from Erhart and Grabke’s work can be compared. All the parameters and 
equations have been described in detail in Kaptay’s work, and therefore only critical information 
are listed here. In the McLean’s equation, the surface energy of GB is implicitly included in Eq. 
(1).  While in Kaptay’s approach (based on Bulter’s equation), the surface energy was explicitly 
described as Eq. (4) 

𝜎𝑖 = 𝜎𝑖0 + 𝑅𝑅
𝜔𝑖

ln �𝑥𝑖
𝜑

𝑥𝑖
� + ∆𝐺𝑖

𝐸,𝜑−∆𝐺𝑖
𝐸

𝑤𝑖
    (6) 

∆𝐺𝑖
𝜑 = 𝑅𝑅𝑅𝑅�𝑥𝑖

𝜑� + ∆𝐺𝑖
𝐸,𝜑  (7) 
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∆𝐺𝑖 = 𝑅𝑅𝑅𝑅(𝑥𝑖) + ∆𝐺𝑖𝐸  (8) 
𝜎𝑖0 is the surface energy of pure element i. 𝜔𝑖 is the molar interfacial energy. ∆𝐺𝑖

𝐸,𝜑 and ∆𝐺𝑖𝐸 are 
the partal molar excess mixing Gibbs energy of component “i” in the GB and bulk region, 
respectively. It should be noted the “i” now is referred to Fe and Fe3P, respectively. XFe3P is the 
composition of Fe3P cluster, which can be derived from the P composition in alloy if assuming 
all P was used to form Fe3P cluster. Assuming regular solution, the excess energy are described 
as Eqs. (7~8): 
 
 ∆𝐺𝑖

𝐸,𝜑 = 𝛽Ω(1 − 𝑥𝑖
𝜑)2  (10) 

∆𝐺𝑖𝐸 = Ω(1 − 𝑥𝑖)2  (11) 
 
𝛽 is the ratio of unbroken bonds in the GB region compared to the bulk grain. Using the 
parameters in Kaptay’s work, for an alloy Fe-0.032at%Fe3P at 1723K, the surface energy of Fe 
and Fe3P at GB is plotted as a function of GB composition, as shown in Figure 4 (a). The red 
curve is for Fe3P and the black is for Fe. These two curves have only one intersecting point, 
which is σ=0.81 J/m2 and the XFe3P=0.075. Only at this point, the partial surface energy of Fe 
and Fe3P are equal, i.e., satisfying the equilibrium condition. Therefore, the equilibrium GB 
segregation composition of P for this alloy at 1723K is 0.075. We then did this calculation for a 
range of alloys with different Fe3P concentration at the same temperature. The calculation results 
shown in Figure 4 (b) suggest that the composition of P at GBs sharply changes from a low 
segregated level in Fe-0.032at%Fe3P to a high segregated level in Fe-0.1at%Fe3P. In other 
words, the equilibrium composition of Fe3P at GBs are less than 0.075 for alloys with Fe3P 
composition less than or equal to 3.2e-4, and greater than 0.9 for alloys with Fe3P composition 
over or equal to1e-3. The Fe3P composition corresponding to the GBST at 1723K is calculated as 
0.0004. This result agrees well with the simulation results of Kaptay and experimental results by 
Hondros et al.[25]. 
 

   
Figure 4: The surface energy of Fe and Fe3P at GB as a function of GB composition (a) for Fe-
0.032at%P alloy and (b) for Fe-Xat%P (X=1e-3~1) alloys 
 

Next, this approach was used to predict the GB segregation of Fe-Fe3P at a temperature range 
from 1073K to 723K. At 1073K, the GBST occurs in between 0.009 wt% P, while at 723K, all 
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alloys are in high segregated states. These calculation results suggest that most alloys 
investigated by Erhart and Grabke’s at temperature (1073~723K) are almost fully covered by 
Fe3P, if equilibrium segregation can be reached. These results can be understood by analogy with 
the immiscibility gap case. At low temperature, the solubility of a solute in the solvent-rich phase 
is lower than that at high temperature, therefore, an alloy can easier surpass the solubility to form 
the solute rich phase at low temperature than at high temperature. Similarly, the GB segregation 
can easier to transform to the solute rich (highly segregated state) at low temperature. The 
modeling correctly reflected such a trend, suggesting the models are sensible. However, it should 
be noted that among many parameters used by Kaptay, two parameters have great uncertainties 
and subsequently exert great influence on the calculation results. One is the surface energy of 
pure Fe3P and the other is solubility of Fe3P in Fe. The latter one mainly affects the interaction 
energy used for the modeling. While the current work is a preliminary step to test the modeling 
code, future work on testing the sensibility of these parameters are needed.  
 

        
 
Figure 5: The surface energy of Fe and Fe3P at GB as a function of GB composition for alloys 
investigated in Erhart and Grabke’s work (a) at 1073K (b) 723K 
 
3.2.2 Kinetic calculation  
 

In Section 3.2.1, the composition of P at GBs is nearly full coverage when equilibrium is 
reached. Now, we want to find out how long for the system to reach equilibrium. The same 
experimental diffusion coefficient of P in α iron at that in Sec. 3.1.2 is used. The segregation 
energy in Kaytay’s approach can be described as Eq. (12): 
 
∆𝐺𝑠𝑠𝑠 = 𝜎 ∗ (𝜔𝐹𝑠3𝑃 − 𝜔𝐹𝑠) − (𝜎𝐹𝑠3𝑃0 ∗ 𝜔𝐹𝑠3𝑃 − 𝜎𝐹𝑠0 ∗ 𝜔𝐹𝑠) − Ω(𝛽�1 − 2𝑥𝐹𝑠3𝑃

𝜑 � − (1 −
2𝑥𝐹𝑠3𝑃))  (12) 
 

Now, the segregation energy is dependent on the composition of P in both GB and bulk 
region. Substituting this equation into the boundary condition for kinetic model, the kinetics of P 
segregation at GB for the alloys in Erhart and Grabke’s work are calculated and presented below.  
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Figure 6: (a) The composition of P at GBs as a function of time for alloy Fe-0.33 wt%P and Fe-
0.003 wt%P at 450 and 800oC, respectively; (b) the time to reach equilibrium segregation at 500 

oC for a range of alloys. 
 

In Figure 6(a), the P composition at GBs as a function of time was calculated for Fe-0.33 
wt% P and Fe-0.006 wt% P alloys at 450 and 800°C, respectively. The plateau in each curve 
suggests the equilibrium segregation is reached. The composition of P at GBs of the high P alloy 
(Fe-0.33wt% P) is always 1, no matter at 800 or 450°C, indicating the grain boundary is 
completely covered by Fe3P. In correlation to the thermodynamic calculation in Figure 5, the 
0.33 wt% P is greater than GBST composition of Fe-P alloys at both 800 and 450oC, therefore, 
the grain boundary enrichment of P is on the highly-segregated state. On the other hand, the 
equilibrium composition of P in the Fe-0.003 wt% P alloy at 800oC is 0.0648, suggesting the 
0.003 wt% P is lower than the GBST composition, therefore, the GB segregation is in the low-
segregated state. This is consistent with the thermodynamic calculation in Figure 5. However, as 
the P solubility in α iron decreases with temperature, therefore, the Fe-0.003wt%P alloy at low 
450°C is greater than the GBST composition, therefore, its equilibrium segregation at GBs is in 
high segregated state. Figure 6 (b) plots the needed time for the alloys in Erhart and Grabke’s 
work to reach equilibrium at 500°C. The time increases with degreasing bulk P composition. 
With these results, we would like to discuss the trend found by Erhart and Grabke. In their work, 
they found that the GB enrichment increases with decreasing temperatures. While this is correct 
from pure thermodynamic analysis, this might not be the reason for their results. Their observed 
GB enrichment is influenced by both thermodynamic and kinetics, especially when different 
temperature and bulk compositions are involved. Take the Fe-0.003 wt% P alloy as an example, 
the low enrichment at 800°C is due to thermodynamics as kinetics is very fast at this 
temperature. However, at 450°C, the equilibrium GB composition should be close to 1 while 
their measurement is only 18%.    

3.3 Discussion on the approaches 
The first approach is an empirical approach which fitted experimental segregation data into 

the simple McLean equation, and obtained a composition-independent segregation energy. At 
first sight, it seems that the calculated equilibrium segregation from this segregation can 
reproduce most of experimental data. However, the kinetic simulation discovered that 
equilibrium segregation of some low P alloys at low temperature would take 105~106 hours to 
reach equilibrium. The diffusivity equation used for kinetic simulation is reasonable as it 
correctly predicts the time for sample to reach equilibrium at 800°C is in the order of 0.1~1h. 
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The important message from this work is that the experimental data Erhart and Grabke’s work 
that were used to fit the equilibrium segregation energy are quite possibly not true equilibrium 
data. Therefore, the segregation energy derived from this data is questionable. In addition, as this 
approach is an empirical approach, it cannot give us insight on the segregation mechanism 
behind the experimental data. 

The second approach is based on the GBS concept. By analogy with the concept of 
immiscibility gap, for a system with a positive mixing energy, it has a nature tendency to form 
phase separation. GBST is such a transition when atoms have strong repelling interaction (For 
example, Fe and Fe3P, they have negligible mutual solubility and do not want to mix with each 
other), the segregation energy for the solute is large, driving strong GB segregation. At certain 
composition, the driving force is so large that there will be sharp change from low segregated 
state to high segregated state (i.e., GBST). The second approach calculates partial molar surface 
energy of GB as a function of temperature and composition. When partial molar surface energy 
of each component equals to each other, the equilibrium is reached. Unlike the first approach, the 
experimental segregation data is never used to fit model parameters, such as segregation energy, 
etc. On the other hand, it is necessary to have some thermodynamic and thermophysical 
knowledge of pure components to calculate the surface energy. Although there are some 
estimation methods and literature data available, these data are still largely lack. Here would be a 
greater opportunity for Ab-initio method to fill the gap.   

The kinetics modeling coupled with thermodynamic calculation in the second approach 
suggested that the mechanism for P segregation consists of two steps. On one hand, at GBs, the 
formation of Fe3P and the repelling interaction between Fe and Fe3P provided large driving force 
for P segregation, leading to full coverage of Fe3P at GBs for most high P alloys under 
equilibrium conditions; on the other hand, the segregation is also controlled by kinetics. The 
transportation of P in bulk is through the diffusion of P, not the Fe3P. The diffusion of P in bulk 
depends on two factors: temperature and bulk composition of P. The lower temperature and/or 
the higher bulk composition of P, provided larger supersaturation for segregation, therefore, the 
large driving force for diffusion. The fast diffusion of P in α iron in temperature greater than 
700~800°C allows fast build-up of P segregation at GBs, but at low temperature (<500°C), the 
kinetics is very slow and the equilibrium can rarely be reached. Similar case can be applied to the 
low P alloy. Therefore, extra cautiousness is needed to interpret experimental data from low 
temperature and low P alloys.  

 

3.4 Effect of interaction energy in multicomponent systems on 
thermal segregation in Fe-Cr-P and Fe-Ni-P 

 
While Erhart and Grabke fitted their experimental data into the simple McLean equation and 

obtained a composition independent segregation energy, we had tried to fit their data into Flower 
and Guttermann’s equation, where the chemical interaction energy from binary and ternary was 
included. The goal was to examine when binary interaction in Fe-P is replaced by binary and 
ternary interaction in Fe-Cr-P and Fe-Ni-P systems, how the segregation would response. This 
work is done before the kinetic modeling, therefore, non-equilibrium effect wasn’t considered in 
the analysis below. Although the analysis cannot be for any quantitative prediction, it can help us 
to understand the role of the ternary interaction. The key to this study is to describe the total 
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segregation energy of element in ternary system ∆𝐺𝐼 = ∆𝐺I𝑜 + ∆𝐺𝐼𝐸. The first part is due to strain 
energy as described in the McLean segregation equation. 
   

While the value for this term for P can be derived from the binary Fe-P system, that for Cr 
was not well experimentally studied. Therefore, the value for Cr is assumed as two levels, one is 
1 kJ/mol, which is essentially negligible compared with that of P (34300+21.5*T (J/mol)); the 
other is 10 kJ, which is in the same order of magnitude as that of P. The second part is the excess 
energy due to chemical interaction among Fe, Cr and P, the numerical value of which can be 
derived from thermodynamic database OCTANT [45]. This calculated segregation of P and Cr in 
Fe-2.3Ni-0.086P (at%) is plotted in Figure 7, together with experimental data by Erhart and 
Grabke [42]. The P segregation of Fe-0.086P (at%) is also plotted for comparison. The results 
suggested that the binary interaction between Fe and Cr as well as Cr and P, and the ternary 
interaction among Fe-Cr-P does not have significant effect on the segregation of P at the selected 
segregation energies. It was also found that the Cr at GB becomes depleted with increasing P 
concentration at GB, suggesting that P does have an effect on the Cr segregation. The simulated 
results are in reasonable agreement with experimental data. 
 

The similar methodology has been applied to the Fe-Ni-P system. The same two level of 
segregation energies of Ni as that of Cr have been used, i.e., 1 kJ/mol and 10kJ/mol, due to the 
lack of experimental data. The results of Fe-Ni-P are plotted in Figure 7 together with Fe-Cr-P. 
The chemical interaction energy between Ni and P, as well as Fe and Ni, and the ternary 
interaction among Fe, Ni, and P was included for simulation. The calculated segregation of P and 
Ni in Fe-2.3Ni-0.086P (at%) suggested that Ni behaves similar to that of Cr for given 
segregation energies. The chemical interaction between Ni and P does not differ from that 
between Cr and P significantly. Both Cr and Ni do not have significant effect on the segregation 
of P at the selected segregation energies.  
 

  
Figure 7: The calculated P, Cr and Ni segregation at GB as a function of temperature for Fe-
2.3Ni-0.086P, Fe-2.3Cr-0.086P and Fe-0.086P (at%) alloys. 
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4. Future work 
 

The following work is planned in the next step: 
1) Additional sensitivity test on the parameters used in Approach II will be performed. 

Write an article on “Thermodynamic and kinetic modeling on GB segregation of P in α 
Iron” for Journal publication. 

2) Extend the Approach II to the Fe-P-X ternary (X=Cr, Ni, Mo, Nb and Ti, etc).  
3) Integrate the thermal segregation code with irradiation-induced segregation code to 

simulation segregation of steels used in nuclear reactors. 
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