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Abstract 

Fe-15Cr-15Ni (wt.%) austenitic stainless steel was irradiated with 200 keV 4He+ ions to a 

fluence of 5×1016 /cm2 at 500°C. Radiation-induced segregation (RIS) at He bubbles in the 

irradiated steel was measured using Energy Dispersive X-ray Spectroscopy (EDS) coupled with 

Scanning Transmission Electron Microscopy (STEM). The RIS measurements exhibited an 

enrichment of Ni and a depletion of Cr and Fe at the bubbles. To determine the underlying 

mechanisms of the RIS, the prediction of the Marwick model was compared with the RIS 

measurements. The model with parametric input in accordance with the Inverse Kirkendall effect 

(IKE), i.e. a preferential flux of elements associated with vacancy flux, was inadequate in 

explaining the observed amount of segregation of Fe, Cr and Ni. Specifically, a considerably 

lower ratio of the concentration gradient between Cr and Fe, 
∇��
∇��	, of 0.53 was obtained from the 
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RIS measurements versus the model-predicted value of 2.3, indicating an overestimation of Cr 

depletion at the bubbles by the Marwick model. To explain this difference between the model 

prediction and the RIS measurements, in addition to the Cr depletion at the bubbles by IKE due 

to the fastest diffusion via vacancy flux, a preferential interstitial flux of Cr from the matrix to 

the bubbles is discussed as a possible concurrently operating mechanism.  

 

1. Introduction:  

A preferential flux of solutes coupled with the flux of point defects towards sinks, such as grain 

boundaries, dislocations and voids, in materials during particle irradiation results in radiation-

induced segregation/precipitation (RIS/P) [1-3]. Understanding and predicting the RIS/P in 

structural materials employed in the core of nuclear reactors are of technological importance, 

mainly due to its effects on the performance of the mechanical and corrosion properties of the 

reactors components [4, 5]. Also, such knowledge is a key component in designing radiation-

resistant materials. One specific case of RIS that has been extensively investigated is Cr 

depletion at grain boundaries of irradiated Fe-Cr-Ni-based austenitic stainless steels – where RIS 

has been associated with the  local origination of intergranular stress-induced cracking [6]. To 

explain the Cr depletion effects at grain boundaries in irradiated austenitic stainless steels, two 

mechanisms have generally been proposed. The first mechanism, known as the Inverse 

Kirkendall Effect (IKE), attributes the commonly observed Cr depletion and the resultant 

enrichment of Ni at sinks to the preferential flux of solutes in exchange with vacancy flux 

towards the sink. In concentrated Fe-Cr-Ni alloys, since the diffusion coefficients of the elements 

rank in the order of  DCr>DFe>DNi, Cr diffuses away from sinks in the highest flux in the 

exchange of vacancies, leaving an enrichment of Ni, the slowest diffusing species, at sinks [7]. 
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The second mechanism is related to the preferential association of undersized atoms with the 

interstitial flux, first suggested by Okomoto and Wiedersich in their study on electron-irradiated 

Fe-18Cr-8Ni-1Si [8, 9]. In the case of Fe-Cr-Ni alloys, Ni, being the smallest atom, is considered 

to dominate the interstitial flux towards sinks and preferentially interchange position with the 

oversized solutes i.e. Cr, thereby contributing to its enrichment [9-11]. Since the RIS resulting 

from these mechanisms are identical in Fe-Cr-Ni alloys, i.e. Cr depletion/Ni enrichment at the 

grain boundaries, it is not possible to definitively determine the dominant mechanism responsible 

for the segregation. Consequently, mathematical models have been developed based upon the 

proposed mechanisms with the goal of predicting the amount of segregation at grain boundaries 

[10, 12-14]. The question of which mechanism among the subject models, in fact, plays a 

dominant role in the segregation phenomenon has been debated in the research community. 

Though the models such as the Perks model and the Modified Inverse Kirkendall model (MIK- 

based on the occurrence of the Inverse Kirkendall mechanism) have been shown to adequately 

predict the segregation effects, the contribution of the interstitial flux mechanism towards the 

segregation cannot be overlooked, especially at low temperatures [10, 11, 15]. 

Segregation around voids and bubbles is as technologically important as grain boundaries 

and dislocations, and it has been shown to have a considerable effect on swelling and irradiation 

creep [12, 16, 17]. Furthermore, recent Monte-Carlo simulations on assessing  the sink strength 

of cavities and earlier thermodynamic calculations predicted that the cavities could have a 

positive bias towards absorbing interstitials [18-21].  Considering the bias difference between the 

cavities and the grain boundaries, it is possible that the proportion of segregation contributed by 

the vacancy flux and the interstitial flux could be different and lead to dissimilar segregation 

profiles between cavities and grain boundaries. Moreover, unlike the case of RIS at grain 
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boundaries, mechanisms responsible for segregation at the internal surfaces of radiation-

produced voids or bubbles in Fe-Cr-Ni alloys have not previously been verified [22]. Several 

studies observed the RIS around voids in particle irradiated Fe-Cr-Ni alloys as strain contrast 

without any direct measurements including those studies observed the RIS phenomena for the 

first time [9, 23]. However, one study that we could identify and that included a direct RIS 

measurement on a void in a neutron-irradiated Fe-15Cr-25Ni-0.3Si alloy at 510 °C was reported 

by Wolfer et al [17]. The measurement showed very small depletion of Cr and significant 

enrichment of Ni up to 40% at the void surface. This study, however, focused on the effect of 

RIS on the void swelling characteristics of the alloy rather than on exclusively evaluating the 

mechanisms responsible for the segregation. The objectives of the present study are therefore to 

characterize the RIS properties at the internal surface of He bubbles in a Fe-Cr-Ni alloy that are 

formed as a result of He ion implantation and to determine the possible mechanism or 

mechanisms responsible for the segregation. To this end, we have measured the RIS around 

several He bubbles and compared the measurements with the predictions of the Marwick model 

accounting only for the segregation produced by the IKE. We have found the model to be 

inadequate in capturing the segregation quantity of the elements in the steel. We therefore 

discuss the possible mechanisms that can also contribute to the segregation phenomena and 

possibly fill the gap between the RIS measurements and the Marwick model.  

 

2. Materials and experiments 

Here single crystals of an Fe-15Cr-15Ni (wt.%) austenitic alloy stainless steel grown by 

means of the Czochralski or “crystal pulling” technique were studied. Additional details on 

processing this alloy are available elsewhere [24]. The surface orientation of the crystal was 
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close to <011> crystallographic direction as measured from electron back scattering diffraction 

(EBSD) orientation maps shown in Figure 1. The crystal to be irradiated was affixed on a copper 

block using high-temperature silver paste. A thermocouple was attached to the block to monitor 

the sample temperature during implantation.  The crystal was implanted with 200 keV 4He+ ions 

at 500°C to a fluence of 5×1016 /cm2 at a beam flux of approximately 2×1013 ions/cm2/s using the 

Danfysik Research Ion Implanter at the Ion Beam Materials Laboratory in Los Alamos National 

Laboratory. The target was heated at a rate of 3°C/s to the irradiation temperature and, after the 

irradiation, it was cooled down naturally to room temperature. During the implantation process, 

the target chamber was maintained at a typical vacuum level of 10-7 Torr.  

A Transmission Electron Microscope (TEM) thin foil was prepared by applying a 

Focused Ion Beam (FIB) technique using a FEI Quanta 3D 200i dual-beam Scanning Electron 

Microscope (SEM) and FIB system. Subsequently, to minimize the surface damage induced by 

the FIB sectioning, the thin foil was polished with low energy (900 eV and 600 eV) Ar ions 

using a model 1040 Fishione nanomill. To image the irradiation microstructure and measure 

radiation-induced segregation via Energy Dispersive Spectroscopy (EDS) – compositional 

mapping, a FEI Talos F200X Scanning / Transmission Electron Microscope (S/TEM) was 

employed. The microscope is equipped with an X-FEG high-brightness electron source and a 

Super-X energy dispersive spectrometer system, which utilizes four silicon drift detectors to 

offer a maximum collection efficiency of X-Rays with a solid angle of 0.9 srad, offering high 

quality compositional mapping with a high elemental detection limit. The compositional data 

was collected as EDS-X-Ray count maps, from which Quantity maps (Q-maps) were calculated 

using the Espirit-Bruker software by applying the Cliff-Lorimer method [25]. 
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The irradiation-induced damage profile and He concentration were predicted using the 

Stopping and Range of Ions in Matter (SRIM) program by choosing the calculation type ‘Ion 

distribution and quick calculation of damage’ [26, 27]. Since the alloy primarily consists of Fe, 

the composition and density of the target in the calculation were assumed to be 100% Fe with a 

density of 7.865 g/cm3 respectively. Likewise, a value of 40 eV was set for the displacement 

threshold energy [28]. A total count of 37,500 ions was included in the SRIM calculations. The 

damage profile, in terms of displacements-per-atom (dpa), was determined from the sum of the 

total number of vacancies (produced by the He ions and Fe, Ni and Cr recoils) and the 

replacement collisions, whereas the He concentration profile was directly provided by the 

software. It should be noted that, as a result of several assumptions incorporated in these 

calculations, the resulting predictions should not be treated as highly accurate and realistic 

estimates of the radiation damage, but should only serve as guidelines. 

 

3. Results  

An under-focused bright-field TEM image exhibiting He bubbles via the Fresnel contrast 

mechanism is shown in Figure 2. Also, provided for comparison are the dose and He 

concentration profiles along the depth as obtained using the SRIM software for the specified 

irradiation conditions. In these profiles, a maximum dose of 1.2 dpa occurs at a depth of ~500 

nm, and a peak He concentration of ~2.9 at. % is present at a slightly larger depth of 540 nm. As 

seen in Figure 2, a good agreement between the depths at which the peak He concentration 

occurs in the SRIM-computed profile and a band of He bubbles with a high number density is 

present in the TEM image.  

In the present study, the RIS at the bubbles in the depth range of 410-480 nm, that 

corresponds to a typical dose of 1 dpa, was analyzed. In this depth range, the alloy has a bubble 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

number density of 1.3 x 1023 /m3 and an average bubble diameter of 6.8 nm as obtained from the 

size distribution of the bubbles provided in figure 3. A STEM-HAADF image of He bubbles 

exhibiting a dark contrast recorded at the aforementioned depth range is given in Figure 4. Along 

with this data, quantitative chemical maps (Q-maps) for the elements Fe, Cr, and Ni as calculated 

from the X-ray count maps using the Cliff-Lorimer method are provided. It should be noted that 

the summation of the atomic percent of Ni, Fe, and Cr at every point is set to be 100%.  

A juxtaposition of the HAADF image and the Ni elemental map illustrates the radiation-

induced Ni enrichment forming an annular shape around the He bubbles. Furthermore, line 

profiles of the atomic percent of the elements were extracted from the map using the Bruker 

software to determine the amount of their enrichment and/or depletion around the bubbles 

(Figure 5). For comparison, the composition of the alloy before irradiation, Fe – 70.8, Ni-13.6 

and Cr-15.5 in atomic percent, as determined using the STEM-EDS technique in the non-

irradiated region of the TEM thin foil is also incorporated in Figure 5. From these line profiles, it 

can be seen that Ni is enriched and Fe and Cr are depleted at the edges of the bubbles relative to 

the base alloy composition as observed from the EDS Q-maps. While the Fe depletion at the 

bubbles is significant and consistent with the enrichment of Ni, the Cr depletion is relatively low. 

On the other hand, Ni is depleted and Fe and Cr are both enriched in the matrix with the direction 

of segregation being opposite to that observed around the He bubbles as shown in Figure 5. This 

trend is expected when considering that the enrichment of an element at the surface of the 

bubbles must have been supplied from the matrix, or vice versa.  Furthermore, in general, a 

notable feature in the line profiles associated with individual He bubbles was a couple of Ni 

enrichment peaks at their edges forming a shape that resembles an ‘M’. The rationale behind this 

shape is linked to the emittance of higher X-ray counts from the side surfaces of the cuboid 
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bubbles that are enriched with Ni - as evident from the recorded X-ray-count maps. The higher 

X-ray counts may arise primarily due to the parallelism between the TEM electron beam and the 

side surface of the bubbles - resulting in the interaction of the beam with a higher number of 

segregated Ni atoms at the side surface than those present at the top and bottom surfaces, even 

for the case of a uniform Ni segregation around the bubble. 

The composition and amount of segregation of the elements at the peak positions around 

the He bubbles extracted from the line profiles are listed in Table 1. Here, only the peaks with Ni 

enrichment exceeding 3% are provided and are further considered for a more accurate analysis of 

detecting the responsible mechanism for the segregation. It should be pointed out that the 

compositions measured at the peak positions do not represent the exact composition at the 

surface of the bubbles, rather they are a convolution of the matrix composition and the 

composition at the bubble surface, since the bubbles (average size: 6.8 nm) are embedded within 

the TEM thin foil (thickness ~100 nm). Additionally, a finite electron beam diameter (~1 nm) 

and the beam broadening within the TEM thin foil would have resulted in some X-ray signal 

contribution from the matrix towards the signal at the segregation points. Such a contribution of 

the matrix in the compositional measurements at the bubble surface would have underestimated 

the actual amount of segregation - considering that the matrix exhibited a reversed trend in the 

direction of segregation as compared to the segregation of elements at the bubble surface, i.e. Ni 

depletion in the matrix as opposed to Ni enrichment at the bubbles’ surface. The average 

composition at the surface of the twelve bubbles listed in Table 1 in atomic percent are Fe – 68.0, 

Cr – 14.0 and Ni -18.0 as opposed to the non-irradiated alloy composition of Fe – 70.8, Cr-15.5 

and Ni-13.6. Thus, the average Ni enrichment for the twelve bubbles listed in the table is 4.4 ± 
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1.0 at.%, whereas the average depletions of Fe and Cr were measured to be 2.9±0.6 at.% and 

1.5±0.6 at.%, respectively.  

 

 

 

4. Discussion 

Helium atoms injected into austenitic stainless steel during irradiation combine with 

vacancies and, consequently, nucleate as bubbles [29]. As the irradiation proceeds, the arrival of 

more vacancies increases the nuclei in size thereby forming bubbles that act as sinks for both 

irradiation-produced vacancies and self-interstitials. Such a flow of vacancies and interstitials 

into the bubbles is accompanied by the preferential flux of each of the elements in the alloy - 

either towards or away from the bubbles producing the RIS, as discussed for the case of grain 

boundaries in the introduction section. In this process, the diffusivities of the elements either via 

vacancies or interstitial atoms play a critical role in the evolution of RIS. 

To account for the RIS that occurs around the bubbles, two mechanisms that have been 

proposed to explain the RIS at grain boundaries of austenitic stainless steel will be considered: 

i.e., the Inverse Kirkendall effect (IKE) and Interstitial Binding (IB). We compare the present 

experimental results with the predictions of the Marwick model that was developed based upon 

the IKE in order to find out how adequately the model can explain the observed RIS around the 

bubbles. Similar approaches have been used previously to examine RIS at grain boundaries in 

various austenitic stainless steels by Watanabe and Takahashi, and Allen et al [13, 30].   

In this approach, two parameters, the direction and the amount of segregation of each 

element in the alloy that are extracted from the experimental measurements, are compared with 
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those calculated based on the IKE to check the Marwick Model’s consistency in explaining the 

segregation behavior. First, the direction of segregation indicates any of the enriched, depleted or 

neutral states for each element. In order to predict the direction of segregation, the ratio between 

the vacancy gradient and the atom gradient as derived by Watanabe and Takahashi based on the 

Marwick model will be utilized [12, 30]. This ratio, known as the discriminant (M) of RIS for an 

element, is expressed as follows for element A in a ternary alloy of A, B and C, 

�� = ∇�

∇�� = 	

�
�

�(�
��
�������������
�������
)		      (1) 

where �� = ���������� + ���������� − ���������� − ���������� ,	D is the total 

diffusivity of an element, that for element A, can be expressed as, �� = ����� + �����, " the 

thermodynamic factor (~1), d the partial diffusion coefficient, and C the concentration. The 

suffixes v and i indicate vacancies and interstitials, respectively. For example, dAv is the partial 

diffusion coefficient of A via vacancies and Cv the concentration of vacancies. Similar equations 

can be written for elements B and C. Since the vacancy concentration decreases towards sinks 

during irradiation, the vacancy gradient (#��) assumes a positive value. Then, if the discriminant 

�� is positive, it implies that the gradient for element A (#��) follows a similar trend as the 

vacancy gradient - indicating a depletion of element A at sinks as a result of RIS. Thus, the sign 

of the discriminant value of an element determines its direction of segregation at sinks. 

 For calculating M for the elements in the Fe-15Cr-15Ni alloy, the value of the partial 

diffusion coefficients of the elements via a vacancy mechanism are assumed to be dCrv/dNiv = 

2.55 and dFev/dNiv = 1.67 as measured by Rothman et al for the Fe-15Cr-20Ni alloy [7]. Similar 

values of diffusion coefficients for the Fe-15Cr-20Ni were also calculated by Yang et al based on 

the Perks model formulated using the linear theory of the thermodynamics of irreversible 

processes [31]. An uncertainty in our calculation of M is the assumption of constant diffusion 
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coefficients while the composition of the alloy would keep changing locally at the sinks during 

the irradiation. Since the change in Ni content, the leading contributor of the segregation among 

the elements, falls within 5%, the variance in the diffusion coefficients caused by the 

compositional change is assumed to give raise to no significant error in the calculation.  The 

concentration of vacancies nearby a perfect sink at equilibrium was calculated as 3 exp (− )*+
,-., 

where /�0 is the vacancy formation energy, k the Boltzmann constant and T the temperature (773 

K) [12]. In CSAs, the value of /�0has been shown using first-principle calculations based on 

density functional theory (DFT) to exhibit a distribution rather than a single value as in a pure 

metal - since every atom experiences a different local atomic environment composed of defects 

and chemical species [32]. For an estimation of Cv in Fe-15Cr-15Ni, /�0was assigned to be 1.9 

eV – a value that has been typically used for Fe-Cr-Ni alloys [14]. Thus, the calculated value of 

Cv was 1.2 x 10-12  and the concentration of interstitials at the sink was taken to be  zero [30]. 

Furthermore, the partial diffusion coefficients of the elements via an interstitial mechanism for 

Fe, Cr and Ni, i.e. dFei, dCri and dNii, were set to be equal and preferential binding of any elements 

with interstitials was not accounted for in this model, i.e. assuming equal interstitial binding 

energies. These assumptions made the RIS predictions of the model to only be dependent on the 

IKE.  

From the calculations, the discriminant values for Fe, Cr and Ni and their ratios were 

obtained as follows,  

�12 = ∇�34
∇�� = 2.1 × 10

:;        (2) 

��< = ∇�=>
∇�� = 4.8 × 10

:;        (3) 

�A� = ∇�BC
∇�� = −6.8 × 10

:;        (4) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

EF�GFH�E = E
∇�=>
∇�H�E = 0.7         (5) 

EFJKFH�E = E
∇�34
∇�H�E = 0.3         (6) 

EF�GFJKE = E
∇�=>
∇�34E = 2.3         (7) 

The calculated values of M are comparable to the values reported by Watanabe and Takahashi 

for austenitic stainless steel with various concentrations of Cr and Ni [30]. From our calculations, 

the sign of the discriminant values is positive for Fe and Cr and negative for Ni. This suggests 

that Fe and Cr would be depleted and Ni would be enriched at sinks as result of RIS, which 

concurs with the RIS measurements around the He bubbles in this study as shown in Table 1 and 

Figure 6. Since the discriminant values were calculated from the ratios of diffusion coefficients 

of the elements based on the vacancy diffusion mechanism as well as the composition, 

enrichment or depletion of the elements noted from the RIS measurements are consistent with 

the ones expected from the Inverse Kirkendall mechanism.   

The ratio of the M values of Fe, Cr and Ni can be used to estimate the ratio of the amount 

of segregation of the elements at sinks. For instance, the ratio of M values for Cr and Ni is 

equivalent to the ratio of the concentration gradients of Cr and Ni, which provides an estimate of 

the number of Cr atoms that a sink boundary would be depleted in for a certain amount of 

enrichment of Ni atoms, and thus, this ratio is termed the replacement ratio of Cr and Ni [13, 30]. 

In this way, the concentration gradient between Cr/Ni, Fe/Ni and Cr/Fe are obtained to be 0.7, 

0.3 and 2.3, in absolute values, respectively, as noted in equations (5-7). According to the 

calculations, for instance, the depletion of Cr at a sink would be 2.3 times higher than the 

depletion of Fe. To compare these values with the experimental results, the absolute average 

values of the concentration gradients between Cr/Ni, Fe/Ni and Cr/Fe extracted from the RIS 
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measurements at the bubble surfaces are 0.34, 0.65 and 0.53 respectively. The ratios of 

concentration gradients among Fe, Cr and Ni obtained from the RIS measurements and the 

replacement ratio between Cr and Fe calculated using equation (1) are depicted in figure 6. From 

this comparison, it is clear that the quantities of segregation of the elements do not follow the 

predictions of equation (1), though the equation was able to predict the direction of segregation 

of each element. For example, according to the RIS measurements, Cr depletes only 50% of the 

amount Fe depletion in comparison to the significantly higher depletion of Cr that is predicted by 

the calculations, i.e. 2.3 times that of the Fe depletion. Likewise, the ratio of the concentration 

gradient of Cr/Ni and Fe/Ni obtained from the RIS measurements (0.34 and 0.65) differs from 

the calculated values (0.7 and 0.3). It is necessary to emphasize here that inclusion of the matrix 

contribution to the RIS measurements at bubbles would not alter the inference from this analysis. 

For example, in the case of Cr and Fe, they are enriched in the matrix and depleted at the 

bubbles, which suggests that the actual RIS at the bubbles would be higher than the measured 

one. The actual ratio of the concentration gradient, however, would remain nearly similar to the 

measured value, i.e. 0.53, and if it changed, it would become even lower than 0.53 due to the 

larger degree of Fe depletion, thereby making an even larger difference between the model 

predictions and the RIS measurements.     

Since the measured ratios of the concentration gradient have now been shown to be 

different from the calculated ratios, a question arises as to the validity of the partial diffusion 

coefficients substituted in equation 1 - since they could affect the calculated ratios of the 

concentration gradient. In our calculations, since the diffusion coefficients of Fe, Cr and Ni 

measured from the experiments are unavailable for Fe-15Cr-15Ni in the literature, the diffusion 

coefficients of Fe-15Cr-20Ni alloy, which has a similar composition, have been utilized [7]. One 
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way to determine how any variation in the substituted diffusion coefficients affects the calculated 

ratios of the concentration gradient is to determine the diffusion coefficients that would have 

provided the measured ratios of concentration gradient. In order to do this, the measured values 

of MCr and MFe were substituted in equation (1), and the ratio of the diffusion coefficients of Cr 

and Fe (dCrv/dFev) were determined by solving the coupled non-linear equations. In this way, the 

value of dCrv/dFev was estimated to be 1, implying that the diffusion coefficients of Cr and Fe by a 

vacancy mechanism must have been equal in order to obtain the measured concentration 

gradients of the elements in the alloy using the model. Diffusion experiments, recent ab-initio 

calculations on dilute Ni-Fe and Ni-Cr alloys and the thermodynamic calculations in Fe-Cr-Ni 

systems by Yang et al, however, clearly pointed out that Cr is the fastest diffuser in various 

austenitic stainless steels with its diffusion coefficient at least more than 1.5 times that of the 

diffusion coefficient of Fe [7, 33].  

These analyses indicate that the ratios of the amount of segregation of Fe, Cr and Ni at 

the bubbles cannot be explained by the difference in the diffusivities of the elements via 

vacancies alone and thus, by the IKE. In other words, if only the IKE had been the primary RIS 

mechanism around the bubbles, as shown in the case of grain boundaries of austenitic stainless 

steels, Cr would have been depleted at the bubbles by a larger degree - reaching almost two times 

that of the Fe depletion. One approach to explaining the observed behavior of a lower Cr 

depletion around the bubbles could invoke a process that operates during the irradiation and 

augments the Cr flux from the matrix to the bubbles - in addition to the IKE. As noted in the 

introduction section, preferential binding of atoms to interstitial positions has also been proposed 

to explain the RIS at grain boundaries of austenitic stainless steels. In the formulation of this 

mechanism, Lam et al assumed a positive binding energy of up to 1.5 eV for Ni-interstitial 
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binding and zero binding energy for Fe and Cr interstitial binding in an Fe-18Cr-8Ni alloy, 

leading to a calculation of a higher concentration Ni interstitials produced by the irradiation [34]. 

In our case, if we hypothesize, however, that a preferential flux of Ni interstitials had also 

occurred towards bubbles during irradiation, the ratio of the concentration gradient between Cr 

and Fe would not have been altered from the predictions of the inverse Kirkendall effect.  

Two parameters that could affect the predictions of the interstitial binding model 

proposed by Lam et al for Fe-Ni-Cr alloys are the binding and migration energies of the 

interstitials. Thus, a choice of accurate energy values is critical in estimating the contribution of 

interstitial flux towards RIS. The assumptions of the Cr interstitials to have zero binding energy 

by Lam, however, is questionable based on the recent ab-initio calculations by Tucker et al that 

predicted a higher stability for Ni-Cr dumbbell interstitials with 0.45 eV of more binding energy 

compared to Ni-Ni type interstitials in dilute alloys of Cr and Fe in Ni [33]. This prediction that 

Cr interstitials are more favorable to form than Ni interstitials was also supported by the 

thermodynamic calculations of Yang et al in Fe rich Fe-Ni-Cr alloys [31]. Similarly, the first-

principles calculations of point defects in Fe-10Ni-20Cr by Piochaud et al concluded that Cr in 

mixed dumbbells are energetically more favorable to form than the Ni-Ni dumbbells.  

Furthermore, Tucker et al also estimated the effect of magnetism on the interstitial binding 

energies by incorporating spin polarized and non-spin polarized interstitial configurations to 

check their applicability in a non-magnetic austenitic steels such as the one studied here. The 

results showed that Ni-Cr dumbbell interstitials (binding energy 0.38 eV in non-spin 

polarization) would still be more stable than the Ni-Ni interstitials indicating that the magnetic 

state of the material system has no significant influence on the interstitial binding energies [35].  

Moreover, the simulation work by Tucker et al calculated that Cr diffuses 10 times faster than Fe 
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and Ni via interstitials - mainly due to a lower migration energy for Cr, whereas Fe and Ni were 

estimated to diffuse at a similar rate at 500°C [33]. These calculations on the defect energetics in 

both diluted and concentrated Fe-Cr-Ni alloys   indicate a dominance of Cr in the interstitial flux 

towards sinks during irradiation, a phenomenon that would cause an enrichment of Cr at sinks 

[33].  

Simultaneous occurrence of the vacancy mechanism, i.e. IKE, and the interstitial binding 

mechanisms during irradiation would lead to a competition of depletion and enrichment of Cr at 

sinks respectively. Hence, the degree of Cr segregation would be dictated by the mechanism, i.e., 

vacancy versus interstitial, that predominantly contributes towards the RIS. In the case of grain 

boundary segregation of Fe-Cr-Ni alloys, however, the vacancy mechanism has been 

demonstrated to adequately explain the RIS measured experimentally. For instance, the Perks 

model derived based upon the vacancy mechanism, as shown by Allen et al, could closely 

predict the RIS measurements of Cr depletion and Ni enrichment at the grain boundaries relative 

to the interstitial mechanism [13]. It should be emphasized, however, that the Perks model has 

still underestimated the Cr concentration at the grain boundaries of irradiated Fe-Cr-Ni alloys by 

a considerable amount. To cite an example, in the case of Fe-20Cr-24Ni alloy irradiated up to 1 

dpa, the Perks model has been demonstrated to predict the grain boundary Cr concentration by an 

average about 30% below the RIS measurements in 200-600 °C temperature range. 

Subsequently, Allen and Was improved the prediction for grain boundary segregation by the 

Perks model by including composition-dependent migration energies in the flux equations and 

the proposed Modified Inverse Kirkendall (MIK) model [14]. This model, however, still 

assumed no contribution of interstitial flux towards the elemental segregation. Nevertheless, 

considering the Cr-dominant interstitial flux (as suggested by the ab-initio calculations of Tucker 
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et al) enrichment of the grain boundaries of Fe-Cr-Ni alloys with Cr by the interstitial 

mechanism cannot be neglected [33].   

In order to verify how the RIS measurements at the He bubbles differ from that of grain 

boundaries, it is necessary to compare the measurements at these sinks in this material that has 

been irradiated under similar conditions. Since it is not possible to carry out such analysis in the 

single crystal used in this study, we compare the RIS measurements at the grain boundaries of 

the irradiated alloys having compositions close the alloy studied here in Figure 6. Among these 

alloys, Fe-16Cr-24Ni was proton-irradiated to a dose of 1 dpa at 400 °C and the two Fe-15Cr-

20Ni alloys were electron-irradiated to doses of 4.2 dpa and 1.8 dpa at 500 °C and 400 °C, 

respectively [36-38]. RIS at grain boundaries is mainly affected by the type of grain boundary as 

characterized by parameters such as the misorientation angle and grain boundary plane. 

Therefore, it would be necessary to carry out multiple RIS measurements to obtain a statistically 

reliable quantification of the segregation. Here, while the data reported for Fe-16Cr-24Ni was an 

average of 27 measurements, the data for the Fe-15Cr-20Ni alloys were obtained from single 

measurements. It can be clearly observed from Figure 6 that the RIS measurements at the He 

bubbles are comparable to those at the grain boundaries of these alloys. Here, it should be 

underscored that the segregation amount at the grain boundaries has been shown to be dependent 

on the alloy composition [13, 38].  One factor that could influence the degree of contribution 

towards RIS between the vacancy and interstitial mechanisms is the sink bias, which represents 

the preference of absorbing one type of defect over the others. While the grain boundaries are 

neutral sinks, cavities comprised of voids and bubbles have been shown to behave as “biased” 

sinks, i.e., preferring absorbing interstitials over vacancies [18, 21, 39]. The comparison between 

the RIS measurements, however, suggests that the difference in bias between the bubbles and 
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grain boundaries considered in this study has no significant influence on the elemental 

segregation behavior that could be measured the techniques used in this study. To confirm 

whether bias has any influence on the elemental segregation behavior, it is necessary to compare 

the RIS measurements at different bias levels.   The comparison between the RIS at the bubbles 

and grain boundaries also indicates that the interstitial binding mechanism could also lead to a 

preferential Cr interstitial flux towards the grain boundaries of Fe-Cr-Ni alloys, which was also 

suggested in austenitic steels based on the outcome of the recent first principle calculations 

showing the dominance of Cr interstitial flux [40].  

Our experiments demonstrate that RIS induced by the IKE alone cannot explain the 

higher amount of Cr at the He filled cavities than one predicted by the Marwick model and that 

the occurrence of Cr-dominated interstitial flux is required to explain the segregation. The 

conclusions of this study can be extended to RIS observed in other materials systems employed 

in a radiation-environment and can be used as an important factor in predicting radiation resistant 

microstructures. Also, this study points out the significance of the interstitial binding mechanism 

in producing RIS and the importance of considering the migration energies of defects and 

binding energies of elements with defects in alloys in establishing the underpinning physical 

mechanisms of RIS.     

  

5. Summary  

Fe-15Cr-15Ni (wt.%) austenitic stainless-steel single crystals were irradiated with 200 keV 4He+ 

ions at 500°C to a fluence of 5×1016 /cm2 with a peak dose around 1 dpa.  RIS around He bubbles 

in the steel that was typically irradiated up to a dose of 1 dpa was measured using an EDS-STEM 

system. The measurements showed that Ni was enriched and Cr and Fe were depleted at the He 
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bubbles by 4.4, 2.9 and 1.5 (in at.%), respectively, from the base composition. To understand the 

underlying mechanisms of segregation, the RIS measurements were compared with the 

predictions of the Marwick model with variables such as the alloy composition and the partial 

diffusion of Fe, Cr and Ni via vacancies. Such parametric inputs in this model would estimate the 

segregation only based on the IKE.  While the Marwick model was able to predict the direction 

of segregation of each element, i.e. enrichment versus depletion, it was found to be inadequate in 

quantitatively estimating the amount of segregation of each element.  Specifically, a considerable 

lower ratio of concentration gradient between Cr and Fe, 
∇��
∇��	, of 0.53 was obtained from the RIS 

measurements as compared with the model-predicted value of 2.3, indicating an overestimation 

of Cr depletion at the bubbles by the Marwick model. This analysis indicates the operation of 

other mechanisms in concurrence with IKE effects resulting in enrichment of the He bubbles 

with Cr. One possibility is the operation of a preferential interstitial flux of Cr towards the 

bubbles via an interstitial binding mechanism. A higher binding energy for Ni-Cr interstitials 

over Ni-Ni interstitials and the  highest diffusivity of Cr via interstitials estimated from recent ab 

initio calculations supports a Cr dominance in interstitial flux. We have shown that the type of 

sink such as bubbles and grain boundaries has no significant influence on the elemental 

segregation behavior.   
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Tables: 
 
Table 1. Concentration and segregation of Fe, Cr and Ni at bubble surfaces. �L2M,2N and �OP�2N  
denote the concentration of elements at the peak and the nominal composition respectively, 
where el stands for elements, i.e. Fe, Cr and Ni. 
 
Peak  �L2M,12 Q∆�

= �L2M,12 − �OP�12 S, TU.% 

�L2M,�< Q∆�
= �L2M,�< − �OP��< S, TU.% 

�L2M,A� Q∆�
= �L2M,A� − �OP�A� S, TU.% 

1 68.0 (-2.8)  14.4 (-1.1) 17.6 (+4.0) 
2 68.1 (-2.7) 13.6 (-1.9) 18.4(+4.7) 
3 68.0 (-2.8) 14.2 (-1.3)  17.8 (+4.2) 
4 68.2 (-2.6) 14.8 (-0.7)  17.0 (+3.4) 
5 68.1 (-2.7) 14.9 (-0.6) 17.0 (+3.4) 
6 67.3 (-3.5) 13.8 (-1.7) 18.9 (+5.3) 
7 66.9 (-4.0) 13.2 (-2.3) 20.0 (+6.3) 
8 69.1 (-1.7) 14.0 (-1.5) 16.9 (+3.3) 
9 67.4 (-3.4) 13.4 (-2.2) 19.3 (+5.6) 
10 68.5 (-2.3) 14.2 (-1.3) 17.3 (+3.6) 
11 67.9 (-2.9) 13.4 (-2.1) 18.7 (+5.1) 
12 68.0 (-2.8) 14.0 (-1.3) 17.8 (+4.2) 
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Figure Captions: 
 
 

 
Figure 1: Raw [001] Inverse Pole Figure (IPF) map of the irradiated crystal generated using 
electron backscattering diffraction (EBSD). 
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Figure 2: a) Dose and He concentration profile along the depth calculated using the SRIM 
software for 200 keV 4He+ irradiation of Fe target to a fluence of 5×1016 /cm2. b) Bright-field 
TEM image recorded in an under-focused condition showing the distribution of He bubbles 
along the irradiation depth.  
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Figure 3: Size distribution of He bubbles in the depth range of 400-500 nm. 
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Figure 4: a) STEM-HAADF image exhibiting He bubbles in dark contrast at the depth 
corresponding to approximately 1 dpa dose, (b)-(d) EDS – count maps of elements Fe, Cr and Ni 
obtained at the same location as of the HAADF image.    
 
 
 

 
Figure 5: Line profiles across He bubbles extracted from the Q-map given in figure 3 showing 
the amount of Fe, Cr and Ni along the lines. Line profile along (a) a bubble, the matrix and a 
bubble, (b) the matrix, a bubble and the matrix, (c) the matrix, a cluster of 3 bubbles and the 
matrix. The relative error in the number of counts at each data point is ~1.6% at the σ confidence 
level.  
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Figure 6: Bar charts depicting either enrichment or depletion of Fe, Cr and Ni at the surfaces of 
bubbles (top) and the relative error in the number of counts at each data point is ~1.6% at the σ 
confidence level. Their corresponding Cr-Fe replacement ratios are also given with the measured 
RIS at the grain boundaries in alloys with similar compositions (bottom). The dotted line in the 
bottom plot indicates the calculated value of the Cr-Fe replacement ratio.  


