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Abstract  14 

Fe-Cr alloys constitute the model systems for the investigation of radiation damage effects in 15 

ferritic-martensitic steels which are candidate structural materials for fusion reactors. In the 16 

current study Fe-10at%Cr alloy films of 70 nm thickness were irradiated by 490 keV Fe+ ions at 17 

300 C at doses ranging from 0.5 up to 20 displacements per atom (dpa). The Fe+ ion energy 18 

chosen corresponds to the energy of primary Fe(Cr) knock-on atoms from 14 MeV neutrons. The 19 

irradiation effects were investigated employing X-ray diffraction and X-ray and polarized 20 

neutron reflectivity. The irradiation produced dose dependent: a) lattice constant increase, b) 21 

grain size growth and c) Cr depletion in the matrix. These changes occur largely up to 4 dpa and 22 

afterwards the system attains a dynamic equilibrium.  23 

 24 

Keywords: Fe-Cr alloys, ion irradiation, lattice damage, Cr depletion, polarized neutron 25 

reflectivity, magnetization.  26 
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1. Introduction 1 

 2 

Ferritic–martensitic (F-M) steels are the leading candidate structural materials for fusion power 3 

plants [1], [2], [3]. The role of Cr is critical regarding the properties of F-M steels, for example 4 

addition of only 2% Cr to pure Fe results in drastic radiation – induced swelling suppression [4]. 5 

Alloys with Cr percentage of about 10 at% are the choice for fusion energy applications as they 6 

present low Ductile to Brittle Transition Temperature (DBTT), high swelling resistance due to 7 

their long cavity incubation time [5], [6], [7] and corrosion resistance [8]. There is a large 8 

number of experimental studies of the radiation induced effects in the microstructure and 9 

mechanical properties of such alloys as for example [9], [10], [11], [12], [13],  and references 10 

therein. Theoretical work has demonstrated that magnetic structure is an important feature in 11 

understanding the radiation effects [14], [15] and it has been demonstrated that self-ion 12 

irradiation induces drastic changes in the magnetic properties of polycrystalline Fe(Cr) films 13 

[16], [17], [18]. 14 

Improvement of F-M steels to withstand the fusion environment of high temperatures and the 15 

damage induced by energetic neutrons requires the in-depth understanding of the underlying 16 

physics and utilization of thus acquired knowledge in predictive modelling of the materials 17 

performance. For this purpose, investigation of the properties of Fe-Cr alloys, as the generic 18 

alloy of F-M steels, under temperature and irradiation is a suitable route.  19 

Neutrons produced by the deuterium-tritium reaction have a kinetic energy of 14.1 MeV, 20 

however, the neutron spectrum in the First Wall and Blanket is of small variation or almost flat, 21 

respectively, in the energy region from 0.1 keV to 1 MeV [19]. The neutron irradiation effects 22 

arise from the generation of primary knock-on atoms (PKAs) of different energies and 23 

transmutation products. The consequences of the PKAs on the material properties can be 24 

evaluated by self-ion irradiations. Ion irradiation presents a number of advantages as well-25 

defined energies, fluxes and temperature and the possibility to study high doses in reduced times 26 

[20]. It also offers the possibility either to exclude transmutation production effects and focus the 27 

investigation on atomic displacement in order to enhance basic knowledge understanding and 28 

assist model validation or to study synergetic effects using double or triple beam irradiations. 29 

The mean energy of Fe PKA from the 14 MeV neutrons is around 490 keV and this energy was 30 

chosen in a series of Fe+ ion irradiations of Fe(Cr) [16],[17],[18]. Also, it has been shown that 31 

around this energy occurs the maximum displacement per atom (dpa) per year in pure iron in the 32 

first wall for a conceptual design of a demonstration fusion power plant [21]. 33 

Previous experimental investigations showed that 490 keV Fe+ ion irradiation on Fe-10at%Cr at 34 

room temperature results in an increase of the Fe-Cr magnetization as the radiation damage 35 

increases and this was attributed to the Cr depletion from the Fe-Cr matrix [18].  In the present 36 

work the investigation of 490 keV Fe+ ion irradiation effects on Fe-10at%Cr is extended at the 37 

irradiation temperature of 300 C. The irradiation temperature of 300 C is chosen because it lies 38 

within the service temperature range of the water-cooled blanket option for DEMO fusion 39 
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reactor [22]. Fe-10at%Cr alloys in the form of films with thickness of 70 nm are investigated in 1 

the dose range from 0.5 to 20 dpa.  2 

2. Materials and experimental methods 3 

2.1. Sample specifications 4 

As the ions have limited penetration range, the most appropriate sample form material for ion 5 

irradiations is that of a thin film. In order to avoid blending ion implantation effects with atomic 6 

displacement effects, the film thickness has to be chosen carefully. The recoiling iron and 7 

chromium atoms and the implantation probability of the Fe+ ions per incident ion, as they 8 

resulted from simulations using the software SRIM-2013 [23], are presented as a function of 9 

depth of the Fe-10at%Cr film in Figure 1(a). A Full – Cascade SRIM calculation was performed 10 

with the displacement energy, dE , for iron and chromium set to 40 eV (ASTM standard, [24]) 11 

and the lattice binding energy, bE , set equal to zero for both target atoms [25]. The maximum 12 

penetration depth of the 490 keV ions was found to be around 400 nm. The implantation 13 

probability presents a Gaussian distribution (solid line in Figure 1(a)) with a maximum at about 14 

180 nm while the recoils present a maximum around 120 nm. For the chosen film thickness of 70 15 

nm the radiation damage effects are predominant, while the implantation effects are minimized. 16 

The total implanted Fe atoms in the whole film thickness of 70 nm for the maximum dose of 20 17 

dpa is about 0.1 at%, thus the Cr concentration of the Fe-Cr alloy is not affected by the 18 

implantation effects. 19 

 20 

  

Figure 1: SRIM calculations for 490 keV Fe+ ions on Fe-10at%Cr. The vertical dashed line at 21 

70 nm in (a) indicates the thickness of the films used in this study. (a) Recoils and implantation 22 

probability as a function of depth. The solid line for the implantation probability is a Gaussian 23 

fit. (b) Energy deposited to recoils, electron ionization and phonons as a function of depth.  24 

 25 
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Another important aspect in simplifying the premises of the understanding of radiation damage is 1 

the energy deposited in the lattice. We observe in Figure 1(b) that the total deposited energy for 2 

up to 140 nm depth is almost constant and around 230 eVion
-1
nm

-1
. Thus the incident Fe+ ion 3 

after it passes a film having a thickness of 70 nm loses an energy of around 16 keV which is 4 

negligible compared to its initial energy of 490 keV, thus for the whole film thickness the 5 

incident Fe+ ion has almost constant energy. Therefore, by using an FeCr film of 70 nm 6 

thickness we succeed in having homogeneous irradiation conditions which simplifies 7 

understanding and subsequent modelling of the irradiation effects.  8 

 9 

 10 

2.2. Fe-Cr thin films fabrication and characterization 11 

Fe-10at%Cr films with thickness of 70 nm were fabricated on 10×10 mm Si/SiO2(300nm) 12 

substrates employing DC magnetron sputtering. On top of the Fe-Cr films a thin layer of Cr, of 13 

around 5 nm thickness, has been deposited in order to prevent the oxidation of the films. The 14 

deposition took place at room temperature in a high vacuum chamber with a base pressure 15 

<3×10
-8

 mbar and simultaneously for all the films. High purity Fe-10at%Cr (99.99%) and Cr 16 

(99.95%) targets were used and the deposition rate was 0.191 Å/s and 0.214 Å/s for the Fe-Cr 17 

and the Cr layer, respectively. The films were fabricated at the Materials Growth Facility (MGF) 18 

in the Cavendish Laboratory of the University of Cambridge. 19 

 20 

2.3.  Fe+ ion irradiations 21 

The Fe+ irradiations were performed at the 500 kV air insulated accelerator made by HVEE of 22 

the Ion Beam Center in HZDR in Dresden, Germany. The Fe-10at%Cr films were irradiated at 23 

300 C with 490 keV Fe+ ions, at doses ranging from 0.5 (2.3×10
14

 ions/cm
2
,) to 20 dpa 24 

(9.2×10
15

 ions/cm
2
) with a flux of 10

12
 ions/cm

2
/s and at the dose rate of 0.002 dpa/s.  The time 25 

required for achieving 1 dpa damage is around 8 min. The samples were placed under high 26 

vacuum (10
-7

 – 10
-6

 mbar) and the temperature was controlled through a K-type thermocouple 27 

attached on the sample holder. The surface temperature of the irradiated films was monitored 28 

with a calibrated infrared camera. The ion beam was incident at 7 with respect to the sample 29 

normal in order to prevent any ion channeling.   30 

 31 

 32 

2.4. X-ray diffraction measurements  33 

X-ray diffraction (XRD) and grazing incidence XRD (GIXRD) measurements before and after 34 

the irradiation were performed. The GIXRD measurements were performed at an incidence angle 35 

of 
0 1.1a   in order to maximize the diffracted intensity. The measurements were carried out at 36 

room temperature using the Bruker D8 Discover diffractometer with a line focus Cu-K X-ray 37 
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source and a parallel beam stemming from a Göbbel mirror. The lattice constant, a , of the films 1 

was determined by the position of the Bragg peaks after correction for the shift caused by 2 

refraction [26]. The volume – averaged mean grain size was determined from the XRD spectra 3 

using the Scherrer equation [27],[28]  4 

 
2

0.9

cos
B

s

V
B

K
D

FWHM 




  (2) 5 

where   is the wavelength of the incident X-rays, B  is the Bragg angle of the XRD peak 6 

centroid, 2 B
FWHM  is the corresponding Full-Width at Half-Maximum (FWHM) of the (110) 7 

peak in radians after the subtraction of the instrumental broadening [28], [29] and sK  is the 8 

Scherrer constant which is related to the actual shape of the crystallite and takes numerical 9 

values around unity [30]. The instrumental broadening was determined by the measured FWHM 10 

of the (400) Bragg peak of a Si(100) single crystal. In the above described procedure it is 11 

assumed that the Bragg peak broadening is due to grain size and any strain effects contributing to 12 

the broadening are neglected. This is a quite good approximation since the Lorentzian part of the 13 

Bragg peak line profile is more than about 70% indicating that the grain size effects dominate 14 

Bragg peak broadening. 15 

  16 

2.5. X-ray reflectivity  17 

The layered structure of the films before and after irradiation was investigated using X-ray 18 

Reflectivity (XRR) using the D8 Discover Bruker diffractometer in reflectivity mode with exit 19 

and receiving slits of 0.1 mm and an antiscatter slit of 0.2 mm. XRR spectra were fitted using 20 

GenX software [31], [32] in order to determine the film structure (thickness, density, roughness).  21 

 22 

2.6. Neutron reflectivity 23 

The magnetization as a function of depth was determined employing Polarised Neutron 24 

Reflectivity (PNR) [33] measurements at POLREF facility, at ISIS neutron spallation source, at 25 

Rutherford-Appleton Laboratory (RAL) in United Kingdom. The measurements took place at 26 

room temperature at an applied in plane field of 1.085 T in order to create a saturated long range 27 

order in the FeCr film [18]. POLREF uses a broad band neutron time-of-flight (TOF) method for 28 

determining the wavelength, and hence the magnitude of momentum transfer ' Q k k , where 29 

'k  and k  are the wave vectors of the scattered and incident beam respectively, at fixed angles, 30 

 , of the detector. The detector angle was set to 0.6
o 

and the Q  range varied from 0.093 to 0.65 31 

nm
-1

. In PNR measurements neutrons are incident with their spin or their magnetic moment 32 

either parallel (+) or antiparallel (−) to the applied field. The neutron reflectivity R
 33 

corresponding to the spin of incident neutron beam parallel to the applied magnetic field (spin 34 

up) and the reflectivity R
 corresponding to the spin being antiparallel to the applied filed (spin 35 
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down) are measured. The PNR data were least squares fitted using the GenX software [31],[32]. 1 

A short description of the use of the PNR technique for the determination of the magnetization is 2 

provided in [18].  3 

3. Results 4 

 5 

3.1. Structural changes due to Fe+ irradiations 6 

The structural characterization of the irradiated films were determined employing XRR and XRD 7 

techniques. Regarding the FeCr layer, the thickness was found to vary between 69 and 72 nm, 8 

the mass density remained practically the same after irradiation, varying between (7.48±0.04) 9 

gcm
-3

 for the unirradiated sample and (7.58±0.06) gcm
-3

 after irradiation at 20 dpa. The 10 

roughness was of the order of 2-3 nm.  11 

The as fabricated and irradiated films crystallize in the bcc structure of the lm3̅m space group. 12 

The lattice constant of the films versus the dose, d , in dpa is presented in Figure 2.  It is 13 

observed that after the exposure of the unirradiated film at 300 C and a damage of 0.5 dpa 14 

(second point in Figure 2), the lattice constant is reduced sharply from its unirradiated value 15 

(first point Figure 2). Additional damage increases the lattice constant from that of the 0.5 dpa. 16 

It should be remembered that each point in Figure 2 corresponds to a different sample. There are 17 

two possible explanations about this sequence of lattice constant change versus irradiation dose. 18 

Either, as the sample is initially irradiated to 0.5 dpa its lattice constant is reduced and additional 19 

irradiation results in lattice constant increase. The second explanation would be that as the 20 

sample temperature is raised from room temperature to 300 C the lattice constant decreases (for 21 

example crystallinity enhancement), whereas the irradiation effect would be the subsequent 22 

lattice constant increase. The second conjecture seems more plausible and, thus, we assume that 23 

there is an initial, due to sudden temperature increase, lattice constant decrease and that the 24 

lattice constant at the first irradiation dose (0.5 dpa) reflects the equilibrium lattice constant at 25 

300 C. Under this assumption the dependence of the lattice constant versus dose in Figure 2 for 26 

0.5 dpad   can be described by the equation 27 

 0 1 (- )inc

a

d
a a a exp

d

 
   

 
  (3) 28 

where the least squares determined values are: 0 (2 859 0 001)a . .  Å,  (0 003 0 001)inca . .  Å 29 

and 
-1(2 0 1 0) dpaad . .  . The asymptotic value of lattice constant is 30 

0 (2 862 0 002)inc
d
lim a a a . .


    Å. 31 

 32 

 33 
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 1 
Figure 2: Lattice constant determined from GIXRD measurements. The solid line is the least 2 

square fit of Eq. (3) to the data.  3 

 4 

 5 

The averaged mean grain size determined using Eq. (2) is presented in Figure 3 as a function of 6 

irradiation dose, d , in dpa. It is observed that the grain size increases monotonically with dose. 7 

There is an initial stage where the grain size increases abruptly and a second stage where it 8 

remains almost constant. The variation of the grain size versus dose, d , in dpa can be described 9 

by the equation 10 

 
0( ) 1 ( )incr

g

d
D d D D exp

d

 
     

 

  (4) 11 

where the least squares  constants are: 0 (21 2) nmD   , (13 2) nmincrD    and 12 

(1 1 0 4) dpagd . .  .  13 
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Figure 3: Averaged mean grain size as a function of irradiation dose. 

The solid line is a least-square fit of Eq. (4) to the data. 1 

 2 

 3 

3.2. Determination of the Cr content versus damage.  4 

In Figure 4(a) the R
 and R

 reflectivities for the unirradiated sample and that irradiated at the 5 

dose of 4 dpa at 300 
o
C are presented with the least squares fitted curves to the data. In Figure 6 

4(b) the spin asymmetry R R   multiplied by 
4Q , in order to remove the asymptotic behavior 7 

of the reflectivity, is presented as a function of Q . The spin asymmetry is connected with the 8 

magnetization of the film and the observed spin asymmetry increase versus irradiation dose 9 

corresponds to magnetization increase. 10 
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Figure 4: PNR spectra for the Fe-10%atCr films. The solid lines are least squares fits to the 

experimental data. (a)  Spin up, R
, and spin down, R

, reflectivity versus scattering length, Q

,  for the unirradiated and the 4 dpa irradiated sample. (b) Spin asymmetry, 
4( )R R Q   ,  at the 

critical edge, for the unirradiated and the 1, 4 and 20 dpa irradiated samples.   

 1 

From the least squares fit to the PNR data the layered structure (thickness, density, roughness) 2 

and magnetization of the films was determined. The layered structure from PNR analysis is in 3 

good agreement with the one obtained from XRR analysis with minor deviations in the atomic 4 

density of the layers and the interface roughness. These differences have their origin in the nature 5 

of the interaction that takes place in each case (nuclear and electromagnetic interactions, 6 

respectively) which results in different penetration depths for X-Rays and neutrons and different 7 

contrast/resolution for the elements for each particle. It should be also noted that the scattering 8 

length of Cr and Fe are very different for neutrons contrary to the corresponding scattering 9 

factors for X-rays which are very close. Thus, neutron reflectivity is sensitive to Cr structures 10 

(e.g. Cr2O3 top layer). The determined magnetization of the Fe-Cr layer increases as the dose 11 

increases up to about 4 dpa and does not change, within error bars, for further increase of the 12 

dose.  13 

The Cr solute concentration in the matrix after an irradiation can be determined by the 14 

magnetization of Fe-Cr alloys (with Cr concentration in the range 0-15 at%) both in bulk and 15 

film form measured by PNR and magnetization measurements and the equation [18] 16 

 0
%( %) ( )Cr

atx at A m m
at

   
 

 (4) 17 

where, Crx  is the Cr concentration in at%, m  is the average magnetic moment determined by the 18 

analysis of the PNR spectra and magnetization measurements using a Vibrating Sample 19 

Magnetometer. The constants A  and 0m have been determined experimentally as described in 20 
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[18]. 0 B(2.12 0.01) μ / a tm    coincides with the magnetic moment of pure Fe at room 1 

temperature. B(41.0 1.4) (at%/μ /at)A    reflects the variation of the magnetization of Fe-Cr 2 

alloys versus Cr content for Cr concentrations up to 15 at%.  3 

The solute Cr concentration in the Fe-Cr matrix of the samples irradiated at 300 
o
C, is presented 4 

as a function of irradiation dose, d , in Figure 5. Also previous results for Fe-10at%Cr alloys 5 

Fe+ irradiated at room temperature [18] are plotted for comparison. The solid lines are the least 6 

squares fittings of the data using the equation  7 

 0/

0( ) (1 )
d d

C d C C e


    (5) 8 

where 
0C  is the initial solute Cr content, 0eqC C C  is the equilibrium solute concentration of 9 

Cr  and 
0d  the radiation damage saturation constant. The fitted values of the parameters of Eq. 10 

(5) are presented in Table 1. The initial Cr solute concentration, 0C , in the Fe-Cr layer 11 

determined from PNR analysis  is in good agreement, within errors, with that resulted from X-12 

ray fluorescence spectroscopy ((9.6 ± 1.0) at%) and Rutherford backscattering  spectroscopy ((11 13 

± 1) at%) measurements ([34], [35]). From Figure 5 it is concluded that equilibrium conditions 14 

are reached at about 4 dpa for irradiations at 300 C and at about 6 dpa in the case of room 15 

temperature irradiations. 16 

 17 

 18 
Figure 5: Solute Cr concentration in the Fe-Cr matrix as a function of dose for Fe-10at%Cr  19 

irradiated at 300 
o
C (this work) and at 25 C [18]  at the dose rate of 0.002 dpa/s. The solid lines 20 

are the least squares fit of Eq. (5) to the experimental data.  21 
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Table 1: Fitted values for the parameters in Eq. (5) to the experimental data in Figure 5. 1 

irrT   

(C) 

0C   

(at%) 

C   

(at%) 

eqC   

(at%) 

0d  

 (dpa) 

25 [18] 10.6 ± 0.4 3.4 ± 0.3 7.2  ± 0.5 2.2 ± 0.7 

300 (this work) 10.8 ± 0.2 2.4 ± 0.2 8.4 ± 0.3 1.00 ± 0.18 

 2 

 3 

4. Discussion  4 

Irradiation of Fe-10at%Cr films of 70 nm thick with 490 keV Fe+ ions at 300 C results in: a) 5 

lattice constant increase, b) grain size increase and c) Cr depletion in the matrix. These changes 6 

occur largely up to 4 dpa and afterwards little change is observed. The dependence of all three 7 

properties versus dpa dose, d , is described by an equation of the form  8 

   1 exp( )
p

d
p d p

d


 
   

 

  (6) 9 

where the activation constant, pd , for the different parameters varies between (1.00±0.18) dpa 10 

and (2.0±1.0) dpa.  11 

The central finding of this work is that Fe+ ion irradiation at 300 C results in the removal of Cr 12 

from the matrix. This removal initially, up a dose of 4 dpa, is dose dependent, and afterwards it 13 

appears that the system is under a dynamic equilibrium. The same conclusion has been drawn 14 

also for Fe+ ion irradiation of Fe-10at%Cr at 25 C. Comprehension of this dynamic 15 

equilibrium, common in both irradiation temperatures, is important for a deeper understanding of 16 

the irradiation effects in FeCr. For the Fe-Cr alloys, the Cr content of 10 at.% lies within the 17 

solvus area [36], [37] and the phase boundary of their miscibility gap is placed between 500 and 18 

510 C [38], [39]. For the irradiation temperature of 300 C, or even more at 25 C, thermal 19 

diffusion is not sufficient to drive the decomposition of the alloy into Fe – rich (α) and Cr – rich 20 

(α) phases. Therefore, any variation in solute Cr concentration in the material matrix can mainly 21 

be attributed to irradiation induced diffusion.  22 

The effects observed are seemingly a result of both irradiation and temperature annealing. 23 

However, from Figure 5 it can be inferred that the effect of temperature annealing is much less 24 

crucial than that of the irradiation. The system has reached an apparent equilibrium after a dose 25 

of about 4 dpa and temperature annealing of about 30 mins.  Notwithstanding that the 26 

temperature annealing continues for more than additional two hours no effects are observed. 27 

Furthermore, the irradiation studies need to reflect both the temperature and irradiation effects, 28 

i.e. the real irradiation conditions of a material application.  29 

Under the above premises a visualization of the Fe+ ion irradiation on the Cr content of the FeCr 30 

matrix will be attempted. Initially the Cr concentration of about 10 at% is above the solubility 31 
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limit at these temperatures (25 and 300 C) or the free energy of the system is not at its 1 

minimum, as indicated by the phase diagram. However, the kinetics (diffusion) at these 2 

temperatures is extremely slow so the system cannot be driven to its minimum free energy. The 3 

Fe+ ion irradiation generates vacancies and Cr interstitials. Substitutional Cr migrates via the 4 

vacancies and together, to a much lesser degree, with the generated Cr interstitials accumulate to 5 

different sinks. Such sinks may be grain boundaries, dislocations, vacancy clusters etc. This 6 

matrix Cr depletion and Cr clustering/segregation versus vacancy (dpa) generation lowers the 7 

free energy of the system. After 4 dpa at 300 C or 6 dpa at 25 C the free energy of the system 8 

is close to minimum and the Cr content in the matrix remains almost constant. Corroboration to 9 

this rational is that the alloy Fe-5at%Cr  even after 50 dpa Fe+ irradiation remains unchanged 10 

[18], i.e. it is at its minimum free energy which the Fe-10at%Cr alloy attains after irradiation of 11 

around 4 or 6 dpa for 300 and 25 C, respectively.  12 

At a specific Cr concentration, depending on the temperature ( eqC  in Table 1), a dynamic 13 

equilibrium is established in the matrix. The constituents of this equilibrium are the Cr 14 

concentration in the matrix and at the different sinks and the Frenkel pair generation by 490 keV 15 

Fe+ ion irradiation. In this dynamic equilibrium Cr atoms move from the matrix to the sinks and 16 

vice versa with the Cr content in the matrix remaining constant. It might be hypothesized that 17 

larger Cr agglomerates grow at the expense of smaller ones (Ostwald ripening) [40] as this will 18 

further lower the free energy of the system. The Cr concentration of this dynamic equilibrium is 19 

close to that expected from the phase diagram [37]. It is necessary the effect of the rate of defect 20 

production to be assessed. This is important for extending these findings to neutron irradiations 21 

in a fusion plant where a much lower rate of PKA production is foreseen. An investigation for 22 

determining the effect of the rate of damage (in this work it has been 0.002 dpa/s) is under way.  23 

From the above discussion it is concluded that during Fe+ irradiation Cr moves from the matrix 24 

to sinks. Experiments that have been performed so far give different and sometimes contrary 25 

results depending on the particle used to irradiate Fe–Cr alloys. At similar irradiation conditions 26 

dislocation loops have been found homogenously distributed after Fe-ion irradiation [12] and 27 

these could be possible sites for Cr segregation. The formation of Cr – rich α precipitates with 28 

>85 at% Cr concentration have been only observed under neutron irradiations at around 300 °C 29 

in model Fe-Cr alloys with 9 at% Cr or more [12], [41], [42], [43], [44], [45], [46], [47], [48], 30 

[49] but not under self – ion irradiation at similar irradiation conditions, where only limited 31 

radiation-driven clustering has been observed [50], [51], [52], [53]. This is attributed to the 32 

higher dose rates by orders of magnitude that are present in the case of neutrons [12], [50], [51], 33 

[52], [53] and to the high concentration of injected interstitials [54], [51]. The agglomeration of 34 

Cr around the grain boundaries is energetically more favorable as the surface energy and thus the 35 

free energy is reduced. Under Fe+ irradiation probably are not formed extensive vacancy clusters 36 

to assist heterogeneous nucleation of Cr. However, during neutron irradiation such clusters might 37 

be formed or clusters from transmutation elements which act as nucleation sites for ɑ′ 38 

precipitation [44].  39 
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The lattice constant and grain size depend on dpa in a similar manner as the depletion of the Cr 1 

from the matrix i.e. after the initial increase at low doses both remain almost constant for doses 2 

higher than 4 dpa.  The as fabricated Fe-Cr film with respect to the average grain size is not at its 3 

minimum free energy [55], [56] as increase of the grain size will result in the reduction of the 4 

surface energy. Ion irradiation has been observed to induce grain growth in thin polycrystalline 5 

metal film and it has been experimentally and theoretically investigated in a number of studies 6 

such as [57], [58], [16]. Fe+ irradiation-induced grain growth is subject to the same driving force 7 

as thermal grain growth, but the atomic transport mechanisms arises either from thermal spikes 8 

or migrating vacancies and interstitials [59]. At the steady state ( d >4 dpa) the number of grains 9 

has been reduced to one third whereas the total grain surface has been reduced to 70% compared 10 

to the unirradiated sample.  11 

The lattice constant of the unirradiated sample, corresponding to Cr concentration of 10 at%, is 12 

(2.864±0.001) Å and that at the high damage (see Figure 2 and text), corresponding to Cr 13 

concentration of 8.4 at% is (2.862±0.001) Å. This is in correspondence with the general tendency 14 

of Fe-Cr alloys in which reduction of the Cr content results in the decrease of the lattice constant 15 

[60]. The dependence of lattice constant versus damage has similar behavior as that observed for 16 

the Cr content and grain size i.e. it attains an equilibrium value as described by Eq. (5). The 17 

increase of the lattice constant versus dose it has to be attributed to strain relaxation effects i.e. 18 

the lattice after a dose above 4 dpa attains a strain free state.  19 

 20 

 21 

5. Conclusions  22 

 23 

Fe-10at%Cr alloys in the form of thin films were irradiated at 300 C with 490 keV Fe
+
 ions with 24 

a damage rate of 0.002 dpa/s and at doses ranging from 0.5 to 20 dpa. The irradiation results in a 25 

dose dependent alteration of the lattice constant, grain size and Cr content in the matrix. For 26 

doses up to 4 dpa there is an increase of the lattice constant and grain size and a decrease of the 27 

Cr solute concentration in the matrix. For doses above 4 dpa the system is in a dynamic 28 

equilibrium and these three parameters remain almost constant. This indicates that the system 29 

above 4 dpa is at its minimum free energy and the continuous generation of defects by the Fe+ 30 

ions does not produce any effects. Similar effects had been observed at the Fe+ ion irradiations 31 

performed on Fe-10at%Cr at ambient temperature [18]. The equilibrium concentrations of Cr in 32 

the matrix at 300 C and room temperature [26] correspond to those expected from the phase 33 

diagram of Fe-Cr alloys [37].  The experimental techniques employed determined accurately an 34 

important parameter, the Cr solute concentration in the matrix versus irradiation dose. To where 35 

the solute Cr removed from the matrix accumulates and in what form need further investigation. 36 

The Cr probably segregates at grain boundaries as it has been observed in ferritic-martensitic 37 

alloys [61],[62] or at dislocation loops as found in electron irradiated Fe-10at% [63]. As the 38 

kinetics of Cr depletion and α formation depend on the number of sinks [64] and this number is 39 
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connected by the damaging rate an investigation on examining the effect of the dose rate (dpa/s) 1 

on the kinetics and equilibrium values is under way. This is important for extending these 2 

findings to neutron irradiations in a fusion plant where it will be lower rate of PKA production.  3 

.  4 
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