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Abstract  Resistivity recovery experiments are performed on a-Fe and an Fe - 220 at. ppm C
alloy after 5 MeV proton irradiation at cryogenic temperature of 50 K. By comparing the
recovery spectra of pure Fe and the Fe-C alloy we are able to resolve the effect of carbon atoms
on the point defect kinetics. It is observed that carbon interacts with both interstitial and
vacancy type of defects and delays their annihilation. At temperatures above 500 K the
formation of carbides reduces the resistivity of the alloy.
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INTRODUCTION

The presence of carbon in steels is one of the most important factors determining the
microstructure and the mechanical properties. Carbon has also a major influence on the
behavior of steels under irradiation due to its interaction with point defects. The effect of
carbon impurities on the migration and annealing of point defects in iron has been
investigated previously [1,2]. It has been shown that the formation of carbon-vacancy
complexes is energetically favorable and, moreover, that these complexes exhibit reduced
mobility and may serve as nucleation sites for larger vacancy clusters and nanovoids.

In the present work we investigate by electrical resistivity recovery measurements the
interaction between carbon atoms and radiation defects produced in a-Fe by 5 MeV protons
during low-temperature irradiation. The influence of carbon is revealed by comparing the
resistivity recovery of pure and carbon-containing iron specimens.

EXPERIMENTAL DETAILS

High purity Fe and an Fe - 220 at. ppm C alloy were obtained by the European Fusion
Development Agreement. They have been prepared by induction melting under high purity
hydrogen and argon to reduce foreign impurities to ultra low levels. Foils of ~50 pum
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thickness were obtained from the starting material by cold rolling. Rectangular specimens 15
mm long and 2 mm wide were cut from the foils and annealed for 8 h at 700°C under a
hydrocarbon-free vacuum of 10 mbar. Current and potential leads of pure Fe were spot-
welded on the specimens for performing the electrical resistivity measurements according to
the standard DC four-probe method.

Irradiations with 5 MeV protons were performed in the dedicated materials irradiation
facility IR? at the TANDEM accelerator of NCSR "Demokritos” [3]. During irradiation the
specimens were kept at cryogenic temperature (50 K) by means of a closed-cycle He
refrigerator. At this low temperature most of the generated defects remain initially immobile.
Simulations by the SRIM code [4] show that the protons penetrate through the 50 pum thick
targets. The damage profile as a function of thickness is almost flat and thus defects are
generated nearly homogeneously within the irradiated specimen volume. Data for the
samples and irradiation conditions are given in Table 1.

The number of defects was quantified by in-situ measurement of the increase in electrical
resistivity. After the total proton dose was delivered, the specimens were step-wise annealed
at gradually increasing temperatures up to 700 K. The resistivity was measured after each
annealing step and its recovery towards the pre-irradiation value was monitored as a function
of annealing temperature.

Table 1. Sample data for 5 MeV proton irradiated Fe and Fe - 220 ppm C alloy.

Po @, Ap,
(nQ2-cm) (cm?) (nQ2-cm)
Fe 0.066 0.79
2.2x10%
Fe - 220 ppm C 0.251 0.71
P, - residual resistivity; @, - total proton dose; Ap, - total irradiation induced resistivity
increase.

RESULTS AND DISCUSSION

Fig. 1 shows the increase of the electrical resistivity due to the proton irradiation as a
function of dose for both pure Fe and the Fe - 220 ppm C alloy. The resistivity increases
almost linearly with dose indicating that there is a constant accumulation of radiation defects.
This is expected since at the irradiation temperature of 50 K defect mobility is significantly
reduced and thus there is a low likelihood for annihilation to occur. By fitting a linear
expression to the data, indicated by the dashed lines in fig. 1, we obtain the slope, which is
3.6 and 3.1x10% Q-cm® for pure Fe and the Fe-C alloy, respectively. The difference

between the slopes is within the experimental uncertainty, which is ~10% due to errors in
the geometrical factors entering the evaluation of specimen resistivity and ion flux.
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Fig. 1. Increase of the electrical resistivity as a function of dose during 5 MeV proton irradiation at 50
K of Fe and an Fe - 220 ppm C alloy.

The resistivity increase as a function of dose ® can be written as
Ap=peCc = prop @, 1)
where c. is the concentration of generated Frenkel pair defects, p. is the resistivity per unit
concentration of Frenkel pairs and o, is the damage cross section. Thus the slope of the
resistivity damage curve is equal to p.o, . From the SRIM simulations it is obtained that the
value of the damage cross-section is o, ~1.4x10® cm? and thus the defect concentration in
the specimens at the end of the irradiation is estimated to be c. =300 ppm. Dividing the
slope of the resistivity damage curves by o, we obtain the value of p., which is 2.6 and
2.2x10° Q-cm for pure Fe and the Fe-C alloy, respectively. These values are in good
agreement with previous measurements in iron, which found p. =3.0x10° Q-cm [5] and
pe =2.0x107° Q-cm [6].
Fig. 2 shows the resistivity recovery of proton irradiated pure Fe and Fe - 220ppm C
alloy as a function of annealing temperature. The ratio Ap(T)/Ap,, where Ap, is the total

resistivity increase at the maximum proton dose and Ap(T) is the remaining resistivity after

annealing at temperature T, reflects the fraction of radiation defects that survive after
annealing. It is observed that the recovery proceeds step-wise in so-called annealing stages,
which are enumerated with roman numerals. Stages I, Il and Il appear in both the pure Fe
specimen and the Fe-C alloy at temperatures up to about 200 K. It is clear from fig. 1 that the
presence of C significantly retards the recovery in stage | and also influences stages Il and
I11. At higher temperatures two more stages, IV and V, are clearly observed in the recovery of
the Fe-C alloy, whereas in pure Fe only a feature at the temperature of stage V is observed.



Notably, negative Ap(T) is observed for temperatures above 500 K in the alloy specimen,

which means that after irradiation and recovery annealing the residual resistivity of the
specimen becomes lower that its pre-irradiation value. This indicates that the C solute atoms
may have formed clusters or carbide precipitates that result in an overall reduced contribution
to the sample resistivity.
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Fig. 2. Recovery of the initial resistivity increase as a function of annealing temperature of proton
irradiated Fe and an Fe - 220 ppm C alloy. Recovery stages are indicated by roman numerals.

In fig. 3 the recovery rate —Apgl(dAp/d logT) is presented as a function of annealing

temperature. The presence of annealing stages is most clearly seen in this plot, where the various
stages are identified as sharp peaks. The fine structure of stage | recovery is revealed in fig. 3, where
four distinct sub-stages are observed: Ig, Ic, Ip and Ie. The labeling is according to previous work [1].
Iz and Ic have been previously identified as due to the recombination of close Frenkel pairs. On the
other hand, Ip and Ig are attributed to the correlated and uncorrelated recombination of Frenkel defects
due to the migration of interstitial Fe atoms. Comparing the structure of Iy and Ig in pure Fe and the
Fe-C alloy it is observed that presence of C suppresses almost entirely the sub-stage Ie. In this sub-
stage interstitial defects perform long-range migration until either they recombine with another
vacancy or they encounter other interstitials and form clusters. The suppression of Ig indicates that C
hinders long-range interstitial migration. This is most probably due to trapping of interstitial defects at



C atoms. From the data of fig. 3 it is estimated that about 10% of the initially generated interstitials
are trapped by C.
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Fig. 3. Resistivity recovery rate as a function of annealing temperature in proton irradiated Fe and an
Fe - 220 ppm C alloy.

Stage Il recovery is observed at 164 K in pure Fe. According to previous work [1] this stage is
due to the migration of di-interstitial clusters. As seen in fig. 3, stage Il in the Fe-C alloy shifts to a
lower temperature (158 K) and becomes also wider. There is ~7% more recovery in stage Il of the Fe-
C alloy with respect to pure Fe. This is attributed to the detrapping of interstitial defects, which occurs
at a temperature slightly lower that the stage Il temperature in pure Fe. That is why in the alloy the
stage appears wider and centered at lower temperature. Most of the interstitial defects that are freed
from traps annihilate with vacancies, contributing to the 7% increased recovery in stage Il. The rest
form interstitial clusters that are immobile at this temperature region.

Stage Il in pure Fe is centered at 210 K and is attributed to the long-range migration of
vacancies and their annihilation with interstitial clusters. From fig. 3 it is observed that stage 11 shifts
to lower temperature in the Fe - 220ppm C alloy, while the recovery rate is reduced in the high
temperature tail of the stage, between 210 and 260 K. This can be interpreted similarly to stage | by
the trapping of vacancies at C atoms and the formation of vacancy-carbon clusters. The stability of
such defects has been recently investigated theoretically and it has been found that they are
energetically favorable [7,8]. Thus, the recovery reduction observed between 210 and 260 K in the
Fe-C alloy can be attributed to the formation of vacancy-carbon clusters during the long-range
vacancy migration.

At higher annealing temperatures the Fe - 220 ppm C alloy exhibits to strong stages, labeled IV
and V, which do not appear so pronounced in pure Fe. Regarding stage 1V, it is evident from fig. 2
that the defects that were trapped during stage Ill in Fe - 220ppm C and were not allowed to

annihilate, are able to recover in stage IV so that Ap(T)/ Ap, becomes identical in Fe and the Fe-



C alloy above about 370 K after stage IV is completed. Thus, stage 1V is attributed to the de-
trapping of vacancies from vacancy-C clusters and their annihilation with other remaining
defects as, e.g., higher order interstitial clusters. Finally, stage V must be due to the migration
of C and the formation of carbon clusters or carbides. Thus C atoms are removed from the Fe
matrix and their contribution to the resistivity of the alloy is reduced. Thus, the final
resistivity of the specimen after the recovery annealing is below the initial one. Further
experiments on un-irradiated specimens are required in order to clarify the role of irradiation
effects in carbon precipitation.

CONCLUSIONS

The resistivity recovery in pure Fe and an Fe - 220 at. ppm C alloy has been measured
after 5 MeV proton irradiation at 50 K. The presence of carbon has significant effects on the
Fe recovery stages and furthermore causes the appearance of two more higher temperature
recovery stages. The results show that there is significant interaction between carbon atoms
and interstitial and vacancy defects. At temperatures above 500 K the formation of carbon
clusters and carbides results in the reduction of the alloy resistivity.

ACKNOWLEDGEMENT

This work was carried out within the EUROfusion Consortium and received funding
from the Euratom research and training programme 2014-2018 under grant agreement
number No 633053. The views and opinions expressed herein do not necessarily reflect those
of the European Commission.

References

[1] S. Takaki, J. Fuss, H. Kuglers, U. Dedek, and H. Schultz, Radiat. Eff. Defects Solids 79,
87 (1983).

[2] A. Vehanen, P. Hautojdrvi, J. Johansson, J. Yli-Kauppila, and P. Moser, Phys Rev B 25,
762 (1982).

[3] G. Apostolopoulos, NCSR-Demokritos Fusion Technol. Group Website (2012).

[4] J. F. Ziegler, M. D. Ziegler, and J. P. Biersack, Nucl. Instrum. Methods Phys. Res. Sect.
B Beam Interact. Mater. At. 268, 1818 (2010).

[5] F. Maury, M. Biget, P. Vajda, A. Lucasson, and P. Lucasson, Phys. Rev. B 14, 5303
(1976).

[6] P. Ehrhart, in Symp. K — Adv. Photon Part. Tech. Charact. Defects Solids (1984), pp. 13—
23.

[7] C. Domain, C. S. Becquart, and J. Foct, Phys. Rev. B 69, 144112 (2004).

[8] C. C. Fu, E. Meslin, A. Barbu, F. Willaime, and V. Oison, in Solid State Phenom. (Trans
Tech Publ, 2008), pp. 157-164.


http://www.tcpdf.org

